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The first line of medical defense in wartime is the combat medic.
Although in ancient times medics carried the caduceus into battle to
signify the neutral, humanitarian nature of their tasks, they have
never been immune to the perils of war. They have made the high-
est sacrifices to save the lives of others, and their dedication to the
wounded soldier is the foundation of military medical care.
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The artist, Ken Nakagawa, witnessed rescue operations performed
by Japanese naval personnel along a riverbank in Hiroshima at 0840
on 6 August 19435, Approximatelv 280,000 deaths occurred as a
consequence of this first atomic bombing. The reactions of other
survivors are explored in Chapter 8.

Reprinted, by permission, from the Japanese Broadcasting Corporation
ENHK). Unforgettable five: Pictures draien by atomic bomb survivors, 1st Ameri-
can ed., 90. New York: Pantheon Books, Random House, Inc., € 1981,
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Foreword

The dramatic technological, social, and economic progress of the
twentieth century has yet to prevent the use of armed conflict to re-
solve political differences among nations. As those of us in military
medicine prepare to support our forces into the next century, we
must continually be ready for the many challenges presented by
modern warfare.

The Army Medical Department has embarked on an ambitious
readiness initiative. This new doctrine focuses on far-foward surgi-
cal care, increased intensive-care capabilities, a policy of returning
soldiers to duty as far foward as possible, improved ground and air
evacuation capabilities, new medical logistics systems that incorpo-
rate blood-distribution networks, and improved management of
combat stress. Our goals are to maintain our momentum as we
conserve fighting strength and to support our soldiers and their
families both in peacetime and in time of war.

The military health-care system is the largest comprehensive
health-care organization in the United States. Because the vast ma-
jority of our patients are not active duty military personnel, it may
seem that our day-to-day activities are far removed from what we
would be required to do during time of war. The ability to deploy a
highly trained medical corps to any area of the world, however, is
our highest priority. To be effective, we must not only maintain the
highest standards of technical competence, but must also be pre-
pared to use our skills creatively and courageously in situations
that may be primitive, dangerous, or unknown. Major General
James H. Rumbaugh, the late commander of Walter Reed Army
Medical Center (who aptly described his organization as “the larg-
est live-fire range in the Army”), understood that everything we do
in our daily practice hones our expertise. Our readiness initiative
will provide a clearer combat context in which to apply that exper-
tise. Lessons of medical survival have been learned in previous
conflicts at great cost. We cannot afford to forget them.

It is my hope that you will find the Textbook of Military Medicine
series a useful addition to your readiness training programs, and
that it will stimulate you to think about and plan for what will be
required of each of us should the need arise to make a transition
from peace to war.

Lieutenant General Frank F. Ledford, Jr.
The Surgeon General
US. Army

April 1989
Washingtor, D.C.
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Preface

Medical Consequences of Nuclear Warfare is the second volume of Part I, Warfare,
Weaponry, and the Casualty. 1t addresses the increasingly important medical challenges
of the consequences and management of radiation injuries.

The presence of vast nuclear arsenals has had a paradoxical effect on our collective
human consciousness: because we are unavoidably aware of the potential destruction
stored in those warheads, we are less likely to use them in a global thermonuclear war.
However, maintaining this deterrent carries its own high price. The likelihood of acci-
dental detonations, small-yield nuclear attacks in regional conflicts, and radiation inju-
ries in reactors and weapons plants increases as familiarity with this powerful force
spreads. Arms limitations agreements among superpowers are important, but third-
world nations now too have access to the materials and technology necessary to enter
the nuclear arena. The volatility of world politics may be moving beyond the ability of
any policy- or lawmaking group to control. Given the devastating medical conse-
quences that would follow a nuclear detonation or accident, the training of the medical
corps in treating radiation syndromes will be a crucial factor in the effective manage-
ment of casualties.

The rapidly expanding science of medical radiobiology has greatly affected the pro-
spective readiness of the military medical corps to deal with these injuries. The Armed
Forces Radiobiology Research Institute has been a leader in the establishment of the
base of scientific and clinical knowledge from which the current concepts of medical
management have evolved. In addition to research, the institute is involved in continu-
ing medical education and in our nation’s emergency response system. It is in a unique
position to understand the importance of converting vast amounts of laboratory data
into practical, efficient medical techniques and treatments. The authors have written
their chapters from a combined academic and military perspective in order to specifi-
cally help the military physician.

Captain Richard 1. Walker, MC, U.S. Navy, and Major T. Jan Cerveny, MC, U.S. Air
Force, provided the expertise in the organization of this textbook. The first chapter is
an overview of nuclear events and their consequences. The following chapters examine
the effects of radiation exposure on humans and the ways they will affect triage, diag-
nosis, and treatment protocols as well as military logistics. A discussion of the latest
prospects for radioprotection concludes the text.

It is possible that no amount of knowledge or training will help any medical unit to
deal with the mass casualties that a large-scale radiation incident or accident would in-
cur. However, data from accidental and therapeutic radiation exposures, together with
ongoing clinical research results, are all useful in determining the treatment of individ-
ual victims of smaller incidents who are in a position to be saved.

The Textbook of Military Medicine series is a reality because of the vision and support
of the late Major General James H. Rumbaugh; Lieutenant General Frank F. Ledford,
Jr., the Surgeon General of the Army; Lieutenant General (ret.) Quinn H. Becker, our
former Surgeon General; and Major General Robert H. Buker, Deputy Surgeon General
of the Army.

The editors gratefully acknowledge the assistance in the preparation of this volume
of Junith Van Deusen, Modeste E. Greenville, Sonia Jones, and Carolyn B. Wooden of
the Publications Division of the Armed Forces Radiobiology Research Institute.

Colonel Russ Zajtchuk
LS. Army

April 1989
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Medical Consequences of Nuclear Warfare

INTRODUCTION

Radiation damage to human cells was first recog-
nized just 4 months after the reported discovery of X
rays by Wilhelm Conrad Roentgen. In 1896, Dr. J.
Daniels found that the irradiation of his colleague’s
skull resulted in loss of hair. Since then, many other
biomedical effects of radiation have been described.

The understanding of atomic physics increased
rapidly in the early twentieth century and culmi-
nated in the Manhattan Project, which harnessed the
power of the atom in a bomb. Thus began the nu-
clear era in international relations and warfare,
bringing new challenges to the military physician.

Today, more and more countries are developing
nuclear weapons, with those in the United States
and the Soviet Union achieving the greatest capabili-
ties. One modern American or Soviet submarine
carries nuclear weapons that can release energy
equivalent to 500 bombs of the size used at Hiro-
shima in 1945. This vast power is greater than the
energy released from all weapons in all previous
wars combined. Of course, the extensive use of

these nuclear weapons in a confrontation wouid nul-
lify an effective medical response. Rational minds
must continue to recognize this potentiaily devastat-
ing nuclear power and maintain a general peace, as
they have for over 40 years.

The deterrent effect of nuclear weapons does not
mean that military physicians can ignore the possi-
bility of their use. The most likely situations requir-
ing a medical response are the usec of weapons
against a deployed naval force, a remote city, or a
remote facility; a third-world conflict; a terrorist
act; or an accident involving a nuclear weapon.

Military medical preparedness can focus beyond
nuclear weapon events. Today, nuclear material is
used in medicine, industry, and power generation,
bringing increased risk of occupational and acciden-
tal exposures. New radiation hazards in space will
have to be overcome if successful peacetime and
military uses of that frontier are to be realized. Mili-
tary physicians trained to respond to weapons-re-
lated injuries can bring expertise to these situations.

NUCLEAR AND PHYSICAL PROCESSES IN WEAPONS

Weapons-related injuries can be best understood
after examining the destructive forces—blast, ther-
mal, and radiation—that produce them. In compari-
son with a conventional explosive weapon, a nu-
clear weapon's effectiveness is due to its unequalled
capacity to liberate a tremendous quantity of energy
in a very small space in an extremely short time.
This section presents a simple description of the
physical processes taking place within the first few
thousandths of a second after a nuclear weapon
detonation.

Nuclear Energy

Energy may be broadly classified as potential or
kinetic. Potential energy is energy of configuration
or position, or the capacity to perform work. For
example, the relatively unstable chemical bonds
among the atoms that comprise trinitrotoluene
(TNT) possess chemical potential energy. Potential
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energy can, under suitable conditions, be trans-
formed into kinetic energy, which is energy of mo-
tion. When a conventional explosive such as TNT is
detonated, the relatively unstable chemical bonds
are converted into bonds that are more stable, pro-
ducing kinetic energy in the form of blast and ther-
mal energies. This process of transforming a chemi-
cal system’s bonds from lesser to greater stability is
exothermic (there is a net production of energy).
Likewise, a nuclear detonation derives its energy
from transformations of the powerful nuclear bonds
that hold the neutrons and protons together within
the nucleus. The conversion of relatively less stable
nuclear bonds into bonds with greater stability
leads not only to the liberation of vast quantities of
kinetic energy in blast and thermal forms, but also
to the generation of ionizing radiations.

To discover where these energies come from,
consider the nucleus of the helium atom, which is
composed of two neutrons and two protons bound
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3INDING ENERGY PER NUCLEON
N

—

NUMBER OF NUCLEONS
(neutrons plus protons)

Fig. 1-1. Curve of binding energy per nucleon

tightly together by the strong (or specifically nu-
clear) force. If we compare the bound neutrons and
protons to those in the unbound state, we find that
the total mass of the separate neutrons and protons
is greater than their mass when they bind together
to form the helium nucleus. The mass that has been
lost in the process of forming the nuclear bonds is
called the mass defect. Einstein’s famous equation,
E = mc? (energy equals mass multiplied by the
speed of light squared), quantifies the conversion of
this missing mass into the binding energy that holds
together the helium nucleus. This is the potential
energy stored in the bonds of the strong force. A
small amount of mass, when multiplied by the
speed of light squared (an extremely large number),

has a large amount of binding energy. If the total
binding energy for each element is calculated and
divided by its total number of nucleons (that is,
neutrons plus protons; for helium, two neutrons
plus two protons equals four nucleons), a measure
is obtained of how tightly the average nucleon is
bound for that particular atom. A plot of this “aver-
age binding energy per nucleon” for each element
gives the curve in Figure 1-1.

It is significant that this curve has a broad maxi-
mum. This means that there is a range of elements
for which the neutrons and protons are most tightlv
bound and, thus, have the most stable nuclez-
bonds. If nuclei having less stable nuclear bond
can be converted into nuclei having more stable

3
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bonds, the system will pass from a state of lesser to
greater stability, and energy will be released. This is
the energy source of nuclear weapons. The process
can occur in two ways: fission or fusion. Fission is
the process of breaking less stable larger elements
(such as uranium and plutonium) into two of the
more stable midrange elements. Fusion is the pro-
cess of combining lighter nuclei (such as those of
deuterium and tritium, which are isotopes of hydro-
gen) into heavier elements lying farther up the curve
of binding energy per nucleon.

Energy Release in Nuclear Weapons

A fission nuclear device is practical for only three
elements: uranium-233, uranium-235, and pluto-
nium-239. In order to construct an efficient weapon,
instability is induced in one of these nuclei by strik-
ing it with a neutron. The unstable nuclear bonds
are broken, the nucleus splits apart, and relatively
more stable nuclear bonds are reformed by each of
the two midrange fission fragments. This is accom-
panied by the release of a large quantity of energy
and the prompt emission of gamma rays and neu-
trons (initial muclear radiation). It is important to note
that approximately 82% of the fission energy is re-
leased as kinetic energy of the two large fission frag-
ments. These fragments, being massive and highly
charged particles, interact readily with matter. They
transfer their energy quickly to the surrounding
weapon materials, which rapidly become heated.
The fission fragments consist of over 300 different
isotopes of thirty-eight separate chemical elements.
Most of the fragments are highly unstable radioac-
tively and will later contribute to the radiologically
and chemically complex fallout field.

One fission event alone does not make a weapon,
which requires a self-perpetuating, exponentially es-
calating chain reaction of fissions. This is achieved
by the suitable physical arrangement of certain nu-
clear materials. Also, since the weapon must not
reach the proper, or critical, configuration until the
desired time of detonation, some way must be found
to make the transition on demand from a safe, or
subcritical, condition to the critical state. In a func-
tioning fission device, this is done by altering the
mass, shape, or density of the nuclear materials.

The two basic classes of fission weapons are the
gun-assembled device and the implosion device. The
gun-assembled weapon is a mechanically simple de-
sign that uses a “gun tube” arrangement to blow
together two small masses of uranium-235 to form a
supercritical mass. The 15-kiloton-yield weapon
used at Hiroshima was a gun-assembled device (1
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kiloton, or kt, equals the energy released by detona-
tion of 1,000 tons of TNT, and 1 megaton, or MT,
equals 1,000,000 tons of TNT). The implosion
weapon uses an extremely complex system of pre-
cisely formed, conventional chemical-explosive
lenses to crush a mass of plutonium-239 to super-
critical density. The first tested nuclear weapon (the
Trinity device) and the 21-kt-yield weapon used at
Nagasaki were implosion devices. From the view-
point of a weapon'’s accessibility, it is fortunate that
the much more easily constructed gun-assembled
weapon cannot effectively use the more readily pro-
ducible plutonium-239. Instead, it must be fueled
with uranium-235, which is more difficult to obtain.

The limit on a fission weapon’s yield, from an
engineering viewpoint, is several hundred kilotons.
Therefore, the multi-megaton weapons in the
American and Soviet inventories are fusion weap-
ons, deriving much of their power from the combi-
nation of light isotopes of hydrogen (deuterium and
tritium) into heavier nuclei lying farther up the
curve of binding energy per nucleon. Due to the
presence of powerful forces of electrostatic repul-
sion, initiation of the fusion of deuterium and tri-
tium requires extremely high temperatures, about
50,000,000°C. The only practical way to achieve
those temperatures in a weapon on earth is to deto-
nate a fission device inside the fusion materials.
The deuterium and tritium then fuse and release
energy, partly in the form of highly energetic and
penetrating fusion neutrons, which have energies
about ten times the typical energies of fission-gener-
ated neutrons. The fusion weapon then uses these
high-energy fusion neutrons to cause secondary fis-
sions. Thus, a fusion weapon actually generates
power from both fission and fusion processes, usu-
ally in roughly equal proportions.

An enhanced radiation weapon, or neutron bomb,
might be produced by altering the design of a stan-
dard small-yield fusion weapon to permit the high-
energy fusion neutrons to better escape the device.
This modification increases the initial production of
neutron radiation, reduces the proportion of the
weapon'’s energy expressed in blast and th--mal ef-
fects, and reduces the amount of residual tailout ra-
diation. Thus, a given total yield produces more
biologically damaging neutron radiation, less de-
struction of matériel from blast and thermal effects,
and less residual radiation fallout.

Production of Blast and Thermal Effects

The blast and thermal effects of detonation pro-
duce by far the greatest number of immediate hu-
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Fig. 1-2. Energy partition of a nuclear weapon

man casualties in nuclear warfare. The nuclear re-
actions within the weapon have died out after the
first one-millionth of a second, and the fission and
fusion events have produced a vast quantity of en-
ergy, which has been rapidly and locally transferred
to the bomb materials in the form of heat. The
weapon’s materials (bomb casing, electronics,
chemical explosive residues, and 80% of the original
nuclear fuels, which even in a relatively efficient
device remain unreacted) now exist as a highly en-
ergetic plasma of positive ions and free electrons at
high temperature and high pressure. Through a
process of electron-ion interaction known as
bremsstrahlung, the plasma becomes an intense
source of X rays. These X rays leave the vicinity of
the bomb materials at the speed of light, heat the
first several meters of air surrounding the weapon,
and generate a fireball with an initial temperature of
1,000,000°C. The intensely hot fireball reradiates
thermal energy in the form of electromagnetic ra-
diation at infrared, visible, and ultraviolet frequen-
cies.

At about the same time, the weapon’s materials
have started to expand supersonically outward,
dramatically compressing and heating the sur-
rounding air. This phenomenon, called case shock,

Radiation
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is the source of the destructive blast wave and fur-
ther thermal radiations. A unique interaction be-
tween the X-ray-heated air and the case-shock-
heated air is responsible for the nuclear weapon’s
characteristic double pulse of thermal output.
Added to these blast and thermal effects is the ini-
tial nuclear radiation (primarily neutrons and
gamma rays) which is produced promptly by the
fission and fusion processes, and the residual radia-
tion (primarily gamma rays and high-energy elec-
trons) which are produced later by decay of the ra-
dioactive fission fragments composing the fallout
field. Figure 1-2 depicts the typical energy partition
for a standard fission or fusion device and the en-
ergy partition expected from a typical enhanced-ra-
diation weapon (neutron bomb).

The range of the blast, thermal, and radiation ef-
fects produced by the detonation of a nuclear
weapon depends on many factors, perhaps the most
significant of which, for the battlefield soldier, is to-
tal weapon yield. Figure 1-3 shows the range over
which the various effects are lethal, as a function of
yield. It is noteworthy that initial radiation is the
dominant threat for only very small tactical devices,
and thermal effects are dominant for large-yield
strategic weapons.
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BLAST, THERMAL, AND RADIATION EFFECTS

The destructive blast, thermal, and radiation ef-
fects of a fission or fusion weapon all stem from the
device’s capacity to transform the very strong nu-
clear bonds of uranium, plutonium, deuterium, and
tritium from a relatively unstable state to a more
stable one. The quantitative difference between the
effects of a nuclear weapon and the effects of a con-
ventional explosive is the result of the dramatically
greater strength of the nuclear bonds. A qualitative
difference arises from the production of (a) initial
nuclear radiations from the fission and fusion pro-
cesses themselves and (b) delayed radioactivity
from decay of the unstable fission fragment by-
products.

Blast Effects

During the detonation of a standard fission or
fusion nuclear device, the rapidly expanding
plasma gives rise to a shock or blast that is respon-
sible for dissipating about 50% of the total energy of
the weapon. This represents a tremendous amount
of energy, even in small, tactical-sized weapons of a
few kilotons. As the blast wave travels outward
from the site of the explosion, it is composed of
static and dynamic components that are capable of
producing medical injuries and structural damage.
The static component of the blast wave is a wall of
compressed air that exerts a crushing effect on ob-
jects in its path. The dynamic component is the
movement of air caused by and proportional to the
difference between the static overpressure and the
ambient pressure. In this discussion, the static and
dynamic components will be called the blast wave
and blast wind, respectively.

In discussing the structural damage to buildings
after a nuclear detonation, it is difficult to separate
the effects of the static component from those of the
dynamic component. For example, the 5-psi
(pounds per square inch) blast wave and 160-mph
blast winds associated with the blast wave’s pas-
sage would destroy a two-story brick house.

However, the medical problems resulting from
exposure to the shock wave can be divided into
those that result from the static component and
those that result from the dynamic component. In-
juries resulting from the blast waves will be caused
by exposure to high pressures with very short rise
times, and will consist primarily of internal injuries.
For example, the threshold level for rupture of the
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eardrum is about 5 psi. Although this injury is very
painful, it would not limit the accomplishment of a
critical military mission. The 160-mph winds that
accompany the passage of a 5-psi blast wave would
be sufficiently strong to cause displacement and
possible injuries. At the other end of the spectrum,
a pressure level of 15 psi will produce serious in-
trathoracic injuries, including alveolar and pulmo-
nary vascular rupture, interstitial hemorrhage,
edema, and air emboli. If the air emboli make their
way into the arterial circulation, cerebral and myo-
cardial infarctions may ensue. The initial outward
signs of such pulmonary damage are frothy bleed-
ing through the nostrils, dyspnea, and coughing.
Victims may be in shock without any visible
wounds. In addition, serious abdominal injuries,
including hepatic and splenic rupture, may result
from a rapid and violent compression of the abdo-
men.

The blast winds that accompany the blast wave
can also produce injuries. Debris carried bv the
wind may cause missile injuries ranging from lac-
erations and contusions to fractures and blunt
trauma, depending on the projectile’s size, shape,
and mass. Wind velocity of 100 mph will displace
a person, resulting in lacerations, contusions, and
fractures from tumbling across the terrain or from
being thrown against stationary structures. Winds
capable of causing displacement injuries or missile
injuries would be produced by a blast wave with an
overpressure of less than 5 psi. At this pressure
level, the blast winds are more significant in pro-
ducing injury than is the static component of the
blast wave. At high pressure levels, both the static
and dynamic components are capable of producing
serious injuries.

Although the LD, (lethal dose, or fatal injury, for
50% of cases) from tumbling occurs at about 50
mph, the LD, from impact occurs at about 20-25
mph. The LD, from blast is estimated to occur at 6
psi, due primarily to the force of blast winds. For a
small tactical weapon or terrorist device with a
yield of 0.5 kt, the range for this level of overpres-
sure would extend to slightly less than 0.5 km. For
larger tactical or strategic weapons with yields of 50
and 500 kt, the range for LD, at 6 psi would ex-
pand to just under 2 km and just under 4 km, re-
spectively.

Protection from the effects of the blast wave is
difficult to achieve because it is an engulfing phe-




nomenon. The best protection can be found in a
blast-resistant shelter. However, protection from
the effects of the blast winds can be achieved in any
location oftering shielding from the wind. If ade-
quate shelter is not found, the best defens~ against
blast effects is to lie face down on the ground with
feet pointed toward ground zero. This reduces the
body’s surface area that is exposed to wind-borne
debris and offers less resistance to the force of the
blast wind.

Thermal Effects

Following the detonation of a standard fission or
fusion device, approximately 35% of the weapon’s
energy is dissipated as thermal energy. The general
tvpes of injuries resulting from this energy are
burns, including flash burns and flame burns, and
certain eve injuries, including flash blindness and
retinal burns.

The thermal output after a nuclear detonation
occurs in two distinct pulses, as a result of the inter-
action of the shock wave with the leading edge of
the fireball. The first pulse contains only about 1%
of the total thermal energy output and is composed
primarily of energy in the ultraviolet range. Be-
cause the first pulse is of very short duration and
the ultraviolet energy is rapidly absorbed by the
atmosphere, it does not contribute significantly to
producing casualties. The second pulse is com-
posed primarily of energy in the infrared and vis-
ible portions of the electromagnetic spectrum, con-
tains about 99% of the thermal energy liberated by
the nuclear detonation, and is responsible for subse-
quent burns and vision problems.

Burn Injury. The two types of burn injury, flash
burn and flame burn, are caused by different events
and have different prognoses. Flash burn results
from the skin's exposure to a large quantity of ther-
mal energy in a very brief time. This often leaves
the affected area of the skin with a charred appear-
ance. However, since the heat pulse occurs rapidly
and the thermal conductivity of the skin is low, the
burn is often superficial, killing only the outer der-
mal layers and leaving the germinal layer essen-
tially undamaged. In contrast, flame burn results
from contact with a conventional fire, such as cloth-
ing or the remains of a building ignited by the fire-
ball’s thermal pulse. In most cases, the healing of a
flame burn is abnormal because the germinal layer
has been damaged.

Since the heat pulse travels at the speed of light,
protection from burns is not possible unless warn-
ing is given in time to find cover. The electromag-
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netic energy of the thermal pulse travels in a
straight line, so any barrier placed in its path will
offer some protection. Even clothing will provide
some protection from the deposition of thermal en-
ergy onto the skin. Since light colors tend to reflect
rather than absorb thermal energy, light-colored
clothing will offer more protection than dark-col-
ored clothing,

Figure 1-3 shows the range of LD,, for burn in-
jury from weapons of different yields. Notice that
for weapons of very low yield, the range for burn
injury LD, is about equal to the range for the LD,
from blast and radiation. As the weapon yield m-
creases, the range for burn injury increases much
more rapidly than the range for blast injury or ra-
diation injury. This means that burns will always
be present after the detonation of a nuclear device,
and for weapons with a yield above 10 kt, burns
will be the predominant injury. Because of the large
number of burn casualties and the time- and labor-
intensive treatment that they require, burn injury is
the most difficult problem to be faced by the mili-
tary medical community in a nuclear conflict.

Eye Injury. Thermal energy may also cause eye
injury. The two types of eye injury that would oc-
cur would not burden a medical facility. Flash
blindness is a temporary condition that results from
a depletion of photopigment from the retinal recep-
tors. This happens when a person indirectly ob-
serves the brilliant flash of intense light energy from
a fireball. The duration of flash blindness can be as
short as several seconds during the day, followed
by a darkened afterimage for several minutes. At
night, flash blindness can last three times longer,
with a loss of dark adaptation for up to 30 minutes.
This could seriously compromise military opera-
tions.

Another eye injury is retinal burn, which results
from looking directly at the fireball and focusing its
image on the retina. This intense light energy is
strong enough to kill the retinal receptors and create
a permanent blind spot. It is surprising that retinal
burn is no more detrimental to mission accomplish-
ment than is flash blindness.

To protect against injury, the eyes can be closed
and shielded after the individual receives warning
of a detonation. Using one of the lead-lanthanum-
zirconium-titanium goggles that have been devel-
oped may provide further protection.

Effects of Initial and Residual Radiations

A detonating fission or fusion weapon produces
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strike the ground. A person on the ground would
therefore be sate from the initial radiations after |
minute. As the vield of the weapon is increased, the
fireball rises more quickly, but t ¢ 60-second point
remains approximately the same. The main hazard
from initial radiation is acute external whole-body
irradiation by neutrons and gamma rays. Figure 1-3
shows that it is only for very small tactical weapons
that the initial radiation is potentially fatal at dis-
tances where the blast and thermal effects are sur-
vivable. Therefore, significant initial radiation haz-
ards are restricted to the first minute after detona-
tion and to several hundred meters surrounding a
small-vield tactical weapon. Conversely, residual
fallout covers a wide geographic area and remains a
significant biological hazard long after detonation.

Fallout. Our consideration of the origin of ra-
dioactive debris begins with a review of the basic
nuclear and phyvsical processes that occur as the de-
vice detonates. As the fissile material splits, the
massive and highly charged fragments carry awav
82 of the fission energy, and release it as heat
within the bomb components. This transtorms the
components into an extremely hot plasma.
Bremsstrahlung interactions between the electrons
and positive ions within this plasma generate an in-
tense source of low-energy X rayvs, which leave the
plasma and interact with the first several meters of
air surrounding the weapon. The X rays heat this
air to an extremely high temperature and initiate
the development of the fireball that is characteristic
of nuclear explosions. The rapid outward expan-
sion of weapon material dramatically compresses
and heats the air around the weapon (case shock),
turther contributing to the generation of the fireball.
This hot bubble of gas, containing highlv radioac-
tive fission fragments and activated weapon mate-
rial, is the origin of the fallout radiation.

Sources of fallout include (a) highly unstable
fragments produced by the fissioning of plutonium
or uranium, (h) roughly 80% of the nuclear fuels
that remain unreacted after the weapon has blown
itself apart (uranium or plutonium for all weapons,
as well as tritium for fusion devices), and (¢) activa-
tion products (weapon components and ground ele-
ments made radioactive by exposure to the
weapon’s intense neutron flux). Another contribu-
tor to fallout is salting, the inclusion of materials in a
weapon that will activate when exposed to the ini-
tial neutron flux, thus increasing the amount of re-
sidual radioactive isotopes. Because of operational
limitations in using a salted weapon, it is expected
that this technique will be rarely used. Since the fis-
sion fragments produced by the fissioning of ura-
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nium or plutonium account for most of the activity
in the fallout field, the fusion process is relatively
“clean” regarding the production of residual radia-
tion.

Early fallout is radioactive material deposited
within the first dav after detonation. This fallout is
the most significant for the militarv because it is
highly radioactive, geographically concentrated,
and local. It tends to consist of larger particles (ap-
proximately 0.01-1.0 ¢m in diameter) usually depos-
ited within a few hundred miles of ground zero.
Because the material has had little time to decay, it
is radiologically verv active. The biological hazards
from early fallout are external whole-body gamma-
rav irradiation from gamma emitters deposited on
the ground; external beta-particle irradiation from
beta emitters deposited on the skin; and internal
beta-particle irradiation from beta-emitting isotopes
that are ingested, injected, or inhaled.

Delaved fallout generally consists of the smaller
particles deposited after the first 24 hours. This ma-
terial is less significant as an immediate hazard to
the military because it has a longer time to decay
and it is deposited over a wider area. Under certain
circumstances, delayed fallout may be distributed
worldwide, presenting a long-term health hazard,
primarily through internalized exposure.

The ultimate deposition of nuclear fallout on the
ground is influenced by the physical interactions of
the rising fireball with the atmosphere. For a
ground or near-surface burst, the interaction of the
fireball with ground debris also affects the fallout
deposition. As the hot gas bubble quickly rises
through the atmosphere, it creates and is followed
by a strong vacuum directly from below. This gen-
erates winds that rush radially inward toward
ground zero and upward toward the ascending fire-
ball. For a near-surface burst, these winds can pick
up large quantities of dirt and debris from the
ground and inject them into the fireball (a process
called stem formation). This material, along with any
other ground material directly vaporized by a sur-
face burst, then provides condensation centers
within the fireball. The gaseous fission fragments
condense more quickly on these relatively larger de-
bris particles than they would have otherwise,
greatly increasing early local fallout. This fallout is
deposited quickly in a concentrated area relatively
near ground zero. Thus, a ground or near-surface
detonation is the most significant fallout hazard to
the military. The activation of surface materials
through irradiation of ground elements by the di-
rect neutron flux of a near-surface burst may also
increase the local fallout hazard to troops traveling
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through that area soon after detonation.

In the case of a pure airburst detonation with no
secondary ground materials injected into the tireball,
the cloud rises and cools, and the tission fragment
vapors begin to cool and condense at certain tem-
peratures (characteristic of their particular elements).
Therefore, because the time for airburst tission-prod-
uct condensation is delaved and because fission
products do not condense on large particles of
ground debris, the proportion of fallout activity ex-
pressed as carly local fallout is greatly reduced.

Characteristics of Fallout and the Prediction of
Hazards. The tactors that determine the extent of
anticipated fallout hazard are:

¢ The total fission vield (fission trag-
ments are the largest contributor to
fallout activity)

The ratio of energy produced in a
tusion weapan, by fission process
versus tusion process (the higher the
fission fraction, the more fission
products and consequently the
greater the radiological hazard)

The specitic design of the weapon (tor
example, an enhanced radiation
weapon will produce proportion-
ately less tallout than an equivalent-
vield standard nuclear weapon)

o The altitude of burst (a ground or
near-surface detonation produces the
greatest early focal hazard)

The composition of surtace elements
near ground zero in a near-surtace
burst (accounting for the neutron
flux-induced activation potential of
surface materials)

MEDICAL CONSEQUENCES

Military planners are concerned with the etfect
of nuclear weapons on the human component of op-
erational svstems. It is futile to harden machinery
to large amounts of radiation if the human operator
is incapacitated by relatively small doses. Radiobi-
ology research can help reduce the logistical drain
on medical resources caused by large numbers of
severelv injured casualties.  Targeting and contin-
geney planning depend on knowing radiation ef-
fects on military personnel.
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¢ The meteorological conditions (winds
and precipitation introduce by tar
the greatest uncertainties in predict-
ing where and when the tallout will
be deposited)

¢ The time after detonation (the more
time allowed for radiological decay.
the less the activity of the tallout
tield)

In terms of absolute quantity of energy from tall-
out, approximately 10 of the quoted energy vield
of a tvpical fission weapon will be decay radiation;
tor fusion weapons, it will be approximately 5¢..

The elemental distribution of fission fragments is
almost independent of whether the fissile material
is plutonium or uranium. In cach case, approzi-
mately 38 different chemical elements are produced,
consisting of about 300 separate radionuclides.
Thus, the chemical and radiological characteristics
of the fallout tield are extremely complev and, in
practice, are amenable only to empirical analysis.
The fission fragments are highlv unstable and decay
primarily bv emitting gamma ravs and beta par-
ticles. Activated weapon materials and ground ele-
ments, as well as unspent trittum from a fusion
weapon, will decay by the same means. The un-
spent uranium and plutonium from fission pro-
cesses decav by emitting alpha particles, which are
a hazard primarily if thev are inhaled. The immedi-
ate detection of fallout radiation is not possible with
the physical senses, so appropriate instruments
must be used. However, the heavy early, local fall-
out material is usually visible as a dust-like deposit
that mav look like a film on shiny surfaces. These
visible particles are the most hazardous component
of failout.

OF NUCLEAR WEAPONS

The Chernobyl Accident

Unlike controlled radiotherapy, radiation associ-
ated with weapon detonations or accidents can re-
sult in uncontrolled and usually unpredictable expo-
sures, which make radioprotective measures diffi-
cult.  As seen in the 1986 accident in Chernobvl,
USSR, dosimetry (measurement of radiation dose) is
also ditficult. Physical dosimeters, if available, mav




TABLE 1-1

Nuclear Events and Their Consequences

PERCENT DISTRIBUTION OF INJURIES SUSTAINED IN A

NUCLEAR WAR
Type of Percent
Injury Distribution
Single Injuries (30% —<40%)
Irradiation* 15-20
Burns 15-20
Wounds <5
Combined Injuries (65%-70%)
Burns + Irradiation 40
Burns + Wounds + Irradiation 20
Wounds + Irradiation 5
Wounds + Burns 5

*Including fallout

be lost during a nuclear event or may record cumu-
lative doses with no information on dose rate. Fur-
thermore, dosimeters provide point data rather than
whole-body data. Biological dosimetry is also im-
perfect, and the time-consuming tests of lymphocyte
depletion and cytogenetic damage (such as those
used for Chernobyl victims) give different results.
Dosimetry with uncontrolled exposures is compli-
cated by two other factors with which military phy-
sicians may have to cope.

One is the uneven distribution of exposures on a
victim due to shielding. Thus, pockets of critical
cells that are necessary to regenerate affected tissues
may survive, even if some parts of the body receive
very high doses of radiation. Bone-marrow trans-
plants were generally unsuccessful in Chernobyl
victims, partially because of the survival of some
host stem cells in the bone marrow; as surviving
marrow was regenerated, it rejected the trans-
planted marrow cells.

Another complication of dosimetry in accidents
or warfare is that other injuries, such as burns or
mechanical trauma, can be superimposed on radia-

tion injuries. The prognosis for these combined in-
juries is much graver than for radiation injuries
alone, so combined injuries must be carefully con-
sidered during triage (sorting of casualties). It is es-
timated that 65%~70% of weapon-related injuries
will be combined injuries, with burns and radiation
being the most common combination (Table 1-1).

Burns and radiation effects were the most com-
mon injuries seen in seriously injured victims of the
Chernobyl disaster. Thousands of medical and
paramedical personnel were available for the rela-
tively small number of patients at Chernobyl, but
this will not be the case in military situations. If a
nuclear weapon is detonated, physicians will have
to adapt to mass-casualty management techniques,
which require simplified and standardized care.

Today, scientists are exploiting the tremendous
advances in biotechnology—the new knowledge
and techniques in gene regulation, immunology,
neurobiology, and related sciences—and will soon
develop significant protection for the human body
from the consequences of radiation exposure and
associated injuries.
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Fig. 1-4. Major acute radiation subsyndromes after injury to bone marrow, intestine, or neurovascular system

Nature of Radiation Injuries

Almost every major organ system can be af-
fected by radiation exposure, and management in a
nuclear accident or warfare will require the coordi-
nated efforts of physicians, allied health profession-
als, and health-phvsics personnel.

A nuclear device detonated over a major city
will cause tremendous numbers of casualties. The
dav after the detonation, 45,000 dead and 90,000 in-
jured were counted in Hiroshima. Modern weap-
ons would result in a much larger number of casu-
alties. As the number of persons killed immediately
due to blast and thermal injuries increases, so does
the number of individuals at some distance from
the epicenter who have serious but potentially sur-
vivable injuries. Therefore, an understanding of
these injuries is extremely important to preserve
human life and ensure the success of military opera-
tions.

Damage to the human body by ionizing radia-
tion is caused by the deposition of energy. This is
12
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true for both electromagnetic radiation (such as X
rays and gamma rays) and particulate radiation
(such as beta particles, which are high-speed elec-
trons, or neutrons). This energy deposition results
in reactive chemical products, including free radi-
cals (such as the hydroxide radical). These tree
radicals can further combine with body chemicals,
primarily water, to form reactive species (such as
hydrogen peroxide). These elements then combine
with cellular components to cause damage. The pri-
mary targets of damage within the cell are deoxyri-
bonucleic acid (which can be attacked not only by
reactive chemical products but also by direct effects
of the radiation itself), cellular and nuclear mem-
branes, and enzymes.

The amount of damage sustained is a function of
the radiation’s quality, dose, and dose rate, and of
the individual cell's sensitivity. The higher the
dose, or the greater the deposition of radiation en-
ergy, the greater the damage expected. Quality re-
fers to particular types of radiation (such as gamma
radiation or neutron radiation) and their relative




TABLE [-2

Nuclear Eveuts and Their Consequicnces

MEDICAL CONSEQUENCES OF NUCLEAR WEADPONS

Performance Decrement

Acute Effects

Delaved Effects

ETI* / Hypotension Infection Cancer

Motor Bleeding Life shortening
Cognitive Dehydration

Emesis/Diarrhea Delaved wound healing

*Early Transient Incapacitation

abilities to damage humans. Neutrons seem to be
more effective in producing organism death, and
gamma rayvs appear to be more effective in inducing
performance decrement. In general, the more
quickly a dose of radiation is delivered to the body,
the more severe the consequences. The most sensi-
tive cells are those that tend to divide rapidly, such
as the bone-marrow cells and the cells lining the
crvpts of the gastrointestinal tract. Less sensitivity
is exhibited by cells that divide more slowly or not
at all, such as cells in the central nervous svstem
(CNS).

The irradiation of cells has both acute and de-
laved effects (Table 1-2). Acute effects involve cell
death, cell injury, and the release of disruptive me-
diators within the cell, which can lead to perform-
ance decrements. Other acute effects are infection
and uncontrolled bleeding due to destruction of the
bone marrow, dehvdration and electrolvte imbal-
ance due to denudation of the epithelial lining of
the intestine, and slow healing of wounds. Delayed
ef{ >cts include cancer and nonspecific life shorten-
ing. Eventually, either the organism dies, or regen-
eration and recovery occur.

Military attention is focused primarily on acute
effects because they are of the most immediate con-
cern to the tactical military commander. Perform-
ance decrement occurs within minutes or hours af-
ter relativelv low exposures to radiation. It includes
a phenomenon called early transient incapacitation
(ETD), a temporary inability to perform physically or
cognitively demanding tasks. This inability can be
accompanied by hypotension, emesis, or diarrhea.
A pilot or a soldier in a nuclear/biological/chemi-

cal protective suit could be critically affected by a
svmptom like emesis. Performance decrement may
be due to lesions other than those associated with
the lethal consequences of radiation injury to cells.
This hypothesis might be significant in the develop-
ment of practical radioprotectants.

Acute Radiation Syndrome
and Associated Subsyndromes

With increasing doses of radiation, changes take
place in body tissues or organs, some of which are
life threatening. The svmptoms that appear soon af-
ter radiation exposure are called the acute radiation
syndrome (ARS). This large category may be broken
down into the hematopoictic, gastrointestinal, and neu-
rovascular subsyndromes (Figure 1-4).

The hematopoietic subsvndrome is seen within
two weeks after biologically significant radiation
doses of 1.0-2.5 grayvs (Gy). This damage to the
body’s blood-forming organs, specifically to the
bone marrow, can lead to suppressed production of
white blood cells and platelets, which in turn leads
to increased susceptibility to infection and uncon-
trolled bleeding. Treatment consists of administer-
ing platelets and preventing infection during the
time required for bone-marrow repair. Much re-
search is directed toward finding means to enhance
the repair or replacement of this tissue.

The gastrointestinal subsyndrome appears
within a week or two after exposure to higher
doses, which are sometimes survivable. After this
exposure, crypt cells in the epithelial lining of the
intestine are destroyed. This leads to excessive fluid

13
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Fig. 1-5. Combined etfects of simultaneous hurns and whole-body irradiation on rats

loss and imbalance of electrolytes within the body,
which mav result in loss of the intestinal wall.
Treatment focuses on preventing fluid loss and on
balancing electrolvtes during the time required for
gastrointestinal repair.

The neurovascular subsyndrome appears within
a few days after much higher doses of radiation,
and consists of irreversible damage to the CNS.
There is no treatment, other than making the patient
as comfortable as possible.

Combined Injury

ARS and its medical effects are significantly
complicated when radiation injury is combined
with conventional blast trauma or thermal burn in-
juries. The following data show that the insult to

the body from combined radiation and conven-
tional injuries is much more severe than it would be
from a single injury.

In Figure 1-5, the percent of mortality in rats that
received an LD,, burn is compared to the percent of
mortality when this insult was combined with sub-
lethal to minimally lethal doses of radiation. Rats re-
ceiving 1.0 or 2.5 Gy of radiation alone had no mor-
tality, while those receiving 5.0 Gy alone had about
20% mortalitv. Animals that received an LD, burn
and 1.0 Gy of radiation (which by itself was not le-
thal) had increased mortality up to 70%. Animals
that received 2.5 Gy of radiation in combination
with an LD,, burn had mortality approaching 95%.
Those that received an LD, burn and an LD, irra-
diation with 5.0 Gv showed 1009% mortality. Thus,
radiation combines synergistically with either burn
or blast injuries to increase lethality.'
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INTRODUCTION

The importance of human sensitivity to ionizing
radiation was recognized even before the detona-
tion of the first nuclear weapon. However, the ex-
act relationship of dose to human mortality is still
not precisely known because clear human data are
lacking, and analyses of human mortality have
been based primarily on data from radiation acci-
dents, radiation therapy patients, and atomic-bomb
victims. These studies have been faulted because of
the small numbers of subjects, imprecise dosimetry,
or patients’ pre-existing health problems and treat-
ments. Therefore, many studies with laboratory
animals have been undertaken in an effort to define
the relationship between radiation exposures and

effects. Several comprehensive analyses of human
data and animal data have been conducted in an ef-
fort to derive a dose-response for humans.

Information on humans and animals has made it
possible to describe the symptomatology associated
with the acute radiation syndrome (ARS). In hu-
mans, ARS is defined as the symptoms manifested
after exposure to ionizing radiation, and is often
called radiation sickness. From a physiological
standpoint, ARS is a combination of subsyndromes.
They appear in stages and are directly related to the
level of radiation received (Figure 2-1). These sub-
syndromes begin to occur within hours after expo-
sure and may last for several weeks.

PATHOPHYSIOLOGICAL SUBSYNDROMES

Radiation damage results from the sensitivity of
cells to radiation, and those that replicate most rap-
idly are the most sensitive to radiation exposure. In
descending order of sensitivity, these cell types are
spermatogonia; lymphocytes; erythroblasts; other
hematopoietic cells; cells of the small intestine,
stomach, colon, epithelium, skin, CNS, muscle, and
bone; and the protein collagen. Mature cells that
are more highly differentiated appear to be the least
affected by radiation. This difference in cell sensi-
tivity is the basis for the distinction among the
three subsyndromes of ARS.

In order of their occurrence with increasing
doses of radiation, ARS is divided into hematopo-
etic, gastrointestinal, and neurovascular subsyn-
dromes.

Each subsyndrome can be further divided into
four stages: prodromal, latent, manifest illness, and re-
covery. Prodromal symptoms begin a few hours to
4 days after exposure. The severity, time of onset,
and duration of symptoms relate directly to the ex-
posure dose received. The latent period is a brief
reprieve from symptoms, when the patient may
appear to have recovered. This reprieve may last
up to 4 weeks, depending on the dose, and then is
likely to be followed by 2-3 weeks of manifest ill-
ness. The manifest illness stage is the most difficult
to manage from a therapeutic standpoint, for this is

16

the maximum state of immunoincompetence that
the patient will suffer. If the patient survives the
manifest illness stage, recovery is almost assured.
Therefore, treatment during the first 6 weeks to 2
months after exposure is crucial to ensure recovery
from a rapidly received, high dose (less than 5 Gy)
of ionizing radiation.

Hematopoietic Subsyndrome

The target cells of the hematopoietic tissue are
the stem cells. Their anatomical location in the
bone marrow distributes them throughout the
body. Dorsal exposure would maximize damage to
the hematopoietic system, because the greatest per-
centage of active bone marrow lies in the spine and
dorsal regions of the ribs and pelvis. Vertical expo-
sure would be the least damaging per equivalent
dose, due to absorption and consequent nonuni-
form dose distribution, thus sparing the dorsal
marrow. A dose-dependent suppression of bone
marrow may lead to marrow atrophy and pancy-
topenia. Prompt radiation doses of about 1-8 Gy
cause significant damage to the bone marrow.
Doses of approximately 3 Gy may result in death to
50% of exposed persons.! The biological response
of bone-marrow stem and progenitor cells to radia-
tion exposure is exponential in nature. For ex-
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Fig. 2-2. Hematological response to whole-body exposure. Comparison of 1-Gv and 3-Gy gamma-radiation effects on

hematopoietic system.

bly severe infection.

Overall, the systemic effects that can occur from
the hematopoietic subsyndrome include immuno-
dysfunction, increased infectious complications,
hemorrhage, anemia, and impaired wound healing.
Impaired wound healing may be due in part to
endothelial damage, which significantly depresses
the revascularization of injured tissue.

Gastrointestinal Subsyndrome

The gastrointestinal subsyndrome overlaps the
hematopoietic subsyndrome, but its consequences
are more immediate. At radiation doses above 12
Gy, this subsyndrome supersedes the hematopoi-
etic subsyndrome in lethality. Its prodromal stage
includes severe nausea, vomiting, watery diarrhea,
and cramps occurring within hours after irradia-
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tion, followed by a much shorter asvmptomatic la-
tent period of 5-7 days. Then the manifest illness
begins, with vomiting and severe diarrhea accom-
panied by fever. At higher doses, bloody diarrhea,
shock, and death may ensue.

The intestinal mucosa suffers severe pathological
damage following radiation exposure. The turn-
over time of 3-5 days for intestinal mucosal epithe-
lial cells explains the shortened latent period. Since
severely damaged crypt stem cells do not divide,
the aging mucosal lining is shed and not replaced.
This results in loss of absorption and provides a
portal for intestinal flora to enter the systemic circu-
lation. Figure 2-3 depicts vascular coalescence,
which also significantly decreases intestinal absorp-
tion abilities. Severe mucosal hemorrhage has been
seen in experimental animal models (Figures 2-4
and 2-5). The overall intestinal pathology includes
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Fig. 2-4. Porcine intestinal segments from normal animals. Normal tissue appears pink to grav.
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Fig. 2-5. Porcine intestinal segments from 4-Gy-irradiated animals. Irradiated tissues from all segments show signs of
severe hemorrhage and uleeration.
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Fig. 2-6. Occurrence of radiation effects in relation to dose and time. As radiation dose increases, time to manifestation of
g

effect decreases.

blockers.™*

The radiation threshold for this dual subsyn-
drome is not as well defined as it is for the others.
Experimental evidence indicates that 50 Gy will
elicit the neurovascular subsyndrome. Whether the

dose is 50 or 100 Gy is inconsequential; either is a
supralethal dose resulting in severe performance
decrement. Figure 2-6 shows the occurrence of ra-
diation effects in relation to dose and time. Table 2-
1 charts the pathophysiological events.

DETERMINANTS OF RADIATION EFFECTS ON HUMANS

Energy deposition, known as linear energy trans-
fer (LET), can be correlated to the severity of dam-
age to the tissue. Gamma and X rays, which are
primarily responsible for ARS, pass through tissue
almost unimpeded by the skin or protective cloth-
ing. Thick shielding (such as lead, concrete, or dirt)
is required to protect a person from these radia-
tions. These rays are called low LET because they
do not leave a great deal of their energy behind.
Exposure to gamma emitters (such as cobalt-60) re-
sults in an accumulation of the dose within the tir-t
few centimeters of tissue, followed by a gradual
decline of the dose level to 50 at the radiation’s

exit from the body. In contrast, high-LET neutron
exposure results in significant absorption of energy
within the first few centimeters, with diminution of
dose at increasing tissue depth. In these cases, uni-
lateral radiation results in more uniform exposure
with gamma than with neutron radiation. Bilateral
or multilateral exposure increases the uniformity of
dose in all cases.

Alpha and most beta particles have low energy
levels and cannot pass through skin (high-energy
beta excepted) or clothing. Therefore, internaliza-
tion (ingestion, inhalation, or absorption through a
wound) and systemic contamination with alpha or

21

rs




Medical Consequences of Nuclear Wartare

TABLE 2-1
PATHOPHYSIOLOGICAL EVENTS OF ACUTE RADIATION SYNDROME

Pathophysiological Events

Dose Range  Prodromal Manitest-lllness Survival
(Gv) Etfects Effects
0.5-1.0 Mild Slight decrease in Almost certain
blood cell count
1.0-2.0 Mild to Early symptoms of Probable (>90%)
Moderate bone-marrow damage
2.0-35 Moderate Moderate to severe Possible**
bone-marrow damage
3555 Severe Severe bone-marrow Death within
damage; slight 3.5-6.0 weeks?
intestinal damage
5.3-7.5 Severe Bone-marrow Death within
pancyvtopenia and 2-3 weeks
moderate intestinal
damage
7.5-10.0 Severe Combined Death within
gastrointestinal 1.0-2.5 weeks
and bone-marrow
damage; hypotension
10.0-20.0 Severe gastrointestinal da*mage; Death within
upper half of range: ETI; =
. . 5-12 days
gastrointestinal death .
. Death within
C i S ¢ l -
20.0-30.0 G1st}'0mtest1m and -5 davs
cardiovascular damage d

*Early Transient Incapacitation

**Top third of range: LD+,
Middk‘ third: LDm/m'
Bottom third: LD,

3768
*Top half: LDuw/en
Bottom half: LD w e

Source: Data from reference 1.
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Fig. 2-7. Standard dose-response curve

beta radionuclides must occur for these radioactive
particles to cause problems. Once internalized,
they are a significant threat, because almost all of
their energy is deposited in a short path through
tissue or even in a single cell.

Lethality Curve

The slope of a lethality curve is weighted heavily
by data at each extreme of its distribution. In the
majority of experimental cases, the ratio of the data
points is less than 2, independent of species (Figure
2-7). The more inbred and homogenous the popu-
lation, the steeper the slope. This fact underscores
the importance of reliable dosimetry, not only in
the experimental situation but also in accurately de-
termining the human exposure doses after a nu-
clear accident. In a recent examination, this correla-
tion of a steep dose-effect relationship (slope) was
evaluated using available data from canine studies.’
Purebred and inbred populations did not appear to
be either more sensitive or more resistant than
mongrels. Given the genetic heterogeneity of hu-
mans, this ratio has been useful in extrapolating

from animal data to the human dose-response
curve, and in defining a lethal dose of radiation that
will kill 50% of the healthy, untreated, exposed per-
sonnel (the LD, ) within 30 to 60 days after expo-
sure. In spite of the heterogeneity surrounding LD,
values, it “seems possible to conclude that the doses
giving between 90%-95% mortality in most animal
experiments are about twice those giving 5%-10%
mortality.”" In a recent review of animal data, a
uniform dose normalized to the LD, (D/LD,) re-
vealed that no deaths occurred when D/LD,, was
less than 0.54." When D/LD,, was greater than 1.3,
mortality was 100%. Total survival in a population
can apparently be changed to total mortality by in-
creasing the dose by a factor of 2.4. Relationships
between dose and lethality, drawn from a large
number of animal studies, emphasize two impor-
tant points on extrapolation to the human radiation
response: (a) reliable dosimetry is extremely valu-
able, and (b) either therapy or trauma can signifi-
cantly shift the dose-response relationship. An er-
ror in dosimetry of 0.5-1.0 Gy can result in large
shifts along the dose-response curve, and effective
therapy can increase the LD, by approximately 1.0

S0
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Fig. 2-8. Depth-dose relationship in phantoms. Effect of tissue depth on absorbed radiation dose from unilateral mixed-
fission gamma and 1-MeV neutron radiations. Low-LET, high-energy gamma radiation produces a more uniform

exposure than does fission neutron radiation.

Gy. The degree of trauma depends on the duration
and intensity of the radiation exposure, and it can
shift along the mortality curve.

Modification of Dose-Response Curve

Radiation lethality may be a consequence of
changes in the cellular kinetics of renewal systems
critical for survival.”*'* [f this is correct, then modi-
fication of the dose-response relationship is achiev-
able by replacement of the mature functional cells
or their essential factors, or by actual substitutions
in the damaged cell-renewal system.

Factors that compromise or damage the hemato-
poietic system or the immune svstem will also
negatively affect the dose-response curve. Severe
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trauma, poor nutritional status, and stress are in
this category. Other factors that significantly mod-
ify the dose-effect curve are radiation quality, expo-
sure geometry (such as partial-body exposure or
nonuniform exposure), and dose rate.

Influence of Radiation Quality and Exposure
Geometry on LD5,

Distribution of radiation dose (energy deposi-
tion) throughout the target tissue varies signifi-
cantly with the energy and quality of radiation and
with the geometry of the exposure. Figure 2-8 illus-
trates the effects of tissue depth on absorbed radia-
tion dose from unilateral cobalt-60 and 1 MeV (mil-
lion electron-volts) of mixed neutron-gamma radia-




tions. To reconstruct the effects of an accidental
exposure involving neutrons, we must consider the
tissue depth ot a large-animal model (such as the
canine) and that of humans, relative to the absorp-
tion characteristics of these two different radiation
tvpes (gamma and neutron, 1 MeV).

Equivalent doses of different types of radiation,
or of the same type at different energy levels, do
not produce equivalent biological effects. How-
ever, the relative biological effectiveness (RBE) of two
tvpes of radiation can be compared. A significant
number of studies establishes the LD, for hemato-
poietic death in canines at approximately 2.60 Gy
for 1,000 kVp (plate voltage in kiloelectron-volts) of
cobalt-60 radiation, or 2,000 kVp of X radiation. For
lower-energy X radiation (50-250 kVp), an average
dose of 2.28 Gy would vield this LD_."**' These
values suggest an RBE of approximately 0.87 for
radiation higher than the standard 250 kVp of X-
ray energy. Canine exposure to mixed-fission neu-
tron-gamma radiation yields an LD, value of 1.48
Gy (compared to a derived value of 2.60 Gy for co-
balt-60)."> This results in an RBE of approximately
1.7. Using a neutron spectrum of similar energy, an
LD, of 2.03 Gy (compared to 2.80 Gy for 1 MVp of
X radiation) was determined to have an RBE value
of 1.38.7 An RBE value of approximately 2.0 has
been reported for rhesus monkeys exposed to fis-
sion neutrons of 1 MeV energy (the LD, value was
2.60 Gy) and for X radiation of 300 kVp energy (the
LD, value was 5.25 Gy).” A significant RBE has
been observed in the rhesus (LD,, ) using gamma-
neutron exposure, compared to the RBE for 250
kVp of X radiation.**** Several studies used mice
to establish RBE values for fission and high-energy
neutrons pertaining to X radiation and cobalt-60 ra-
diation. ™

A radiation dose delivered to hematopoeitic
stem cells in bone marrow is the most damaging to
the organism. Therefore, unilateral exposure with
either gamma or neutron radiation will result in
nonuniform dose distribution, whereas bilateral or
rotational whole-body neutron exposure will have
a greater RBE. Unilateral exposure usually occurs
in accidents or warfare. Exposure to any type of
unilateral radiation can result in lower doses to
stem-cell populations that are distant from the
source, with a consequent rise in the LD, value
(Table 2-2).

Influence of Trauma on LD g,

The combination of radiation exposure and
trauma produces a set of circumstances not encoun-

Acute Radiation Syndrome in Humans

tered by most military and civilian physicians. In
combined injury, two (or more) injuries that are
sublethal or minimally lethal when occurring alone
will act svnergisticallv, resulting in much greater
mortality than the simple sum of both injuries
would have produced. The mechanisms respon-
sible for combined-injury sequelae are unknown,
but they can significantly increase the consequences
of radiation exposure across the entire dose-re-
sponse curve. It must be emphasized that the sur-
vival of a patient following exposure in the hemato-
poietic dose range requires (@) a minimum critical
number of surviving stem cells to regenerate a com-
petent host defense system, (b) the functional com-
petence of surviving cells composing the specific
and nonspecific immune system, or (¢) effective re-
placement or substitution therapy during the criti-
cal postexposure cytopenic phase. Trauma alone,
depending on its intensity, may effectively depress
host resistance to infection.™* When imposed on a
radiation-injured system, it can be lethal. In most
instances, trauma symptoms will either mask or
exacerbate the first reliable signs of radiation in-
jury. This will cloud the situation if one is relying
on biological dosimetry and prodromal symptoms
for estimation of dose. In addition, the choice of
treatment in these cases should include considera-
tion of not only the patient’s initial status but also
the condition that will exist 7-21 days later when
the radiation effects are seen.

Relatively few animal models of combined in-
jury are available for determining effective therapy.
The few reported studies demonstrate the synergis-
tic effect of combined injuries. Sheep were exposed
to 4 Gy of mixed neutron-gamma radiation and
then 1 hour later subjected to an abrupt overpres-
sure; this resulted in increased mortality from 25%
for irradiated-only animals to 50% for the com-
bined-injury animals.* A rat model showed a syn-
ergistic effect when a 250-kVp X-ray dose (LD,)
was followed in 7 days by a low-lethal (5%) level of
air blast.” Mortality increased from approximately
46% for the irradiated-only animals to 76% for the
combined-injury animals, and was related to radia-
tion-induced thrombocytopenia, which compro-
mised normal coagulation and maintenance of the
capillary endothelium.

An open skin wound (combined injury) mark-
edly increases the chances of infection. The imme-
diate closure of wounds has been recommended.™
Mortality in mice from exposure to 5.1 Gy of
gamma radiation alone rose from 25% to 90% when
combined with open dorsal skin wounds occurring
2 days after exposure. If wounds were immedi-
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TABLE 2-2

MODIFICATION OF LETHAL DOSE ACCORDING TO LATERALITY OF EXPOSURE*

Factor Dog Sheep Pig
Body Mass (kg) 7-13 32-57 62 (average)
Radiation Xrays (1 MeV) Xrays (1 MeV) Xrays (2 MeV)

LD5, MeantSE

of animal)
Ei’é'is'ﬁiilmm 386 10
Bilateral gy 2149
el
Flj It-:lc; BE) 1.20

(Roentgen at midplane of exposure volume in absence

303+13 434+ 13
252+ 17 362+13
51 72
1.20 1.20

*A unilateral exposure from any radiation type may result in the sparing of distant stem-

cell populations, thereby raising the LDs,.

ately closed, mortality decreased to 18%. Closing
of the skin wound obviously affected the mecha-
nism of pathogenesis.

In combined injuries, burns produce the most
significant synergistic increases in mortality. The
dog, pig, rat, and guinea pig have been studied as
animal models.*** Table 2-3 summarizes this
synergistic effect on the lethality of combined ra-
diation and trauma. As little as 0.25 Gy, combined
with a burn of 20% body surface area, increased
mortality in dogs from 12% to 20% .+

In the early 1980s, investigators performed the
most comprehensive analysis to date of the effect of
combined injury (thermal and skin wound) on le-
thality and on the suppression of host resistance to
subsequent bacterial challenge.*** In addition,
they used cobalt-60 gamma versus mixed-fission
neutron-gamma radiations in various ratios of LD,
on mice that »ad either thermal injuries or skin
wounds. The addition of fission-energy neutrons
to gamma radiation significantly lowered the LD,
in radiation-only experiments to give RBE values as

26

high as 2.5. The addition of trauma to radiation
exposures also significantly reduced the LD,. The
effect of combined injury on lethality was d.mi-
nated by radiation. The RBE did not change with
the addition of trauma.

Injuries to the abdomen may present significant
problems to the irradiated subject. Blast overpres-
sure, blunt trauma, and penetrating trauma are all
significant causes of abdominal injury. The impact
of laparotomy or splenectomy in mice that had re-
ceived whole-body radiation has been evaluated.™
Exposure to 5.1 Gy alone caused mortality of 27%,
whereas laparotomy or splenectomy alone caused
an approximate 5% mortality. Splenectomy at 2, 4,
or 8 days after irradiation increased the mortality to
60%, 75%, and 85%, respectively. Laparotomy
combined with radiation caused maximum mortal-
ity when surgery was performed on day 8. The
role of the spleen in nonspecific resistance to bacte-
rial infection has recently been demonstrated.*

The impact of combined injuries on the radiation
dose-effect curve depends on the intensity and the




TABLE 2-3

COMBINED EFFECTS OF WHOLE-BODY
RADIATION AND BURNS ON VARIOUS
ANIMAL MODELS*

Percent

Subjects Lethality
Dog

20% burns 12

100 R exposure 0

209% burns + 100 R 73
Pig

10%-15% burns 0

400 R exposure 20

10%-15% burns + 400 R 90
Rat

31%-35% burns 50

250 R exposure 0

500 R exposure 20

15%-31% burns + 100 R 65

31%-35% burns + 250 R 95

31%-35% burns + 500R 100
Guinea Pig

1.5% burns 9

250 R expusure 11

1.5% burns + 250 R 38

*Significant increases in mortality occur when
radiation is superimposed on concomitant
conventional trauma.

time of injury relative to radiation exposure.*’#
The biological consequences of these combined in-
juries will significantly affect the patient’s abilities
to survive and recover, and will markedly increase
the casualty burden on medical personnel. Those
patients in Hiroshima and Nagasaki who suffered
conventional trauma along with radiation exposure
developed significant complications 2-3 weeks
later, corresponding to the time of hematopoietic
depression. Until the 1986 reactor disaster in Cher-
nobyl, the victims of Hiroshima and Nagasaki pro-
vided the only documentation on human radiation
injuries and associated trauma. Hospitalized Cher-

Acute Radiation Syndrome tn Humans

nobyl victims also experienced medical complica-
tions associated with bone-marrow damage and
immunosuppression.

Effect of Clinical-Support Therapy on LD 5,
Dose-Effect Curve

Modification of survival throughout the LD,
dose range is achievable using a simple regimen of
clinical support to replace or substitute the de-
pleted functional cells after stem-cell destruction.
In the cases of large-animal models (monkey, ca-
nine, and swine) and the human, therapy is di-
rected at replacing the functions of the granulocytes
and platelets. Experimental work performed more
than 20 years ago showed the efficacy of supportive
care centered on systemic antibiotics and transfu-
sions of fresh platelets. Several canine studies indi-
cated that antibiotics, singly or in combination,
were successful in reducing mortality in the LD,
range.'>**! Combination antibiotics, in conjunction
with fresh whole-blood transfusions and parenteral
fluids, have been effective in controlling dehydra-
tion and thereby reducing mortality. Reports that
hemorrhage is easier to control than infection may
be traced to the fact that several types of opportun-
istic pathogens are capable of overwhelming a com-
promised host.'

In an attempt to determine the lowest dose at
which spontaneous regeneration would not occur,
the dose range was extended in a later animal
study from 4.0 to 5.5 Gy, well into 100% lethality
(LD,,).- The dose of 4.2 Gy resulted in an LD,
Survival was significantly increased with good
clinical support. This support consisted of (a) sev-
eral antibiotics (penicillin G, dihydrostreptomycin,
and tetracycline) administered at the onset of fever
(8-13 days after exposure) and continued until fe-
ver subsided for 3-4 days and white cell count was
greater than 1,000/mm?’; (b) the infusion of fresh
platelet-rich plasma from 50 ml of blood, given
when blood platelet levels were below 5,000/ mm®
(10-12 days after exposure); and (c) fluid therapy
(isotonic saline or 5% dextrose) given during the
period of anorexia. Soft food was usually given
during this period to entice the animals to eat. The
success with these regimens supports the hypothe-
sis that infection and hemorrhage are the main con-
tributors to lethal consequences of radiation expo-
sure in the hematopoietic subsyndrome range.
Controlling infection during the critical granulocy-
topenic and thrombocytopenic phase is the limiting
factor in successful treatment. !
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Fig. 2-9. Effect of clinical support therapy on LD, . Parenteral fluids, platelets, and antibiotics to control infection during
critical nadirs in granulocyte and platelet counts provide the basis for successful treatment.

These studies have been extended over a dose
range that is capable of determining the shift in
LD,, that is due to treatment. Figure 2-9 shows the
shift in the canine LD,, from 2.60 Gy to approxi-
mately 3.39 Gy measured as midline tissue dose.
This results in a dose reduction factor of 1.3. The
treatment regimen was essentially the same as
above, with the addition of the newer antibiotics,
gentamicin and claforan (cephotaxime-SO,).”
These collective data indicate that modest clinical
care consisting of the infusion of fluids, antibiotics,
and fresh platelets is capable of shifting the LD,, by
a factor of 1.5. A more intensive regimen of sup-
port, including use of a sterile barrier and selective
decontamination of intestinal bacteria, should al-
low an even greater shift in the LD,,. It must be
emphasized that the practical application of these
concepts requires that the damage to the stem-cell
system be reversible; that is, the surviving fraction
of hematopoietic stem cells must be capable of
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spontaneous regeneration.

Exposure Geometry: Heterogeneous Partial-Body
and Nonuniform Exposure

Partial-body exposure can result in death
through irradiation of specific target organs, such
as the brain, lungs, and gastrointestinal structures.
However, significant variations in the hematopoi-
etic subsyndrome and related lethality can be seen
when portions of the active marrow are either
shielded physically from exposure or receive a
smaller radiation dose due to nonuniform dose dis-
tribution through the body tissue. The earliest re-
port of a shielding effect on the hematopoietic sy :-
tem was in 1963.2 Exteriorized spleens of mice
were shielded, which increased the LD, from 550
to 975 R (roentgens). It was concluded that the
shielded spleen contained competent and mobil-
izable hematopoietic stem cells that were capable of




totally repopulating the depleted marrow space
and significantly modifying the hematopoietic sub-
svndrome’s dose-effect relationship. Many later
experiments supported this finding by shielding ei-
ther the hind limbs or tails of mice. A further com-
parison in mice has been made of the therapeutic
efficacy of this autorepopulation versus the efficacy
of autologous and/or syngeneic bone-marrow
transplantation.”™ In this study, one leg was
shielded from lethal total-body exposure, allowing
stem cells of the shielded leg to reseed the irradi-
ated marrow space. Another set of mice received a
similar exposure with the shielded leg later ampu-
tated. The marrow contents were harvested by a
grinding technique and then autotransplanted.
(The grinding allowed greater efficiency in the
stem-cell harvest.) Results indicated that autore-
population of the marrow was more efficient than
marrow transplant.

A series of experiments using canines further il-
lustrated the protective effects of partial-body
shielding.*** Large-animal models can not only il-
lustrate the relationships between tissue depth and
dose, but can also approximate the nonuniform ef-
fects of exposure for more reliable extrapolation to
the human radiation response. Shielding the lower
body indicated an approximately sevenfold in-
crease in LD, . One report emphasized that con-
siderable hematopoietic tissue may be spared by
nonuniform exposures to cobalt-60 gamma radia-
tion.™ Results indicated that the greater the dose
gradient and the more nonuniform the exposure,
the greater the survival of stem cells that are ca-
pable of repopulation.

These canine experiments illustrate the complex-
ity of determining the dose received during an acci-
dental exposure. Accidental whole-body irradia-
tion will most likely not be strictly unilateral, due to
backscatter and reflection of the radiation. It is also
possible that some body regions may be shielded.
These factors, as well as the anatomical position of
the exposed subjects, can either increase or decrease
the total dose received. Shielding and nonuniform
dose distribution can therefore differ markedly in
how much hematopoietic tissue they spare. The
biological response of marrow stem and progenitor
cells *o radiation is exponential in nature.

Considerations on Establishing the Human LD+,

Similarly, it is difficult to calculate accurately the
dose that a human has received after accidental ra-
diation exposure. Radiation quality or type, dose
rate, shielding, exposure geometry, and coincident
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trauma can significantly modify the relationship of
dose and response.

Several comprehensive analyses of human and
animal data have been conducted over the years in
an effort to derive a dose-response curve for hu-
mans. Some reports serve as landmarks, but none
has been completely successful. The quest for an
LD,, for humans began in the late 1940s and contin-
ues today.'"** The most recent activity on this
subject has shifted from the United States to the
United Kingdom, where interest from the British
Home Office produced comprehensive analy-
ses.!"*3 The suggestion emerging from these
analyses—that the LD, might be as high as 6 Gy
(body surface, free-in-air dose)—was controversial
in light of the long-held view that the value was 4.5
Gy or less. The 6-Gy free-in-air dose corresponds
to an approximately 4.5-Gy bone-marrow dose, and
the 4.5-Gy free-in-air dose corresponds to a 3.6-Gy
bone-marrow dose. The 1986 LD, value of 1.54 Gy
to the bone marrow added to the controversy and
sparked new interest in resolving these discrepan-
cies.”

Available data on uncomplicated radiation expo-
sures to the human within the hematopoietic-sub-
syndrome range are relatively limited. The evi-
dence to date (excluding the 1986 nuclear disaster
in Chernobyl and the 1987 radiation isotope inci-
dent in Goiania, Brazil) is from three sources: (a)
twenty cases of radiotherapy with whole-body, bi-
lateral exposure to gamma radiation; (b) two nu-
clear criticality accidents involving mixed neutron-
gamma exposure of nine persons, one of whom
died; and (c) the cases of thousands of persons ex-
posed to the nuclear detonations over Hiroshima
and Nagasaki in 1945. The following descriptions
of the radiotherapy patients and nuclear criticality
patients illustrate the type of information that, until
recently, was used in determining the human LD.,..

Radiotherapy. Twenty adolescent patients
(nineteen with Ewing’s sarcoma and one misdiag-
nosed who actually had leukemia) were uniformly
exposed to 3.0 Gy of whole-body cobalt-60 gamma
radiation as a midline tissue dose at a dose rate of
0.2 Gy/minute.” All patients survived for at least 1
year. It appears that this experience would set the
lower limit for the lethal dose at a dose greater than
3.0 Gy. However, several modifying factors must
be considered. These patients were given excellent
supportive clinical care during their hospital stay.
They received fluids, electrolytes, and blood re-
placement (platelets for some) as necessary, and
simple antibiotic treatment while under barrier
nursing. It has been recently revealed that many of
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TABLE 2-4

ANIMAL-MODEL PREDICTIONS OF LETHAL RADIATION DOSES

TO HUMANS*

Dose Rate (Gy/minute)

Lethal
Dose 0.01 0.02 0.05 0.10 0.20 0.50
LD, 194 177 156 143 130 115
LD, 210 192 171 157 144 128
LD, 275 257 234 218 204 186
LD,, 341 321 297 279 263 243
LD,. 360 339 313 295 278 257

95

*The predictions from the model express the relationship between the dose

rate and the LD ,.

these patients received local radiation to the sites of
the tumors before, and in some cases after, the
whole-body exposure. These prior exposures com-
plicate the picture because of possible abscopal ef-
fects on distant hematopoietic tissue. It is difficult
to determine the effect of hospital-based care and
support, but the Chernobyl experience and animal
data point to a significant decrease in lethal conse-
quences.

Radiation Accidents. Of many radiation acci-
dents reviewed (Chernobyl excluded), two in-
volved shielding, dose uniformity, and acute expo-
sure (estimated as 2-10 Gy) that were comparable
to LD,, values in humans. Both accidents were
criticality accidents that involved fission neutrons,
low-energy photons, and high-energy gamma rays.
Four of the seven male workers exposed in the 1958
Y-12 Oak Ridge, Tennessee, accident and five of the
workers exposed in the 1958 Vinca, Yugoslavia, ac-
cident are considered to have received relevant ra-
diation doses.

Reconstruction of the Y-12 accident dose indi-
cates a total marrow dose range of 3.25-4.40 Gy for
upper limits to 1.9-2.6 Gy for lower limits, assum-
ing lateral or anterior-posterior exposure." These
workers most likely were exposed to two pulses
separated by several seconds. The accident oc-
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curred during maintenance operations at a fuel-re-
processing plant. A uranyl nitrate solution was in-
advertently allowed to collect, and a fission chain
reaction began, followed by a second reaction and
perhaps more. The first reaction probably gave the
greatest part of the total dose to the workers. Seven
persons received 1.0 Gy or more, and of them, four
are considered to have received the higher homoge-
neous doses, which are more relevant.

Nausea and vomiting occurred in three workers
within 2 hours after exposure, and one vomited on
the second day. Diarrhea was not evident. Some
complaints of soreness, fatigue, and weakness were
registered. All showed hematological changes re-
flecting severe marrow damage. Hospital treat-
ment was conservative, and the patients were dis-
charged 39 days after exposure.

At Vinca, the exposure of five persons ranged
from a lower limit of 1.8~2.3 Gy to an upper limit of
2.3-3.1 Gy," occurring over several minutes when
an unshielded research reactor temporarily ran out
of control.*#? This led to the emission of a “softer”
neutron spectrum than that which occurred in the
accident at Y-12. Low-energy neutrons are not very
penetrating, but do give rise to a measurable tissue
gamma dose. Therefore, a calculation of marrow
dose had to be estimated. Although the dose levels




at both accidents were similar, the clinical re-
sponses of the victims differed significantly.

For the Vinca victims, severe nausea and vomit-
ing occurred within the first hour. A larger dose to
the superficial tissues was indicated by erythema,
conjunctivitis, and loss of body hair. The most
highly irradiated victim suffered severe diarrhea.
Victims were nursed under sterile conditions, re-
ceiving fluids, electrolytes, blood-cell transfusions,
and antibiotics. The hematological picture wors-
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ened through the 3 weeks after exposure, and five
patients were injected with donor-matched bone-
marrow cells at 4-5 weeks after exposure. The
value of the marrow transplant is moot. It has been
argued that the recipients were on their way to re-
covery and that the benefits of these transplants
were temporary at best. One man, who received
the highest dose of radiation, did not respond to
treatment; he died of gastrointestinal complications
on day 32.

PRESENT VIEW OF RADIATION EFFECTS ON HUMANS

Several new studies relate to the establishment
of an LD, for a low-LET radiation dose to the bone
marrow of healthy young adults. These studies in-
clude several important observations that must be
considered when estimating the radiation mortality
response of humans. First, in selecting data groups
for analysis, the influence of postirradiation clinical
treatment must be taken into account. Carefully
controlled experiments clearly indicate that treat-
ment will elevate the estimate of the LD, by as
much as 30%.** The calculated LD,, of approxi-
mately 6 Gy for the Chernobyl patients treated for
ARS also indicates a benefit from intensive clinical
support. This observation is reinforced by the fact
that many of these patients had complicating burns,
which have been shown to lower the LD,, in the
Nagasaki victims and in studies of laboratory ani-
mals. These observations suggest that the British
value of 4.5 Gy overestimates the bone-marrow
LD,,, since this value is derived entirely from per-
sons who received supportive therapy.” The data
from the Ewing's sarcoma patients in this study
seem particularly compromised, because these pa-
tients received not only antibiotics and platelets but
also barrier nursing and possibly tumor pretreat-
ment with X rays before receiving the 3 Gy of total-
body radiation.”” If this pretreatment with X rays
can be confirmed, we must assume that the sensi-
tivity of the patients to subsequent radiation ther-
apy was reduced. These several factors suggest that
anchoring the low end of a dose-response curve
with these data is not justified.

The second observation to emerge from these
new studies is the dependence of LD, on dose rate,
particularly at rates of 0.6 Gy/hour or less, as seen
in data from human experience and studies with

laboratory animals.''** This dependence is particu-
larly important when attempting to use low-dose-
rate studies as estimates of prompt LD,,. Table 2-4
shows a model for the relationship between dose
rate and LD,."

The third observation is that the LD, for the
human cannot be modeled on a 70-kg animal. This
is true even if the analysis is based on all animal
studies to date, if the model is carefully controlled
for body weight, and if the dose rate is below 0.5
Gy/minute. The LD,, may be more species-inde-
pendent at prompt dose rates, where data from sev-
eral large mammals, including humans, appear to
converge.*®

A fourth observation is that although the LD,
for the human may not be exactly like that of an-
other 70-kg mammal, the slope derived from the
animal model is much more credible than the unac-
ceptably shallow slope observed in the Hiroshima
and Nagasaki analyses. These differences in slope
may be due to differences in (a) the accuracy of
dose determination, (b) the homogeneity of the
sample populations for humans and animals, or (c)
the postirradiation treatment. With no acceptable
slope that can be empirically derived directly from
human data, the recommendation is to use the
slope obtained from the Oak Ridge National Labo-
ratory animal model (Figure 2-10). The LD, and
LD,, should be taken as the values for the limits of
the dose-response curve because the extrapolations
are totally unreliable beyond that range. The slope
should be expressed as the ratio of the LD, to the
LD,, This expression maintains linearity over the
entire curve and has a value of 1.9, which is in good
agreement with other such values.*%5

The final observation is the degree of agreement
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Fig. 2-10. Human mortality for high-dose-rate, low-LET radiation doses to bone marrow. Doses beyond LD, or below
LD, cannot be reliably extrapolated. Slope, calculated from this animal model, is expressed as ratio of LD, to LD,,.

that is emerging among the values for the LD, , es-
pecially from the Hiroshima and Nagasaki data.
Recently, a value of 1.54 Gy for the midlethal bone-
marrow dose for Hiroshima was published.™ This
value was derived from survey data relating the
mortality of persons in wooden houses to their dis-
tance from the hypocenter of the bomb. Using pre-
liminary calculations of dose versus ground range,
the Hiroshima LD, was determined to be 1.54 Gy.¥
However, if one uses the latest calculations, the
value becomes 2.3 Gy to the bone marrow. This
value is in general agreement with the reported
value of 2.24-2.50 Gy, based on doses and essen-
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tially the same model.* Both of these values were
skewed by the inclusion of data from deaths due to
burns and blast effects. If one increases these val-
ues by 17.5% (the difference in LD, for radiation
only, and radiation combined with blast injuries
and burns), the values increase to 2.75-3.0 Gy. An-
other recent analysis of the data from Hiroshima es-
timates the LD, to be 2.72 Gy by correlating white
blood-cell counts to the percentage of mortality.
Considering the diversity of these analyses and the
approaches by which they were derived, their
agreement is remarkable. Even more remarkable is
the fact that these values agree with the human val-




Acute Radiation Syndrome in Humans

ues obtained 20 years ago for patients, when ad- Nagasaki) that the NATO human LI should not
justed for bone-marrow dose and prompt dose be raised for healthy untreated persons. Based on
rates. the range of values discussed, the recommended
There is good agreement among the data (par- value for the LD, is 3.0 Gy to bone marrow (4.3 Gy
ticularly the recent data from Hiroshima and free in air).
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INTRODUCTION

The effective medical sorting of mass casualties
(triage) and their subsequent treatment after a nu-
clear event have been considered extremely diffi-
cult or even impossible.! In the case of a major ex-
change of strategic nuclear weapons (500-5,000
MT), the triage of casualties using the remaining re-
sources would certainly be futile and frustrating.
Without transportation and tertiary medical-care
facilities, the only benefit would be to identify per-
sons who are capable of combat. Even the mini-
mally injured casualty may receive little (if any)
meaningful attention in such a situation.

However, if a nuclear event occurs, it is more
likely to take place on a limited scale rather than as
a strategic weapons exchange.! After a smaller-
scale tactical detonation (0.1-2.0 kt) or a nuclear
detonation by terrorists, hundreds or a few thou-
sand casualties are more probable than millions® or
billions.* Considerable medical resources may be
intact and available for treating many of them. This
chapter presents plans for the management of large
numbers of casualties suffering either radiation in-
jury alone or conventional trauma combined with
radiation injury.

PRINCIPLES OF TRIAGE

In conventional triage, patients are assigned to
one of the following priority categories, depending
on the nature and extent of their injuries: (@) The
immediate treatment group includes patients who
have a high chance of survival if they are given
immediate life-saving treatment or surgery that is
relatively quick and uncomplicated. (b) The delayed
treatment group includes patients who may need
major surgery, but who can be sustained on sup-
portive treatments until surgery is possible. (c) The
minimal treatment group includes patients with rela-
tively minor injuries who can care for themselves or
who can be helped by untrained personnel. (d) The
expectant category includes patients with serious or
multiple injuries requiring extensive treatment, as
well as patients with a poor chance of survival.
This group should receive supportive treatments
that are compatible with resources, including large
doses of analgesics.

The speed of assessing and categorizing the
status of patients is the key to effective triage. Any
method is useful that gives the triage officer a
quick, accurate idea of the extent of injury. When
making the assessment rapidly based on anatomi-
cal findings, the probability of injury is related to
the degree of estimated force on the body part. For
example, a patient close enough to a nuclear explo-
sion to be caught in the blast wind is assumed to
have internal and possibly occult traumatic injury.
Such a patient will most likely be in the expectant
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category (Table 3-1). A slower but more accurate
method of assessment is to expose the injured area
directly and perform an abdominal examination.
Even with a relatively small number of casualties,
this exam might be prohibitively time consuming in
the critical moments shortly after a nuclear event.

Rapid assessment based on physiological status
will permit the gathering of useful information on
respiratory rate and systolic blood pressure in a
large number of patients. In contrast, a determi a-
tion of the Glasgow coma scale score* (although
fairly rapid in experienced hands) is less useful
than a brief neurological evaluation of the patient’s
degree of alertness, responsiveness to verbal and
painful stimuli, and state of consciousness. Atten-
tion to other relatively obvious factors, such as ex-
tremes of age (under 5 years or over 55 years) and
preexisting or recently induced cardiovascular or
respiratory illness, will aid in establishing a pa-
tient’s status as expectant.

Operational Considerations for Triage

Regardless of the findings from an anatomical or
physiological assessment of the patient, the first
priority of the military triage officer is to conserve
the fighting force. Combatants in the expectant
category, however, should not receive aid or re-
sources that might be of greater benefit to less se-
verely injured noncombatants, even if these re-




TABLE 3-1

Triage and Treatment of Radiation-Injured Mass Casualties

PRIORITIES IN COMBINED-INJURY TRIAGE WHEN
RADIATION DOSES ARE KNOWN?*

Conventional Triage Changes in Expected Triage

Categories if Injuries Category Following

Are Only Trauma** Whole-Body Radiation Dose

(Gy)
No radiotion exists <15 1.54.5 >4.5

T1 T1 T1 T4
T2 T2 T4 T4
T3 T3 T4 T4
T4 T4 T4 T4

*Decision based on whole-body radiation dose, assuming all
casualties are wearing personal dosimeters.

**Conventional Triage Categories:
T1: Immediate treatment, high survival group
T2: Delayed treatment, patient can be sustained
T3: Minimal treatment, minor injury group
T4: Expectant, seriously injured—poor survival

Source: Adaptation from data in NATO Handbook on the Concept of Medical
Support in NBC Environments (reference 15).

sources seem to be in adequate supply. In rare cir-
cumstances, a terminally injured unit commander
might receive resources to permit continued func-
tioning in a crucial command role.

This chapter pertains primarily to the manage-
ment of acutely irradiated casualties following the
detonation of a nuclear weapon. The military phy-
sician should recognize two essential facts in deal-
ing with mass casualties during military triage in a
declared war: (a) all medical resources fall under
the jurisdiction of the military, and (b) peacetime
triage practices are of limited use. However, in
more limited events (such as a major nuclear reac-
tor accident), the military may be asked to assist

with the management of mass casualties under the
constraints of peacetime disaster triage.

Peacetime Triage. In peacetime, a two-tiered
system of care for the critically ill is assumed.
Based on the triage decision, the patient goes either
to the emergency room of the nearest community
hospital or to the regional trauma center. This sys-
tem depends on rapid, reliable transportation in
which trained attendants monitor the patient with
radio guidance from trauma staff at the hospital or
center.’

In this scheme, the sorting of patients is based
on a physiological trauma score in which the less-
injured patient, with a score of 15-16, is in the de-
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TABLE 3-2

ESTIMATION OF POSSIBLE RADIATION INJURY BASED ON
SYMPTOMS

Symptoms Unlikely Probable Severe
Nausea -) (++) (+++)
Vomiting ) (+) (+++)
Diarrhea ) () (X to +++)
Hyperthermia =) ® (+ to +++)
Erythema =) =) (-to ++)
Hypotension ) -) (+ to ++)
CNS dysfunction -) =) (—to ++)

layed category, a third priority. Patients with a
trauma score of 3 or less are considered expectant
(the fourth, or last, priority). Third- and fourth-pri-
ority patients would probably be sent to the local
hospital emergency room. All patients with trauma
scores of 4-10 (first priority) and some with scores
of 11-12 (second priority) would go to the trauma
center.’

Military Triage. Military triage contrasts
starkly with that used in peacetime, but the two do
have some elements in common. For example,
military triage decisions would most likely be made
at the level of the batallion aid or clearing station.
The local community hospital might be equivalent
to the second-echelon radiation decontamination
center and field hospital. Only fixed medical-care
facilities or existing tertiary-care facilities that are
able to perform surgery would suffice as trauma
centers for handling combined-injury casualties.

In wartime, it cannot be assumed that rapid and
reliable transportation of wounded persons is pos-
sible, as it is in peacetime or might be in smaller,
low-yield nuclear events. In the confusion of
armed conflict, casualties with a wide variety of in-
juries might be expected to arrive at the nearest
medical-care facility regardless of its capability.

40

Extra effort will be needed to keep the patient mov-
ing forward in the system to an appropriate level of
care. The greatest number of lives will be saved
only by ensuring that time and materials are not al-
located to hopeless cases or to those whose injuries
are so minor or uncomplicated that definitive care
can be postponed.

In a nuclear disaster, triage decisions cannot be
made on the evidence or probability of conven-
tional injury alone. When significant radiation ex-
posure is combined with conventional injuries,
there may be a dramatic shift of patients to the ex-
pectant category (Table 3-1). In order to make an
appropriate decision, the triage officer must recog-
nize the symptoms of ARS and understand the dif-
ficulties in estimating radiation exposure from
clinical findings.

Signs and Symptoms of Radiation Injury

It will be difficult to assess the radiation doses of
persons who have been injured in a mass-casualty
disaster. Thus, a system has been devised to iden-
tify radiation exposure based on the symptoms of
“unlikely,” “probable,” or “severe” radiation injury
(Table 3-2).* These symptoms are nonspecific, and
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Fig. 3-1. Appearance of waves of erythema after irradiation of human skin. Dotted lines indicate yigmented lesions.

Source: Redrawn from reference 6.

permit only the cursory screening of a large num-
ber of cases.

Cutaneous Phenomena. Information about the
cutaneous changes after ionizing radiation expo-
sure comes mainly from accidental or therapeutic
high-dose local radiation exposures and, to a lesser
extent, from studies of the victims of the 1986 nu-
clear reactor accident in Chernobyl, USSR, and the
1987 cesium-137 accident in Goidnia, Brazil. Skin
injury in those events resulted from very intense
local irradiation or direct contact of the skin with
radioactive material. Burns among casualties at Hi-
roshima and Nagasaki in 1945 were caused by heat
rather than radiation exposure.’

When extremely high doses of whole-body ra-
diation (100 Gy) are delivered acutely, skin may
have the sensation of tingling or being on fire even
though no lesion immediately appears. Within the
first 24 hours, there is the appearance of a charac-

teristic transient erythema secondary to capillary
dilation and the release of histamine-like sub-
stances. The initial erythema usually peaks within
24 hours, and then disappears for 1-3 weeks.
Thereafter, it may reappear with pain and edema.
Severe pain may occur if more radioresistant nerve
tissue is surrounded by necrotizing tissues. Mela-
notic pigmentation (Figure 3-1) or ulceration may
develop.” Pain from nerve compression may occur
as healing and atrophy take place. Hair loss over
the affected area occurs at the end of the second or
third week. In contrast to erythema induced by
high-dose beta radiation, skin injury from gamma
radiation occurs only at doses that damage the
bone marrow. Thus, if sufficient marrow is ex-
posed, thrombocytopenia with cutaneous pe-
techiae, purpura, and hemorrhage can be expected.
In granulocytopenic patients, otherwise-noninva-
sive surface bacteria may colonize areas of wet
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desquamation and lead to suppurative lesions.

The threshold dose for gamma-radiation-in-
duced erythema is about 3-5 Gy; for desquamation,
it is about 10 Gy. Ulceration develops at doses of
20 Gy. At doses of more than 40 Gy, gangrenous
radionecrosis can be confidently predicted, if the
dose is well documented and can be confirmed on
review of the evidence.® Different body areas may
have different radiation sensitivities; a gradient
from greater to lower resistance is observed for
scalp, face and neck, trunk, ears, groin, and ex-
tremities. Exposure of the skin to temperatures
greater than 42°C may enhance cutaneous radio-
sensitivity and increase the probability of a more
severe injury.”

Beta-emitting isotopes from smoke and fallout
can cause desquamation from high-dose local ra-
diation delivered to exposed skin surfaces, but only
if these isotopes are in contact with the skin for
longer than 1 hour. Since beta radiation is not as
penetrating as gamma radiation, dry desquamating
skin lesions secondary to beta burns may not be as
serious as wet desquamating lesions, which occur
as the result of high-dose exposure and suggest that
underlying structures are involved. The wet le-
sions may be complicated by secondary infection,
and usually indicate a poor prognosis.

Gastrointestinal Phenomena. A sense of fatigue
and malaise associated with nausea and loss of ap-
petite is characteristic even of relatively low-dose
radiation exposure (1-2 Gy). The abrupt onset of
nausea and vomiting occurs with acute high-dose
radiation in the range of 5-10 Gy. These initial
symptoms may be followed by a short latent period
of 1-2 days. The severity of initial symptoms, in-
cluding diarrhea, serves as a useful index of prob-
able outcome, as does the rapidity of onset or a de-
lay in the appearance of symptoms. Following the
latent period, an increase in vomiting, diarrhea,
and anorexia, as well as dehydration and signs of
infection, can be expected.”

An abrupt onset of bloody diarrhea after acute
high-dose radiation indicates lethal exposure. If
less-acute doses are received, diarrhea may not ap-
pear for several days or a week after exposure. The
onset of diarrhea within a week of exposure is usu-
ally associated with death. However, patients have
survived when the onset of radiation-related diar-
rhea was delayed for more than 1 week after pro-
tracted radiation exposure.'

Nausea and vomiting occur after exposure to
doses greater than 2.5 Gy. Identification of the on-
set of these symptoms may be useful in the initial
triage of a radiation-only casualty. However, in
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combined chemical-nuclear warfare environments,
chemical agents may account for much of the nau-
sea and vomiting.

Cardiovascular, Respiratory, Metabolic, and
Neurological Phenomena. If a casualty has no con-
ventional injuries or psychosomatic complaints,
then cardiovascular, respiratory, metabolic, and
neurological symptoms usually indicate terminal
high-dose radiation exposure. Radiation-related
hypotension, radiation pneumonitis, or ETI identify
persons who may be expected to die within 2-3
days. This prognosis is certain, despite a variable
period of transient improvement that occurs shortly
after the event.

Initial symptoms of high-dose exposure may not
be distinct from those of lower-dose exposures.
Nausea and vomiting may occur even without di-
rect exposure to the gut in patients who received
high-dose local radiation to the head or chest.

Metabolic abnormalities can be expected after
radiation of moderate to high doses, and include
the consistent finding of nonbacteria-mediated hy-
perthermia with marked fever and shaking chills.
A 25% drop in plasma glucose may occur within
the first day, but a neuroglycopenic state of confu-
sion has not been observed. Hemorrhagic coagulo-
pathies, associated with disse ninated intravascular
coagulation and a reduction in noncellular clotting
factors, are possible. Liver injury probably ac-
counts for hypoglycemia and the coagulation factor
deficiencies.''* Cardiac arrhythmias associated
with electrolyte imbalance (hyper- or hypokalemia)
may occur.

In the later stages after lung exposure, the loud
crepitus of radiation pneumonitis, which has been
likened to the “thundering of a rain storm on an
iron roof,”'" is associated with tachypnea and se-
vere hypoxemia.

ETI in primates (and its locomotor equivalent in
rodents) is characterized by the complete but tem-
porary cessation of motor function, and does not
occur unless high-dose radiation is delivered
acutely.”” Transient loss of consciousness is not
typical of ETI. Unconsciousness is more suggestive
of conventional head injurv.

Hemantological Phenomena. The most useful
and rapid method of assessing the degree of radia-
tion exposure is to obtain serial total lymphocyte
counts. Optimally, this should be done every 6
hours during the first 48 hours, or at least once ev-
ery 24 hours after exposure. This estimate and its
interpretation need to be standardized for the avail-
able laboratory methodology. To that end, a chart
of blood cell morphology (Figire 3-2) and a nomo-
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Fig. 3-2. Appearance of human mononuclear cells (lymphocytes and monocytes) compared to human granulocytic ceils
(eosinophils, neutrophils, and basophils) in their nonsegmented and segmented (mature) forms. Erythrocytes are shown for

contrast in size.

gram of the acute radiation-induced change in lym-
phocytes/mm?* (Figure 3-3) may be useful. A lami-
nated copy of this nomogram should be included in
the field kit of every medical officer. Changes in
peripheral blood granulocytes do not give as clear a
picture of the severity of radiation injury because
their numbers are affected by stress and infection,
fall more slowly, and vary widely.

Sophisticated methodology has become avail-
able that permits the rapid and quantitative deter-
mination of the total and differential leukocyte
counts at DEPMEDS (Deployable Medical Systems)
field hospitals. Using the QBC II assay methodol-
ogy,'* a total lymphocyte count requires only a fin-
gerstick blood sample (rather than a phlebotomy)
and can be performed by relatively inexperienced
personnel. Effective suppression of electrical
power surges and adequate supplies of special
sample tubes would be needed to permit this op-

tion on the nuclear battlefield at a field hospital.

A drawback of this method is that monocytes
cannot be differentiated from lymphocytes unless a
separate Wright-stained slide is prepared and inter-
preted. Such a determination done by hand would
become prohibitively time consuming and labor in-
tensive in a mass-casualty situation. However,
with the QBC II methodology, the determination of
the total granulocyte percentage and the mononu-
clear cell percentage is automated (although it still
requires data transcription by hand).

Triage of the Combined-Injury Patient

Priorities in handling patients of conventional
trauma are modified in cases of concurrent radia-
tion injury. Triage priority is based on the conven-
tional injury as well as the degree of radiation suf-
fered by the combined-injury victim (Table 3-1).
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TABLE 3-3

Triage and Treatment of Radiation-Injured Mass Casualties

PRIORITIES IN COMBINED-INJURY TRIAGE WHEN RADIATION INJURY IS POSSIBLE

Conventional Triage
Categories if Injuries

Changes in Expected Triage Category Following
Possibility of Radiation Injury

Are Only Trauma*
Unlikely  Probable Confirmed
No radiation exists Minimum** Moderate Severe
T3 T3 T3 T3 T3 T3
T2 T2 T2 /T4 T3 T4 T4
T1 T1 T3 /T4 T3 T4 T4
T4 T4 T4 T4 T4 T4

*Conventional Triage Categories:

T1: Immediate treatment, high survival group
T2: Delayed treatment, patient can be sustained
T3: Minimal treatment, minor injury group

T4: Expectant, seriously injured—poor survival

**Acute radiation dose of approximately 0.5 Gy

All patients exposed to more than 4.5 Gy are in the
expectant category, as are those with exposure of
1.5-4.5 Gy who cannot be given care immediately.
If exposure was less than 1.5 Gy, the nature of the
conventional injury will dictate the treatment prior-
ity. Casualties who receive radiation exposure
alone over a wide range of doses will need little if
any treatment initially."

Since an estimate of the exposure dose in the
early phases of radiation-casualty triage will be al-
most impossible, a more practical triage scheme,
based on symptoms of unlikely, probable, or severe
radiation exposure, will be useful (Table 3-2). In
the event of combined injuries, symptoms of prob-
able or severe exposure may be confused with
symptoms associated with conventional injury. In

giving the benefit of the doubt to such patients,
those with injuries treatable on an immediate basis
should receive prompt attention. However, if ra-
diation exposure does account for the observed
symptoms, the patient in the conventional catego-
ries of immediate (Table 3-3) or delayed (Table 3-1)
may actually be expectant. Even with severe symp-
toms of radiation exposure, patients with minimal
traumatic injury may be capable of survival if
evacuated for observation and advanced medical
management. However, if transportation resources
are limited, disposition of the minimally injured
but heavily exposed patient should coincide with
that of the casualty in the expectant category. Pa-
tients in the delayed category with probable radia-
tion symptoms are expectant, unless adequate terti-
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ary-care facilities are readily available. Regardless
of the triage scheme used, it is probable that a num-
ber of combined-injury patients in the expectant
category will receive treatment for more immediate
and delayed conventional injuries.

Conventional injuries that are particularly rele-
vant following a nuclear detonation include burn,
blast, and eye trauma.

Burn Injury. The extent of a thermal burn may
be rapidly estimated according to the “rule of
nines.”* Conventional thermal burns are predicted
to be among the most frequent injuries to troops on
the nuclear battiefield.”> A more severe hematopoi-
etic subsyndrome is likely if partial-thickness burns
involve more than 10% of the body surface."

Blast Injury. Dynamic overpressure from the
explosion of a nuclear weapon will induce overt
crush injuries and occult internal bleeding."" The
triage officer should suspect occult traumatic inju-
ries, which will likely place the irradiated patient in
the expectant category.

Eye Injury. Eye injuries from a thermonuclear
flash may be as minor as transient blindness (for a
few seconds to minutes) or a permanent retinal scar
in which peripheral vision is spared.*'" These are
minimal injuries. However, permanent foveal
damage with 20/200 visual acuity may occur if the
victim focuses directly on the nuclear fireball. A
variety of eye injuries resulting primarily from pro-
tracted high-dose radiation exposure was observed
among firefighters at the Chernobyl reactor acci-
dent. These injuries will most likely lead to perma-
nently impaired vision."" Clearly, if the corrected
visual acuity of a patient is 20/200 or less after
more than 1 hour from time of injury, the useful-
ness of that person as a combatant will be limited,
and assignment to a category of delayed treatment
is appropriate. Gross eye injuries, most likely from
flying objects after a nuclear blast, may have a dra-
matic appearance, but they are frequently minimal
and should not divert attention from more signifi-
cant injuries.

MEDICAL MANAGEMENT OF THE COMBINED-INJURY CASUALTY

Patient management will focus on three issues.
First, basic life-support concerns need to be quickly
addressed for casualties in the immediate category;
an airway, adequate ventilation, and circulatory
function should be assured for patients whose inju-
ries will permit them to survive. Concerns about
internal or external contamination with radioactiv-
itv should be second priority. Finally, an effort
should be made to retrieve data from any dosime-
ters carried by the military combat unit. Currently,
radiation dosimeters cannot be relied on to accu-
rately estimate the severity of an individual’s radia-
tion injury. Dosimeters do not account for partial
shielding and do not reflect the delivery rate of a
radiation dose, and so make only a small contribu-
tion to the diagnostic picture. Any data from
physical dosimeters must be interpreted by the
medical attendant in light of the observed physio-
logical changes.

Because most of the radiation exposure likely to
be encountered on the battlefield has no immediate
life-threatening consequences, the medical atten-
dant should first focus on conventional injuries.
Needless risks, such as prolonged contact with con-
taminated clothing or wash water, must be
avoided, but in emergency medical treatment, di-
rect contact with a contaminated patient is usually

46

not hazardous. No conclusive evidence exists that
any attendant has ever been adversely affected by
brief contact with a radiation casualty. On the
other hand, in a nuclear attack that is combined
with chemical or biological weapons (which may be
more likely than a nuclear attack alone), the atten-
dant will need to wear protective gloves, as well as
a mask outfitted with an entire chemical ensemble,
to manage these casualties safely.

Wearing this chemical ensemble will pose spe-
cial problems in primary medical management.
Even if the mask is equipped with a voice emitter,
verbal communication over more than a few yards
will be hampered. In the early phases of identifica-
tion and triage, familiarity with a brief dictionary of
sign language will be useful. The signs for “radia-
tion casualty” and “chemical casualty” are illus-
trated in Figure 3-4.

Concerns in the Treatment of the Combined-
Injury Patient

Once an airway, proper ventilation, and circula-
tory stability have been established, definitive care
should be planned for the casualty who can sur-
vive. Treatment planning is based on the compe-
tent handling of conventional injury and the antici-
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Nuclear

Fig. 3-4. To sign for “chemical,” make a “C” with hands and move them in a circle away from lower thorax and toward
shoulders. To sign for “nuclear,” thrust second and third fingers toward open palm of opposite hand.

pation of predictable sequelae of radiation injury.
In the following discussion, early placement of a
peripheral intravenous catheter for infusion of ade-
quate quantities of fluids and blood components is
assumed. The use of central venous lines in pro-
tected sites for long-term infusions is also dis-
cussed.

The decision to apply any of these measures to
the combined-injury patient will be a difficult one,
and will have to be based on the availability of re-
sources and the projected number of casualties.
The prognosis for combined injury is markedly
worse than for either traumatic or radiation injury
alone. Patients with moderate or severe conven-
tional injuries who arrive at tertiary centers that are
capable of handling combined injuries will proba-
bly receive the maximum available care, unless
they have received obviously massive doses of ra-
diation (over 8 or 9 Gy). It will be hard to justify
the decision to continue therapeutic interventions
in a trauma patient whose dose of radiation is even-
tually determined to exceed 4 Gy. Continuing ad-

vanced life-support measures will not be in the best
interests of a patient who will most likely suffer a
protracted, terminal illness. Nor will less-injured
patients benefit if their access to hospital resources
is limited because of the excessive allocation to
hopeless cases. On the other hand, the military or-
ganization should attempt to assure that the psy-
chological support of casualties in the expectant
category are augmented as much as possible by
nonmedical personnel.

Specific Treatment Concerns

Surgery. Since exposure to doses of less than 5
Gy is of no immediate threat to health, conven-
tional injury that is surgically remediable deserves
priority treatment. Ideally, surgery should be initi-
ated as soon as possible, or within 36 hours of ra-
diation exposure,®> and be completed before 48
hours."” Surgery after this time is contraindicated
for at least 6 weeks, or until there is evidence that
immunocompetence has returned and that incised
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tissue is able to revascularize. Clearly, the best can-
didate for surgery is the patient who requires only
one procedure with no surgical revision. Patients
who have been exposed to more than 1.5 Gy, who
have extensive injuries, and who need multiple
procedures and reconstructive surgery are classi-
fied as expectant. However, patients who have suf-
fered severe conventional injury, who have had
successful wound closure, and who then received
radiation may actually be more radioresistant and
better able to survive."” Decontamination of the ra-
diation casualty should include prompt surgical
debridement, if needed, and washing of the surgi-
cal area with mild antiseptic soaps. The skin
should be cleansed before surgery to adequately
reduce any radioactivity in the area of the incision.
An important secondary concern is to cleanse crev-
ice areas (nails, ears, and skinfolds) and orifices
(particularly mouth and anogenital regions). To
avoid abrading the skin, washing should be done
gently with mild soaps and hair should be clipper-
cut instead of shaved. These procedures will elimi-
nate at least 95% of a patient’s surface contamina-
tion with isotopes.

Anesthesia and Pain Control. In controlled
trials with animals, the induction and recovery
from anesthesia for irradiated subjects do not differ
from those for nonirradiated subjects.” However,
anecdotal experience in humans has suggested that
the times of induction and recovery from anesthe-
sia may be prolonged."” In irradiated animals and
humans, there is a clear resistance to the effects of
analgesics. However, care should be exercised to
avoid overtreatment with sedative narcotics and
anesthetics.’

In a local high-dose radiation injury (over 40 Gy)
to an extremity, prompt amputation gives the pa-
tient the greatest pain relief and makes the most ef-
ficient use of resources. The use of nonsteroidal
anti-inflammatory drugs and thrombolytic agents,
as well as topical corticosteroids, has been claimed
to delay the appearance of dermal necrosis and to
lessen the pain of local skin damage.” However,
topical corticosteroids are contraindicated in ther-
mal burn injuries.

Control of Infections. A variety of measures has
been advocated to reduce infections in the irradi-
ated patient. These measures include meticulous
hygiene of skin and orifices, aseptic skin punctures,
reverse isolation, and prophylactic administration
of immunoglobulin G. Difficulties associated with
the strict maintenance of reverse isolation proce-
dures are obvious. Laminar airflow rooms are in
limited supply, constant surveillance is required for
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nosocomial infectious agents in plumbing fixtures
and ice machines, and food must be free of gram-
negative bacteria (no raw fruit, vegetables, or
salad). The best result that might be achieved by
these methods is a reduction in the appearance of
new infections. Meanwhile, endogenous reinfec-
tion would be little affected unless antibiotics to
eliminate opportunistic pathogens from the gut are
effectively used. Although measures to control in-
fection are prudent, their efficacy has not been
clearly shown. Life-threatening infections remain a
complication in the management of radiation casu-
alties.

Maximum doses of two or three antibiotics of
different classes should be infused empirically
when specific signs of bacterial infection occur.
These signs include the appearance of a sudden fe-
ver spike, usually in the presence of a depressed
leukocyte count (that is, granulocytes fewer than
500/mm?). Prophylactic antibiotic treatment has
given good results when used perioperatively in
patients who have penetrating abdominal
wounds.?! The use of poorly absorbed oral antibi-
otics that selectively decontaminate the gut may be
indicated as a preventive measure in patients
known to have been exposed to moderate or high
radiation doses. Even commonly used and widely
available antibiotics (penicillins, streptomycins, and
sulfas) may be useful with mass casualties, because
sensitive and otherwise-noninvasive organisms
usually become prominent pathogens in immuno-
suppressed radiation casualties.'” Antifungal and
antiviral agents are indicated when specific signs of
these infections occur.

Antibiotics may rapidly become scarce in a
mass-casualty radiation disaster and should be allo-
cated to the victims most likely to survive. Such pa-
tients include (a) those with minimal injuries and
evidence of localized infection, (b) those who re-
quire only one surgical procedure, and (c) those
with contaminated wounds who have received
lower doses of radiation.

Antiemetics and Antidiarrheals. The phe-
nothiazine class of antiemetics, when used in the
high doses needed to relieve a radiation victim’s
nausea and vomiting, has an unacceptably high in-
cidence of extrapyramidal neurological side effects.
Since the currently available antiemetic agents are
of limited use, intense research efforts have been
directed to finding new agents. Promising results
have been obtained with the use of serotonin (5-
HT3) blocking agents. This class of drugs signifi-
cantly reduces radiation-induced emesis in the fer-
ret, nonhuman primate, and human. However,
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some of the drugs may result in nausea.”> Results
of clinical trials of these relatively nontoxic agents
are pending, as is their approval as agents poten-
tially useful in the field by NATO forces. The goal
in the use of any effective antiemetic is threefold:
(a) to enhance patient comfort without drug side
effects, (b) to reduce the risk of aspiration pneumo-
nia, and (¢) to conserve body fluid and electrolytes.
It may be possible to prevent emesis by administer-
ing serotonin antagonists prophylactically or imme-
diately after exposure.

Diarrhea from radiation damage to the gut may
be controlled in part by a restricted-fiber diet and in
part by medication. Drugs such as diphenoxylate
HCl, codeine, or atropine have been advocated. If
these are ineffective and the damage is localized to
the large bowel, hydrocortisone enemas may help.
The late complication of bowel stricture from local
radiation damage is managed surgically.”

Fluids and Electrolytes. While adequate sup-
plies of intravenous fluids are not likely to be avail-
able in a situation involving mass radiation casual-
ties, the survival of patients with milder cases of
fluid and electrolyte loss may be enhanced by re-
placement therapy. Careful measurement of the
volume of losses will serve two purposes: (a) pa-
tients with severe degrees of fluid loss can be cate-
gorized as expectant, and (b) the proper volume of
replacement can be given to patients who are ca-
pable of surviving. Measurement of the relative
volumes of vomitus and diarrhea will help guide
the fluid replacement. Those with more vomiting
than diarrhea will suffer the greater loss of chlo-
rides and may develop alkalosis, while those with
secretory, cholera-like diarrhea may develop hy-
pokalemia and hyponatremia with total-body salt
depletion. The collection and measurement of ex-
cretions, including urine, serve another purpose:
with the proper collection of serial specimens and
access to radioanalysis equipment, estimates of in-
ternal radionuclide contamination can be made by
measuring the radioactivity of the samples. In the
event of combined-burn injury involving more than
10% of the body surface, crystalloid infusions are
just as satisfactory as colloid, but a higher volume
of infusate may be necessary.”

Placement of central venous catheters made of
silicone elastomer (such as the Hickman or Broviac
type)* should be considered a minor surgical pro-
cedure and be accomplished within the first 36
hours, if needed. Vascular obstructions and exotic
infections increasingly complicate the use of these
lines in immunocompromised patients,** and so
they should be limited to the critically injured pa-

.
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tients who need them most. However, a long-term
illness following serious radiation injury will dic-
tate that long-term venous access be maintained.
The probability of wound-healing disturbances and
the chronicity of phlebotoxic intravenous therapy
involved in the care and treatment of any critically
ill patient make central venous access preferable to
peripheral intravenous access.

Using peripheral lines in the radiation casualty
has further disadvantages: (a) placement is difficult
if hemostasis is compromised and local hemor-
rhage develops, (b) placement is restricted to per-
cutaneous insertion after 36 hours, even if a venous
cutdown is otherwise desirable, (c) the lines are un-
suitable for infusion of hyperosmolar solutions, and
(d) the lines are at greater risk of becoming infected
at the catheter tip if used longer than 72 hours.
Long-term use of the percutaneous subclavian can-
nula made of polyethylene or polyvinyl chloride is
contraindicated because of the high rates of infec-
tion, vascular occlusion, and thrombogenicity asso-
ciated with these materials.

Blood Component Therapy. Impaired hemosta-
sis after radiation injury is best related to the de-
cline in platelet numbers that occurs several weeks
after exposure. After protracted lower-dose irra-
diation, the decline in platelets may take more than
2 weeks. In the interim, autologous platelets can be
harvested, cryopreserved, and stored for later rein-
fusion. This procedure was used successfully to aid
the victims of the Chernobyl reactor accident. If
bleeding develops, patients with reduced numbers
of platelets secondary to marrow suppression bene-
fit from platelet transfusion even if the count is
greater than 20,000/ mm?®. However, prophylactic
platelet transfusions are indicated on a regular ba-
sis if the count falls below 20,000/mm?, even in the
absence of bleeding.

Platelets can be collected either by harvesting
the platelet-enriched plasma obtained by centrifu-
gation of fresh units of whole blood, or by using
plateletpheresis. Although pheresis technology is
complicated and expensive, each pheresis platelet
concentrate provides the equivalent of platelets
from five to eight whole-blood donations. Thus, a
single pheresis unit is the usual transfusion dose
and can be obtained in a single cost-effective proce-
dure.”

Anemia develops rapidly in the critically injured
radiation casualty. Maintenance of perfusion pres-
sure and oxygen delivery to injured areas, better
wound healing, and an enhanced sense of well-
being will depend on preventing anemia through
red-cell transfusions. As with patients suffering
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thermal burns alone, patients with radiation skin
burns and those with combined injuries require
more red-cell transfusions."” A recall system is es-
sential for the large number of healthy blood do-
nors needed to keep up with the demand for red
cells for mass casualties.

Ervthrocytes may be stored for up to 10 years
using modern cryopreservation techniques. Criti-
cal government and military leaders should stock-
pile autologous blood for use in case of wartime
emergency.

In the fight against infections, fresh heterologous
granulocyte infusions, bone-marrow transplants,
and even the use of recombinant leukocyte stimula-
tory factors, such as granulocyte-macrophage col-
ony-stimulating factor (GM-CSF), have been advo-
cated. Adequately controlled clinical investigations
are needed to demonstrate the effectiveness and
safety of these three therapies. Unfortunately, such
a study was not performed during the clinical use
of GM-CSF in the 1987 radiation disaster in Bra-
zil.¥¥' Further research is needed if the preserva-
tion of granulocytes for autologous transfusion is to
be made practical. A protocol has yet to be devel-
oped for the rational and balanced use of the many
humoral hematopoietic stimulatory factors and the
timing of their administration. The disappointing
results from attempts to use conventional bone-
marrow transplants in radiation victims have obvi-
ated the use of this procedure in the treatment of
mass radiation casualties."

Chelation Therapy. Chelator treatment of inter-
nal contamination is most effective when initiated
within the first 2 hours, before the radionuclide
leaves the vascular space and enters the cell. Cur-
rently available chelating agents are not lipophilic
and will not cross the cell membrane. Ethylenedi-
aminetetraacetic acid (EDTA) is widely available,
but it is toxic regardless of the route of administra-
tion. The calcium disodium salt of EDTA is used to
avoid hypocalcemic tetany. To avoid nephrotoxic-
ity, the maximal total dose of intravenous EDTA
should not exceed 550 mg/kg given as a dilute so-
lution in divided doses over at least 4 days. Intra-
muscular EDTA (75 mg/kg three times daily) is
very painful and should only be given with a local
anesthetic. EDTA is contraindicated in renal and
hepatic disease. EDTA is used to chelate lead, zinc,
copper, cadmium, chromium, manganese, and
nickel; none of these metals is related to nuclear
weapons or reactor accidents. Its use in radiation
accidents is largely confined to the treatment of
contamination with the transuranic elements, plu-
tonium and americium.
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Diethylenetriaminepentaacetic acid (DTPA) 1is
more effective than EDTA for the treatment of
transuranic element contamination. This agent is
particularly useful for plutonium, curium, califor-
nium, berkelium, and americium, which are com-
monly involved in nuclear weapons accidents.
DTPA is administered intravenously or by external
lavage as a dilute solution of the calcium or zinc tri-
sodium salt in physiological saline or glucose. The
recommended intravenous dose is 1,000 mg/day
infused over 1 hour in 250 ml of solution for 4-5
days. Used as a solution for the irrigation of radi-
onuclide-contaminated wounds, it will cause pain
unless a local anesthetic (such as 2% lidocaine) is
added.”

Nutritional Support. In combined-injury pa-
tients and in nonirradiated critically ill patients,
heightened catabolic stress and impaired nutri-
tional status may play pivotal roles in morbidity
and mortality. The incidence of wound infections
and sepsis has been reduced by correcting the indi-
ces of malnutrition in postoperative patients.**
Malnutrition may also contribute to impaired
wound healing, depressed immune response, pro-
longed postoperative ileus, bowel atrophy, in-
creased respiratory infections and insufficiency,
impaired ventilatory responses to hypoxia and hy-
percarbia, delayed weaning time for patients on
ventilators, and prolonged hospitalization. Since
many of the above phenomena or characteristics
can be linked to radiation exposure alone, their ac-
centuation in the malnourished radiation victim is
highly probable.

Simple and reliable methods of nutritional as-
sessment are not available, particularly in the irra-
diated patient, whose lymphocytes will be affected
independent of nutritional status. However, para-
meters that can be used to assess nutritional status
in critically ill patients are serum albumin, transfer-
rin, body weight, allergic skin reactions, thickness
of triceps skin fold, and direct assay or clinical evi-
dence of micronutrient deficiencies.

In selecting the route of administration of nutri-
ents in the radiation victim, the following consid-
erations are important. The oral route is the safest,
most economical, and most natural way to provide
nutrients. However, some patients will be unable
to consume sufficient quantities of nutrients be-
cause anorexia occurs over a wide range of radia-
tion doses. If the alimentary tract has not been in-
jured by radiation, and if inanition supervenes and
persists, then nutrients can be infused by nasogas-
tric, gastric, or intestinal feeding tubes. Fluid loss
associated with the cholera-like diarrhea of the gas-




trointestinal subsyndrome may require that nutri-
ents and fluids be administered by both the enteral
and parenteral routes. With appropriate placement
of an enteral feeding tube, the use of intravenous
fluids can be reduced, and transition to enteral
therapy alone will be facilitated.

The catabolic critically ill radiation casualty will
require no less than 2,500-2,800 kcal/day. This re-
quirement can be met by the infusion of a balanced
mixture of glucose, amino acids or protein, and lipids.
Based on ideal bodyv weight, total protein or amino
acid infusion should approach (but not exceed) 2 g/
kg/day. Simple carbohvdrates (3.5-6.0 g/kg/day)
adequately supply most of the 30-40 kcal /kg of non-
protein nutrients needed. Usually, a maximum of
304 of the total caloric requirement can be supplied
as lipids. However, short-term peripheral infusion of
up to 80 of total calories as lipids is acceptable if
central venous access is unavailable.

The infusion of micronutrients, including vita-
mins, minerals, and trace elements, may need to be
adjusted with long-term parenteral therapy. The
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usual daily replacement dosages of essential water-
and fat-soluble vitamins, with the exception of vita-
min K, are commercially supplied in a single vial. In
thermal-burn-injury patients, the requirements for B-
complex vitamins and vitamin C are increased. Vita-
min K is given as a 10-mg intramuscular injection
once a week. If renal impairment supervenes, the
normal requirement for potassium (60-100 meq/
day), magnesium (8-12 meq/day), and phosphorus
(30-60 meq/day) may need to be reduced. Since
sodium depletion may occur with diarrhea in the gas-
trointestinal subsyndrome, sodium infusion of over
150 meq/day may be needed. If chelation therapy
with EDTA is undertaken, supplements of zinc (> 4
mg/day), copper (> 1.5 mg/day), chromium (> 15
ug/day), manganese (> 0.8 mg/day), and iron (> 2
mg/day) may be needed. The patient who receives
multiple blood transfusions will not need iron sup-
plements until after the blood count has stabilized.
Trace element supplements, including iodine and se-
lenium, should be considered if prolonged parenteral
feeding becomes necessary.

SUMMARY

Triage

The degree of injury of a radiation casualty can be
categorized by the symptoms of exposure. Casualties
can be rapidly sorted on the basis of unlikely, prob-
able, or severe radiation symptoms. This rapid sort-
ing of victims allows the conventional traumatic inju-
ries to receive appropriate attention.

Lymphocyte counts are the most necessary labora-
tory procedure in the first hours and days after expo-
sure. Information from currently available physical
dosimeters is of limited value and cannot be relied on
entirely in making triage decisions.

Triage is greatly complicated if the patient has
suffered combined injuries. A shift in priority to the
expectant category is likely for a radiation casualty
who requires more than one surgical procedure or
who has received a surface burn of more than 10%.

Medical Management

In the first hours after radiation injury, the priority
will be to treat the injuries that require immediate
attention. Candidates for surgery must be carefully
chosen. Only radiation victims who can be attended

to within 36 hours and whose condition does not call
for multiple procedures should go to surgery.

Decontamination of surface radionuclidesis nearly
always a second priority after the initial resuscitative
support, and can be effectively done with lavage
before surgery. Chelation therapy for internal radi-
onuclide contamination can be safely accomplished
with the experimental agent DTPA, but the effective-
ness of this therapy with mass casualties remains
uncertain.

The use of antiemetics and antidiarrheals may
contribute significantly to patient comfort. Unfortu-
nately, in effective doses, the currently available agents
have major side effects that impair the patient’s per-
formance.

The prevention of infection and the appropriate
use of antibiotics are important in the first few weeks
after exposure. Within the first 7-10 days, selective
gut decontamination should be used before leuko-
penia and sepsis occur. Two to 3 weeks later, if
infection is indicated by fever and leukopenia, par-
enteral antibiotics should be initiated. To help pre-
vent infection with new organisms, environmental
control measures should be instituted as soon as
possible.

Supportive therapy with blood components has
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been shown to be extremely effective in combating
hemorrhage and anemia following combined injury.
However, granulocyte transtusions and bone-mar-
row transplants as currently used appear to be of little
help. A combination of simple supportive measures,
including fluids, electrolytes, antibiotics, adequate
nutrition, and platelet transfusions, can significantlv
reduce mortality, as shown by studies of animal re-
search models.

Etfective triage will permit the use of limited re-
sources to improve the greatest number of radiation
casualties. Survival after either radiation injury alone
or combined injury can be greatly enhanced by the
application of currently available treatments. Re-
search into new and experimental therapeutic agents
for the treatment of radiation injury may be expected
not only to benefit the civilian population, but also to
enhance the survival of the fighting force.
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INTRODUCTION

Military and civilian providers of medical care
must be prepared to deal with the medical after-
math of a nuclear detonation or accident. With the
earth’s increasing nuclear arsenal and the growing
use of nuclear energy systems, our biosphere is
threatened by the production and release of large
quantities of radioisotopes. The accidents at Cher-
nobyl, USSR, in 1986 and at Goiéania, Brazil, in 1987
have stressed the importance of knowing how to
manage the radioactive contamination of persons in
military and civilian settings. Such management
requires knowledge of the metabolism of various
radionuclides in humans and methods to increase
their elimination from the body.

Many aspects of medical management are based
on judgments and evaluations that are difficult to
instruct. Treatment information is sparse and often
subjective. This chapter discusses difficult treat-
ment decisions, with the understanding that con-
siderable latitude exists in medical evaluation.

In a nuclear explosion, over 400 radioactive iso-
topes are released into the biosphere.! About forty
are considered to be potentially hazardous to hu-
mans because of either their organospecificity or
their long half-life. Both early and delayed radioac-
tive fallout will be deposited in our external envi-
ronment, which could result in internal contamina-
tion with radionuclides.

INITIAL MANAGEMENT

The medical staff providing the initial manage-
ment of radionuclide-contaminated patients will
have varying responsibilities, depending on the iso-
topes involved, radiation-monitoring capabilities,
location, and available facilities.” Thorough evalu-
ation and estimates of internal contamination may
take days or weeks, however, so these decisions
may have to be based only on historical informa-
tion and superficial measurements. Medical per-
sonnel must proceed quickly to obtain information
and make treatment decisions based on available
early estimates of possible exposure. Treatment
risks must be weighed against the presumed risks
of untreated exposure. Damage from the latter
may not be manifested until 20-30 years after inter-
nalization.

Initial management may be divided into four
applications: (a) uptake and clearance, (b) sampling
of radioactivity, (c) on-site management, and (d)
hospital management.'

Uptake and Clearance

Internal contamination occurs by three main
routes (listed in order of importance): inhalation, in-
gestion, and wound contamination. A fourth and in-
frequent route is percutancous absorption, which ap-
plies almost exclusively to the radioisotope tritium
and its association with water. The uptake and re-
tention of a radionuclide are influenced by its por-
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tal of entry, chemistry, solubility, metabolism, and
particle size.'"* Of the three main routes, inhalation
poses the biggest threat, especially in a fallout envi-
ronment."*** The size of the radioactive particle
determines if it will be deposited in the lungs, be-
cause particles greater than 10 microns in diameter
cannot pass by the nasal hairs. Clearance time (time
required for particles to be removed from the
lungs) depends on which respiratory compartment
receives the deposit,"* and time will be an impor-
tant factor in treatment decisions. Times for respi-
ratory clearance into the next higher compartment
are as follows: trachea, 0.1 hour; bronchi, 1 hour;
bronchioles, 4 hours; and alveoli, 100-1,500 or more
days."? Soluble particles that are deposited into the
alveoli may be systemically absorbed at the alveo-
lar-blood interface, and may thereby become incor-
porated into target organs. Insoluble particles also
pose a threat, especially if plutonium from unspent
fuel or industrial accidents is present. Prolonged
exposure of the alveolar epithelium to high-LET al-
pha emitters, like plutonium, has been related to
increased incidence of malignancy.”*

In 1955, the International Commission on Radio-
logical Protection adopted a model for evaluating
the hazards of inhaled radioactive particles.” Ac-
cording to this model, 25% of inhaled radioactive
particles are immediately exhaled, and the remain-
ing 75% are deposited along the respiratory tree.
About half of the particles are deposited in the up-




per bronchial tree, where they are moved by the
ciliary epithelium to the nasopharynx. In the naso-
pharynx, they are propelled by the mucociliary
swallowing reflex into the digestive tract, where
they enter the gastrointestinal path.”

Ingestion is usually secondary to inhalation and
the mucociliary swallowing response. However, in
a fallout environment, direct ingestion from con-
taminated foodstuffs is also probable. The degree
of intraluminal gastrointestinal exposure depends
on transit time through the gut, which will vary
widely from person to person.'* The mean clear-
ance times of the human digestive tract are stom-
ach, 1 hour; small intestine, 4 hours; upper large in-
testine, 13-20 hours; and lower large intestine, 24
hours, resulting in a total mean emptying time of 42
hours. The much slower rate of movement in the
large intestine places its luminal lining at higher
risk for damage from nonabsorbable radionuclides.
Gastrointestinal transit time may be shortened by
use of emetic and/or purgative agents.

Some relatively soluble radionuclides may not
be absorbed due to acidic or caustic properties that
fix them to tissue proteins.'*”* Systemic absorption
through the intestine varies widely, depending on
the radioisotope and its chemical form. Clear dif-
ferences exist between radioiodine, which is rap-
idly and completely absorbed, and plutonium,
which is almost nonabsorbed (0.003%). Further-
more, nonabsorbable alpha emitters apparently do
not cause gastrointestinal injury, even in large
amounts. Nevertheless, the gastrointestinal tract is
the critical target organ for the many insoluble radi-
onuclides that travel its length almost unabsorbed.

Wounds contaminated by fallout and shrapnel
may provide continuous irradiation of surrounding
tissues and increase the likelihood of systemic in-
corporation.'***''  This hazard remains until the
contaminant is removed by cleansing, surgical de-
bridement, or radionuclide decay. The last process
may take a few days or millions of years, depend-
ing on the contaminant.

Sampling of Radioactivity

Since the identification of radionuclide contami-
nants is important for treatment, it may be neces-
sary to know whether beta-gamma or alpha emit-
ters are present. Health-physics personnel should
be able to provide this information even with lim-
ited radiation-detecting equipment. Separate
swabs of the nares should be taken to determine
radioactivity and possible inhalation contamination
before decontaminating the skin by showering or

Treatment of (nternal Radionuclide Contamination

washing. The nasal swab should be taken at the
site and sent in a sealed, clean container to higher-
care {acilities along with the patient. Although skin
decontamination should be done as quickly as pos-
sible, the stability of an injured patient is vital, and
first aid must be the primary concern.

On-Site Management

Contamination of the skin with radionuclides is
usually not immediately life threatening to either
the patient or medical personnel, unless the con-
tamination is from a gamma emitter and the dose
rate is several Gys per hour. Partial or complete
emergency decontamination should be done at the
site before a patient is transported to a higher-care
facility. Discarding contaminated clothing will re-
move up to 85% of external contaminants; follow-
ing this with showering or washing will remove
more than 95% of surface contamination.!** A
combined nuclear-chemical war may present many
problems for decontamination procedures. A light
wash-down and vacuuming or brushing of protec-
tive clothing may be all that can be done.

Hospital Management

Hospital emergency plans should provide for
the proper management of incoming contaminated
casualties. The National Council on Radiation Pro-
tection and Measurements provides a universal
outline guide that can be adapted for most facili-
ties.! A designated decontamination area should be
prepared, and traffic in this area should be one-way
to prevent contaminating “clean” areas of the facil-
ity. Ideal decontamination facilities should have
equipment to wash ambulatory and injured pa-
tients, shielding to use with high-level beta-gamma
contamination, and a floor plan that minimizes
cross-contamination of clean areas.”* Medical per-
sonnel should be rotated through the decontamina-
tion area to ensure that their radiation exposure is
kept to a minimum. Clothing and other contami-
nated materials should be discarded at a contained
location away from the health-care facility. At
many hospitals, the morgue or autopsy room is an
excellent decontamination area. It has contained
liquid systems, a table easily adapted to wash a
contaminated patient, and often a heavily lined
area that can be used to store contaminated materi-
als. Other possibilities include physiotherapy areas
and cast rooms. Table 4-1 lists the supplies that are
recommended for a decontamination room.'

The initial evaluation of a patient should include
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TABLE 4-1

CHECKLIST OF SUPPLIES FOR DECONTAMINATION AREA

Category Items

v

Radiation Equipment and Supplies

D Personal dosimeters (ionization chamber, self-reading tvpe; 200 mR
and 20 R scale levels)

Portable beta-gamma ray survey meters
Dosimetery badges (TLD tvpe)
Radiation tags
Radiation area signs, including “Do Not Enter”

Respirators for team personnel

Contaminated Tissue and Specimen Collection

Prelabled urine containers
Prelabled fecal containers

Tissue and contaminated material specimen containers

Disposal bags (large plastic) for contaminated materials
Formalin-containing specimen containers (for use if freezing
equipment is not available)

Sterile Supplies

Applicators

Surgical gloves
Suture sets with 2 extra scissors, 4 forceps, 1 scalpel, and 6 hemostats
Assortment of dressings

Clothing and Protective Wear

Surgical scrub suits or coveralls

Surgical caps (disposable)

Surgical gloves (plastic or rubber; reuseable)
Aprons (plastic or rubber)

Shoe covers (plastic)

Socks

Patient gowns (long) or coveralls

Blankets

HEENEEEE

General Supplies

Two bandage scissors
Safety razor (with extra blades)
Aerosol s. aving cream

Masking tape (2 inches wide)
Pens (felt type; black and red)
Pencils

Notebooks

Paper
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a complete history of the contamination incident, a
physical examination to uncover conventional inju-
ries (but which usually provides no evidence of ra-
dionuclide contamination), and laboratory tests, in-
cluding a complete blood count with platelets and a
routine urinalysis. The incident history should pro-
vide some background for predicting possible

Treatment of Internal Radionuclide Contamination

internalization of radionuclides. The internaliza-
tion may be from fallout; handling a damaged, un-
detonated nuclear weapon; accidental ingestion of
(or external contamination by) a specific radioactive
substance; or radionuclide-contaminated wounds.
The patient should then be placed into the emer-
gency-plan triage system and treated accordingly.

MEASUREMENT OF RADIOACTIVE CONTAMINATION

Generally, health physicists at large medical fa-
cilities will be responsible for radiation monitoring.
However, all medical personnel should be aware of
the various monitoring techniques in order to un-
derstand their reliability, limitations, and sources of
possible error. The determination of surface con-
tamination will require monitoring for alpha and
beta-gamma emissions.

Alpha particles have limited penetration, and a
patient will be protected by an intact epidermis.
Alpha contamination does not become hazardous
unless it is internalized through inhalation, inges-
tion, or wounds.'™"" Alpha particles are the most
difficult radiocontaminant to detect, and negative
monitoring results are not always reliable. Due to
the high absorption of alpha particles even in air, it
is important to keep the radiation monitor close to
the measured surface. Direct contact readings are
preferred. Proportional counters are the most com-
mon device for detecting alpha radiation in the
laboratory, and they are capable of discriminating
between alpha and beta-gamma emitters. How-
ever, the counters are not yet available for military
field use. Scintillation counters are currently used
for determining radioactivity contamination while
in the field, but they are less sensitive than propor-
tional counters. Surface monitoring with swipes
may also be used to test for transferable alpha ma-
terial. Textured paper (such as filter paper) is
wiped across the test surface and then measured in
a laboratory scintillation counter. Results may
identify contamination with transferable alpha
(plutonium) or weak beta (tritium) radiation. The
nose swipe is also used for alpha emitters. A cotton
swab or narrow strip of filter paper moistened with
distilled water is gently wiped around the naris
opening (one per naris). After the swab or paper is
dry, the radioactivity is determined.

Beta and gamma radiations are often emitted si-
multaneously by decaying radioisotopes. These
types of radiation present internal and external

hazards. Instruments for measuring either type of
radiation are similar, but the Geiger-Mueller (GM)
counter is the most common detection device. Un-
fortunately, high radiation levels can saturate GM
counters and give false or even zero readings. loni-
zation chambers can measure higher dose rates.
Both are sensitive to extremes of heat and humid-
ity, and both may fail in a corrosive chemical envi-
ronment. Shielding the probe of the detection de-
vice will provide a relatively pure reading of the
gamma component, and the difference between the
shielded and unshielded readings provides the beta
(and often soft gamma) component.

All medical personnel need to be alert to pos-
sible mixed external-internal contamination. A pa-
tient may have inhaled contaminated steam or dust
during the cleanup of an accident, as happened in
‘he 1986 nuclear reactor accident at Chernobyl.'*"*
If the internalized materials are beta- or gamma-
emitting substances, they may provide radiation
readings on the monitoring devices used for exter-
nal decontamination. Of course, internalized alpha
particles will not register on monitoring devices,
but their presence may be suggested by the inci-
dent history or by the detection of external alpha
particles.

If patients are few and there is a need to know
(or closely estimate) the total internal radiation
dose, all body effluents must be collected for an ex-
tended time. Careful measurements of all excreted
radiation will provide data for calculating a close
estimate of the total internal body burden.! De-
pending on the radioisotope involved and its phys-
icochemical characteristics, the collections may
have to be made for months.

Many pitfalls exist in the interpretation of excre-
tion data analyses. Variations in excretion rates
from person to person will interfere, and the time
of exposure, possible interim therapy with chela-
tors, and data on the excretion of inhaled contami-
nants may complicate the estimate.
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A nuclear detonation or accident may result in
alpha, beta, gamma-ray, X-ray, and neutron emis-
sions. Devices that are available to detect exposure

to gamma, X, and neutron radiations include do-
simeters, film badges, and thermoluminescent de-
tectors.

TREATMENT DECISIONS

Early information on the historv of the expo-
sure incident may identify the major isotopes in-
volved and provide some dosimetry information.
Patients will likely present with no clinical symp-
toms other than possible conventional trauma.
Therefore, critical decisions on the initial treatment
may have to be based on knowledge of human
physiology, the pharmacology of agents to be
used, the metabolism of the radioisotopes, and the
historical information. Treatments for internal
contamination should begin within hours of expo-
sure.">* Emergency planning will pay off by re-
ducing the time for dosimetric evaluations and
will result in more informed initial decisions. Af-
ter the initial treatment, there will generally be
time to assess the situation as data from monitor-
ing become available. Later, dose estimates will
determine if further treatment and evaluation are
needed, or if the treatment involves risks.

Usually no immediately life-threatening hazard
is associated with radiation contamination, espe-
cially after the removal of clothing and washing.
The probability that a patient will incur radiation-
induced health problems is low, and any incidence
may be decades in the future. Risky decontamina-
tion procedures (such as lung lavage or surgery)
that could lead to internalization should be care-
fully evaluated, and a decision may require assis-
tance by expert consultation.’

Physicochemical properties of radiocontami-
nants play a significant role in determining treat-
ment. The solubility of the material containing the

contaminant may determine its distribution within
the body, or even its accessibility into the body. As
no material is completely insoluble, some small frac-
tion may rapidly become internalized from the lung
or through a wound. In contrast, normally soluble
materials may be present in an insoluble form, or
may be made insoluble under systemic physiologi-
cal conditions. Therefore, treatment begun as early
as possible after exposure will significantly increase
the probability of successful internal decontamina-
tion_l-li/-,lﬂ

Medical personnel should be aware of the pos-
sible presence of mixed-fission products (MFP), which
are groups of radionuclides likely to be found to-
gether after nuclear reactor or detonation incidents.
The appropriate treatment regimen is based on the
time of exposure after the nuclear event. Some MFP
groups are plutonium with associated americium,
curium, and neptunium, and uranium with tho-
rium, radium, and their decay products. Treatment
is determined by the particular radioisotopes.

In a complete nuclear detonation, over 400 radio-
nuclides are released. However, only about forty of
these are potentially hazardous to humans."* The
most significant radioisotopes from unspent nuclear
fuel are tritium, plutonium, and uranium. Of par-
ticular interest are the radioisotopes whose organo-
specificity and long half-lives may result in irrevers-
ible damage or induction of malignant alterations.
Radioisotopes of immediate medical significance are
listed in Table 4-2, with descriptions of properties,
target organs, and treatment.

THERAPEUTIC MANAGEMENT

Skin decontamination has two goals: (a) to re-
move radiocontaminants and thereby reduce the
total dose, and (b) to prevent possible internaliza-
tion. If done appropriately, skin decontamination
will also contribute to a more accurate determina-
tion of the internal contamination. If the radioac-
tive contaminant is resistant to an initial washing
with soap or detergent and water, further decon-
tamination should be supervised by a physician.
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The physician needs 0 understand the basic physi-
cal and physiological principles involved. The con-
taminant’s half-life, energy level, and dose rate must
be weighed against continued and harsher decon-
tamination procedures, which may abrade the intact
skin or decrease the distance to the important der-
mis basal layer. Because the skin regenerates every
10-14 days, contamination would eventually be
shed naturally. Signs of excessive decontamination




TABLE 4-2

SIGNIFICANT RADIONUCLIDE INFORMATION

Treatment of Internal Radionuclide Contamination

Radionuclide Radiation Critical Body Contamination  Treatment
Type Site Mode* Agent
+
Americium o, Y Bone I/W DTPA
Californium Y. & n Bone I/W DTPA
Cerium B.Y GI, lung 1/GI DTPA
Cesium B,y Total body 1/5/GI Prussian blue ©
Curium o, Y, n Bone 1/Gl DTPA
¥
lodine B.v Thyroid 1/GI/S KI (sat.)
Plutonium o,y Bone I/W DTPA
Polonium o Lung I Dimercaprol ¥
Strontium Y Bone 1/GI AIPOy4
Tritium B Total body 1/S/GI Forced H,O S
Uranium o, B,y Bone 1/S/W NaHCO; ™

*I: contamination by inhalation

GI: contamination by gastrointestinal absorption

S: contamination by skin absorption

W: contamination by wound absorption

** The antacid aluminum phosphate in gel form used as a gastrointestinal adsorbent
for radiostrontium

*** Sodium bicarbonate to maintain alkalinity of urine used in conjunction with diuretics

+Diethylenetriamir\epentaacetic acid used as a tissue chelation agent forming stable complexes
which may be excreted by the kidney (approved by the FDA as an investigational new drug)

1

¥ An agent blocking radioiodine absorption in tissues resulting in dilution of the

s Simple forced intake of water, resulting in isotope dilution

A mercury poisoning chelation agent (very toxic)

£ A dye used as an ion exchanger (not vet approved by the FDA)
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efforts will be more evident 24 hours later, and two
or three less intensive decontamination efforts are
less traumatic to the skin than one major effort. If
necessary, further cleansing may include mild abra-
sives, chelating agents, and bleach. Chemical tech-
niques are rarely needed.

After first aid to control hemorrhage and shock,
the next steps are to determine if wounds are con-
taminated and then to locate any other contamina-
tion." "1 Alpha emitters and possibly weak beta
emitters are difficult to locate around wounds. A
simple film of irrigation fluid, blood, or tissue fluid
can entirely mask this contamination, which then
may internalize via the circulatory or lymph sys-
tems. Once the surface contaminant is located, irri-
gation should be sufficient to remove it, although
some wounds may need debridement that is deeper

than conventional injuries require. This debride-
ment involves a certain risk of translocation or ab-
sorption (especially when working with possible
alpha emitters, like americium or plutonium);
therefore, the chelating agent DTPA should be
given systemically and the wound should be irri-
gated with DTPA before debridement.

If limb wounds have high concentrations of
beta-gamma contaminants, medical personnel must
limit their exposure by frequently rotating shifts or
by working with shields. Amputation of the limb
may have to be considered if (a) the wound is
highly contaminated and decontamination at-
tempts cannot be made or are not successful, (#) the
contamination is so intense that extensive radia-
tion-induced necrosis is likely, or (c) the injury is so
severe that functional recovery is unlikely.

TREATMENT OF INTERNAL CONTAMINATION

The goals of internal decontamination are to re-
duce absorption and to enhance elimination and
excretion. Treatment is most effective if it is started
as soon as possible after exposure.

Clearance of the Gastrointestinal Tract

Gastric absorption can be reduced by stomach
lavage, emetics, purgatives and laxatives, ion ex-
changers, and aluminum antacids. Other less effec-
tive treatments are alginates, barium sulfate, and
phytates, which currently are not recommended for
internal decontamination of radionuclides.

Stomach lavage is useful only if the ingested
dose is known to be large, and if the intake is recent
and still in the stomach. Lavaged material must be
monitored for radioactivity and the patient must be
kept in a head-low position to prevent aspiration.

The most common emetic agents are apomor-
phine (5-10 mg, subcutaneous) and ipecac (1-2 g in
capsule or 15 ml in syrup), which should be given
concomitantly with 200-300 ml of water. Caution
should be used not to induce emesis in an uncon-
scious patient.

Laxatives or purgatives (such as castor oil) will
stimulate intestinal motility, and saline cathartics
will increase water movement into the intestine and
induce removal of contents within 3-6 hours. The
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selection of purgatives or laxatives should be based
on their speed of action (slowly acting drugs, like
bulk-forming and wetting agents, are not appropri-
ate). These agents are contraindicated if the patient
has abdominal pain of unknown origin, or if sur-
*1s a possibility.
-ussian blue, an ion exchanger, was used to
. victims in the 1987 cesium-137 contamination
incident in Goiadnia' and has been well tolerated in
humans (1 g given orally with water three times
per day).!* It may be continued for 3 weeks or
longer, as indicated. However, Prussian blue is not
approved by the Food and Drug Administration
(FDA), and emergency approval for an investiga-
tional drug would have to be obtained. Ion-ex-
change resins, like sodium polystyrene sulfonate
(for adults, 15 g, 4 level teaspoons of resin suspen-
sion), have an assumed but untested usefulness for
inhibiting the uptake of radionuclides in the gut.
Aluminum antacids are an effective treatment
for reducing the uptake of radioactive strontium. A
dose of 100 ml of aluminum phosphate gel, given
immediately after exposure, decreases the absorp-
tion of radioactive strontium in the gut by about
85%. Aluminum hydroxide, given in a single dose
of 60-100 ml, reduces uptake by about 50%. Both
forms are nontoxic. This is the treatment of choice
for contamination with radiostrontium.'?




Treatment of Internal Radionuclide Contamination

Prevention or Reversal of Radionuclide
Interaction with Tissues

Blocking and Diluting Agents. Blocking and di-
luting agents decrease the likelihood of absorption
by decreasing the availability of the radionuclide.
A blocking agent, such as potassium iodide (300
mg/day for 7-14 days) for radioiodine, blocks the
uptake of a radioisotope by significantly increasing
the availability of the stable isotope. Diluting
agents simply dilute the radioisotope, which statis-
tically decreases the opportunity for absorption.
Water is a diluting agent in the treatment of tritium
contamination. For maximum efficacy, the stable
isotopes that are used as the blocking or diluting
agents must be as rapidly absorbed or metabolized
as the radioisotopes are.

Mobilizing Agents. Mobilizing agents are com-
pounds that enhance and increase the natural turn-
over processes and thereby induce the release of
radioisotopes from tissues. They are most effective
when given immediately, but they may retain some
effectiveness for up to 2 weeks after exposure. In-
cluded in this group are antithyroid drugs, ammo-
nium chloride, diuretics, expectorants and inha-
lants, parathyroid extract, and corticosteroids.
These agents require experienced consultation,
treatment, and management.'?

Chelating Agents. Chelators are substances that
bind with some metals more strongly than others to
form a stable complex that, when soluble, can be
more readily excreted by the kidneys. The effec-
tiveness of chelation therapy is influenced by many
physiological factors, including plasma proteins,
blood pH, enzymes, and even nucleic acids. The
most commonly known chelating agent is EDTA,
normally given as the calcium salt. However, for
treatment of the heavy-metal multivalent radionu-
clides expected from a nuclear yield, the powerful
chelator DTPA is generally more effective. DTPA-
chelated complexes are more stable than EDTA
complexes, and are therefore less likely to release
the radionuclide before excretion. The calcium and
zinc forms of DTPA have both been approved by
the FDA as investigational new drugs (IND) for the
chelation of plutonium, berkelium, californium,
americium, and curium. Physicians finding a need
for DTPA should contact the Radiation Emergency
Assistance Center/Training Site (REAC/TS) to be-
come a coinvestigator (see address in reference
note)."” REAC/TS usually responds to nuclear acci-
dents and incidents and will arrive at the site

within 48 hours. It is doubtful that DTPA will be
available in combat.

DTPA is administered as an intravenous solu-
tion of 1 g dissolved in 250 ml of saline or 5% glu-
cose, infused over 1 hour per day for up to 5
days."'"® As an irrigation solution, 1 g CaDTPA and
10 ml of 2% lidocaine are dissolved in 100 ml nor-
mal saline for plutonium and americium contami-
nation.® If the contaminants have an atomic num-
ber greater than uranium’s 92, the treatment is
simple: DTPA is used for all contaminants except
uranium. The use of DTPA is contraindicated for
treatment of uranium contamination because of the
added risk of renal damage." Uranium contamina-
tion has been treated with oral sodium bicarbonate,
regulated to maintain an alkaline urine pH, and ac-
companied by diuretics.'

Other chelating agents are dimercaprol, penicil-
lamine, and deferoxamine (DFOA). Dimercaprol is
a highly toxic chelator that has been effective in
treating mercury poisoning. Penicillamine and
CaEDTA are significantly less toxic and more effec-
tive for mercury poisoning. (Radiomercury, how-
ever, is not a likely hazard of nuclear detonation.)
Penicillamine is an amino acid derived from peni-
cillin, but it has no antibacterial properties. It has
been used to treat contamination with many met-
als, mainly copper, mercury, and lead. It does not
appear to be especially promising for the treatment
of internal radionuclide contamination. DFOA has
been used to treat iron poisoning. In combination
with DTPA, it has an increased affinity for iron.
DFOA appears to be more useful than DTPA in
treating plutonium contamination, but until it is
approved by the FDA for this purpose its use can-
not be recommended.

Lung Lavage. Lung lavage has been successful
in decreasing radiation-induced pneumonitis in
laboratory animals.! It has been used in human
therapy for chronic obstructive lung diseases."
However, the procedure requires general anesthe-
sia, and a careful risk-benefit assessment must be
made before it is used for radionuclide decontami-
nation. Endoscopy is the procedure most similar to
lung lavage, and it has a mortality rate of
0.08%—0.85% in patients judged to be in good con-
dition. Considering that the risk from lung lavage
is immediate and that the possible effects from
internal radionuclides are decades away, medical
personnel will have to weigh the benefit to the pa-
tient carefully. Unless the lung burden is so great
that it will result in acute radiation injury, lung lav-
age is not recommended."?
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SUMMARY

A plan for medical care must be available to deal
with the contingency of a nuclear event. The first
priority is basic first aid, followed by decontamina-
tion in a predesignated area. The level and type of
radiation exposure must be caculated as accurately
as possible. Contamination may be internalized via

inhalation, ingestion, and absorption through
wounds and skin. Treatment is determined by the
particular radiation to which the patient has been
exposed. Internal decontamination must be started
in the first few hours after exposure if radionu-
clides could have been internalized.
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INTRODUCTION

Infection with normally harmless indigenous
microorganisms is a major cause of morbidity and
mortality when normal host defenses have been
compromised. These opportunistic pathogens are
responsible for hundreds of thousands of serious in-
fections in injured and immunosuppressed patients
in the United States annually, and the mortality rate
for these infections can range from 30% to 70%.'"
Advances in surgical and resuscitation techniques
are increasing the immediate survival of victims of
severe trauma, but many die later from overwhelm-
ing infections. In trauma victims who survive the
first few days after the event, sepsis is the second
major cause of death (with head injury the first).

The nature of the postinjury events that are re-
sponsible for infection is illustrated in Figure 5-1.
Both radiation and trauma can cause damage to or
destruction of tissues. The insult triggers an inflam-
matory response which, via mediators, activates sig-
nificant physiological and immunological processes,

including disturbances of permeability in the intes-
tine. Leakage of endotoxin from the intestinal lu-
men can occur, and facultative anaerobic flora in-
crease in numbers in the gut. As this happens,
macrophages and other cells contribute to a suppres-
sion of the immune svstem. This early immunosup-
pression may be beneficial and not pose a serious
hazard because mucosal bacterial populations are
not excessive at this time.

It the physiological and immunological deficien-
cies associated with trauma or radiation exposure
are not resolved, then suppression of immunity per-
sists. Subsequently, mucosal microorganisms, such
as those in the intestine, multiply dramatically and
may translocate to other tissues. Many enteric flora
find their way to wound surfaces, where they begin
to predominate. The best management of opportun-
istic infections is to use interventions that interrupt
or compensate for these processes, thereby prevent-
ing overwhelming infection and shock.

INFECTIONS ASSOCIATED WITH CONVENTIONAL INJURIES

Incidence and Type of Pathogens

The nature of the microbial agents responsible for
most opportunistic infections has changed since
antibiotics were first used, but the incidence of infec-
tion has changed relatively little. For example, data
from early World War [I show a 6% incidence of in-
fections in soft-tissue wounds in 926 patients, a 14%
incidence of serious infections with compound frac-
tures in 674 patients, and a 22% incidence of burn in-
fections in 591 patients.’ The incidence of infection
was not much different for soldiers injured in the
1973 Yom Kippur War in Israel (Table 5-1). The
overall incidence of infection was 22% in 420 pa-
tients.! Of those, 49 burn patients had a 35% inci-
dence of infection; 99 patients with fractures, 18%
incidence; 178 patients with soft-tissue injuries, 6%;
and 53 patients with penetrating abdominal wounds
and perforated colon, 30%.

With the increased use of antibiotics, organisms
such as Clostridium perfringens (which causes gas
gangrene) have become less important. Others have
become more troublesome, especially gram-negative
organisms such as the Pscudomonas or Klebsiella spe-
cies or Escherichia coli. Other important opportunis-
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tic pathogens are Streptococcus fecalis and Staphylococ-
cus aureus as well as the Enterobacter and Bactereides
species. However, many other microorganisms have
also been implicated in opportunistic infections.
Because gram-negative bacteria can live in soil,
they have evolved ways to adapt to the antibiotics
produced naturally by other soil microorganisms,
and they maintain this ability to adaptively resist the
antibiotic drugs that are used to fight infection.
Thus, gram-negative organisms are serious threats
in a hospital environment. Hospitals are contami-
nated with antibiotics, so only resistant organisms
can colonize that environment. In studies of infec-
tions among tornado casualties in Lubbock, Texas,
in 1970, seventy-eight isolates of gram-negative bac-
teria were obtained from twenty-four hospitalized
patients, versus eleven isolates in twenty-three vic-
tims treated as outpatients. These results suggest

that many of the organisms were acquired in the
hospital.’

A low incidence of infection was seen among Brit-
ish soldiers injured in the Falkland Islands War in
1982.»" One reason may have been that the patients
were treated either on a makeshift hospital ship, the
HMS Uganda, or in an abandoned icehouse at Ajax
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Bay. Neither facility had been used previously as a
hospital and thus did not contain antibiotic-resistant
bacteria.

Causes of Opportunistic Infections

Immunosuppression is a consequence of injury
and is an underlying cause of many infectious com-
olications. Four other factors also contribute to post-
trauma infections. In decreasing order of impor-
tance, they are (a) the presence of foreign bodies in
wounds; (b) the time lag between injury and surgery;
(c) the number, location, and extent of wounds; and
(d) the virulence of the organism.

The influence of a foreign body on infection is
seen in studies of the minimum dose of C. perfringens
spores required to cause lethal infections in guinea
pigs.” The dose required when spores were injected
alone was 1 x 10°. If the spores were inoculated into
crushed muscle, then only 1 x 107 spores were
needed. When sterile dirt was added to the spores
injected into crushed muscle, then one spore instead
of one million was required for lethality. Similarly,

Fig. 5-1. Overview of postinjury events that contribute to development of infectious complications

1-5 x 10° injected staphylococci caused a lesion in
humans, but if the organisms were introduced on a
buried silk suture, as few as 1 x 10° bacteria pro-
duced spreading cellulitis.”

This effect of foreign material or damaged tissue
on the development of infections demonstrates the
need for early surgical management and debride-
ment of wounds. Even the placement of originally
sterile materials into the body of a patient can pro-
vide a focus for infection. Inert biomaterials, such as
catheters and other invasive devices, can become
covered with biofilms in which indigenous bacteria
move onto the surface and become surrounded by
exopolysaccharides and the host’s accreted macro-
moiecules.!” These biofilms also form on detritus
and dead tissue. Bacteria in these colonics cannot be
cultured by usual means, and they are more resis-
tant to antibodies, phagocytes, and antibiotics. For
example, P. aeruginosa in a biofilm can withstand
forty times the concentration of tobramycin that kills
floating cells. Therefore, the best intervention is the
early removal of material that can support the devel-
opment of biofilm. Because only living tissue resists
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TABLE 5-1

INCIDENCE OF WOUND INFECTION IN 1973 YOM KIPPUR WAR IN ISRAEL

o Number of Infection
Type of injury Patients (%)
Overall 420 22
Soft tissue 178 6
Fracture 99 18
Involving femur 20 40
Not involving femur 79 15
Penetrating abdomen 53 30
Colon perforated 19 58
Colon not perforated 34 14
Burn 49 35
<25% 37 14
>25% 12 100

the formation of a biofilm, debridement is an impor-
tant treatment. Artificial devices, such as catheters,
should be used carefully.

Resistant biofilms have a greater chance to de-
velop on dead tissue and detritus if the time interval
between injury and surgical resolution is prolonged.
In a study of gas gangrene, 511 patients (162 of
whom became infected) had a 15% increased inci-
dence of infection for each day between injury and
debridement." These data from World War | are
relevant today because a similar situation could de-
velop with mass casualties in a modern conventional
or nuclear war.

The incidence of infection is also influenced by
the nature of the wounds. Data from the 1973 Yom
Kippur War in Israel (Table 5-1) show that burns of
less than 25% of the body surface were rarely com-
plicated by infection, but all burns of more than than
25% of the body surface were associated with infec-
tious complications.* Perforation of the colon was
more often associated with infection than was ab-
dominal penetration without perforation of the co-
lon. Fractures involving the femur were also fre-
quently associated with infection.

In general, it is the failure of normal host barriers
and defense mechanisms that permits infection by
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opportunistic pathogens. Once these deficiencies
develop, a variety of otherwise harmless microor-
ganisms can take over. Their uncontrolled multipli-
cation in tissues of compromised hosts leads to the
«ccumulation of both toxic microbial products and
the products of host responses, which cavses shock
and death.

Little is kncwn about the lethal mechanisms of
most bacteria. Gram-positive organisms, such as S.
aurens, produce a variety of extracellular protein tox-
ins. Gram-negative organisms can produce extracel-
lular tovins, but they also have a lipopolysaccharide
(LPS) cell wall component known as endotoxin
which, if present in sufficient quantities, can induce
a variety of toxic hust responses that mimic many of
the respnnses associated with overwhelming bacte-
rial infections. How-ever, microbia! pathogenesis is
probably not due to a single factor. For example, al-
though C3H/He] mice are low responders to en-
dotoxin effects, thev are easily infected with doses of
gram-negative bacteria that cannot be established in
other mouse strains."> The C3H/HeJ mice die with
numbers of organisms in their tissues similar to
numbers seen at death in other strains of mice chal-
Jenged with higher doses of bacteria. Other data il-
lustrating the importance of multiple virulence fac-




tors can be taken from a survey of twenty-four Aero-
monas isolates that weie grouped according to high

virulence and low virulence for mice challenged in-
traperitoneally.”” The high-virulence group of bac-
teria was more often positive for a variety of factors

Infectious Complications of Radiation Iijury

(Table 5-2) not found among the low-virulence
strains. The shock syndrome resulting from the ac-
cumulation of lethal numbers of gram-positive bac-
teria in host tissues is similar to the syndrome in-
volving gram-negative bacteria."

INFECTIONS ASSOCIATED WITH RADIATION INJURY

Importance of infection

Opportunistic pathogens are not only a major
complication of conventional injuries, but also a ma-
jor cause of morbidity or mortality in radiation-asso-
ciated injury. Histological specimens of spleen,
liver, lvmph node, intestinal wall, and other tissues
were taken from patients dying from the effects of
the atomic blasts over Hiroshima and Nagasaki in
1945. Many specimens revealed microscopic bacte-
rial colonies of both gram-positive and gram-nega-
tive bacteria growing freely in the tissues. There is a
relationship in animals between infections and
deaths after whole-body radiation doses in the
midlethal range."” A curve based on mouse data
depicting increased incidence of infection can be
drawn parallel to but preceding the mortality curve.
All mice that developed bacteremia after irradiation
died, whereas those with no bacteremia survived.
Studies such as these show that infection is an im-
portant cause of death during the hematopoietic
subsyndrome.

Infection and Combined Injury

More recently, data from severely injured victims
of the 1986 Chernobyl disaster also illustrate the seri-
ous threat of infections for radiation victims. Of
twenty-nine deaths (not counting the two persons
killed by the explosion). most were caused by infec-
tions associated with burns and hematological injury
due to radiation exposure. This type of combined
injury is predicted to be the most common trauma
problem that will be seen in nuclear warfare. Insults
that are sublethal or minimally lethal when occur-
ring alone will act synergistically when occurring
together. For example, almost 100%% mortality oc-
curred in rats given both 2.5 Gv of gamma radiation
(no mortality when given alone) and a burn wound
over 33% of their body surface area (509% mortality
when given alone)."

A role for endogenous microorganisms in deaths
following combined injury has been established by
determining survival in germ-free rats and conven-
tional rats undergoing combined radiation exposure

and wound injury.” No mortality was seen in germ-
free rats exposed to 8.0 Gy of total-body radiation
compared to 55% mortality in conventional rats. If a
3-cm wound was also inflicted, mortality was 17
and 100% in germ-free and conventional animals, re-
spectively.

As suggested in Figure 5-1, opportunistic infec-
tions do not occur until days or weeks after the in-
jury. A chart from a Chernobyl victim (Figure 5-2)
shows that elevated temperature, indicating infec-
tion, was not recorded until more than 3 weeks after
injury. In laboratory animals given lethal radiation,
infections are detected at about 9 days after expo-
sure, and death occurs between days 11 and 15."*

TABLE 5-2
AEROMONAS INFECTION:
ASSOCIATION OF VARIOUS CHARACTERISTICS
WITH VIRULENCE FOR MICE
Number of Positive

Potential Cultures per Total
Virulence
Factors High Low

Virulence Virulence
Cytotoxin 15/15 0/9
Protease 15/15 0/9
Lipase 13/15 1/9
Elastase 1 /]5 7/9
Pili 9/15 2/8
Hemolysin 8/9 1/7
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Fig. 5-2. Medical chart of a victim of the Chernobyl reactor disaster, illustrating occurrence of infection associated with

granulocytopenia

FACTORS PREDISPOSING TO *OSTIRRADIATION INFECTIONS

Impaired Inflammatory Response

Postirradiation infections are associated with neu-
tropenia. In normal persons, inflammatory re-
sponses control many microorganisms that pene-
trate normally sterile tissues (Figure 5-3). Humoral
components of inflammation, such as complement,
interact with the microbial antigens and become ac-
tivated to induce cellular responses, such as vaso-
constriction and exudation of polvmorphonuclear
leukocvtes. These cells phagocvtose and kill many
microorganisms.  Later, macrophages enter the in-
flammatory site where thev contribute to the re-
moval of microorganisms and debris, and secrete
factors that promote tissue repair.

Microorganisms are also removed from the circu-
lation by the reticuloendothelial system (RES). In
the presence of proper opsonins, RES macrophages,
such as those in the liver and spleen, sequester and
kill microorganisms and also secrete mediators that
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help augment host defenses. Failure in systemic
host defenses after trauma may be caused in part by
a deficiency of circulating opsonic protein (plasma
fibronectin). The infusion of this substance into per-
sons depleted by trauma has been associated with
enhanced RES activity." Since macrophages are
relatively long-lived, they can be used to augment
the host’s resistance to infection after radiation expo-
sure.

In traumatized subjects, an adequate inflamma-
tory response is often not achieved because of im-
munosuppressive factors and the loss of functional
cells. For example, the mortality rate from infection
varies directly with the degree of granulocvtopenia.
Dogs given gentamicin plus granulocvtes survived
longer and cleared P. acruginosa better than dogs
given the antibiotic alone.™ Although granulocvtes
are undoubtedly important in controlling gram-
negative sepsis, it is questionable whether transfu-
sion with these cells is essential for effective therapy.
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Antibiotics are available, and safer and more realis-
tic agents are being developed for use in mass-casu-
alty situations.

Other cells and humoral agents are also lost due
to trauma and radiation exposure. Fibronectin and
immunoglobulin G are depleted in trauma victims,
and lymphocytes are directly injured by irradiation.
In addition, some injuries (such as burns) produce
immunosuppressive factors that may impair the
function of macrophages or other surviving cells.”'

There are several examples of increased suscepti-
bility to systemic infection after irradiation. When
mice were challenged with K. pneumoniae, the LD,
was 1 x 10". Radiation alone reduced the LD, to 1 x
10°, and radiation plus a 3-cm dermal wound re-
duced the LD_ still further to 1 x 10°. Similarly, the
inoculation of E. coli, S. aurcus, or S. pyogenes into
muscles of mice exposed to 6.5 Gy of gamma radia-
tion resulted in increased numbers of microorgan-
isms in their tissues 5 days later, compared to nor-
mal mice. When S. aurens was injected into the local
wounds of mice exposed to 7.0 Gy of gamma radia-
tion, fewer bacteria were required to produce a le-

Overview of essential components of the inflammatory response

sion or death than in nonirradiated animals.”

Postirradiation infections are often polymicrobial,
and it has recently been found that the complexity of
infection in mice increases with increasing doses of
radiation.” While S. aureus was more often recov-
ered at 9.0 Gy and below, E. coli and anaerobes were
isolated most frequently in mice receiving a dose of
10 Gy.

Changes in Resident Microbial Populations

Various deficiencies in host defenses can increase
the susceptibility to infection, but changes in the
microbial populations on body surfaces are also im-
portant. Such population shifts can occur when pro-
tective coatings on epithelial cells are lost and when
indigenous flora, which resist colonization by ex-
ogenous pathogens, are reduced in number. These
events allow pathogens to colonize mucosal sur-
faces, from which they may spread to ordinarily
sterile sites in the body.

Recent evidence suggests that epithelial surfaces
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Fig. 3= Foss of mucous barrier over epithelium of mouse ileum after exposure to 9-Gye cobalt-60 radiation. Normal ileum
has intact blanket of mucus covering the villi G The blanket is Tost by 3 davs atter irradiation, exposing the vithi (B,

in the oropharvngeal cavity of trauma victims can
lose cell-surtace tibronectin and become prone to at-
tachment by gram-negative bacteria, such as I,
derginosa.” This mav also occur after irradiation
and mav enhance the possibitity: that pathogens will
successtully colonize the host.

Aicroorganisms in the intestine increase in num-
bers distallv and provide o focus for abnormal colo-
nization, which can lead to cverwhelming infections
when systemic host detenses have also been com-
promised. This phenomenon can be tound in rats
given sublethal or lethal radiation exposures.” The
ileum of a normal rat is colonized by unusual bacte-
ria, known as segmented filamentous microflora
(SEAD, which cannot be cultivated buat whose num-
bers can be casilv discerned with scanning, clectron
microscopy. These organisms are intimately assoai-
ated with the epithelium of the mtestine. Their pre-
e role in the imtestine is unknown; however, be-
cause thev are assodiated with well-being, SEN can
be used as indicator organisms, demonstrating that
an injury Gwhich could alter bacterial populations)
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has occurred in the intestine. Twentv-tour hours af-
ter sublethal exposure to 3 Gy of gamma radiation,
SEM disappeared from the rat ileum. However, by
dav 4, SEM populations were back to normal. Inrats
given a lethal radiation dose (10 Gy, SEM did not
return at dav 4 and were still absent trom the ileam
at dav T Potential opportunistic pathogens, meas-
ured by the cultivation of dilutions ot intestinal
homogenates, declined in numbers shorthy atter ex-
posure to S-10 Gy At the lower radiation dose,
their numbers began to increase atter the return ot
SENL but thev were still subnormal at dav 110 In
contrast, rats given I Gy showed increasing num-
bers of facultative tlora atter the first tew davs tol-
lowing irradiation, and by dav 11 these organisms
had colonized the ileum in numbers tar above nor-
mal.  This event correlated with svstemic intection
and }‘Ft't‘('dt'd death.

It i~ apparent that an event associated with expo-
sure to higher doses of radiation is responsible tor
abnormal colonization preceding intection. Tittle is
Kknown aboui the pathophysiology of this injury. In-




testinal epithelial cells are almost as sensitive to ra-
diation as are marrow cells, and even doses of radia-
tion below the gastrointestinal-subsyndrome level
can cause injuries that affect bacterial colonization.
Since most intestinal microorganisms are found in
the 450-micron mucin layer at the epithelial surface,
any injury that produces changes in this structure
can contribute to significant alterations in patterns of
microbial colonization in the intestine. Evidence for
the loss of the intestinal mucous barrier has been
found in mice that received 10 Gy of cobalt-60 radia-
tion.* When procedures were used that stabilized
the mucous gel for electron microscopy, a progres-
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sive loss of this material was observed between irra-
diation and day 3 (Figure 5-4). Prior to irradiation,
villi were not visible beneath the mucus, but by day
3, major sections of villi were completely uncovered.

Loss of the mucous barrier and other ecological
and immunological changes in the intestine enable
opportunistic pathogens to overgrow on the mu-
cosal surface and subsequently to translocate to
other tissues. Translocation from the intestine has
been well correlated with conventional disturbances
of mucosal ecology and also systemic trauma.” This
process can lead to infections when defense mecha-
nisms are also suppressed.

MANAGEMENT OF INFECTIONS

Opportunistic infections that are a consequence of
trauma in conventional warfare have been difficult
to control. This will also be true in persons with ra-
diation injuries or combined injuries. In seriously
injured Chernobyl victims (Table 5-3), the number of
patients with radiation and thermal burns was
greater with higher radiation doses, and mortality
rose with the severity of combined injuries. Of the
twenty-nine deaths, most were directly attributable
to infectious complications. It is clear from the Cher-
nobyl experience that bone-marrow transplants in
persons who received uneven radiation exposures
(in whom stem cells may have survived) can be dan-
gerous.

If bone-marrow transplantation is not practical in
treating radiation victims, the management options
are those used in conventional injury: antibiotics,
surgery, and supportive therapy.

Antibiotics

New antibiotics are continually being developed.
Figures 5-5 and 5-6 describe the different groups of
antibiotic agents and indicate their usefulness
against different kinds of infections. Some newer
antibiotics, such as ceftazidime or the quinolones,
may be useful as monotherapy, but most antibiotics
seem more effective when used in synergistic combi-
nations. Today, the effectiveness of some antibiotics
may be enhanced by the use of inhibitors of bacterial
enzymes (such as clavulanic acid) which inhibit
beta-lactamase activity and thereby preserve the
function of penicillin derivatives.

Antibiotic effectiveness may also be enhanced by
ensuring that therapy is directed against all compo-
nents of an infection. For example, Bacteroides spe-

cies and facultative gram-negative microorganisms
often occur together. One of these organisms may
produce capsular material that protects the other or-
ganism from phagocytosis, as well as beta-lactamase
for protection against antimicrobial therapy. Also,
one organism could create an anaerobic environ-
ment that is essential to the other organism, or could
produce nutritional growth factors. Many slowly
growing and fastidious pathogens, which are impor-
tant in infections of severely compromised patients,
may still be unrecognized. Further studies of these
organisms will be necessary for better selection of
antimicrobial therapy.

It is important that initially avirulent bacterial
populations may become more virulent if allowed to
persist in mixed infections. Nonabscess-forming
cultures, when inoculated into mice along with cap-
sular material or other pathogens, may convert to
encapsulated populations that are capable of estab-
lishing abscesses on their own. *®

Antibiotics can also be used to reduce the coloni-
zation of intestinal mucosa by opportunistic patho-
gens. Total intestinal decontamination is difficult to
achieve, and it creates further vulnerability to colo-
nization by antibiotic-resistant pathogens. How-
ever, selective decontamination with oral antibiotics
has already been tested clinically, and it offers prom-
ise for the management of mass casualties who have
been exposed to midlethal radiation. The oral ad-
ministration of specific antibiotics eliminates oppor-
tunistic pathogens but leaves intact the relatively
benign intestinal flora.”>* These benign flora in-
crease resistance to colonization by occupying bind-
ing sites and creating an environment that is inhos-
pitable to pathogens. This approach eliminates the
need for elaborate methods of isolation. In patients
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TABLE 5-3

MORTALITY OF 203 COMBINED-INJURY PATIENTS IN THE CHERNOBYL NUCLEAR ACCIDENT

Number of Patients Survival
Combined-Injury Radiation Burns Reported Time
Classification Dose (Gy) Deaths  Total Moscow Kiev (days)
4th Degree 6-16 In all cases® 22 20 2 4-50
(extremely
severe injury)
3d Degree 46 6outof?7 7 23 21 2 1449
(severe injury) deaths
2d Degree 24 Almost 53 43 10 —
(moderate injury) none
1st Degree 1-2 None 0 105 31 74 —

(slight injury)

*40%-90% of body surface area

with aplastic anemia, leukemia, or burns, selective
decontamination with antibiotics (such as oral nal-
idixic acid, cotrimoxazole, or amphotericin B) sig-
nificantly reduces the number of infectious episodes.

The importance of the presence of colonization-
resistant flora after irradiation and the hazard of us-
ing systemic antibiotics are indicated by experimen-
tal studies in mice. After exposure to 10 Gy of
gamma radiation, mice treated with metronidazole,
which reduces the intestinal anaerobe population,
died about 5 days earlier than did the untreated irra-
diated mice.” In contrast, gentamicin did not affect
colonization-resistant flora in the intestine and did
not shorten the survival times.

Antimicrobial therapy was reasonably effective
against infections in those Chernobyl victims who
suffered from ARS only, but was not as effective if
the ARS was complicated by burns, radiation enteri-
tis, or acute secondary illness due to bone-marrow
transplantation. Patients were treated prophylacti-
cally with a selective decontamination procedure
that called for the daily administration of six tablets
of biseptol 480 and 5 x 10 units of nystatin.

If fever appeared, the Chernobyl victims were
given intravenous therapy with two or three antibi-
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otics, including an aminoglycoside, cephalosporin,
or semisynthetic penicillin with antipyocyanic ac-
tion. If no effect was seen after 24-48 hours, intrave-
nous gamma globulin (Sandoglobulin) was given in
three or four doses of 6 grams every 12 hours. If the
fever persisted after 1 week, amphotericin B (1 mg/
kg/day) was administered.

A number of Chernobyl patients became infected
with herpes simplex. In these cases, acyclovir was
used as a topical treatment.

Supportive Therapy

Antibiotics will undoubtedly be a basic part of
any infection management after radiation exposure.
This supportive therapy, in combination with fluids
and platelets, has been shown to increase resistance
to infection. Daogs receiving this treatment showed
an LD, ., (LD, at 30 days after exposure) increase
from 2.6 to 3.3 Gy after exposure to cobalt-60, and
from 1.5 to 1.8 Gy after exposure to mixed neutron-
gamma radiation.” These increases in resistance to
radiation are significant, considering the steepness
of the survival curve between an LD, and an LD,
dose of radiation.
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ANTIBIOTIC AGENTS

—— Except for ceftazidime g
Third-generation Ineffective against Pseudomonas
Cephalosporins

- Effective against

Gentamicin ) ) ]
Netilmicin [~ Most effective against ®  Gram-negative rods
Tobramycin
Amikacin

Aminoglycosides

Effective, but less so than

/ aminoglycosides, against
Ureidopenicillins licarcillin

Carboxypenicillins Piperacillin ——————— Are synergistic with Gram-negative enterics
) aminoglvcosides against

Effective, to a lesser degree than aminoglvcosides but

Monobactams without their renal toxicity, against Beta-lactamase-producing bacteria (anaerobic,
/ gram-positive, and gram-negative)
Effective against
Penicillin {ampicitlin or ticarcillin) §
Combination . )
Agents Beta-lactamase inhibitor — Ineffective against —————4  Psendomonas
(clavulanic acid or sulbactam)
— Ineffective against
\ Other organisms that resist penicillins through
mechanisms other than beta-lactamase
Beta-lactam- Methicillin . )
resistant Penicillins Dicloxicillin | Effective against | Staphylococcus aureus

(Vancomycin can be administered for the therapy of methicillin-resistant S. aureas)

i . Pseudomonas, Enterobacteriaceae , Staphylococcus

# Effective against >

Quinolones )
® Ineffective against »

Anaerobes
(Quinolones are effective for selective decontamination as well as for systemic therapy)
# Only single effective » . » .
Imipenem agent against Aerobic gram-positive and gram-negative,
(combined with as well as anaerobic, bacteria
cilastatin)

Fig. 5-5. Types of agents used in antibiotic therapy of irradiated host
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ANTIBIOTIC THERAPY

Gram-negative Infection

Gram-positive Infection

|

Mixed aerobic-
anaerobic Infections

Selective Decontamination

(Oral treatment
for colonizing-
resistant flora)

AN

Ureidopenicillin, or
Carboxypenicillin, or
Cephalosporin, or
Monolactam

Aminoglycoside +

Ceftazidime (3d generation cephalosporin)

(Compares favorably with combination therapy
with cephalosporin or carbenicillin and gentamicin)

Carbapenems and Quinolones (may be useful monotherapy)

Aminoglycoside + combination of a beta-lactam-
resistant penicillin

Aminoglycoside + )
Clindamycin, or
or Cefotoxin, or
Quinolone + Metronidazole

Imipenem (single agent therapy)

Norfloxacillin— (800 mg/dav)

Trimethogrim-sulfamethoxazole —(six regular tablets/day)
(Cotrimoxazole)

Polymixin—(800 mg/day) + Cotrimoxazole—{six regular tablets/day)
Polymixin—(800 mg/day) + Nalidixic acid—(6 g/day)
Amphotericin B—2 g/day)

Nystatin—(6 x 10® 1U/day)

Fig. 5-6. Suggested therapies for specific infections
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Another supportive therapy that may be usetul
against gram-negative infections in irradiated per-
sons is immunoglobulin. Immunoglobulin will act
against some portion of the LPS component of the
cell wall of gram-negative bacteria. Most experience
with anti-LPS antibody preparations has been in
nonirradiated research models.**** Clinically, anti-
serum prepared from the J5 mutant of E. coli has
been used to reduce deaths from 39% to 23% in pa-
tients with bacteremia, and from 77% to 44% in
those with profound shock.” Various immunoglob-
ulin preparations have been used to protect experi-
mental animals against infection.™

The development of human monoclonal antibod-
ies opens new possibilities for passive immunization
against microbial infections. Passive antibody ther-
apy was widely used in the pre-antibiotic era to treat
infectious diseases. Although this therapy may be
effective in specific instances, appropriate stocks of
specific antibodies with high-affinity constants are
expensive and difficult to prepare in large amounts
by conventional methods. Further, since such anti-
bodies are usually obtained from animals, particu-
larly horses, humans often have immune reactions
to the injection of these immunoglobulins. This re-
sults in serum sickness, which prevents further use
of the specific therapy in that patient. The new tech-
nique of producing antibodies in vitro by somatic
cell fusion (hybridoma technology) has the potential
of generating the desired amounts of high concen-
trations of pure human-specific antibody prepara-
tions, which can be used against opportunistic
pathogens in host tissues.

Active vaccination against specific antigens of
gram-negative bacteria does not appear to be a good
option for controlling infection. It is questionable
whether an immunosuppressed person can evoke or
maintain an immune response. Moreover, the large
number of potential opportunistic pathogens makes
it unlikely that a sufficient number of different vac-
cines can be developed in the near future.

Surgery

In combined-injury victims, surgery is expected to
be an important adjunct to supportive therapy, but
will be complicated by impairments in wound heal-
ing that are manifested shortly after exposure to ra-
diation. In contrast to trauma without radiation, the
period of opportunity for reparative surgery follow-
ing irradiation is very short (1 to 2 days), followed
by a period of several weeks in which surgery
should not be attempted if it can possibly be
avoided (Figure 5-7).

Infectious Complications of Radwation Injury

TABLE 5-4

CONTRIBUTORS TO INFECTION

Colonization of oropharyngeal
respiratory tree

Colonization of intestinal tract

Contamination of wound

Profound immunosuppression
¢ Invasive treatment devices

¢ Environmental pathogens

As indicated in Figure 5-1, the closure of wounds
can eliminate late immunosuppression and other
synergistic effects of combined injury. This is illus-
trated by experiments conducted in mice.* Expo-
sure to 5.1 Gy of radiation resulted in 26% mortality,
and the same exposure combined with an open
wound resulted in 90% mortality. When the wound
was closed, the percentage of mortality dropped and
was similar to that from radiation alone. This sug-
gests that a deleterious signal or mediator was inter-
rupted. Unfortunately, excision and closure are not
always easily achieved. Closure, if done prema-
turely, will promote the occurrence of systemic sep-
sis from microbial colonization of necrotic tissue or
detritus. Early debridement should be followed by
an inspection of the wound 48 hours later, and if the
wound seems free of infection or nonliving material,
closure can be considered.

Although this approach has not been fully tested
for radiation victims, surgical experience suggests
that full-thickness burns should be primarily excised
and grafted, and partial-thickness burns should
probably be treated by aggressive topical therapy
and avoidance of nosocomial sepsis. Prophylactic
topical management of burn wounds may be accom-
plished with mafenide acetate (sulfamylon) or silver
sulfadiazine (silvadene).”” Antibiotics are used for
prophylaxis only in traumatic cutaneous wounds,
selective decontamination, and early surgery.*
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Fig. 5-7. Comparison of timing for surgical management of combined injuries in routine trauma victims and in those exposed

to radiation

SUMMARY

A number of conditions may allow opportunistic
infections to occur (Table 5-4). Changes in epithelial
cell surfaces can enhance colonization of the oro-
pharyngeal-respiratory tree. Frequently, wound
contamination, first by skin flora and later by gram-
negative flora from the intestine, can also lead to
overwhelming infections. Antibiotic-resistant
pathogens in the environment can be particularly
troublesome if they colonize wounds on vulnerable
mucosal surfaces. Artificial invasive devices also
subject susceptible surfaces to colonization by patho-
gens. Finally, if all these events are accompanied by
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decreased host defenses, then uncontrolled multipli-
cation by opportunistic pathogens can quickly lead
to shock and death.

It should l-e noted that more virulent organisms
can also be a problem after a nuclear detonation.
Mild immunosuppression in nonhospitalized per-
sonnel working in an environment with poor hy-
giene can lead to epidemics of respiratory and en-
teric infections.

General principles of patient management (Table
5-5) and current technology can be used in treating
postirradiation infections.
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TABLE 5-5
PRINCIPLES OF PATIENT MANAGEMENT

* Treat conventional injuries first, since radiation injuries
will not be immediately life threatening.

* Evaluate the extent of trauma and initiate resuscitation
procedures.

* Begin corrective procedures, such as surgery and fluid
administration, based on the triage assessment of

conventional injuries.

* Prevent infection until immunocompetence is regained.

Take steps to reduce the foci of infections from
colonizing artificial devices or damaged tissues.

If infection is suspected, use empiric therapy with
broad-spectrum antibiotics to complement these
physical interventions.

Take steps to improve immunocompetence and
physiological well-being of the patient.
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INTRODUCTION

Biological dosimetry involves measuring a given
physiological response to a known or estimated
exposure dose of a toxin (in this case, ionizing ra-
diation). Reliable biological dosimeters of radia-
tion injury are needed (a) to perform casualty
triage, () to determine probable exposures when
physical dosimeters (external indicators of radiation
that are used in the field) are absent, (¢) to contirm
physical dosimetry, and (d) to monitor the prog-
ress of radiotherapy. This chapter deals with bio-
logical dosimetry relating to accidental exposure
or nuclear warfare, rather than the clinical moni-
toring of radiotherapeutic progress, although
similarities exist. The armed forces presently is-
sue physical radiation dosimeters to groups rather
than to individuals; shielding differences may af-
fect individual doses. Variations in age, gender,
health, and genetic background may greatly affect
the biological responses to a given radiation dose.
Careful monitoring through biological dosimetry
can provide more reliable indicators of exposure,
which will be used in formulating prognoses on
treatment and survival.

Damage from ionizing radiation occurs at both

the local and systemic levels. Biological indicators
are diverse and may include changes in levels of
tissue enzvmes,'"" metabolites,'"* and cell popu-
lations (such as lvmphocytes®™** or sperm™);
changes in individual behavior;”'* and a general
onset of malaise.’'***" Both early and late re-
sponses to radiation injury may be reflected. Ele-
vations in serum amylase levels may occur within
hours to days,”™ and elevated levels of lactate de-
hydrogenase''™ or zinc protoporphyrin™ are ob-
served several weeks after irradiation. The ideal
biological dosimeter should be reliable, able to de-
tect 0.1-10.0 Gy, linear in response regardless of
dose or quality of radiation, simple to use, pref-
erably noninvasive, sensitive to radiation occur-
ring during the first hours or days after exposure,
and preferably radiation specific.

A combination of five indicators (Table 6-1)
may provide a reliable gauge of radiation expo-
sure: (a) the physical symptomatology of the pro-
dromal stage of ARS, (b) lymphocyte numbers, (¢)
serum components (diamine oxidase and serum
amylase), (d) urinary components, and (¢) chromo-
somal aberrations.

PHYSICAL SYMPTOMATOLOGY AT THE PRODROMAL STAGE

The most reliable method of biological dosi-
metry is the physical symptomatology at the pro-
dromal stage of ARS,”'** which occurs within min-
utes to 1 day afier irradiation and includes nausea,
vomiting, anorexia, diarrhea, and general malaise.
The severity, duration, and time of onset of these
symptoms are related to the dose and quality of
the radiation received. A dose-dependent latent
period occurs between the end of the prodromal
symptoms and the onset of later hematopoietic or
gastrointestinal complications (Table 6-2). The
onset and latency are inversely related to the dose,
whereas the duration and severity are directly re-
lated and vary for individuals. The median acute
gamma radiation doses have been estimated for
anorexia (0.97 Gy), nausea (1.4 Gy), fatigue (1.5
Gy), vomiting (1.8 Gy), and diarrhea (2.3 Gy).”~
Protraction of the dose over 1 to 7 days results in
doubling the median doses.

Several early physiological responses are asso-
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ciated with exposure to radiation doses in the
high-lethality (greater than 5.5 Gy) range (Table 6-
3). These symptoms usually reflect an unfavor-
able prognosis for survival without adequate hos-
pitalization and extraordinary lifesaving meas-
ures, such as bone-marrow transplantation.?'#*
At still higher radiation doses, even these meas-
ures would not be effective.

Erythema and epilation are two other indica-
tors of clinically significant radiation exposure.
Erythema has a threshold of 3-4 Gy, depending on
the area of irradiated skin, with a median dose es-
timate of 6 Gy.”** Erythema occurs in two phases:
an early phase, appearing within several to 24
hours after irradiation, and a later “main
erythema,” reappearing 2-3 weeks after irradia-
tion and persisting for several weeks.” Erythema
also depends on the type of radiation and the skin
condition. Epilation occurs approximately 2
weeks after radiation doses larger than 2-3 Gy.™




TABLE 6-1
BIOLOGICAL INDICATORS OF RADIATION INJURY

Biological Assessment of Radiation Damage

SERUM

Acid phosphatase
Acid deoxyribonuclease
Amylase
A-T phosphatase
Beta-glucuronidase
Beta-galactosidase
Catalase
Calcium
Diamine oxidase
Factor XXII
Fluorescence and/or chemiluminescence
Free amino acids:
phenylalanine
leucine
proline
tyrosine
Glucose
Histamine
Immunoglobulins
Iron incorporation into erythrocytes
Lactate dehydrogenase
Lipids:
triglycerides
phospholipids
cholesterol
Lipoproteins
Lysylaminopeptidase
Nucleic acids
Plasma-free hemoglobin
Plasma-free haptoglobin
Prostaglandins
Zinc protoporphyrin

URINE

Amino acids, particularly metabolites of tryptophan
Amylase

Beta-aminoisobutaric acid

Creatine and creatinine

Deoxyribonuclease

Histamine

Indoxy sulfate

Nucleic acids (pseudouridine)

Prostaglandins

Taurine

SALIVA

Albumin

CELL COUNTS AND MORPHOLOGY

Peripheral blood: reticulocyte, granulocyte
(chromosome aberration—micronuclei test)

Sperm

Sperm abnormality

PHYSICAL PARAMETERS

Early transient incapacitation

Epilation

Erythema

Prodromal stage symptoms: nausea, vomiting,
diarrhea

ANALYSIS OF ACTIVATED ELEMENTS

Neutron exposure and/or activation in body tissues

HEMATOLOGICAL DOSIMETERS

Peripheral blood lymphocytes are extremely
sensitive to ionizing radiation. They may suc-
cumb to interphase death after exposure to a dose
of only 0.05-0.15 Gy.* The decrease in the num-
ber of blood lymphocytes at 24-48 hours after irra-
diation can be a useful indicator of radiation expo-
sure (Table 6-4).”" " The radiation doses listed in
Table 6-4 are based on exposure to gamma radia-
tion, but the lethality patterns should be similar
for a neutron or mixed-field pure radiation expo-

sure as determined from the lymphocyte counts.
A lymphocyte count of 1,200-1,500/mm’ at 24
hours after irradiation is a reduction of 50%. It
indicates a potentially lethal exposure, requiring
immediate medical attention.”? Monitoring for the
onset of hematological problems at the end of the
latency period (which may last several weeks) is
advised for persons whose lymphocyte counts re-
flect a lower but potentially lethal level of expo-
sure. Lymphocyte counts drop to zero in persons
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TABLE 6-2

TIME OF PRODROMAL STAGE AS A FUNCTION OF
RADIATION DOSE*

Dose Onset Duration Latency

(Gy) (hours) (hours)
0.5-2.0 Absent to 6 <24 Absent or 3 weeks
2.0-3.5 2-6 12-24 2-3 weeks
3.5-55 1-2 24 1.0-2.5 weeks

>5.5 Minutes to 1 48 24 days

*With larger radiation doses, prodromal stage may persist until death.

TABLE 6-3
EARLY SYMPTOMS AFTER HIGH-LETHALITY EXPOSURE*

Coma

Fever

Dizziness

Convulsion

Disorientation

Severe headache

Mild to severe hypotension

Lymphocyte count 0-300 /mm’

Severe fluid loss and/or electrolyte imbalance

*0-24 hours after exposure
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Fig. 6-1. Estimated changes in human blood-cell numbers after irradiation with 3 Gy of gamma rays
Source: used by permission, reference 77.

TABLE 6-4

LYMPHOCYTE COUNT IN HUMANS AT 24-48 HOURS

AFTER RADIATION
Lymphocyte Count Dose Range Lethality
(x1000/mm’) (Gy) (%)
3.0 0-0.25 —
1.2-20 1-2 <5
0.4-1.2 2.0-3.5 <50
0.1-0.4 3.5-5.5 50-99
0-0.1 >5.5 99-100

sjejeie|ld
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Fig. 6-2. Elevation of serum amylase levels in humans receiving fractionated radiotherapy. Four different fractionation
protocols were used: patients receiving 2 Gy/day (e---); three fractions per day of 2 Gy, each fraction separated by 3—4 hours
(®— —e«—s); three fractions per day of 1 Gy, each separated by 34 hours (¢ *); and two fractions per day of 2Gy (e <=+ ),

separated by 7-8 hours. Control values are represented by shaded region.

Source: redrawn; used by permission, reference 2.

who received doses greater than 5.5 Gy.
Granulocytes, platelets, reticulocytes, and
erythrocytes are also affected by radiation (Figure
6-1). In particular, lymphocyte and granulocyte
counts proved to be valuable biological dosime-
ters after the 1986 reactor accident in Chernobyl,
USSR.*? Blood cell effects may be detectable in
humans after exposure to 0.5-1.0 Gy of gamma
radiation. These responses reflect interphase cell
death and also the mitotic delay or destruction of
the hematopoietic stem cells of the bone marrow.*
Hematopoietic depression may result either di-
rectly from radiation damage to the hematopoietic
stem cells, or indirectly from damage to the
stromal stem cells that are responsible for main-
taining the microenvironment of the bone mar-
row. Hematopoietic precursor cells in later stages
of development are less sensitive to radiation
damage than are the stem cells. In an abnormal
process called maturation-depletion, these more ma-
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ture differentiated cells may continue to develop
without other precursor cells differentiating to
take their place. This same process may be ob-
served in the irradiated testes, where radiation
exposure is followed by temporary aspermia.?

The length of the latency period between the
radiation exposure and the decrease in blood cell
numbers depends on the degree of damage and on
the normal lifetime of that particular class of
blood cells. Human platelets have a life span of
4-5 days, and because they decrease by attrition
without replacement, hemorrhage will occur. Ra-
diation-induced mortality after a dose of 2-12 Gy
results from hemorrhage and other hematopoietic
problems. These symptoms are called the hemato-
poietic subsyndrome. Physical examination and
blood cell counts are readily obtainable, although
other technologies may be too time consuming or
otherwise not presently feasible for large-scale
field use.
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Fig. 6-3. Plasma levels of diamine oxidase in mice as a function of radiation dose. Plasma levels of diamine oxidase were

determined in mice on day 4 after irradiation with either cobalt-60 gamma (*— - —¢) or fission neutron (¢

Source: used by permission, reference 1.

) radiation.

BLOOD SERUM DOSIMETERS

Although a number of serum factors may be
useful biological dosimeters, none has received
widespread verification or acceptance. However,
two show potential: serum amylase ** and di-
amine oxidase (DAO)."® Serum amylase (Figure
6-2) becomes elevated in humans who receive ra-
diotherapy when the parotid gland is included in
the field of exposure.** This response is an early
indicator of damage, and elevation can be seen
within hours after irradiation. Amylase levels in-
crease almost tenfold, peaking at 24-36 hours after
exposure to 1 Gy.> A linear correlation exists for
the peak serum elevation and the radiation dose
received; the peak response occurs slightly earlier
with increasing doses.”? Radiotherapeutic frac-
tionated doses of 1-2 Gy/day result in the further
destruction of the parotid gland and a reduction
in serum amylase by the end of the first week.
The response depends on exposure of only the

salivary glands (levels of pancreatic serum amy-
lase are not altered in response to radiotherapy).’
Interestingly, the elevation of serum amylase in
response to radiation has been reported only in
humans; it cannot be reproduced in rodent re-
search models.” The effect of neutron radiation or
of combined injury on the elevations of serum
amylase has not been determined.

DAO is another serum enzyme that is a poten-
tial biological dosimeter of radiation injury.''?
DAO is produced primarily by intestinal villi dur-
ing cell proliferation and differentiation. In hu-
mans, DAO levels have been used to monitor the
effects of chemotherapy on the gut, but the re-
sponse following irradiation has not been deter-
mined.”* Plasma levels of DAO (Figure 6-3) in-
crease in a dose-dependent manner in mice on
days 2-4 following exposure to cobalt-60 gamma
or neutron radiation.! This initial increase may
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not be associated with gut damage but may reflect
a more systemic injury.' If the human response is
consistent with the mouse model, patients who
receive radiotherapy that does not involve the gut
should have changes in DAO levels related to the
radiation exposure. The mouse model also indi-
cates that the DAQO response may not be reliable in
combined injuries involving radiation and burns.’

Other changes in serum enzvmes have been
reported; however, they are not as indicative as
those in serum amyvlase and DAO. Serum alkaline
phosphatase in rats decreases after irradiation in a
dose-dependent manner."" The decrease occurs
primarily in the intestinal and liver isozymes, and
may be useful for dosimetry on days 2—4 after irra-
diation. The intestinal isozyme decreases on day 3
by 77% after a 5-Gy radiation dose, and by 90 af-
ter an 8-Gy dose. The responses of these isozymes
in humans have not been contirmed.

Other serum indicators have been examined in

humans receiving radiotherapy, but results are
sometimes difficult to interpret because of interac-
tions between the chemotherapy, cancer, and long
fractionation schedules. Changes in the levels and
classes of immunoglobulins in association with
immunosuppression after radiotherapy do not ap-
pear to be useful in biological dosimetry.”™ Serum
lactate dehvdrogenase increases during the first
week of radiotherapy, vvith even higher levels at
weeks 4-5 in a majority of patients, but these in-
creases may be influenced by other factors, includ-
ing infection.'' Levels of plasma hemoglobin and
haptoglobin increase up to 40%, but not until
week 4 of radiotherapy in cancer patients.* Hap-
toglobin is produced by the liver and hemoglobin
is produced by hematopoietic precursors. The ele-
vation of hemoglobin is probably associated with
recovery of the hematopoietic system, and the
dose dependency (not vet determined) will be as-
sociated with increased delay of elevation.

URINARY DOSIMETERS

Lacking metabolic enzymes, urine provides
relativelv stable biological indicators. It can also
be obtained noninvasively. After irradiation,
urine contains more creatine,''-> histamine,"
taurine,”” amylase,” and prostaglandins.'

Postirradiation elevation of creatine occurs
during the first 3 days after exposure of rats to less
than 0.25 Gy of X radiation.”” The average urinary
creatine-creatinine ratio during this period is dose
dependent for 0.25-6.5 Gy. Creatinuria occurs in
humans after irradiation, but because it may also
be affected by exercise, muscular atrophy, trauma,
or starvation,”™* it cannot be considered specific
to radiation injury.

Elevations of histamine occur in the blood of
patients receiving radiotherapy.”” The maximal
elevation of histamine in the urine of rats occurred
on the first dayv after exposure to 9 Gy of cobalt-60
gamma radiation."

Taurine is an amino acid that is excreted in
large concentrations from rats in the first 3 days

after irradiation."” Elevated taurine levels have
been reported in exposed humans,™ and may be
attributed to altered excretion patterns from kid-
nev damage, altered svnthesis, and increased re-
lease from damaged tissues (particularly lvm-
phoid tissue).™

Glycine and hydroxyproline are also excreted
in increased amounts (up to ten times normal lev-
els) in the urine of humans during the first week
after receiving 25-180 rem.™ Elevations of prosta-
glandins have been detected in the plasma of pa-
tients receiving radiotherapy'* and in the urine of
laboratory mice receiving cobalt-60 gamma radia-
tion or neu’ron radiation."”

The development of biological dosimetry kits
based on urinalysis would be hindered by (a)
biphasic responses, such as occur with
prostaglandins'® and taurine;™ (&) diurnal vari-
ations, as with creatine;” (c) reductions in urinary
volume following irradiation;'* and (d) problems
with 24-hour urine collection.

CHROMOSOMAL DOSIMETERS

Although the most widely used biological do-
simeter of radiation injury is prodromal sympto-
matology as revealed by physical examination, the
most precise method is the determination of chro-
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mosomal aberrations in human blood lympho-
cytes.* Such chromosomal analysis has been used
to determine the radiation doses received after
industrial accidents,*'** the occupational expo-
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Fig. 6-4. Dicentric chromosome yield as a function of radiation dose. Yields of dicentric
chromosome formation per 100 lymphocytes in metaphase are shown for the following condi-
tions: (A) alpha radiation, (B) neutron radiation, (C) high-dose-rate X radiation, (D) low-dose-
rate gamma radiation, (E) high-dose-rate gamma radiation, (F) high-dose-rate gamma radia-
tion, and (G) low-dose-rate gamma radiation. Differences between laboratories are apparent in
comparisons of curves D and G showing low-dose-rate gamma radiation and of curves E and
F showing high-dose-rate gamma radiation.

Source: redrawn; used by permission from references 57 and 59.
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TABLE 6-5

COMPARISON OF CHROMOSOMAL ASSAY SYSTEMS

Volume of blood

Assay time

Assay Tvpe required (ml) (hours) Lowest radiation dose
Phytohemagglutinin- 5.0 18 4.0 rads (X rays)
stimulated peripheral 20.0 rads (gamma rays)
blood lymphocytes 0.2 rads (neutrons)
Premature chromosomal 0.5 2 6.0 rads (X rays)
condensation method (PCC)
Micronuclei technique 5.0 48 Linear:
0400 R (gamma rays)
0-80 R (neutrons)

sures received by uranium miners,* and the radia-
tion exposure of the atomic-bomb survivors of Hi-
roshima and Nagasaki.*® A correlation of chromo-
somal damage with the radiation dose has been
confirmed with in vitro experiments and with pa-
tients receiving radiotherapy.” Response curves
have been prepared for the various types of radia-
tion (Figure 6-4), and for the three assay methods
in use (Table 6-5): (a) cultured peripheral blood lym-
phocyte technique,*™ (b) premature chromosomal con-
densed chromosome (PCC) technique,™™ and (c) mi-
cronuclei technique with lymphocytes or erythroid
precursors.’"™

Cultured Peripheral Blood Lymphocyte
Technique

Typically, blood lymphocytes are nondividing
cells that have progressed to the G, stage of the
cell cycle. They may be stimulated into mitosis
with phytohemagglutinin. This culturing process
requires about 48 hours to obtain a sufficient num-
ber of lymphocytes in mitosis, at which time the
chromosomes have become condensed and the
damage is visible.*"** The number of dicentric ab-
errations, ring structures, or total number of aber-
rations per mitotic cell are tabulated and recorded.
Dicentric (Figure 6-5) and ring chromosomes are
formed from asymunetrical interchromosomal ex-
changes, in which one of the resulting chromo-
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somes contains two centromeres. The formation
of dicentric chromosomes is linearly related to the
radiation dose (Figure 6-4), although the responsc
may vary with the type of radiation (and also be-
tween laboratories).™™ These differences can be
seen in curves D (curvilinear) and G (linear) of
Figure 6-4, which are low-dose-rate gamma radia-
tion exposures from two laboratories.

In addition, Figure 6-4 shows a difference be-
tween high-dose-rate X radiation (C) and high-
dose-rate gamma radiation (E and F), although the
RBE for gamma and X radiation is usually similar.
Irradiation with high-LET alpha particles (curve
A) or medium-LET neutrons (curve B) is more
damaging than irradiation with low-LET radia-
tion, such as X rays and gamma rays (curves C-G).
To assess the dose accurately, the type of radiation
must be known. Beta radiation exposure may pro-
duce skin damage of medical consequence, but it
would not be accurately reflected in this assay.

An average assay requires one workday for a
trained technician to count about 10,000 lympho-
cytes to obtain 200 cells in metaphase.™™ Lower
radiation doses produce lower aberration yields,
and require that even more cells be counted for
statistical accuracy. Several problems are associ-
ated with the standardization of this technique, in-
cluding variations in tissue culture conditions be-
tween laboratories, the percentage of cells in first
mitosis at 48 hours, variations in health and age of
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Fig. 6-5. Format.on of dicentric chromosomes. Dicentric chromosomes are formed when tv-o chromosomal fragments (A and
B), each containing a centromere, rejoin to form a new chromosome containing two centromeres. During mitosis, when
chromosomes are separated by spindle fibers attached to the centromere, the new chromosome may be pulled from each pole
(inadifferent direction) and may fail to separate properly, stopping the mitotic process. Additional chromosomalinformation

is lost at this time in the fragments that do not contain centromeres and are unable to migrate to either pole.

persons examined, whole-body versus partial-
body exposure, and radiation effects resulting
from different types of radiation (low versus high
LET) and dose rates.* #3363 The normal inci-
dence of chromosomal aberrations increases with
the increasing age of the individual and previous
exposure to carcinogens.”* The time interval at
which the sample was collected after irradiation
can also affect the results because the damage may
have a chance to repair.¥ A program coordinated
by the 'nternational Atomic Energy Agency found
a 15%-36% difference in the scoring of a standard
test sample among fourteen test laboratories.* A
previous study found an eightfold difference,
which was attributed mainly to differences in cul-
ture conditions and in the time of first mitosis.>***
When al! laboratories examined the same slides,
the differences were greatly reduced. A computer
system has been applied to the analysis of chro-

mosomal aberrations using parallel image proc-
essing,*® but the preparation of samples still re-
quires a specialized laboratory and is not feasible
for a military or civilian field hospital.

Premature Condensed Chromosome Technique

The PCC technique eliminates many of the in-
herent problems of mitotic peripheral blood lym-
phocyte cultures.®** In this method, human lym-
phocytes are fused to mitotic Chinese hamster
ovary (CHO) cells using polyethylene glycol. The
mitotic CHO cells cause the individual lympho-
cyte chromosomes to condense and become vis-
ible.2%3  After staining, the human chromosomes
and those from CHO cells will be different col-
ors.*2#* The damage is assessed by determining
the number of human chromosomal fragments in
excess of the normal forty-six. Samples for PCC
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Fig. 6-6. Radiation-induced elevation of zinc protoporphyrin (ZPP) in mouse erythrocytes. ZPP (---) becomes elevated in
mice receiving 5.5 Gy of X radiation. ZPP is measured by fluorescent detection from a drop of whole blood. Its elevation
occurs after irradiation in association with recovery of hematopoiesis, as indicated by an increase in the hematocrit level (-)
at the same time. It may be possible to develop dedicated spectrofluorometers for other fluorescent biological indicators in

blood.

Source: used by permission, reference 29.

analysis require less than 2 hours for preparation
time, eliminate variations due to culture condi-
tions, and may be analyzed quickly because 200
lymphocytes with visible chromosomes are easier
to locate and count.**"** As with chromosomal
aberration analyses of cultured lymphocytes, as-
say-sampling time after irradiation remains a con-
cern, because repair can reduce the aberration
yield.*+* The effects of dose rate, radiation qual-
ity, and LET on the reliablity of this technique
have not been investigated, nor have the possible
alterations from combined injury. Future research
may focus on the development of a nuclease-free
homogenate from mitotic cells that will induce the
premature condensation of chromosomes. This
would eliminate the requirement of specialized
tissue-culture laboratories for fresh mitotic cells
and would permit the development of a standard-
ized assay kit. Even with computer analysis, the
assay may still be too time consuming for use with
mass casualties.
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Micronuclei Technique

Micronuclei are chromosomal fragments that
lack centromeres. As a result, they are not incor-
porated into the new nucleus during mitosis but
form a smaller satellite structure. As with other
chromosomal aberrations, the rate of micronuclei
formation depends on the dose rate and the LET.
Therefore, neutrons have an RBE of 4.4 in mouse
bone-marrow cells compared to a lower RBE of co-
balt-60 gamrna radiation.™ Micronuclei are easier
to detect in the bone-marrow normoblasts because
the micronuclei remain after the main nucleus has
been eliminated. Control values for this assay are
about 1-2 micronuclei/1,000 cells, based on an
average screening of 2,000 cells.* The assay may
also be performed on mitotically stimulated pe-
ripheral blood lymphocytes, extending the analy-
sis time by the standard 48-hour culture period, or
it may be performed on cells obtained from a
bone-marrow transplant.
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OTHER DOSIMETERS

Fluorometric Immunoassay

Fluorometric assavs or immunoassavs have
been developed for specific biological indicators
present in blood or urine. During the late 1970s,
increased emphasis was seen in the Soviet litera-
ture on fluorescent and chemoluminescent
changes in blood cell and serum components after
irradiation.”" Fluorescent techniques permit the
development of dedicated fluorometers for use in
screening blood samples rapidly for changes in
specific components. Dedicated field-portable
fluorometers are currently used by the U.S. Public
Health Service for detection of zinc protoporphy-
rin (ZPP) from a drop of blood.”" Elevation of ZPP
is a diagnostic indicator for lead poisoning and for
iron deficiency anemia.”> ZPP also becomes ele-
vated in the blood of mice following whole-body
exposure to ionizing radiation (Figure 6-6)." This
elevation is associated with the recovery of the he-
matopoietic svstem at 10-18 days after irradiation,
and is not observed in animals dving from the he-
matopoietic subsvndrome. The elevation of ZPP
occurs too late to be useful in general screening or
triage; however, it may be feasible to develop a
field-portable dedicated fluorometer for other bio-
logical dosimeters.

Immunoassay offers another promising tech-
nique for field-dosimeter assay kits. A fluorescent
immunoassay has been developed at the Law-
rence Livermore National Laboratory to detect
changes in the determinants of the MN antigens
located on the surface of red blood cells.”** The
M and N blood-group antigens are heterozygous
forms of glvcophorin A. Like those antigens of the
AB blood group, persons may be homozvgous
MM or NN, heterozvgous MN, or hemizygous NO
and MO. The general population is predomi-
nantlv MN, and MN-antibody-labeled human
blood cells fluoresce red and green when exposed
to laser light. Blood cells from MN-heterozygous
humans exposed to ionizing radiation have a
greater variant frequency or proportional altera-
tion in the MN blood antigen (MM, NN, MO,
NO).”* These abnormal cells (nonheterozygous)
fluoresce red or green, reflecting the presence of

one antigen; they do not reflect both colors as do
normal cells. This assav has been used on blood
samples from the atomic-bomb survivors in Ja-
pan’’ and the more recent victims of the nuclear-
reactor accident in Chernobyvl.”* The change in the
MN blood-group antigen occurs in the stem cells
of the bone marrow, and its earliest appearance in
the recovering marrow will be 2-3 weeks after ir-
radiation. It would not be useful as an early triage
indicator during the first few days.

Determination of Whole-Body Radionuclides

The degree of internal contamination from
most radionuclides can also be determined by the
use of physical dosimeters, such as whole-body
radiation scanners. lodine-131, a radioactive iso-
tope with a half-life of 8 days, is usually released
in large quantities after a nuclear accident or ex-
plosion. It is usually either inhaled or ingested. It
enters the food chain when it is deposited on
grass, which is eaten by dairy cows who, in turn,
produce milk for human consumption. Once
internalized, iodine-131 collects in the thyroid,
where sufficient concentrations may lead to hvpo-
thyroidism, organ ablatement, or increased inci-
dence of thyroid cancer. The levels of iodine-131
can be determined with an external thyroid scan.

A neutron dose can be calculated either by
measuring the presence and concentration of so-
dium-24 in the plasma or by using a whole-body
scan. Exposure to neutrons results in the conver-
sion (neutron activation) of sodium-23 (the nonra-
dioactive, abundant isotopic form of sodium) to
sodium-24. Sodium-24 is a radioactive isotope
with one more neutron than sodium-23. It has a
half-life of 15 hours and decays to nonradioactive
magnesium-24, releasing both beta and character-
istic gamma radiation. Sodium-24 should be de-
termined from plasma samples rather than from
whole blood, because it appears mainly in plasma
rather than in red cells.™ The presence of sodium-
24 above background levels indicates a neutron
exposure,” and the radiation dose can be calcu-
lated from the levels of sodium-24 present.

PROBLEMS

Problems exist in the use of biological dosime-
ters, including their potential unreliability in com-

bined-injury situations.”*¥#*"** For example, the
value of a lymphocyte count becomes question-
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able in a combined injury involving infection or
burn. Additional problems include the following:
¢ Collection, contamination, stability,

and reproducibility of the sample

Variable changes in a biological re-
sponse, according to the dose of
radiation received and the time
elapsed between exposure and
examination

Length of time required for assay
(48-72 hours for some chromosomal
analyses), which makes its feasibil-
ity for field use questionable

Lack of an appropriate research
model system (Some biological
changes observed after radiation ex-
posure in humans, such as serum
amylase, do not occur in laboratory
animals.)

Radiation variables: dose, dose rate,
quality, type, and mixed-radiation
fields (Fission neutrons have an

RBE of 18 compared with X radia-
tion for the production of dicentric
chromosomal aberrations.™ The
possibility exists for a significant
error in measurement if the type ot
radiation or proportion of mixed-
field radiation is not known.)

Many of these problems might be overcome by
using more than one biological indicator (for ex-
ample, using one as a screening agent and another
as confirmation). Lymphocyte and granulocyte
cell counts, combined with chromosomal aberra-
tion assays, provided biological dosimetry for the
Chernobyl patients, in order to minimize the unre-
liability from burn indicators alone. Biological
indicators for use during different time periods af-
ter irradiation need to be identified. For example,
one set would be used at 1-3 days and another set
at 1-2 weeks after exposure. Indicators from the
different status groupings in Table 6-6 should be
used jointly to provide a more complete picture of
the damage and the biological response.

SUMMARY

The levels of a number of biological com-
pounds become altered in body tissues after radia-
tion exposure. These changes occur (a) as a direct
result of the radiation damage, or (b) in response
to mobilization for repair, regeneration, and cell
proliferation. In some cases, the degree of altera-
tion is proportional to the dose of radiation, and
those degrees may serve as diagnostic aids in the
triage of casualties and in the monitoring of radio-
therapy. With the exception of neutron activation
of the elements in tissues, none of the biological
indicators is unique to radiation injury.

Several problems are associated with the use of
most biological dosimeters, particularly in a mass-
casualty situation. Many biological indicators
have not been completely characterized in hu-
mans. In addition, many indicators (including
lymphocyte counts) may not be reliable with inju-
ries involving radiation combined with burn or
infection. Combinations of nonlethal doses of ra-
diation, burn, or infection may result in mortal-
ity.® Immunosuppression induced by radiation
exposure may increase the likelihood of succumb-
ing to infection or neoplasm,” and the degree of
immunosuppression is an important prognostic
indicator. At present, we have no reliable meas-
urement of that degree (Table 6-6). Future re-
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search needs to address the detection of immuno-
suppressive factors that are released in blood and
tissue fluids after injury.

The most reliable indicator for mass casualties
is the characterization of early symptoms of the
prodromal stage of ARS: nausea, vomiting, and
diarrhea. Greater accuracy may be obtained with
a lymphocyte chromosomal analysis that can de-
tect radiation exposure as low as 0.03-0.06 Gy.
However, this procedure must be performed by a
tissue culture laboratory, and it is time consum-
ing. Table 6-6 shows biological indicators of post-
irradiation damage in patients. For instance,
blood-cell counts may indicate the need for a
bone-marrow transplant, but indicators of gut
status may show possible gastrointestinal cell
death, which would contraindicate the transplant.

Two serum enzymes, amylase and diamine oxi-
dase, show promise as biological dosimeters.
Each has drawbacks: the salivary glands must be
in the field of exposure for elevations of serum
amylase to occur, and the response of DAO has
not been characterized in irradiated humans.
Portable fluorometers for specific biological com-
pounds and the development of specific immunol-
ogical assays also hold promise for the future of
biological dosimetry.
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TABLE 6-6

BIOLOGICAL INDICATORS OF POSTIRRADIATION
DAMAGE IN PATIENTS

DOSE-RESPONSIVE CLINICAL INDICATORS
Prostaglandins (?)
Diamine oxidase (?)
Serum amylase

STATUS OF BONE MARROW
Granulocytes
Platelets
Reticulocytopenia

INTESTINAL INJURY
Diarrhea
Bloody stool
Diamine oxidase

DIRECT CELLULAR DAMAGE
Lymphocytes
Cytogenetics

IMMUNOSUPPRESSION
Unknown
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INTRODUCTION

The use of nuclear weapons in military conflicts
will significantly challenge the ability of the armed
forces to function. The thermal and overpressure
stresses of conventional weapons will be signifi-
cantly intensified during a nuclear battle. In addi-
tion, military personnel will have to contend with
the hazards of exposure to ionizing radiation, which
will be the main producer of casualties for nuclear
weapons of 50 kt or less. Present projections of nu-
clear combat operations suggest that between one-
half and three-quarters of the infantry personnel tar-
geted by a tactical nuclear weapon would receive an
initial radiation dose of 1.5-30.0 Gy.! This acute
dose of ionizing radiation could dramatically affect a
soldier’s ability to complete combat tasks success-
fully. This, in turn, may ultimately affect the out-
come of the armed conflict.

Information about the consequences of ionizing
radiation may be derived from the following: (a) the
nuclear detonations over Hiroshima and Nagasaki,
(b) clinical irradiations, (c) nuclear accidents, and (d)
laboratory animal research. Each of these sources
has certain constraints. The Hiroshima and
Nagasaki data are of limited value since there was
no scientific assessment of behavior, and the reports
were anecdotal, often conflicting, and not easily tied
to specific radiation doses. Clinical irradiations are
also of questionable value because precise measures
of behavior are not usually recorded, and patients
are behaviorally compromised by their illnesses or
the chemical therapy being used. Nuclear accidents
have been few, and little behavioral information has
been obtained from those that have occurred. Al-
though information on human radiation exposure is
normally preferred, the paucity of data forces us to

rely on animal research.

However, animal research brings with it prob-
lems of extrapolation. While the relevance of animal
models to human behavior has been frequently
shown in the study of toxic effects of ionizing radia-
tion,** different species (even strains within species)
may have different responses or sensitivities to ra-
diation exposure.* It is important to understand the
specific radiosensitivity of the animal model so that
the radiation dose required to produce a similar ef-
fect in humans can be reasonably estimated. For ex-
ample, in humans the lethal dose for 50% of cases af-
ter 30 days (LD, ,,) is 4.5 Gy, whereas in monkeys
the LD, ,,, is 6.0 Gy. Similarly, the monkey is more
radiosensitive than the rat (LD, ,, = 7.5 Gy) or the
mouse (LD,, ., = 9.0 Gy).** Clearly, these classic
LD, ,, values are estimates, because they will vary
with the animal strain, housing conditions, and
other factors. However, the values do give a sense
of the relative radiosensitivity of the animal models
most often used in radiation research, and will help
to put into context the radiation doses cited in this
chapter.

Variations in radiosensitivity must also be con-
sidered when measuring animal behavior. For in-
stance, at specific doses or dose rates, most animal
models show a rapid, transient decrease in perform-
ance; however, this is not true for some dog or
mouse strains.”” Differences in CNS sensitivity to
radiation have also been shown. The primate brain
may be more sensitive to radiation damage than the
rat brain.'” Although differing sensitivities of animal
strains can be enigmatic, they can be meaningful re-
search tools that reveal physiological substrates of
natural radioresistance.’

BEHAVIORAL CHANGES IN IRRADIATED ANIMALS

Radiation has significant effects on a variety of
behavioral factors, including learning, performance,
and naturalistic and social behaviors. However, this
list is not a complete taxonomy of behavior. For ex-
ample, performance can be somewhat arbitrarily
separated into tasks having a strong cognitive com-
ponent and tasks having a strong motor component.
Also, an important distinction can sometimes be
made between learning and performance. In its sim-
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plest form, learning is reflected by a linkage of a
stimulus and a response. However, performance
also depends on the organism’s capacity to make a
response. Thus, postirradiation changes in behavior
may reflect deficits in either performance or learning
(or both). Psychologists consider these concepts to
be distinct, but in some cases it is difficult to sepa-
rate them, especially in animal studies. Whether the
mechanism of radiogenic behavioral change is based
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on deficits in learning, attention, retrieval, capacity
to perform, or group disturbance, any of these dis-
ruptions can potentially determine an organism'’s
ability to function in a nuclear environment.

Learning and Memory

Pavlovian conditioning paradigms are especially
useful in distinguishing between learning and per-
formance in animals. Studies suggest that learning
can be altered by exposure to ionizing radiation. For
example, rabbits were conditioned to associate a
light-and-tone stimulus with the respiratory reflex of
apnea that is produced by the inhalation of ammo-
nia vapor." Exposure to 15 Gy of cobalt-60 gamma
radiation resulted in the absence or considerable re-
duction of conditioned apnea. In contrast, the un-
conditioned apnea (normal response to ammonia
inhalation) was enhanced after irradiation, suggest-
ing that the animal’s performance capacity was still
intact. These classical conditioning data suggest that
{at least under the stated circumstances) radiation
exposure can alter memory, and that this function is
separate from the animal’s performa.ce.

Experiments using operant techniques may also
be designed to allow some distinction between
learning and performance. If a task can be selected
in which a learning deficit is represented in a more
rapid or vigorous response, then it may be possible
to rule out lethargy or reduced physical capacity as
the primary mediator of a behavioral change. For
example, rats were trained to stay in a lighted area
in order to avoid footshock in the adjacent dark area,
which they normally preferred."” The latency of the
subject’s movement from the safe, lighted area to the
electrified dark side was an indicator of learning.
Thus, a rapid move into the hazardous chamber sug-
gested that the subject had a learning deficit. This
kind of learning appears to be extremely sensitive to
disruption by radiation exposure, since an electron
dose of only 0.001-0.1 Gy can produce significant
retrograde amnesia.  Retrograde amnesia is a short-
term memory loss, or an inability to recall recent
events, following trauma or a novel event. In this
case, the forgotten event (footshock) occurred only
seconds before the novel event (irradiation). The
amnesia lasted for 4 seconds, was dependent on
dose rate, and was produced by either electron or X
irradiation.”” The mechanism of radiogenic amnesia
is still in question. However, sensory disruption,
primarily of the visual system, may explain the
memory loss.'**'* These data support the idea that
radiation affects some component of learning or

memory, and the data agree with others suggesting
that radiogenic disruptions in behavior may not
merely reflect nonassociative factors.'n

Human memory may also be impaired bv radia-
tion exposure. For instance, a few cases of acute
retrograde amnesia were reported by persons who
survived the bombing of Hiroshima."" Five years af-
ter the attack, deficits in memory and intellectual
capacity were noted in persons experiencing radia-
tion sickness.” These data seem consistent with the
Soviet studies reporting memory deficits in patients
who had undergone therapeutic irradiations.'
However, although the human data corroborate the
animal studies, they suggest that memory impair-
ments may have been strongly influenced by the
other stressors of war or illness.

Improved or unaltered learning capacity or per-
formance after exposure to radiation has been re-
ported. For instance, although radiation caused a
dose-dependent decrease in monkey activity and
appetite, animals showed no loss of ability to solve
“even the most complex learning problems” at doses
of 2-10 Gy of X radiation.”” Task performance was
actually enhanced in some studies after 6.5 or 10 Gy
of Xrays.”' This enhancement may have been due to
decreased general activity and lowered distractibil-
ity.”** In fact, performance and learning may have
been better in the irradiated animals because the ra-
diation exposure acted as a mild sedative, thus re-
ducing anxiety and distractions.” After exposure to
several types of radiation, some animals showed su-
perior learning when a premium was placed on pay-
ing attention to the site of a food reward, although
their performance was worse on tasks requiring at-
tention to peripheral stimuli.** In a series of difficult
discrimination-learning problems, the performance
of monkeys exposed to 3.5 Gy of mixed neutron-
gamma radiation was superior to that of control
monkeys.* Finally, another series of studies with
monkeys indicated that radiation does not disrupt
performance on memory tasks.*”

Rodent studies vielded similar findings. For ex-
ample, adult rats given 2-3 Gy of whole-body radia-
tion did not differ from control animals in learning
or remembering a water maze.”™ The rat’s ability to
maintain a temporal discrimination was not altered
following 3 Gy of X rays.”” Other maze-learning
studies were done with rats using either food or wa-
ter rewards or escapes from aversive water or
shock.* In these experiments, either no change in
the rate of acquisition or improved acquisition
(faster running times and improved retention) was
found in rats exposed to 1-30 Gy of radiation.**-%
Similarly, mice exposed to 8-72 Gy showed no re-
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duction in their ability to acquire an avoidance re-
sponse. ¥ When mice were conditioned to shuttle
back and forth between adjacent chambers while
being exposed to 0.001 Gv/hour (total dose of 10
Gv), ™ no differences were tound.

Although some of the behavioral radiobiology lit-
erature suggests that learning and performance are
rather radioresistant, most studies have reported
postirradiation deticits. For instance, maze-learning,
behavior was reduced after X-rav exposure up to 10
Gy.™ After it was suggested that more challenging
tasks would be more radiosersitive than easy ones,
rats were found to have a temporary reduction in
their abilitv to reorganize previously learned mate-
rial after exposure to 4 Gy of gamma radiation.”

Cogpnitive Performance Tasks

The behavioral tasks in this category generally
require discrete physical movements and functional
cognitive processes, such as timing, decision mak-
ing, or concept formation. The tasks that require
learning in the laboratory are usually ditficult to
teach to the animals, and significant time is required
to establish stable performance before testing for ra-
diation etfects.

Generally, radiation-induced cognitive etfects
have been reported in primates only after intermedi-
ate or high levels of radiation, and often these decre-
ments were still found if the animals were tested
months or vears later. For instance, a deficit in de-
laved response was noted in monkeys for a few days
after an 80-Gy irradiation.™ Cvnomolgous monkeys
tested 2.0-3.5 months after a 20-Gy head-only expo-
sure to X or gamma rays showed a deficit on a dis-
crimination problem series.™ Their response was
similar to that of chimpanzees tested 2-5 vears after
exposure to 4 Gy of whole-bodv gamma radiation.
In this case, the chimpanzees performed an oddity-
discrimination task in which an odd object was se-
lected from a group of similar objects.  In other
models, delaved (2-week) deficits in performance ac-
curacy occurred in dogs after 3 Gy of X ravs,* while
deficits were found in rats only after prolonged cu-
mulative exposure.’' Thus, some cognitive deficits
occurred only following high radiation exposures,
and the deficits were often delayed or chronic.*

A recent lever-pressing studv examined dose-ef-
fect relationships, time-course effects, reversibility of
behavioral decrements, and behavioral speciicity **
In this experiment, rats were maintained under re-
stricted feeding conditions and trained to press a
lever under cither a fixed-ratio (FR) 50 schedule or a
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tixed-interval 2-minute schedule of milk reinforce

ment. In the tixed-ratio task, animals made 50 lever
presses for one reward; in the tised-interval task, the
first lever press after 2 minutes was rewarded.
Acute doses of 0.5-9.0 Gy of gamma radiation were
given at a dose rate of 2.5 Gv/minute. These studies
indicated scheduled-controlled  pertormance
changes that were dose-dependent, reversible, and
behavior-dependent (that is, ratio responses were
more atfected than interval responses). More impor-
tant, even at marginally lethal levels using positive
reinforcement, radiation disrupted the more physi-
cally demanding fixed-ratio performance. These
findings suggest that tasks with cognitive compo-
nents may be radiosensitive if the requirements are
sufficientlv complex or demanding.™

Experiments with monkeys have simulated pilot
missions after a nuclear confrontation in order to as-
sess crew and aircraft vulnerability and survivabil-
itv. Thev involved moderate doses (11 Gy or less) of
either neutron or gamma radiation delivered in dose
rates simulating either combat (rapid doses) or fall-
out (protracted doses). The first of this series was a
fallout study in which a dose of 3 Gy was delivered
over 12 hours to monkeys performing a discrete re-
sponse task, which required pressing a lever after a
light came on. The task was performed for either
food reward or shock avoidance.™* A loss of effi-
ciency occurred in two of eight negatively reinforced
monkevs and in two of seven food-reinforced mon-
kevs. Delaved reaction time was noted in three
monkeys in each group. In addition, four food-rein-
forced monkeys and one avoidance monkey showed
cmesis.

In another pilot simulation studv, monkeys were
required to maintain their chairs in a horizontal po-
sition by compensating for pitch and roll to avoid
shock.** Three Gy of gamma radiation were deliv-
ered over 72 hours at dose rates from 0.014 Gv/min-
ute to 0.01 Gy /hour. Monkev performance was rela-
tivelv unimpaired, but all subjects demonstrated
classic prodromal sy mptoms, including productive
emesis. Given the common finding that behavioral
effects from low dose rates are usually less than
those observed from high dose rates, it is not sur-
prising that the pilot simulation study revealed
lesser radiation effects than the discrete response
task did.

Other flight-simulation research was conducted
with monkeys trained to pe.yorm a multiple avoid-
ance task and exposed to pulsed doses of 5.0-6.8 Gy
of neutron-gamma radiation (5.5:1 ratio).* The task
required monkeys to respond on an appropriate
lever below three randomly illuminated lights. On
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the exposure dav, tive subjects exhibited decreased
etficiency, seven  had increased reaction time, and
six experienced productive emesis within 3.5 hours
after exposure.  Follow-up measturements indicated
that as postirradiation time increased, the pertorm-
ance of the subjects gradually decreased. Again, al-
though the behavioral degradation was not severe, it
was greater than in the low-dose, low-dose-rate
studies. Further research used even higher doses,
exposing monkevs to 11 Gy of neutron-gamma ra-
diation.”” On the exposure day, all eight subjects
had significantly degraded response accuracy, seven
had increased reaction time, and seven experienced
productive emesis. While the onset of degradation
produced by 11 Gy was not particularly rapid in the
animals, either the emesis alone or similar direct be-
havioral effects in humans may be sufficient to pre-
vent pilots from tlving military missions.

Motor Performance Tasks

Many motor tasks require not only extensive
training but also physical conditioning in order to
establish baselines of behavior. In general, these are
tasks that require physical exertion associated with
the movement of large <triated muscles.

Several studies revealed chronic deterioration of
motor performance after doses oi radiation at or be-
low the LD,,. For example, long-term (42-week) pro-
gressive deterioration of torced wheel-ruaning be-
havior occurred in mice exposed to an LD, dose of
neutron radiation ™ There was a significant reduc-
tion in the motor capacity of rats that dailv swam to
exhaustion before and after exposure to 3-10 Gy of X
rays.' In this study, reduced swim times occurred 2
weeks after exposure, with maximum performance
deterioration by 4 weeks; the effects were dose re-
lated. However, when dogs exercised daily on a
treadmill for 30 davs after exposure to 1-3 Gy of X
rays, long-term deterioration was not confirmed.”
Perfor nance deteriorated only as dogs neared death
after exposure to 3.0 Gy of radiation. The literature
on behavioral radiobiology contains frequent ex-
amples of experiments in which postirradiation dog
performance does not confirm the behavioral decre-
ments seen in the rat, the monkey, or even the hu-
man; thus, the dog mayv not be a valid model for the
study of these effects.

These earlv studies may be contrasted with more
recent work identifving the transient changes in mo-
tor performance after supralethal doses of ionizing
radiation. Significant deficits have been noted in a
variety of animal species performing different physi-

cally demanding tasks. Miniature pigs that were re-
quired to shuttle between adjacent compartments in
order to avoid shock experienced transient behav-
ioral deficits after exposure to 15-150 Gy of gamma
or mixed neutron-gamma radiation.** ™ Transient
behavioral incapacitations were reported in rats
trained to move up to a safe shelf or stav on an accel-
erating rotating rod in order to avoid shock. ™™
Rhesus monkeys showed a transient reduction in
performance in a running wheel task after exposure
to 13—49 Gy of mixed neutron-gamma radiation.™

Performance of a physically demanding task can
alter survival after irradiation. A rat’s swimming to
exhaustion before and after irradiation will signifi-
cantly reduce performance and lower the LD, bv
about 2 Gv.*' The increased mortality was propor-
tional to the number of exercise trials during the ini-
tial 3 weeks after radiation exposure™ and also to the
dose received.* Some recent data support this gen-
eral finding. Rats performing a strenuous, shock-
motivated motor task after irradiation had a lower
LD,, than animals not required to perform this task
(Figure 7-1)." However, the finding of performance-
stimulated mortality is not universal. No mortality
changes were noted in dogs and mice that ran in a
motorized activity whee: and a motorized treadmill,
respectively. .~

The rat-swimming model also revealed a radio-
resistant benefit when the level of preirradiation
phvsical activity was adjusted. Rats that swam to
just short of exhaustion before irradiation showed
increased radioresistance and a higher LD_."* In a
follow-up study, rats recovered from radiation ef-
tects sooner if they swain to just short of exhaustion
before the radiation exposure.™ A positive correla-
tion has been found between the initial preirradia-
tion level of spontaneous activity and survival after
X irradiation.” It was speculated that the beneficial
effects for rats of swimming to pre-exhaustion came
from radioprotective anoxia. Apparently, animals
that reach exhaustion before or after irradiation will
show increased radiation effects, in contrast to rats
who became more radioresistant if their preirradia-
tion exercise was stopped before exhaustion. The
timing and stress oif the physical exercise mayv ex-
plain the differing results reported here.

Sensitive measures of the strength and endurance
of monkeys reveal that the force of pulling is not re-
liably impaired after a 4-Gy radiation exposure.™
Similarly, the postirradiation force of motor re-
sponse in rats is quite stable for days after a dose of
4.5 or 9.0 Gy." A significant reduction in these
measures of strength is seen only when death is im-
minent.
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Naturalistic Behaviors

Naturalistic behaviors are a normal part of an
animal’s response repertoire, and their performance
requires no laboratory training. Naturalistic behav-
iors often evaluated in the study of radiation effects
are spontaneous locomotion, social interaction (such
as sexual and aggressive behaviors), consumption
behaviors (eating and drinking), taste aversions and
emesis.

Locomotion. Spontaneous locomotion is a natu-
ralistic behavior that is convenient to measure and
provides a relatively powerful tool for studying per-
formance. Activity is of interest because radiation is
known to produce malaise, along with other pro-
dromal symptoms of general weakness, fatigue,
headache, nausea, anorexia, vomiting, hemorrhage,
and drowsiness or insomnia.”™

An acute whole-body dose of 2-7 Gy of X radia-
tion produced immediate depression in the rat’s vo-
litional activity-wheel performance.”! These data
were confirmed by others using guinea pigs, ham-
sters, rats, and primates.’**7273 Locomotion was
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profiles after exposure to gamma radiation.

Rats either rested or performed a motor task (accelerated

even depressed in rats that were deprived of food
for 6 weeks after irradiation and tested daily.”
(These data are significant because food deprivation
normally increases activity.) This locomotor depres-
sion lasted a few days, and was followed by partial
recovery.”! At doses above 4 Gy, a second decrease
in activity occurred after 1 week, suggesting that
more than one response mechanism may be in-
volved. This biphasic response”™ is similar to clinical
symptoms in humans.®’

In a recent study of the effects of sublethal doses
of gamma rays on locomotion, mice were monitored
for 30 days after exposure to 0.5-7.0 Gy of cobalt-60
radiation.” Locomotion after the 7-Gy exposure
gradually dropped until it reached a significant low
15 days later. Recovery of locomotinn occurred by
day 19. Thus, alterations in locomotion were de-
tected at less than the LD, ,, (7.6 Gy).

Curiosity and Investigative Behaviors. Curiosity
and investigation are other naturalistic behaviors
that have been measured. Chimpanzees given 4 Gy
of gamma radiation made fewer attempts to solve a
variety of puzzles.® This deficit seemed to be inde-
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pendent of changes in capacity, because measures of
dexterity and strength were unchanged in the same
animals. After monkeys were exposed to 4 Gy of X
ravs, their manipulation of objects in the home cage
and their rapid expenditure of energy decreased; sit-
ting time lengthened; and chewing, scratching,
grooming, and number of cage movements de-
creased.™ A systematic study of home-cage behav-
ior was made with pairs of monkeys after 4 Gy of
whole-body exposure of both animals in each pair."
Ten-minute structured observations were made
twice dailv. To control for debilitation, the instances
of each category of behavior were divided by the
number of times that the identifiable behavior oc-
curred in that time period. The irradiated animals
showed reliable deficits in curiosity, more inner-
cage-directed movements to well-known stimuli,
and fewer instances of outer-directed movements or
attention to things outside the cage. Similarly, re-
duced curiosity or reduced visual exploration (look-
ing around) has been observed in rats after receiving
50 Gy of X rays.” Since some of the procedures with
the monkeys tried to factor out general malaise,
these findings suggest a specific change in curiosity
and attention that developed after irradiation.”

Social Behavior. Because military units are social
structures, the effect of radiation exposure on social
behavior is a military concern. The most commonly
studied social behaviors are aggression and fighting.
Primate studies showed that aggression in mon-
keys'" ¥ and the social interactions of chimpan-
zees™ significantly decreased following irradiation.
Fighting among male mice (a very common group
home-cage activity) decreased with an increasing
dose of X radiation, but all signs of fighting were not
totally suppressed until shortly before death.* An
intruder mouse introduced into the home cage of
another mouse continued to be attacked for several
days after the resident mouse had received 10 Gy of
gamma radiation.” These behaviors persisted until
the resident mouse showed radiogenic moribund
behavior.

An extreme variant of aggression is muricide
(mouse killing), which some rats exhibit spontane-
ously. Muricide was frequently suppressed after
radiation exposure.* Footshock can be used to in-
duce aggression, however, and 7 Gy of gamma ra-
diation can stimulate this response.** The increase in
this unnatural type of aggression may be related to
radiation-induced increased irritability.” This hy-
pothesis is consistent with the report that head-irra-
diated male rats were more “emotional” than were
the sham-irradiated controls during the first 30 days
after exposure.”

Changes in aggressiveness mav reflect a more
general social phenomenon. Several investigators
reported that mortality following irradiation will in-
crease if rats are kept in high-density housing.*~
Presumably, the combined stresses of maintaining
territorv and being exposed to radiation increased
the rat’s mortalitv from the radiation. The mecha-
nism of this aggregate toxicity is being studied.”
The effects of emotionality or dominance following
irradiation have been studied, but neither factor
seemed to alter postirradiation mortality.™ Finally,
frequent sexual activity during the 30 days after ex-
posure was found to increase the mortality rate of
male mice.™

Consumption Behaviors. Exposure to ionizing
radiation is known to reduce food and water con-
sumption and to produce nausea and vomiting.*"*"
Intake will be decreased, at least initially, depending
on the radiation dose and dose rate.™~ Instances of
radiation-induced anorexia and adipsia have been
noted.”™™ Subjects will not perform for food after 10
Gy of radiation, but will continue to work to avoid
electric shock, suggesting that consumption behav-
iors are relatively radiosensitive.™

Changes in food preferences have also occurred
after irradiation. Monkeys chose apples and carrots
more frequently and peanuts less often after expo-
sure to 4 Gy of whole-body X radiation.”* The
changed preferences lasted 4 weeks and were dose
dependent. Because the mouth, throat, and stomach
are highly sensitive to abrasion after irradiation, the
newly preferred foods may have been easier for the
monkeys to swallow."

Taste Aversions and Emesis. Animals readily
learn to associate gastrointestinal upset and malaise
with a novel taste and smell, and will avoid the new
substance when later exposed to it.** Results indi-
cate that a conditioned taste aversion (CTA) can occur
at doses as low as 0.25 Gy and can be reliably
achieved at 0.5 Gy. Because this may be the most re-
liable and radiosensitive form of behavioral condi-
tioning, CTA has been extensively used as a model
of radiation-induced gastrointestinal distress and
emesis.”

The relationship of emesis and performance dec-
rement is complex. When gamma radiation is used,
the ED,, (effective dose for 90% of cases) for monkey
emesis is 8 Gy.” Emesis is more likely to be pro-
duced after irradiation with neutrons than after
gamma-ray exposure.” Up to 10 Gy, increasing
doses of radiation in the monkey correspond with
the enhanced likelihood of emesis.”” However,
above 10 Gy, the number of monkeys that vomit de-
creases with increasing dose. The reason for this
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high-dose inhibition of emesis is largely unknown,
but it may be that doses above 10 Gy intertere with
the transmission or reception of afferent vagal im-
pulses from injured organs, which normally play a
part in this response. The report that no emesis oc-
<ues during early behavioral incapacitations is fairly
common. No relationship was found between eme-
sis and early performance deficits in monkevs ex-
posed to up to 30 Gy of mixed neutron-gamma ra-
diation and performing in a physical-activity
wheel™ Similar visual-discrimination performance

results were seen in monkevs pulsed with 22 Gy of
radiation. " Animals not incapacitated but receiv-
ing the same dose as incapacitated animals will
vomit as expected.™  Although the data are reveal-
ing, the relationship between radiation-induced
emesis and behavioral deticits must be clarified.

Despite some ambiguity in the animal data, eme-
sis will almost certainly intertere with the perform-
ance of some critical militarv tasks, such as those
that require the wearing of artificial breathing de-
vices.

COMBINED INJURIES

Nuclear war will produce tew “pure” radiation
injuries. It is more likelv that victims will experience
burns, wounds, and perhaps trauma from chemical
agents and environmental stresses combined with
the damage from ionizing radiation. The physio-
logical effects and treatment of these combined inju-
ries have received significant attention.™ '™ Less
clear are the behavioral consequences from com-
bined traumas that include irradiation.

Mice were exposed to 3 Gy of neutron-gamma
radiation and some of them were then exposed to
the further trauma of a wound or burn.'! The radia-
tion exposure alone caused significantly depressed
measures of locomotion. In addition, the wound in-
jury increased the harmful effects of radiation, while
the burn injury did not.

In a study of the combined etfects of radiation (7
Gy) and an anticholinesterase agent (physostigmine,
0.1 mg/kg), rats were evaluated on a behavioral test
battery that included measuring their balance on a
rotating rod and recording several components of
their locomotor activity."=""* At 45 minutes after ir-
radiation, a radiation-only group had a 30% detficit
in performance, while a physostigmine-only group
had a 40% deficit. A combined-treatment group
showed a 60% performance deficit on the rotating
rod task. In fact, all measures of performance indi-
cated that the effect of combined ionizing radiation
and physostigmine was much greater than the effect
of either insult alone. In a follow-up dose-response
study, rats were required to balance on a rotating
rod."™ As in the above experiment, physostigmine
and radiation each produced a dose-dependent be-
havioral decrement when presented alone. A syner-
gistic behavioral effect was observed after combined
treatment with the chemical and radiation.

Environmental and combat stresses may also
combine with radiation injuries to increase behav-
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ioral decrements. For example, a studyv in monkeys
to test for svnergy between radiation and motion ef-
fects reported an emesis ED,, of 4.5 Gy for radiation
alone and 2.6 Gy for radiation plus motion.™ Radia-
tion may reduce the tolerance of animals to the
stress of G forces (acceleration) as measured by le-
thality and pathomorphological and cardiovascular
end points."™ """ But other experiments report that
an animal’s resistance to critical acceleration in-
creases for several days after irradiation (7-8.5
Gy).""!™ The variables of timing and direction of
acceleration combine with radiation dose factors to
complicate the issue. However, to the best of our
knowledge, only one behavioral experiment has
studied the combined effects of radiation and G
forces. Rats were exposed to 9.5 Gy of X rays over a
24-hour period, followed 5-7 days later by 4 minutes
of positive 10 G of acceleration stress."” Compared
to animals that were only irradiated, the authors re-
ported that rats that received both stresses exhibited
a significant (about 25%) but transient decrease in
the ability to learn new mazes. However, no change
in the number of errors in an already-learned maze
was observed in rats after combined treatment with
positive G forces and radiation.

Other environmental stresses can alter the effec-
tiveness of radiation on behavior or lethality. For
instance, daily exhaustive exercise, continuous expo-
sure to cold (6°C), or continuous exposure to high al-
titude (15,000 feet) considerably reduced the time to
death and the incidence of death after irradiation."
Taken together, these data suggest that the behav-
ioral effects of radiation may summate or act svner-
gistically with other stresses. Therefore, any esti-
mates of battlefield performance decrements that do
not include these factors will probably be lower in
number and degree than the behavioral decrements
actually observed in a military conflict.
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Fig. 7-2. Idealized performance time-course profiles for acute radiation-induced behavioral decrement. Soon after a suffi-
ciently large dose of radiation, several animal species exhibit ETI (upper panel) or EPD (lower panel). Smaller transient

deficits may occur around 45 minutes and 4 hours later.

EARLY TRANSIENT INCAPACITATION AND OTHER EARLY PERFORMANCE DEFICITS

For the military, an abrupt inability to perform—
aptly termed early transient incapacitation (ETD—is
a potentially devastating behavioral consequence of
radiation exposure.'"” An idealized individual ETI
profile is shown in Figure 7-2. Prior to irradiation,
performance is at maximum efficiency. But 5-10
minutes after exposure to a large, rapidly delivered
dose of ionizing radiation, performance falls rapidly
to near zero, followed by partial or total recovery
10-15 minutes later. Delayed ETIs may also occur at
about 45 minutes and 4 hours after irradiation. In
various animal models, ETI is a strikingly short, in-
tense phenomenon. A less severe variant of ETI is
early performance decrement (EPD), in which perform-
ance is significantly degraded rather than totally
suppressed (Figure 7-2). Until recently, it was pre-
sumed that ETI and EPD would occur only at su-
pralethal radiation doses and that, after behavioral
recovery, death would occur in hours or days.
However, more recent data reveal that high doses

may not be necessary to produce these effects.#'"!

Transient EPDs occur in monkeys, rats, and pigs
performing a variety of tasks, and the deficits are be-
lieved to occur in humans. However, this finding is
not universal in animals, since EPD does not occur
in some strains of mice*!"” and dogs.®!'*!*

Task Complexity

When ETI was first observed in monkeys in the
early 1950s, the dose levels reported to produce it
were quite high, perhaps because the behaviors
tested were relatively undemanding and were there-
fore radioresistant to disruption (Table 7-1).!'"11=11e
These early measurements involved either the
simple observation of untrained monkeys or their
performance of a relatively easy continuous-avoid-
ance task (pressing a lever to avoid shock when a
light came on in the operant chamber). In the con-
text of these minimal requirements, the effective
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TABLE 7-1

RADIATION-INDUCED EARLY TRANSIENT INCAPACITATION (ETD) AS
A FUNCTION OF TASK COMPLEXITY OR TASK DIFFICULTY

Rank Order Taskor Dose to

of Task Behavioral Produce ETI

Difficulty* Criterion (Gy) Reference
1 Observation 50-300 110,115
2 Continuous avoidance** 50-100 116
3 Visual-discrimination 22 117,118

task***
. ++
4 Speed-stress visual- 9 44

discrimination taskt

*Ranked from least to most difficult or complex

**Presentation of light required monkey to press a lever every 20 seconds to

avoid shock

***Circle and square randomly presented every 10 seconds on two backlit
press-plates. Subject had 5 seconds to touch the square to avoid shock.

+Soubject had 0.7 seconds to avoid shock

HCalculated ED_,= median effective dose. Other numbers in this column
were empirically observed instances of ETI and were not derived

from curve fitting.

ETI-producing radiation doses were found to be 50
Gy or more. When a more complex shock-avoid-
ance visual-discrimination task was later used, the
median effective dose to produce ETi vas reduced
to approximately 22 Gy (Table 7-1).""7' * (i this vis-
ual-discrimination task, monkeys were required to
discriminate (within 5 seconds) between a circle and
a square (the square was always the correct choice)
randomly presented on backlit press-plates every 10
seconds. Monkeys were trained later on a variant of
this visual-discrimination task, in which the tempo-
ral response criterion (set at 0.7 seconds) approached
the reaction time of the animal.¥ Under these condi-
tions (speed-stress visual discrimination), the me-
dian effective dose to produce ETI was approxi-
mately 9 Gy (Figure 7-3). Thus, the dose of radiation
required to disrupt behavior is directly related to the
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complexity of the task that the animal is required to
perform; that is, complex or demanding tasks are
more radiosensitive than easy tasks.

Another reason that the radiation dose required
to disrupt performance was presumed to be high is
that ETI is an all-or-none, relatively insensitive end
point. When the ETI data are analyzed with a more
sensitive behavioral end point (that which measures
a significant change from a baseline response rather
than only a total cessation of response), the disrup-
tive dose is even lower (Table 7-2), approaching the
LD,, for the monkey.* Furthermore, the ED,, for
transient behavioral deficits in monkeys may be as
low as 3 Gy if the animals are performing a more
difficult task requiring both visual discrimination
and memory.""" If these data can be generalized to
the human, they suggest that under certain circum-
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Fig. 7-3. ETI as a function of radiation dose for monkeys performing a visual-discrimination task in which criterion of
minimum response time was either 5 seconds (unstressed) or 0.7 seconds (stressed). Incapacitation is defined as at least 1

minute of nonresponding.

stances, relatively low doses of radiation may cause
rapid, transient disruptions in performance.

The issues of task demands and task complexity
influencing the effective radiation level are common
in the investigation of ETI. For instance, the dose of
radiation required to disrupt performance was com-
pared for three tasks: the visual-discrimination task
(described above, with a 5-second response time), a
physical activity task, and an equilibrium-mainte-
nance task. In the physical activity task, monkeys
ran at 1-5 mph in a nonmotorized, circular cage.* In
the equilibrium task, monkeys maintained horizon-
tal alignment by compensating for the pitch and roll
of a platform on which they were seated.!" Per-
formance on all three tasks was assessed in monkeys
exposed to a 25-Gy pulse of neutron-gamma radia-
tion. Visual-discrimination performance with a 5-
second response time was disrupted the least, with
performance returning to about 80% of baseline by

20 minutes after irradiation (Figure 7-4). Wheel-run-
ning performance was disrupted the most, and per-
formance returned to only about 50% of baseline at
60 minutes after irradiation. The above data suggest
a hierarchy of behavioral effectiveness, with obvious
implications for military missions.*?

Radiation Dose

A variety of radiation parameters, including
dose, can significantly influence EPD. Low doses of
radiation can sometimes produce behavioral
changes, such as locomotor activation,'? that are in
contrast to the locomotor depression observed after
high doses.’”’ Beyond a certain threshold, more ra-
diation tends to produce increasingly depressed
measures of performance.”** For example, in a re-
cent study, 7.2 Gy was the ED,, for the speed-stress
visual-discrimination task.* However, all monkeys

115




Medical Consequences of Nuclear Wartare

TABLE 7-2

MEDIAN EFFECTIVE DOSES REQUIRED TO ACHIEVE DIFFERENT
BEHAVIORAL END POINTS IN IRRADIATED MONKEYS

ED

Task End Point (G;;) Reference
Speed-stress Early transient 9 44
visual-discrimination task*  incapacitation

(ETD**
Speed-stress Early performance 7 44
visual-discrimination task decrement

(EPD)***
Delayed match-to- EPD+ 3-5 111

sample task

*Response time 0.7 seconds or less

**Defined as six consecutive ommissions or 1 minute of nonperformance

**EPD defined as 2 z-scores below baseline performance levels

exposed to 14.1 Gy of mixed neutron-gamma radia-
tion showed transient EPD, while only one of five
subjects showed this deficit at 6.8 Gy. Thus, at 7.3
Gy (Figure 7-3), the incidence of performance sup-
pression ranged from 10% to 90%. These radiation
dose-response curves for measures of behavior in
some ways parallel the curves observed for a num-
ber of end points, such as emesis and lethality.'>

Radiation Dose Rate

Another radiation factor that can influence be-
havior is exposure dose rate. Monkeys trained to
perform a delayed matching-to-sample task, involv-
ing visual discrimination and short-term memory,
were exposed to 10 Gy of gamma radiation at dose
rates of 0.3-1.8 Gy/minute (Figure 7-5).""" Only 7%
of the subjects demonstrated transient EPD after a
dose rate of 0.3 Gy/minute, while 81% showed be-
havioral decrement after 1.8 Gy/minute. This in-
crease of 1.5 Gy/minute raised the incidence of early
EPDs by 73%.

Fractionated (or split) doses have less impact on
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behavior. For instance, monkeys performing a vis-
ual-discrimination task were exposed to a total dose
of 50 Gy of gamma-neutron radiation delivered in a
reactor pulse.'?'* One group of monkeys received
the radiation treatment in one 50-Gy dose; the other
groups received 25 Gy at two intervals separated by
zero time and intervals of 20, 30, and 40 minutes and
1, 3, 4.5, and 6 hours (Figure 7-6). Performance was
more severely disrupted for subjects who received
the whole dose at once than for subjects in the split-
dose conditions. In a recent study with rats, a single
acute exposure to 7.5 Gy of gamma radiation dis-
rupted performance by reducing the rate of lever-
pressing under an FR 20 schedule (thus, 20 lever
presses would be required to terminate electric foot-
shock).'” Behavioral disruption was characterized
by decreased response rates over the 40-day period
after exposure. However, when a different group of
rats received a total dose of 7.5 Gy delivered at 1.5
Gy/day over 5 days, disruption in FR performance
was significantly less.'* Although other behavioral
dose-rate effects have been reported,'*"* this find-
ing is not universal and may depend on the behavior
being measured.*
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Fig. 7-4. Comparison of monkey behavioral responses after a pulse of 25 Gy (neutron-gamma ratio: 0.4). Changes in per-
formance after irradiation depend on task being performed. Physical activity task (wheel running) is more demanding
and therefore more radiosensitive than other tasks illustrated. (See text for full descriptions of tasks.) Percentage of sub-

jects experiencing ET1 is listed for each task.

Radiation Quality

In addition to dose and dose rate, the type of ra-
diation can influence early behavior deficits. It is
generally accepted that high-LET radiations (such as
neutrons) are more effective in eliciting biological
responses and death than are low-LET radiations
(such as gamma rays).” However, research has
shown that the opposite is true when the end point
is performance.””'** Neutron radiation was only
23% as effective as gamma radiation (based on ED,)
in producing ETI in pigs performing a shuttlebox
task, which required the subjects to move back and
forth between adjacent chambers in order to avoid
shock.™ In another study, the neutron-gamma RBE
for monkeys performing a visual-discrimination task
was 0.68; that is, gamma radiation was more effec-
tive than neutrons.'* Also, in a comparison of neu-
tron and bremsstrahlung (gamma-like) fields, it was
reported that bremsstrahlung radiation was more ef-
fective in producing ETI than was neutron radia-
tion.!”

A recent comprehensive study of the behavioral
effects of various radiation qualities was done with
rats performing on an accelerating rotating rod.
This shock-motivated task required each subject to
maintain its position on a 2-inch-diameter gradually

accelerating rod for as long as possible.'* In this
study, bremsstrahlung, electron, gamma, and neu-
tron radiations were investigated, and a dose-re-
sponse relationship was found for all radiations
(Figure 7-7). A major finding of this research was
that electron radiation was the most effective in pro-
ducing EPD, and neutron radiation was the least ef-
fective. Gamma radiation was slightly more effec-
tive than neutrons. This is not the first time that
electron radiation was found to be the most disrup-
tive to behavior.””® Thus, substantial support is ac-
cumulating to suggest that radiations of different
qualities are not equally effective in altering animal
behavior. Furthermore, since electrons are more be-
haviorally effective than high-LET radiation, the
quality factors derived from these data may be dif-
ferent from those already established for damage to
biological systems.*

Other factors that may affect behavioral disrup-
tion after irradiation include (but are not limited to)
the physical well-being of the subject (sick or
healthy, tired or rested), the presence or absence of
physical shielding or pharmacological radioprotec-
tants, and the exposure or nonexposure of the sub-
ject to radiation alone or to radiation and other
stresses of the nuclear battlefield (such as blast, heat,
or flash).
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Fig. 7-5. Effect of dose rate on monkey performance of a delayed
matching-to-sample visual-discrimination task. (Dose totaled 10
Gy of gamma photons.)

Source: Reference 111.
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Fig. 7-6. Monkey performance decrements on a visual-discrimination task after either a single dose of 50 Gy (neutron-
gamma ratio: 0.4) or two fractionated doses of 25 Gy at specified intervals. The tendency for dose fractionation to reduce
radiogenic behavioral deficits is consistent except when the interval between fractions is either 40 minutes or 4.5 hours,
when secondary and tertiary transient incapacitations are likely to occur (see Fig. 7-2).

Source: References 122, 123

THE NEUROPHYSIOLOGICAL BASIS OF PERFORMANCE DECREMENTS

Sensory and Perceptual Changes

From the psychologist’s viewpoint, sensory and
perceptual processes are distinct, yet interrelated.
The sensory process involves stimuli that impinge
on the senses, such as vision, audition, olfaction,
gustation, and skin sensation.”” The perceptual
process involves the translation of these stimuli by
the CNS into appropriate overt or covert interpreta-
tion and/or action. lonizing radiation can be sensed
and perceived, and radiation-induced sensory acti-

vation can in fact occur at extremely low levels.”
For instance, the olfactory response threshold to ra-
diation is less than 10 mrad, and the visual system is
sensitive to radiation levels below 0.5 mrad. Ioniz-
ing radiation is as efficient as light in producing reti-
nal activity, as assessed by the electroretinogram.
The visibility of ionizing radiation was reported
shortly after the discovery of X rays and is now
firmly established.

Vision. Although the visual system can detect a
low radiation dose, large doses are required to pro-
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Fig. 7-7. Dose-response profiles and median effective doses (ED5,) for rats performing an accelerated-rod task after expo-

sure to four radiation qualities. Performance decrement is de

fined as 2 z-scores below preirradiation baseline perform-

ance. Electrons are significantly more effective in producing behavioral deficits than are other types of ionizing radiation.

Neutron radiation is least effective.

duce pathological changes in the retira. This is es-
pecially true of the rods, which are involved in black
and white vision.” Necrosis of rods has been re-
ported after doses of 150-200 Gy in rats and rabbits,
and after 600 Gy in monkeys. Cone (color vision)
ganglion cells are even more resistant. At these high
radiation doses, cataracts occur.”” Monkey binocular
thresholds did not change during the 100 days after
35 Gy of X radiation.'* However, performance dete-
riorated rapidly after this period, so that by day 210,
the animals were blind and no cortical photo-evoked
responses could be obtained. Similar findings were
reported in monkeys,'* in rabbits,'* and in human
patients.'*”

Pathological changes in the visual system occur
only at high doses, but this is not true of visual func-
tion. Rats trained to a brightness-discrimination
task were not able to differentiate between shades of
gray after 3.6 Gy or to make sensitivity changes after
6 Gy of whole-body X rays.* In mice, low-rate
whole-body irradiation adversely affected bright-
ness discrimination tested 3-5 months after expo-
sure. Humans experienced temporary decrements

120

in scotopic visual sensitivity 1 day after being ex-
posed to 0.3-1.0 Gy of X radiation.'® Long-term
(20-36 days) changes in dark adaptation were re-
ported in patients exposed to 4-62 Gy of X rays.'®

In terms of visual acuity, only long-term deficits
were reported in monkeys at 1-3 years after expo-
sure to 3-60 Gy of radiation.** However, compo-
nents of attention may have caused some of this ef-
fect. Since these exposures were not restricted to the
visual pathways, brain damage (affecting the cogni-
tive aspects of learning and/or the motor compo-
nent of visual-acuity tasks) probably also existed.
These data are consistent with observations of irra-
diated chimpanzees that showed impaired visual
acuity and accuracy on visual-discrimination tests.™

Audition and Vestibular Function. Few adverse
auditory changes have been noted after radiation
exposure. Two Gy of X radiation to the head pro-
duced no changes in cochlear microphonics in rats
examined up to 90 days after exposure.' Likewise,
5 Gy delivered to the rear half of a rat’s brain did not
affect intensity or frequency thresholds. However, a
transient 5.5-decibel reduction in tone intensity
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threshold that lasted 2-5 weeks did occur in dogs af-
ter as little as 0.39 Gy of X rays.™ At larger doses of
10-70 Gy, cochlear microphonics decreased in
guinea pigs.'*

The physiological substrate of hearing deficits
has also been explored. Changes in the mouse ear
following 20-30 Gy of whole-body X rays included
cellular necrosis in the organ of Corti and in the ep-
ithelial cells of the ear canals.” Rats exposed to a
whole-body dose of 1-30 Gy of gamma or X radia-
tion demonstrated damage in the cochlea but not in
the cristae of the vestibular inner ear or the middle
ear. Human patients who received 40-50 Gy of
therapeutic gamma radiation developed inflamma-
tion of the middle ear but only a temporary loss of
auditory sensitivity and temporary tinnitus."*! After
being exposed to 20-80 Gy of X radiation, the hear-
ing organs of guinea pigs were generally resistant to
radiation.’*

Vestibular function may be more radiosensitive
than audition. Depressed vestibular function was
reported in dogs after exposure to 3.5-5.0 Gy of pro-
ton radiation or 2 Gy of gamma radiation.'* In an-
other study, 5 Gy of gamma radiation depressed the
electromyogram of vestibular-tonic reflexes of rear
extremity muscles in the guinea pig.'* At higher
doses of 4-22 Gy, loss of the pinna reflex (ear twitch)
was noted in the mouse, and disturbances in equilib-
rium and other vestibular functions were noted in
the burro and hamster.!* Thus, depression in ves-
tibular function may exist at doses close to the LD,,
and symptoms of vestibular disruption may last
longer at higher than at lower doses.

Other Senses. Although the literature is sparse,
olfactory and gustatory changes have been reported
in patients exposed to therapeutic radiation.™ Al-
tered taste perceptions were also found in patients
exposed to 36 Gy of X rays, with a metallic taste
being the most common report. Transient changes
in taste and olfactory sensitivity were also reported
in radiotherapy patients and in the rat.¥

The effects of radiation on the skin senses have
also not been fully assessed. In the work that does
exist, it is difficult to separate the direct receptor
changes from the secondary changes arising from ef-
fects on the vascular system.” However, radiation-
induced changes in pain perception have been ad-
dressed empirically. Gamma photons produced a
dose-dependent analgesia in mice,'** but data sug-
gest that X or gamma rays did not alter the analgesic
effects of morphine or the anesthetic effects of ha-
lothane in rats except under certain conditions.'¥"'*

In summary, whole-body radiation doses below
the LD,, do not appear to produce permanent sen-

sory changes; however, transient alterations were
reported at doses of 1-5 Gy. High levels of radiation
can cause longer-lasting sensory impairments. Fur-
thermore, high radiation doses that affect CNS mor-
phology will also impair perceptual function.

Radiation-Induced Changes in the
Nervous System

Although it is true that other organ systems may
contribute to radiogenic lethargy and reduced re-
sponsiveness, the nervous system’s central role in
behavior makes it the presumed primary mediator
of radiation-induced performance deficits. This pre-
sumption is supported by the fact that electrical or
chemical stimulation of the brain can overcome
some radiation-induced behavioral deficits.”?"'* In
addition, experiments with partial-body shielding
revealed the effectiveness of head-only irradiations
in producing behavioral changes.*” In this regard,
severe long-term changes on a conditioned avoid-
ance task (jumping a low barrier) and color visual-
discrimination learning were reported in monkeys
whose heads were irradiated with 20 Gy.* These
data suggested functional derangement in the poste-
rior association areas. Also, monkeys whose heads
received X radiation (frontal and posterior associa-
tion areas) 2 vears earlier showed retarded learning
on a problem-solving task.* Studies with rats, in
which 50 Gy was delivered directly to the frontal
cerebrum' or 25 Gy to the whole cerebrum, revealed
a decreased ability to learn an alteration running
pattern motivated by delayed reward.”” Decreased
learning was observed in rats whose heads were ex-
posed to up to 8 Gy of X radiation and who then
were required to learn a 14-unit maze.""' Although
the importance of the brain in radiation-induced be-
havioral change is well established, the question still
remains: What specific changes in the CNS mediate
the performance deficits observed after exposure to
ionizing radiation? The answer is complex.

One hypothesis is that a sufficiently large radia-
tion dose causes permanent brain lesions, demyeli-
nation, and necrosis, which in turn produce chronic
behavioral deficits. In addition, short-lived behav-
ioral phenomena may be mediated by transient vas-
cular changes that induce edema or ischemia in the
CNS. A second hypothesis is that performance
changes are mediated by significant alterations in
brain function due to changes in neurochemistry
and neurophysiology. As is often the case, there is
some truth in both hypotheses.
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Radiogenic Pathology of the Nervous System

Radiogenic damage to brain morphology mav
occur after an exposure of less than 15 Gy and is a
well-accepted finding at higher doses. However,
these two conclusions have not always been re-
ported. A review of many standard radiobiology
textbooks reveals the common belief that the adult
nervous svstem is relatively resistant to damage
from ionizing radiation exposure.'™ This conclusion
has been derived, in part, from early clinical reports
suggesting that radiation exposures, given to pro-
duce some degree of tumor control, produced no
immediate morphological effects on the nervous sys-
tem.'” However, this view was eroded when it was
later shown that the latency period for the appear-
ance of radiation damage in the nervous svstem is
simply longer than it is in other organ systems.'™
Subsequent interest in the pathogenesis of delayed
radiation necrosis in clinical medicine has produced
a significant body of literature. Recent studies of ra-
diation-induced brain damage in human patients
have used the technology of computed axial to-
mography (CAT) to confirm CNS abnormalities that
are not associated with the tumor under treatment
but occur because of the radiotherapy.'™

General (although not universal) agreement ex-
ists that there is a threshold dose below which no
late radiation-induced morphological sequelae in the
CNS occur. In laboratory animals, single doses of
radiation up to 10 Gy produced no late morphologi-
cal changes in the brain or spinal cord.” *'*" Necrotic
lesions were seen in the forebrain white matter from
doses of 15 Gy but not 10 Gy."™"™ In humans, the
“safe” dose has been a topic of considerable debate.
Depending on the radiation field size, the threshold
for CNS damage was estimated to be 30—40 Gy if the
radiation is given in fractions,'" although spinal
cord damage may occur with fractionated doses as
low as 25 Gy.'"' The difference between a safe and a
pathogenic radiation dose to the brain may be as
small as 4.3 Gy."™

It is clear that the technique used to assess neuro-
pathology can profoundly influence its detection. In
a recent preliminary inspection of neutron-irradiated
brain tissue stained with silver to detect degenerat-
ing neural elements, punctate brain lesions were
found within 3 days after a 2.57-Gv neutron expo-
sure."” This effect was transient, and no degenera-
tion was observed 30 days after irradiation. The le-
sions were not det.ctable using standard H and E
stains. These effects are similar to a multi-infarction
syndrome in which the effects of small infarctions

122

Since

accumulate and mayv become symptomatic.
this pathology was observed at a dose of radiation
previously believed to be completelv safe, confirma-
tion of these new data mav profoundly influence our
view of the radiosensitivitv of brain tissue.

In an organ like the brain, different topographical
regions may have varving susceptibility to ionizing
radiation. The most sensitive area is the brain
stem."™ The brain cortex mayv be less sensitive than
the subcortical structures,'” such as the hvpothala-
mus,'”” the optic chiasm, and the dorsal medulla.'™
Although radiation lesions tend to occur more fre-
quently in brain white matter,'”'* the radiosensitiv-
ity of white matter also appears to vary from region
to region.'”

In this regard, researchers have produced meas-
ures of the functional sensitivity of some brain areas
and the insensitivity of others.”*''™ The activation of
behaviors through electrical stimulation of the lat-
eral hypothalamus (but not the septal nucleus or
substantia nigra) is still possible after 100 Gy.!*"'"!
However, years after clinical irradiations, dysfunc-
tions of the hypothalamus are prominent even with-
out evidence of hypothalamic necrosis.”* Local sub-
cortical changes may exist in the reticular formation
and account for radiation-induced convulsability of
the brain.*'* Similarly, postirradiation spike dis-
charges are more likely to be seen in the hippocam-
pal electroencephalograph (EEG) than in the cortical
EEG."™ This idea of selective neurosensitivity is fur-
ther supported by experiments in which electrical
recordings were made from individual nerve fibers
after irradiation."® These data reveal a hierarchy of
radiosensitivity in which gamma nerve fibers are
more sensitive than beta fibers, and alpha nerve fi-
bers are the least sensitive.

The functional radiosensitivity of specific brain
nuclei may in part explain the ability of a particular
dose of ionizing radiation to disrupt one type of be-
havior but not another. For example, monkeys will
continue to perform a visual-discrimination task but
not a more physically demanding task (wheel run-
ning) after a similar dose of ionizing radiation.™
These data agree with the suggestion that classically
conditioned reflexes are more radioresistant than
motor coordination, and that this selective disrup-
tion of particular behaviors “indicate(s] that ionizing
radiation mainly affects the functions of the subcor-
tico-[brain]stem formations of the brain.”'""

The phenomenon of latent CNS radiation damage
with doses above threshold has been well docu-
mented.'>"""'"*  The long latent period has led to
considerable speculation on the likely pathogenesis
of late radiation lesions: (a) radiation may act pri-
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marily on the vascular system, with necrosis secon-
dary to edema and ischemia, and (b) radiation may
have a primary effect on cells of the neural paren-
chvma, with vascular lesions exerting a minor influ-
ence.'™

The first evidence in support of a vascular hy-
pothesis was obtained when human brains that had
been exposed to X ravs were examined.'™ It was
suggested that delaved damage of capillary endo-
thelial cells may occur, leading to a breakdown of
the blood-brain barrier. This would result in
vasogenic edema, the clevated pressure-impaired
circulation of cerebral spinal fluid, and eventually
neuronal and myelin degeneration."™ ™ The finding
that hypertension accelerates the appearance of vas-
cular lesions in the brain after irradiation with 10-30
Gy also supports a hypothesis of vascular patho-
genesis.™ The occlusive effects of radiation on arte-
rial walls may cause a transient ce.ebral ischemia.'™!
Sequential monkey-brain CAT scans revealed brain
edema and hydrocephalis that accompanied hypoac-
tivity and the animal’s loss of alertness following 20
Gy of radiation.™™ The exposure of forty-five rabbit
heads to 4, 6, or 8 Gv of X radiation produced a dis-
turbance of the permeability of the blood-brain bar-
rier that returned to normal only after 6 days."* The
transient nature of the vascular phenomena may
partially explain some of the behavioral deficits ob-
served after exposure to intermediate or large doses
of ionizing radiation."*™

Evidence for the direct action of radiation on the
parenchymal cells of the nervous system, rather than
the indirect effect through the vascular bed, was first
provided when brain tissue in irradiated human pa-
tients was examined.'™ None of the brain lesions
could be attributed to vascular damage because they
were (@) predominantly in white matter and not co-
distributed with blood vessels, (b) not morphologi-
cally typical of ischemic necrosis, and (¢) often found
in the absence of any vascular effects."""' Thus, it
appears that direct neuronal or glial mechanisms
caused at least some of the observed radiogenic
brain lesions.

In the brain, hypertension accelerates the onset of
radiogenic vascular damage but not white matter le-
sions.™ These data help to separate vascular dam-
age from the pathogenesis of white-matter lesions,
making it difficult to support the view that ischemia
and edema are important in white-matter patho-
genesis. It may be that selective necrosis of white
matter is due to the slow reproductive loss of glia or
their precursors. The radiosensitivity of certain
types of glial cells (beta astrocyte) is well recog-
nized.">"" The earliest sign of their damage is wid-

ening of the nodes of Ranvier and segmental demve-
lination as early as 2 weeks after a dose of 5-60
Gyv."™ Clinical evidence also suggests that radio-
genic demyelination may occur. Several patients
experienced sensations like electric shock (refer-
enced to sensory levels below the neck) after radio-
therapy for head and neck cancers." The symp-
toms gradually abated and disappeared after 2-36
weeks. Similarly, this transient radiation myelopa-
thy could be a result of tempmary demyelination of
sensory neurons. In addition, mitotic activity in the
subependymal plate (important in glia production)
did not recover after radiation doses producing ne-
crosis, but did recover after doses not producing ne-
crosis. This supports the hvpothesis that glia are a
primary target for radiogenic brain damage.'

Both vascular and glial changes may be impor-
tant in the development of late radiation damage to
the CNS."*" The preponderance of one type of cell
damage over another depends on the radiation dose
used. “Vascular effects occur at lower dose levels
but after a longer latent period than effects inediated
through damage to the neuroglia.”'* Perhaps the
most important points for the present chapter are
that (1) radiogenic brain damage is a well-accepted
tinding after high doses (greater than 15 Gy), and (b)
it may occur after doses of less than 15 Gy under cer-
tain circumstances. The mechanisms of this damage
are still debatable.

In addition to axonal demyelination, other direct
neuronal damage may occur in the irradiated adult
animal. Although mitotic neurons of the prenatal or
neonatal CNS are known to be extremely sensitive to
radiation, the neurons of more mature animals are
thought to be quite resistant and less likely to result
in cell death.’*™"**""" However, as early as 1962,
neurogenesis was thought to take place in the cere-
bral cortex of adult rats."™ Adult and juvenile
neurogenesis was found to be especially prominent
in the granule cell populations of the hippocampus
and the olfactory bulb. These newly formed cells
had the ultrastructural characteristics of neurons,'™
and the number of granule cells in the hippocampus
increased in the adult rat.***" Although these find-
ings have not been confirmed in primates (thus re-
ducing their ability to be generalized to the human),
they suggest that certain neuron populations in the
adu't brain are radiosensitive due to their mitotic
state.”™ Neurogenesis was reported in the hip-
pocampal subgranular cell layer of the adult rabbit,
and these cells were quite radiosensitive (4.0-4.5
Gv).""'*% Therefore, it may be that certain popula-
tions of proliferating neurons in the adult can be
damaged or destroyed by relatively low doses of
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ionizing radiation.

Radiogenic changes in brain morphology are not
limited to necrotic lesions or cell death. Subtle den-
dritic alterations following X irradiation, including
decreased dendritic intersections, branchings, and
length, as well as reduced packing density of neu-
ronal elements in the irradiated cerebral cortex of
the monkev, were reported.™”

Alterations in Nervous System Function

Given the above data, we can say that (except for
the possibility of mitotic neurons in the CNS) the
adult brain is indeed relatively resistant to radiation
when the end point measured is cell death or change
in neuronal morphology. However, the point is that
the CNS is quite sensitive to functional changes
brought on by alterations in neurophysiology and
neurochemistry. It is likelv that these functional
changes, brought about by low or intermediate
doses (less than 15 Gv) of ionizing radiation, account
for many of the behavioral changes observed.

Supporting this view, changes in brain metabo-
lism were reported after very low (0.11-0.24 Gy)
doses of ionizing radiation.®™ In a more detailed
analysis with the 'C-2-deoxyglucose method of
measuring local cerebral glucose utilization, a dose
of 15 Gy of X radiation was administered to the rat
brain.™" Significantly lower rates of glucose use
were found in sixteen different rat brain structures
at 4 days after irradiation and in twenty-five struc-
tures at 4 weeks. Although large radiogenic changes
exist in the metabolism of some brain nuclei, a
weighted average rate for the irradiated brains, as a
whole, was approximatelv 15% below that for the
controls.

Electrophysiology. Measures of electrophysiol-
ogv have been used to illustrate changes in brain
function after exposure to ionizing radiation. Sev-
eral studies were reviewed in which cortical EEG
changes were observed in humans and in animals
following doses of less than 0.05 Gy.™™ Typically, an
initial temporary increase in bioelectric amplitude
was followed, within minutes, by a depression.
Other investigations have frequently needed higher
doses of radiation in order to observe changes in
EEG. For example, changes were not seen in EEGs
after 0.03-0.04 Gy, but significant alterations were
observed after 2 Gy.*™ At a higher dose (15 Gy),
monkey cortical EEG abnormalities consisted of the
slowing of activity, with an increase in amplitude.'"
Spiking and patterns of grand mal seizure also oc-
curred. A rapid onset of high-amplitude slow
waves (delta waves) seemed to relate to periods of
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behavioral incapacitation.”" Exposures to 4-6 Gy of
gamma radiation seem to stimulate spontaneous ac-
tivity in the neocortex, whereas exposures of higher
than 9 Gy inhibit all brain activities.”"!

The hippocampus shows significant changes in
physiological activities after gamma irradiation with
even less than half of the 18-Gy threshold dose
needed to produce changes in cortical activities.'»!?
One of the most striking effects was hippocampal
spike discharges, first identified in cats'™ and later
confirmed in rabbits.”"* This spiking developed soon
after irradiation (2-4 Gy) when no other clinical
signs of neurological damage or radiation sickness
were present. The apparent radiosensitivity of the
hippocampus and its importance in critical functions
like learning, memory, and motor performance have
recently led others to investigate the electrophysiol-
ogy of this brain area. The firing of hippocampal
neurons was found to be altered by exposure to 4 Gy
of gamma radiation."* In addition, in vitro experi-
ments suggest that spontaneous discharges of hip-
pocampal pacemaker-like neurons are induced by X
and gamma rays at a dose of 0.08 Gy.”"* If con-
firmed, these data suggest that hippocampal electro-
physiology may be the most sensitive measure of
functional brain changes after irradiation.

Alterations in the thresholds and patterns for
audiogenic and electroconvulsive seizures have been
produced by exposing animals to ionizing radia-
tions. Such effects are generally interpreted as re-
flecting gross changes in CNS reactivity. Early work
with dogs showed that spontaneous seizures some-
times occurred following very large doses of radia-
tion.'" Later experiments confirmed that seizures
can be induced by whole-body or head-only expo-
sures to 30-250 Gy in a variety of species. For ex-
ample, rats were exposed to 5 Gy of X radiation and
the electroconvulsive shock (ECS) threshold was de-
termined for 180 days after irradiation.'* ECS
thresholds were reduced in irradiated rats over the
entire test period. In later studies,'* it was reported
that considerably lower doses (perhaps less than
0.61 Gy) also reduced the thresholds for ECS sei-
zures and audiogenic seizures.”'*?!

Unlike the CNS, peripheral nerves are quite resis-
tant to the functional alterations produced by ioniz-
ing radiation. Most data indicate that peripheral
nerves do not show any changes in electrophysiol-
ogy with X-ray exposures below 100 Gy.*'" After
higher doses, the action-potential amplitude and the
conduction velocity temporarily increase but then
gradually decrease.” ' Also, alpha and beta par-
ticles are more destructive to peripheral nerves than
are gamma or X rays, and usually cause a monopha-
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sic depression of function without the initial en-
hancement of activity.>*** Perhaps the lowest dose
of ionizing radiation ever found to produce an al-
teration in the function of peripheral nerves was re-
ported in a study in which T-shaped preparations of
isolated frog sciatic nerves were produced when the
nerves were partially divided longitudinally.***
Electrical stimulation was applied to the intact stem
of the T, and electrical recordings were made from
the ends of the two branches. A small segment of
one of the branches was irradiated with 0.04-0.06 Gy
of alpha particles, producing a definite decrease in
action-potential amplitude and an increase in chro-
naxie. These results are remarkable, given the much
higher doses that have been required to affect these
peripheral nerve functions in most other studies.

Relatively little radiobiology research has been
done using single isolated nerve fibers. However,
the results that do exist agree with those from ex-
periments with nerve trunks. In single fibers iso-
lated from a frog sciatic nerve, effects on peripheral
nerve functions included the induction of an injury
current in the irradiated segment and, with in-
creased exposure, a sequence consisting of increased
threshold, reduced action potential, and finally a
conduction block.™

It has been known for some time that paralysis of
the hind limbs of animals can result from localized
irradiation of the spinal cord. Rabbits developed
this paralysis at 4-33 weeks after exposure of the
upper thoracic region to 30-110 Gy of X radiation at
2.5 Gy/day.> The minimum single exposure found
to produce paralysis at 5 months was 20 Gy.™ As in
other model systems, the time interval between irra-
diation and the appearance of neurological symp-
toms decreases as dose increases. For example, 50
Gy of X rays to the monkey midthoracic spinal cord
produced immediate paraplegia, whereas 40 Gy was
effective only after a latent period of about 5.5
months.>

Radiation effects on the electrophysiology of the
synapse were first studied using the cat spinal re-
flex.”**" These studies showed that excitatory syn-
aptic transmission is significantly increased by X-ray
exposures of 4-6 Gy. Synaptic transmission at the
upper cervical ganglion of the cat is also facilitated
15-20 minutes after exposure to 8 Gy of X rays.*™
Both mono- and polysynaptic spinal reflexes are sig-
nificantly augmented immediately after exposure to
5 Gy of X radiation. It is of interest that significant
augmentation of monosynaptic excitatory postsyn-
aptic potentials (EPSP) was found immediately after
exposure to 6-12 Gy of X rays, whereas inhibitory
postsynaptic potentials (IPSP) recorded from the

same cell were not significantly affected by a 12-Gy
exposure.” "' Similarly, polysynaptic EPSPs were
significantly augmented as the dose increased,
whereas the polysynaptic IPSPs were little influ-
enced by even an exposure of 158 Gy. At higher
doses (50-200 Gy), ionizing radiation may damage
both synaptic and postsynaptic functioning, proba-
bly through different molecular mechanisms.**
These radiogenic changes in synaptic transmission
may be important factors underlying the compli-
cated functional changes that occur in the CNS fol-
lowing radiation exposures.

Neurochemistry. One of the most important
mechanisms of postirradiation nervous transmission
to be studied has been the ion flow across the neu-
ronal semipermeable membrane. In particular, the
flow of sodium ions is believed to be involved in the
control of neuronal excitability™ and apparently can
be disrupted after either a very high or very low
dose of radiation. A study using the radioactive iso-
tope sodium-24 compared the sodium intake across
the membrane of the squid giant axon before and af-
ter exposure to X rays.* A significant increase in
sodium intake was found to occur during the initial
hyperactive period induced by a dose of 500 Gy.
These observations were confirmed in a study of
frog sciatic nerves that had been irradiated with
1,500-2,000 Gy of alpha particles, although a simul-
taneous decrease in the rate of sodium extrusion also
occurred.” Peripheral nerves may be less radiosen-
sitive than CNS neurons and perhaps differ in their
radiation response. In a study that used a different
technique, the artificially stimulated uptake of so-
dium into brain synaptosomes was significantly re-
duced by an ionizing radiation exposure (high-en-
ergy electrons) of 0.1-1,000.0 Gy.** This CNS effect
was later confirmed for 1-100 Gy of gamma radia-
tion.™

The brain has been described as a radiosensitive
biochemical system,” and in fact, many significant
changes in brain neurochemistry have been ob-
served after irradiation. An early study revealed
that 1-2 days after an exposure to 3 Gy of X radia-
tion, neurosecretory granules in the hypophysial-
hypothalamic system showed a transient increase in
number over the controls.”” A leaking of brain
monoamines from the neuronal terminals of rats ir-
radiated with 40 Gy of X rays has also been ob-
served.™' These changes in neuronal structure may
correlate with radiogenic alterations of neurotrans-
mitter systems.

Normal catecholamine functioning appears to be
damaged following exposure to intermediate or
high doses of ionizing radiation. After 100 Gy, a
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transient disruption in dopamine functioning (simi-
lar in some ways to dopamine-receptor blockade)
was demonstrated.™ This idea is further supported
by the finding that a 30-Gy radiation exposure in-
creases the ability of haloperidol (a dopamine-recep-
tor-blocking drug) to produce cataleptic behavior.**'
Radiation-induced effects on dopamine have been
correlated in time with ETI, suggesting that changes
in this neurotransmitter system may play a role in
behavioral disruptions. However, other neuro-
modulators (such as prostaglandins) also seem to in-
fluence dopaminergic systems to help produce some
radiation-induced behavioral changes.**' A transient
reduction in the norepinephrine content of a mon-
key hypothalamus was also observed on the day of
exposure to 6.6 Gy of gamma radiation. Levels of
this neurotransmitter returned to normal 3 days
later.*** Similar effects have been reported,”* but
another study found no change in noradrenaline af-
ter 8.5 Gy of X rays.** Monoamine oxidase (MAO),
an enzyme which breaks down catecholamines, was
significantly reduced by a supralethal 200-Gy dose
of mixed neutron-gamma radiation. This enzymatic
change occurred within 4 minutes of exposure and
lasted for at least 3 hours. In contrast, a very
marked increase in MAO activity was observed
when animals received the same dose of radiation
rich in gamma rays.**

Contradiction exists in the literature concerning
radiation’s effects on 5-hydroxytryptamine (5-HT).
Some investigators reported a radiogenic stimula-
tion of 5-HT release at approximately 10 Gy, while
others observed a decrease or no change in the levels
of this neurotransmitter.”* Although the physiologi-
cal mediators of transient functional deficits may not
be the mediators of radiation-induced mortality, it is
interesting that dopamine and 5-HT have been sug-
gested as radioprotectants for prolonging the sur-
vival of X-irradiated rats or mice.**#"

A variety of functions involving the neurotrans-
mitter acetylcholine (ACH) is significantly altered by
exposure to ionizing radiation. ACH synthesis rap-
idly increases in the hypothalamus of the rat after
less than 0.02 Gy of beta radiation, but is inhibited at
only slightly higher radiation doses.”™ A dose of 4
Gy of cobalt-60 gamma radiation produced a long-
term increase in the rate of ACH synthesis in dogs.”*
Also, high-affinity choline uptake (a correlate of
ACH turnover and release) slowly increased to 24%
above control levels 15 minutes after irradiation
with 100 Gy.*** Choline uptake was back to normal
by 30 minutes after exposure. Massive doses of
gamma or X rays (up to 600 Gy) are required to alter
brain acetylcholinesterase activity,”™' whereas much
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smaller doses depress plasma acetylcholinesterase
by 30% .

Cyclic nucleotides, such as cyclic AMP (adeno-
sine-3',5"-cyclic monophosphate), act as second mes-
sengers in synaptic transmission. It is interesting
that after irradiation (50 Gy), concentrations of cyclic
AMP are reduced in rats*** and monkeys.”™ The
transient nature of these changes also suggests their
possible role in EPDs.

Exposure to large doses of ionizing radiation re-
sults in postirradiation hvpotension in mon-
keys,!!!**% with arterial blood pressure decreasing
to less than 50% of normal.”¥ Postirradiation hypo-
tension also produces a decrease in cerebral blood
flow immediately after a single dose of either 25 or
100 Gy of cobalt-60 gamma radiation.'*"***** This
hypotension may be responsible for the ETI ob-
served after a supralethal dose of ionizing radia-
tion.!"'**! In support of this hypothesis, the anti-
histamine chlorpheniramine maleate was effective in
reducing the monkeys’ performance decrements and
at the same time reducing postirradiation hypoten-
sion.”¥ A study with untrained monkeys, whose
postirradiation blood pressures were maintained by
norepinephrine or other pressor drugs, showed that
as long as arterial pressure remained above a critical
level, the monkeys appeared to remain attentive and
alert.> However, in a follow-up study on monkeys
trained to perform a task, norepinephrine main-
tained blood pressure but did not consistently im-
prove their performance during the first 30 minutes
after irradiation.™ Other authors have not seen a
close association between blood pressure and behav-
ioral changes.” Further contrary evidence was ob-
tained from experiments with the spontaneously
hypertensive rat (SHR), in which exposure to ioniz-
ing radiation reduced the blood pressure of most of
them to near-normal levels. However, these irradi-
ated SHR:s still showed a significant behavioral defi-
cit after exposure to 100 Gy of high-energy
electrons.™ Finally, a significant association was
found between the degree of hypotension and the
frequency of EPDs.""! Still, half the monkeys with a
50% drop in blood pressure did not show behavioral
decrements. Thus, even though the relationship be-
tween decreased blood pressure and impaired per-
formance is intriguing, simple changes in blood
pressure may not be sufficient to explain EPDs.

The massive release of histamine that is observed
after exposure to a large dose of ionizing radiation
has been proposed as a mediator of radiogenic
hypotension and EPDs.** Histamine is a very active
biogenic amine and putative neurotransmitter lo-
cated in neurons and mast cells throughout the
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body, especially around blood vessels. ™ Attempts
to alter the development of behavioral deficits by
treating animals with antihistamines before expo-
sure have been encouraging.” " Monkeys pre-
treated with chlorpheniramine (H,-receptor blocker)
performed better and survived longer after irradia-
tion than did controls.™” Similar benetits were ob-
served in irradiated rats.™" Further, the use of
diphenhydramine (a histamine H, -receptor antago-
nist) inhibited radiation-induced cardiovascular dys-
tunction.™ Since these antagonists produced only
partial reliet from radiation effects, it appears that
the histamine hypothesis explains only a portion of
the behavioral and physiological deficits observed
after radiation exposure.*™

When most animal species are exposed to a suffi-
ciently large dose of ionizing radiation, they exhibit
lethargy, hypokinesia, and deficits in perform-
ance. ™! Because these behaviors seem similar to
those observed after a large dose of morphine, a role
for endogenous opioids (endorphins) has been pro-
posed in the production of radiation-induced behav-
ioral changes.™'** Endogenous morphine-like sub-
stances may be released as a reaction to some™ ">
but not all** stressful situations. Like a sufficiently
large injection of morphine itself, endogenous
opioids can produce lethargy, somnolence, and re-
duction in behavioral responsiveness.” "

Cross-tolerance between endorphins and mor-
phine has been demonstrated for a variety of behav-
ioral and physiological measures.”™** Given the
similarity of radiation- and opiate-induced symp-
toms, it is not surprising that endorphins appear to
be involved in some aspects of radiogenic behavioral
change. Ionizing radiation can produce dose-de-
pendent analgesia in mice, and this radiogenic anal-
gesia can be reversed by the opiate antagonist nalox-
one."** In another experiment, morphine-induced

analgesia of the rat was significantly enhanced 24
hours after neutron (but not gamma) irradiation,
suggesting some combined delayed effects of en-
dogenous and exogenous analgesics that may be ra-
diation-specific.'* Ionizing radiation exposure can
also attenuate the naloxone-precipitated abstinence
syndrome in morphine-dependent rats.™

Further supporting the hypothesis that endor-
phins are involved in radiation-induced behavioral
change, C57B1/6] mice exhibited a stereotypic loco-
motor hyperactivity similar to that observed after
morphine injection, after receiving 10-15 Gy of co-
balt-60 gamma radiation.” This radiogenic behavior
was reversed by administering naloxone or by pre-
exposing the mice to chronically stressful situations
(a procedure that produces endorphin tolerance).™
Further, opiate-experienced C57Bl/6] mice reduced
the self-administration of morphine after irradiation,
suggesting that the internal production of an endor-
phin reduced the requirement for an exogenous
opioid compound.®™ Biochemical assays also re-
vealed changes in mouse brain beta-endorphin after
exposure to ionizing radiation.® Rats and monkeys
had enhanced blood levels of beta-endorphin after
irradiation,”** and morphine-tolerant rats showed
less performance decrement after irradiation than
nontolerant subjects.® In addition, naloxone (1
mg/kg) given immediately before exposure to 100
Gy of high-energy electrons significantly attenuated
the ETI observed in rats.* Conversely, rats either
underwent no change® or were made more sensitive
to radiation effects after chronic treatment with
naloxone on a schedule that increased the number of
endorphin receptors.” However, the manipulation
of opioid systems did not produce total control over
postirradiation performance deficits. Thus, these
data do not suggest an exclusive role for endorphins
in radiogenic behavioral change.

THE HUMAN EXPERIENCE WITH RADIATION

Humans have been exposed to radiation from
environmental and industrial sources, clinical ther-
apy, accidents, wartime detonations at Hiroshima
and Nagasaki, and even experiments. Many of these
exposures contribute little information about the be-
havioral effects of ionizing radiation. In most of the
cases, behavioral data were not collected. Many of
the data that were gathered are difficult to evaluate
because there is no information about the radiation
dose received, the level of baseline performance, or
other circumstances. But the data are interesting, at

least in a qualitative context, because they partially
validate some work with animal models and also
suggest new hypotheses for testing.

Two radiation accidents are particularly instruc-
tive. Both exposures occurred in the early days of
the production of fissionable radiation material for
nuclear weapons and involved radiation doses large
enough to produce an ETI. In spite of safety precau-
tions to ensure that the plutonium-rich holding
tanks did not contain enough fissionable material to
permit the occurrence of a critical reaction, an acci-
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dental critical event took place in 1958 at the Los
Alamos Scientific Laboratorv.™ Mr. K. received an
average (and fatal) total bodv dose of 45 Gy and an
upper abdominal dose estimated at 120 Gv of mixed
neutron-gamma radiation. During the event, Mr. K.
either fell or was knocked to the floor. For a short
period, he was apparently dazed and turned his plu-
tonium-mixing apparatus off and on again. He was
able to run to another room but soon became ataxic
and disoriented. Because he kept repeating, “I'm
burning up, I'm burning up,” his co-workers helped
him to a shower, but by this time he could not stand
unaided. He was incapacitated and drifted in and
out of consciousness for over a half hour before he
was rushed to a local hospital. Before his death at 35
hours after irradiation, Mr. K. regained conscious-
ness and a degree of coherence. From approxi-
mately 2 to 30 hours after the accident, he showed
significant behavioral recovery and at some points
actually experienced euphoria, although his clinical
signs were grave. The last few hours before Mr. K.’s
death were characterized by irritability, uncoopera-
tiveness, mania, and eventually coma.™

The 1964 case of Mr. P, an emplovee of a ura-
nium-235 recovery plant, cioselv parallels that of Mr.
K. This accident took place in Providence, Rhode Is-
land, when Mr. P, was trying to extract fissionable
material from uranium scraps. A criticality oc-
curred, and Mr. P. was thrown backward and
stunned for a period of time. He received a head
dose of 140 Gv and an average body dose of 120 Gy.
Unlike Mr. K., however, Mr. P. did not lose con-
sciousness. After a period of disorientation and con-
fusion, he stood up and ran from the building to an
emergency shack, a distance of over 200 yards. Mr.
P.’s awareness of his surroundings during this early
period has been questioned because he ran into a 4-
inch-wide sapling even though it was quite visible.
Unfortunately, Mr. P. rode in an ambulance for al-
most 2 hours, during which time behavioral obser-
vations were not made. When he arrived at Rhode
Island Hospital, he had transient difficulty enunciat-
ing words. Significant behavioral recovery occurred
from 8 to 10 hours after the accident. During this
period, Mr. P. was alert, cooperative, and talked of
future activities in a euphoric manner, inconsistent
with his terminal diagnosis. In the hours before his
death at 49 hours after the accident, Mr. P.’s condi-
tion deteriorated significantly, and he exhibited rest-
lessness, anxiety, extreme fatigue, and disorienta-
tion.™

These cases of radiation accidents involving hu-
mans are consistent with the animal literature sug-
gesting that a supralethal radiation dose can pro-
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duce EPDs. Both of the accident victims experienced
behavioral deficits to some degree soon after expo-
sure. These deficits were transient and were most
prominent in Mr. K. The data agree with general
conclusions reached in a review of several radiation
accidents, in which a remission of early symptoms
occurred before the onset of the manifest illness
phase was recorded.™ In comparison with these
high-dose accidents, lower radiation doses or par-
tial-body exposures may produce milder but more
persistent behavioral changes characterized by
weakness and fatigability. An accident victim ex-
posed to ionizing radiation from an unshielded
klystron tube received as much as 10 Gy to portions
of his upper torso and experienced fatigability that
lasted for more than 210 days after exposure.””!

The 1986 Chernobvl nuclear reactor accident also
produced behavioral deficits in persons attempting
to perform their duties in high-radiation environ-
ments. A Soviet fireman who fought the blaze of the
burning reactor core suffered performance deficits
and eventually had to withdraw because of his ex-
posure to radiation.™ Similarly, a Soviet physician
who had received significant radiation exposures
while treating patients could not perform his du-
ties.™* Both persons eventually recovered from their
behaviorally depressed states and are (at this writ-
ing) still alive. These recent accident data add to the
growing literature suggesting that sublethal doses of
radiation can induce human performance decre-
ments.

A few attempts have been made to assess human
performance after clinical irradiations. The Halsted
test battery for frontal-lobe functional deficits was
used in four patients exposed to 0.12-1.90 Gy of
mixed neutron-gamma radiations.” Test scores at
days 1-4 and 1 vear after exposure were within the
normal range. Patients with advanced neoplastic
disease were whole-body irradiated with 0.15-2.0
Gy given as a single dose or in 2-5 fractions sep:
rated by intervals of up to 1 hour.** The subjects
were pretrained and served as their own controls in
performing tests designed to assess hand-eye coordi-
nation. Tests were performed immediately after ex-
posure and at later intervals, but at no time did a
performance decrement exist that could be ascribed
to these relatively low radiation doses. However,
because the behavioral design of these experiments
was secondary to medical treatment, the results are
inconclusive. The paucity of radiobiological data on
human behavior and the need to predict military
performance after ionizing radiation exposure have
led to an extensive Defense Nuclear Agency pro-
gram on the estimation of human radiation effects.”™*
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Fig. 7-8. Outline of empirical approach used by Defense Nuclear Agency to estimate performance deficits after an inter-
mediate dose (0.75—45 Gv) of ionizing radiation

RADIATION-INDUCED CHANGES IN MILITARY PERFORMANCE

The U.S. Army has predicted certain distributions
of effect for combat personnel exposed to ionizing
radiation. For every soldier who receives a radiation
dose of greater than 30 Gy (a supralethal and behav-
iorally incapacitating dose), another will receive a le-
thal (4.5 Gy) dose that may alter behavior. Two
more soldiers will receive doses that are sublethal
but greater than the present maximum (0.5 Gv) al-
lowed for troop safety.™ Given this wide range of
expected doses and the ambiguity of the expected
outcomes for human behavior, the Defense Nuclear
Agency established methods for estimating the be-
havioral effects of acute radiation doses (0.75-45.0

Gy) on combat troops.

To predict human radiation-induced perform-
ance deficits, the Defense Nuclear Agency used a
survey method of first identifying the physical
symptoms expected after various radiation doses
and then determining the soldiers’ estimates of their
own changes in performance while experiencing
these symptoms (Figure 7-8). Briefly, this involved
(a) an extensive review of the literature on human
radiation (including radiation-therapy patients,
Japanese atomic-bomb victims, and radiation-acci-
dent victims) to identify the symptoms to be ex-
pected after the radiation doses of interest; (b) the
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Source: Data are derived from the Human Response Program of the Detense Nuclear Agency
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compilation of symptom complexes that reflect vari-
ous combinations of the expected radiogenic svmp-
toms, including gastrointestinal distress, fatigability,
weakness, hvpotension, infection, bleeding, fever,
fluid loss, and electrolvte imbalance;™ (¢) the devel-
opment of accurate descriptions of the severity of
each symptom category at each postirradiation time
of interest; (d) an analysis of tasks performed by five
different crews, including a field artillery gun (155-
mm SP Howitzer) crew, a manual-operations field
artillery fire-direction crew, a tank (M60A3) crew, a
CH-47 (Chinook helicopter) crew, and an anti-tank
guided missile crew in a TOW vehicle; (¢) the devel-
opment of questionnaires that require experienced
crewmembers (NCOs or warrant officers) to predict
task degradation (slowing of performance) during
particular svmptom complexes; and (f) the evalu-
ation of monkeyv performance data from a visual-dis-
crimination (physically undemanding) task or a
wheel-running (physically demanding) task.™™ This
analysis of animal data was performed, in the ab-
sence of sufficient human data, in order to estimate
the rapid behavioral decrements that follow large
(1045 Gy) radiation doses.

For each crew position, sophisticated statistical
techniques made possible the construction of min-
ute-by-minute performance estimates and also
smoothed the summary curves as a function of ra-
diation dose and time (Figure 7-9). The analysis in-
volved grouping the results from individual crew
members into two categories: physically demanding
tasks and physically undemanding tasks (Figures 7-
10 and 7-11). A separate analysis of helicopter tasks
was also made (Figure 7-12). The degree of perform-
ance deficit for each of the five crew positions was
described in terms of the following categories: (a)
performance capability 75%-100% of normal is com-
bat effective, (b) performance capability 25%-75% of
normal is degraded, and (c) performance capability
0-25% of normal is combat ineffective.

This scheme was then used to summarize the ex-
pected changes in the performance of combatants af-
ter various doses of radiation exposure.™ In gen-
eral, the data indicate that the capabilities of crew
members performing tasks of similar demand are

degraded similarly. The capabilities of crew mem-
bers performing physically demanding tasks are de-
graded more than the capabilities of members per-
forming physically undemanding tasks. This latter
observation agrees with the data from animal stud-
ies on physical effort after irradiation (Figure 7-4).
Figures 7-10, 7-11, and 7-12 illustrate the behavioral
changes that might be expected during a one-month
period after various doses of ionizing radiation. For
example, if crew members performing a physically
demanding task are exposed to 10 Gy (Figure 7-10),
they will be combat effective for only a little over 1
hour. This period will be followed by an extended
time (roughly 1 month) of degraded performance
before they become combat ineffective before death.
The outlook for performance (but not ultimate prog-
nosis) is a little better for a person performing a
physically undemanding task after a 10-Gy irradia-
tion (Figure 7-11). This soldier would remain com-
bat effective for 1.7 hours after exposure. Following
this initial period of coping, a transient performance
degradation of 2.8 days would ensue before a short
recovery and then a gradual decline, ending in death
at 1 month after irradiation.

In order to obtain an independent check of the
performance degradations predicted for radiation
sickness by this study, results were compared
(where possible) to actual performance decrements
measured in members of the U.S. Coast Guard. The
decrements occurred during motion-sickness epi-
sodes with symptoms similar to those of radiation
sickness. This comparison revealed that the esti-
mates of radiogenic performance decrements made
by responders to the questionnaire were similar to
the actual declines in short-term task performance
that were measured during motion sickness.

Although these are the best estimates of human
radiation-induced behavioral deficits that are cur-
rently available, their limitations are recognized.
These predictions apply to the physiological effects
of prompt whole-body irradiation. The data do not
predict the behavioral effects of protracted radiation
exposures that would occur with fallout, nor do they
attempt to account for degradation from the psycho-
logical effects that are unique to nuclear combat.

RADIOPROTECTION AND BEHAVIOR

Relatively few studies have addressed the prob-
lem of normalizing the behavioral changes that are
seen immediately (and up to 24 hours) after irradia-
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tion. Research suggests that antihistamines and opi-
ate antagonists (such as naloxone) may offer behav-
ioral radioprotection under certain circumstances.
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Some data suggest that estrogens (known to reduce
lethal effects of ionizing radiation)*”*" can reduce
the intensity and duration of radiation-induced early
transient behavioral deficits in castrated rats trained
to perform an avoidance task.™ Amphetamines can
continue to produce locomotor hyperactivity in rats
after irradiation with 100 Gy of electrons at a time
when the animals would normally be hypoactive.
Experiments have also been performed to evaluate
the behavioral toxicity of radioprotectants that have
the ability to (a) reduce the lethal effects of radiation
or (b) challenge the emesis that sometimes accompa-
nies intermediate doses of ionizing radiation.*

Radioprotectants that Reduce Mortality

Traditionally, the development of radioprotec-
tants has meant searching for compounds to protect
from the lethal effects of ionizing radiation.* More
recently, radioprotective compounds have been
evaluated for their ability not only to decrease mor-
tality but also to preserve behavioral capacities after
irradiation.”** Two early studies administered n-
decylaminoethanethiosulfuric acid (WR-1607) (10
mg/kg, intravenous) to monkeys and reported some
behavioral benefits."** In the first study, monkeys
trained to perform a continuous-avoidance task
were exposed to 100-400 Gy of pulsed neutron-
gamma radiation.” Protection from ETI was ob-
served up to 4 hours after irradiation, and WR-1607
extended the lives of the subjects for almost 5 hours
beyond that observed in control animals. In the sec-
ond study, monkeys trained to perform a visual-dis-
crimination task were exposed to 25 or 40 Gy of
mixed neutron-gamma radiation.™ ETI was
blocked during the first hour, but performance
started to fall 2 hours after exposure. Although
these behavioral results were promising, WR-1607
produced severe emesis. This side effect may ex-
plain the current shift of interest to another promis-
ing drug, WR-2721 (ethiofos).*"

Many experiments have assessed the behavioral
toxicity of drugs that are known to offer protection
from radiation mortality. Researchers have been
studying ethiofos extensively, hoping that it has
fewer side effects than WR-1607.*" Troops who are
incapacitated on the battlefield from a radioprotec-
tant are as great a loss as troops incapacitated by
ionizing radiation. Ethiofos has been tested in mice,
rats, and monkeys for its behavioral toxicity and its
potential ability to block radiogenic performance
decrements, using spontaneous locomotor activities
as well as accelerating-rod and visual-discrimination
performance tests.t> 1013230430 I a]] of the species

and tasks analyzed, ethiofos was behaviorally toxic
when given alone (it disrupted trained behavior or it
reduced locomotor activity), and it increased rather
than decreased the radiation-induced performance
decrements. Thus, although ethiofos protects from
the lethal effects of radiation, it has limited use when
the recipient must remain functional. This concept
of a behaviorally tolerated drug dose is very impor-
tant in evaluating the radio-protectant candidates
for military use.

Efficacy of Antiemetics

Although considerable research on antiemetics
exists, its focus has been mainly limited to drugs
that are effective in radiation therapy.**"** In this
regard, various anti-inflammatory drugs (such as
dexamethasone and steroids) have been useful in
managing the emesis of patients.”™*" However,
therapy makes few task demands on the recipients;
in the military, antiemetics that are effective against
radiation-induced vomiting must also not disrupt
performance capabilities. These requirements sig-
nificantly reduce the field of potentially useful anti-
emetics. For example, metoclopramide, dazopride,
and zacopride (5-HT3-receptor blockers) were tested
for antiemetic effects in monkeys exposed to 8 Gy of
gamma radiation.™ All three drugs were found to
be effective antiemetics. However, only zacopride
had no readily observable behavioral effects; meto-
clopramide disrupted motor performance, and
dazopride produced drowsiness.” Additional work
assessed the behavioral toxicity of zacopride in mon-
keys performing the speed-stress visual-discrimina-
tion task *'' and in rats performing the accelerating-
rod task.’> No behavioral toxicity was observed in
either performance model. In the future, these more
refined behavioral measures will be used to assess
the military usefulness of these and other putative
antiemetics after radiation exposure.

Shielding

In addition to pharmacological radioprotection,
the immediate effects of radiation may be mitigated
by shielding (placing material between the radiation
source and the subject). Studies have focused on ei-
ther head shielding (body exposed) or body shield-
ing (head exposed). In one study of ETI, pigs were
trained to traverse a shuttle-box on cue and then
were either body-exposed or head-exposed to
60-130 Gy of mixed neutron-gamma radiation.’"?
The investigators reported that head shielding of-
fered significant protection from ETI. Other short-
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term shielding experiments were conducted with
monkevs trained to perform a visual-discrimination
task.'™ " The monkeys were exposed to mixed neu-
tron-gamma radiation at doses of 25, 45, or 100 Gy.
In the 25- and 100-Gy-dose groups, ETI was about
equally severe tor all shielding conditions.  How-
ever, the incidence of ETI in the 45-Gy-dose group
was lowest in the head-shielded condition. The re-
sults from several other shielding studies with mon-
kevs do not clearly indicate that head or body
shielding offers anyv differing protection from
ETL!=7 o0t de These equivocal results also raise
questions about the exclusive role of the CNS in the
production of radiation-induced performance deti-
cits. As with radiation-induced taste aversion, post-
irradiation behaviors may be influenced by periph-
eral mechanisms that have not been fully explored.™

Bone-Marrow Factors

Bone-marrow transplants have been used to chal-
lenge radiation-induced damage to the blood-form-
ing systems. [t is interesting that this manipulation
seems also to provide some subchronic behavioral
benefits.’'” Measures of activity and lethality were
recorded in rats that were irradiated with 6.5 Gy ot
X ravs. Twenty percent of the nontreated rats died,
whereas 86 of the marrow-treated group survived.

It is more important here that the initial decreases in
spontaneous locomotor activity were less severe in
the marrow-treated rats.  Instead of showing a sec-
ond drop in activity 10 days after irradiation, the
treated rats showed near-normal activity for the en-
tire 35 days of testing.” A similar outcome for be-
havior was observed in rats exposed to 7.5 Gy of
whole-body X rays except for shielded marrow-con-
taining bones.™

Bone-marrow transplantation may be impractical
in military situations. However, shielding may en-
able stem cells to survive so that certain immuno-
modulators of growth factors may promote regen-
eration and thereby enhance performance.

Radiation in Space

The behavioral scientist who is interested in these
issues is constantly challenged by a variety of mili-
tary-relevant tasks that require empirical analysis.
As military operations move to outer space, new ra-
diation hazards will challenge the human’s abilities
to carrv out missions.™ "™ The behavioral effects of
ionizing radiations (such as protons and high-Z par-
ticles) in space are beginning to be explored. ™
Preliminary indications are that radiations in space
may be significantly more disruptive to behavior
than are the radiations in the earth’s environments.

SUMMARY

The success or failure of military operations can
be measured in terms of missions completed or tasks
performed. Under many circumstances, exposure to
ionizing radiation can significantly impede perform-
ance. In the case of low-to-intermediate doses of ra-
diation (up to 10 Gy), performance deficits may be
slow to develop, may be relatively long lasting, and
will usually abate before the onset of chronic radia-
tion effects, such as cancers. After large doses, the
behavioral effects are often rapid (within minutes),
and they usually abate before the onset of the debili-
tating chronic radiation sickness. These rapid effects
can also occur after intermediate doses. But all tasks
are not equally radiosensitive; tasks with complex,
demanding requirements are more easily disrupted
than simple tasks. The exceptions may be certain
naturalistic behaviors which are also quite radiosen-
sitive. Radiation parameters such as dose, dose rate,
fractionation, and quality can all influence the ob-
served degree of performance decrements. Electron
radiation is more able to produce behavioral deficits
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than are other radiations, such as neutron radiation.
In addition, combined injuries will probably be
prevalent in any future nuclear conflicts; present
data suggest that trauma can act synergistically with
radiation exposure to greatly increase the behavioral
deficits.

Possible sensory and neurophysiological media-
tors of radiation-induced behavioral deficits have
been identified. Long-term changes in performance
may be mediated in part by radiogenic brain dam-
age from ischemia, edema, or direct damage to the
parenchymal tissues themselves (such as dendrites
and glia). More transient cerebrovascular changes
after radiation exposure may also produce short-
lived behavioral deficits. Postirradiation alterations
in brain metabolism and the disruption of the nor-
mal electrophysiology of the axon and synapse may
have important roles in certain performance deficits.
In addition, a wide range of radiogenic neurochemi-
cal alterations have been characterized. These in-
clude the reduced ability of synaptic sodium chan-
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nels to respond to stimulation. The nervous sys-
tem’s radiosensitivity is revealed by the fact that al-
terations in the basic substrate of neural excitation
have been observed at doses of less than 1 Gy. Vari-
ous levels of neurotransmitters (such as ace-
tylcholine and dopamine), putative neurotransmit-
ters (such as endorphins), and other neurochemicals
and biogenic amines (such as histamine) undergo
significant changes after radiation exposure. Like
the modifications of morphology and electrophysiol-
ogy, many of these neurochemical changes may also
be capable of mediating the performance decre-
ments observed after ionizing radiation exposure.
The literature on performance deficits in animals
is quite extensive compared to that for humans.
Human data are derived from radiation accidents or
therapeutic studies, and many confirm the informa-

tion from animal studies. Based on all data now
available, the Human Response Program of the De-
fense Nuclear Agency has estimated the expected
performance changes in irradiated soldiers. These
projections depend on such factors as radiation dose,
time after exposure, and task difficulty. Although
the topics are complex, the human and laboratory
animal data should permit the description, predic-
tion, and (eventually) amelioration of the behavioral
effects of ionizing radiation exposure. Thus far,
however, many of the pharmacological compounds
that protect animals from the lethality of ionizing
radiation have been found to have severe behavioral
toxicity. We must further explore the potential for
using behaviorally compatible antiemetics and selec-
tive physical shielding to help maintain performance
after radiation exposure.
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INTRODUCTION

The psychological casualties of a nuclear conflict
may seent to be insignificant compared to the casual-
ties from physical trauma, but they can dramatically
alter the outcome of a battle. The neuropsychiatric
casualties of World War Il were 18%—48% of all casu-
alties,'” and they were the largest single cause of lost
military personnel strength in that war.® The Arab-

Israeli Yom Kippur War of 1973 lasted only 3 weeks,
but its psychiatric casualties were 23 of all nonfatal
casualties. Even if neuropsvchiatric trauma from
intense combat does not produce a casualty, it can
degrade the performance of normal duties. Slightly
altered reaction times, attention, or motives may have
important consequences in warfare.

DETERMINANTS OF PSYCHOLOGICAL DYSFUNCTION
IN CONVENTIONAL WARFARE

Much has been learned about the origins of psychi-
atric casualties of war. On the most basic level, even
visual representations of war evoke significant in-
creases in sympathetic activity as indicated by in-
creased electrodermal activity, decreased salivary
function, and marked cardiac changes.” These changes
in physiology are correlated with higher scores on
psychological measures of stress. However, labora-
tory measurements significantly oversimplify the ar-
ray of variables that coproduce a particular behavioral
and psychological outcome. These variables include
the intensity and duration of the battle, the leadership
and cohesiveness of the group, the availability of infor-
mation and ability or inability to communicate it,
physical strain, individual expectations, experience,
and morale.

Intensity of the Battle

The most important precipitating factor affecting
the rate of neuropsychiatric casualties is the battle’s
intensity or the current degree of stress.>* Combat is
usually episodic, but the effect of combat stress is often
cumulative. Ananalysis of three infantry battalions in
the Sicilian campaign of World War Il revealed that the
number of casualties from physical wounds remained
relatively constant over the 17 days studied, but the
number of psychiatric casualties steadily increased.’

Group Characteristics

Morale, group leadership, and cohesiveness are
also good predictors of neuropsychiatric casualties.'
In a study completed after the 1973 Yom Kippur War,
the Israelisrevealed that 40% of the soldiers with battle
shock reported minimal group cohesionand unitid. .-
tification, as well as a high incidence of interpers. -.al
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difficulties with members of their units. In contrast,
only 10% of the soldiers not suffering battle shock
reported these unit problems.* Psychologically im-
paired persons were also more likely to have changed
teams in combat (63%) than were the control popula-
tion who experienced no psychological difficulties
(15%).” These data suggest that strong, stable groups
play an important role in preserving the individual’s
psychological stability in combat.

Duration of the Battle

Expectations about the duration of hostilities affect
the psychiatric casualty rate. A decided decrease in
neuropsychiatric casualties occurred in the European
theater of World War Il toward the end of hostilities in
1945. Conversely, the low psychiatric casualty rate of
the British soldiers has been attributed, in part, to the
British policy of long tours of duty. Believing there
was little chance of relief, the soldiers knew that they
would have to hold on.?

Physical Strain

The terms “combat fatigue” and “combat exhaus-
tion,” widely used in the past, indicated that a lack of
sleep, lack of food, and other fatiguing properties of
combat played an important role in psychiatric break-
down. This impression was supported when psycho-
logical symptoms were often partially relieved by
sleep and food. Although this suggested that physical
fatigue precipitates psychiatric illness, it is now clear
that fatigue itself is not the primary cause of psychiat-
ric breakdown. Units advancing against slight enemy
opposition may continue without sleep or food for
several days, and although the unit members may




suffer physical fatigue, they rarely show psychiatric
symptoms. A low incidence of psychiatric casualties is
also associated with long retreats.” Finally, typical
psvchiatric symptoms may appear early in combat or
even prior to battle, before the occurrence of appre-
ciable physical fatigue.™"

Consequences of Incapacitation

Neuropsychiatric casualty rates in wartime tend to
be low when the soldier perceives that becoming a
casualty either causes additional harm or produces no
important advantage. This was the case during the
German retreat at Stalingrad when the fleeing Ger-
mans feared capture by the Russians. Neuropsychia-
tric casualties frequently occurafter rather than during
a battle, when the fate of an incapacitated person is
uncertain.’

Expectations of the Culture

Expectations of the group or the culture may also
influence psychiatric casualty rates. The incidence of
psychiatric casualties was low in both the American
and South Vietnamese armies during the Vietnam
War, but the total number of cases admitted (during a
6-month period) to U.S. hospitals was almost double
the number admitted to South Vietnamese hospitals,
despite the fact that the total population at risk was
considerably larger for the South Vietnamese. Some
authors have attributed this to the constraints on some
psychiatric diagnoses in the Vietnamese culture."

A similar situation occurred in the Korean War.
Early in the war, when most Republic of Korea troops
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and their officers were relatively untrained and new to
combat, it was expected that psychiatric casualties
would be high. However, this was not the case, be-
cause such behavior was not culturally acceptable.
Later in the war, when Korean soldiers were inte-
grated into American units, they incurred psychiatric
breakdowns with the same frequency and symptoms
as their American comrades."

Finally, anxiety states were far less common in
Indian soldiers than in British soldiers tighting side by
side during the Arakan campaign in Burma in
1943-1944. The Indian soldiers may have felt as anx-
ious as their British comrades, but they could not
admit it; their culture dictated that they enjoy battle,
and it was a point of honor to do so. The Indian soldier
could deal with anxiety only by denying its existence,
by using a magical charm, or by self-inflicting a wound
(which released him with honor intact). If these meth-
ods were not feasible, the Indian soldier might break
into exuberant hysterical behavior similar to the ac-
cepted religious displays of his culture; this released
tension and entailed no social stigma.’

Communication

The way in which soldiers respond in any situation
depends on how they perceive it; how they perceive it
depends on the information they have about it. A
person who is uninformed in a complex, chaotic situ-
ation will be under great stress. Disruption of commu-
nications during warfare may produce sufficient anxi-
ety and fear to degrade performance.” Reduced com-
munication can also impose significant psychological
stress in a nuclear conflict. '

NUCLEAR WARFARE VERSUS CONVE!: ITTONAL WARFARE

The debate continues over the expected differences
between the psychological changes produced by con-
ventional war and those produced by nuclear war. Ex-
perts at a recent symposium on the psychological
effects of tactical nuclear warfare agreed that differ-
ences would exist, but there was considerable dis-
agreement over whether the differences would be
quantitative, qualitative, or both. With a quantitative
difference, more combatants would experience higher
levels of fear, stress, and confusion, resulting in a
greater number of neuropsychiatric casualties. How-
ever, if the differences are qualitative, the soldiers
might experience completely different psychological
symptoms, and a new and different response to the
stress of war might emerge."’

Nuclear weapons have the power to produce such
devastation that the apparent unreality of the detona-
tion’saftermath may differentiate a nuclear battle from
aconventional battle. A modernwarhead can produce
an explosion measured in megatons. Two megatons is
roughly equal to the explosive output of all bombs
dropped during World War I1."* A Japanese survivor
of the nuclear detonation at Hiroshima described a
scene illustrative of the severity of the nuclear battle-
field:

I had to cross the river to reach the station. As
I came to the river and went down the bank to the
water, [ found that the stream was filled with dead
bodies. I started to cross by crawling over the
corpses, on my hands and knees. As [ got about a
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third of the wav across, a dead body began to sink
undermy weightand went into the water, wetting,
my burned skin. It pained severely. Teould go no
turther, asthere wasabreakinthe bridge of corpses,
so 1 turned back to the shore, and started to walk
upstream, hoping to come upon another wav
across. '

Both nuclear and conventional weapons produce
blast and thermal eftects, but ionizing radiations are
unique to nuclear weapons. Radiation eftects may
have caused as many as 159 =201 of the deaths at
Hiroshima and Nagasaki.™ The insidious and lethal
nature ot radiation makes it especialty feared. hy 1951,
Brigadier General James Cooney worried about his
soldiers” ability to tunction in a nuclear battle, because
radiation associated with the atomic bomb was be-
lieved by many to “cause immediate and mysterious
injury or death.”'” Despite our current knowledge
about radiation effects, these beliefs are still pervasive.
The 1979 nuclear reactor accident at Three Mile Island
produced almost no radiation exposure above normal
background levels, butthe public believed thata radia-
tion hazard was present, which evoked long-term
sighs of emotional, behavioral, and physiological
stress. !

The psvchological reactionstonuclear warfarc have
an added dimension, namely, anxiety that the human
species will be annihilated. People achieve svmbolic
immortality by identifving with their children, grand-
children, and larger cultural units, such as their nation
or religion.™ Unlike all the past wars, in a strategic

nuclear war we will not be able to sacrifice ourselves so
that our children, tamily, or nation can survive. This
loss ot assurance ot a future for humanity mav result in
emotional changes that ditter from those during a
conventional war.™

The psvchological changes in persons exposed to
nuclear weapons will partially coincide with those
seen in other disasters. But the magnitude and type of
destruction from a nuclear weapon will probably (at
least) intensify most psvchological reactions. By 1945,
the people of Japan were accustomed to destruction
from conventional bombing.  However, the atomic
bomb effects were new and vastly more horrible, elic-
iting more extreme psychological reactions in the resi-
dents of Hiroshima and Nagasaki who responded to
the U.S. Strategic Bombing Survey several years later.,”!
Still debatable is the question of qualitative ditferences
in the psychological responses to different types of
natural disasters and other stresstul events. Psycho-
logical symptom complexes may differ, depending on
the nature of the disaster.™ In some studies, the psy-
chological morbidity is clearly defined by diagnostic
criteria, such as those identified for post-traumatic
stress disorder, anxiety, or depression. Other studies
address a more nonspecific psvchological distress
reaction.  Symptom clusters and perhaps specific
somatic complaints may be specifically related to
particular types of disasters.” It would not be surpris-
ing if in-depth studies reveal that some components of
stress reactions are more likely to be expressed during
nuclear conflicts than during conventional warfare or
natural disasters."=*

PSYCHOLOGY IN TODAY’'S NUCLEAR MILIEU

When a person is taced with the horror of nuclear
warfare, the responses are fairly predictable:  fear,
dread, and finally denial. It has been suggested that
the levels of fear and anxiety in the world’s population
have been substantially increased by the prospect of
nuclear annihilation.  In 1984, Gallup surveved 514
teenagers (ages 13-18), as a representative national
cross section, on the likelihood of the occurrence of
nuclear controntations in their lifetimes.™  Fifty-one
percent indicated that it was “somewhat likelv” that a
nuclear war would be started during their lifetimes,
and 15% thought it was “very likely.” Other surveys
by direct interview or questionnaire have been con-
ducted in the United States, the Soviet Union, and else-
where.™ ™ Althc agh the methodology of some studies
has been questioned, ™ their results indicate that many
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youngsters, particularly from white-collar families,
are troubled by the prospect of nuclear war. They have
fears about the future, and view their futures less
hopetully than previous generations did.

Adults appear to be much more complacent about
the threat of nuclear war.™ For example, the movie The
Day After, depicting a nuclear war and its aftermath,
was shown on network television in the United States
in November 1983, The filmreceived extensive public-
itv and a large audience viewed it.  Mental-health
professionals anticipated that the program would gen-
crate significant distress in viewers, so they publicized
the crisis services that were to be available during and
after the broadcast. The Massachusetts Psvchological
Association had 25 volunteers standing by telephones
across the state. Not a single call was received ™




Much has been said and written about the apparent
apathy of the adult population to the prospect of
nuclear self-destruction. Psvchic numbing, denial,
and other psychological techniques have been pro-
posed as reasons. Despite the horrible possibilities of
war, remaining relatively unworried and inactive may
not be irrational if people are correct in judging that
their activities have no consequence.” For example,
the citizens of the District of Columbua (“ground zero”)
decided by referendum in 1982 that devising a civil
defense strategy would be a waste of time. ™

It is often difficult to distinguish between a lack of
concern about nuclear war and an active denial of it.”

Psychological Factors in Nuclear Warfare

Since children worry about nuclear war and adults
generally do not, the process of active denial is sug-
gested. Furthermore, nuclear war is easy to deny. Itis
an abstract concept, and we have no experience of it.
Many other urgent, immediate things compete for our
attention. People seem less motivated by abstract fears
than by immediate benefits (life insurance, for ex-
ample, is sold not on the basis of fear of the future, but
rather on the basis of more security today).* Denial as
a psychological defense may be comforting, but it has
its dangers. This trend, thought by some also to exist
in the U.S. military,**could significantly affect the way
one prepares for and functions in a nuclear conflict.”

LIMITATIONS TO THE CURRENT DISCUSSION

The circumstances of a tactical nuclear war will
dramatically affect predictable psychological out-
comes.” A strategic exchange of nuclear weapons
would be expected to produce more devastation and
cause more dramatic emotional changes in survivors
than would a single local detonation. But the psycho-
logical changes from a tactical nuclear war are not
expected to be simple, straightforward, or minor. One
study of predictable troop reactions to a tactical nu-
clear battle identified specific psychological outcomes
to be expected at different times (periods of shock,
informal organization, formal organization, and reha-
bilitation) and distances (zones of destruction, heavy
damage, light damage, and periphery) from the nu-
clear weapon’s detonation.™ The study contains a de-
tailed hypothesis on the spectrum of possible psycho-
logical changes in nuclear combatants. This chapter,
however, is limited to a general overview of the acute
and chronic psychological symptoms that can be ex-
pected in soldiers actively involved in a tactical nu-
clear battle.

No definitive data speak directly to the issue of
human psychological responses to radiation exposure
or use of nuclear weapons. Experiences cf nuclear
accident victims have usually been poorly documented
regarding mental alterations. Patients who are ex-
posed to ionizing radiation as part of cancer treatment
also frequently receive drugs to suppress the side
effects and enhance the effectiveness of the radiation.
These patients are usually quite sick even before the
radiation therapy, so it is difficult to assess the psycho-
logical effects of the radiation itself.

A research model for psychological reactions to the
nuclear battle has been established by assuming that

the reactions are similar to those observed after an
intense conventional battle or a natural disaster, such
as a flood or earthquake. Although this approach has
merit, it also has a number of problems.* In particular,
the stress of ionizing radiation exposure is missing,
with its unique characteristics and implications to
those exposed. Persons exposed to radiation on a
nuclear battlefield may have little or no initial knowl-
edge of the severity of their radiogenic injuries. This
uncertainty, and each individual’s interpretation of it,
may affect the emotions and ability to perform. These
models also ignore the direct radiogenic changes in the
CNS, whichmay also alter the psychological variables.

The data derived from the atomic bombings of
Japan are flawed, in part, because the population was
predominately civilian. Civilians may or may not react
to the use of nuclear weapons in the same way a
military force might. Because this was the first use of
an atomic bomb, the element of surprise was great.
Many of the Japanese citizens were unaware at first
that radiation was present. In addition, the radiation
doses actually received by persons in Hiroshima and
Nagasaki were not well described.

Although the Japanese data are limited, they are too
important to ignore. The bombings of Hiroshima and
Nagasaki provide the only available data on the com-
bined results of blast, thermal, and radiation insults to
a large human population. Some military personnel
were present in both cities during the bombings, and
provided a few examples of military actions in a nu-
clear environment.” Although data derived from

other wars and disasters are not perfe * they can also
give clues to the psychological fact: clear con-
flict.
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RADIOGENIC CNS CHANGES AND PSYCHOLOGICAL VARIABLES

One aspect of the psychological effects of nuclear
weapons that has received little attention is the direct
interaction of nervous tissue and radiation. Since the
brain is the seat of emotion, ionizing radiation expo-
sure may be capable of directly influencing psycho-
logical changes. Especially relevant here are () data
suggesting that the CNS is sensitive to changes in-
duced by ionizing radiation exposure, and () data
suggesting that radiation can change psychological
variables in nonhuman animals.

Neurons were once thought to be relatively radio-
resistant, based on data from studies measuring cell
death rather than disruption of cell functioning.™ More
current studies are revising these ideas. Developing
cells are particularly sensitive to the lethal effects of
ionizing radiation. The adult neurogenesis that takes
place in some brain areas in certain animals suggests
that these nuclei may be damaged by much lower
doses of ionizing radiation (less than 4 Gy) than previ-
ously expected.” Changes in the amplitude and fre-
quency of EEG recordings occur after 1-4 Gy of X
rays,™ and doses as low as 0.008 Gy can change the
spontaneous electrical discharges of hippocampal
pacemaker-like neurons.* Metabolic alterations of the
neurotransmitter dopamine have been reported in the
brain after 10 Gy of cobalt-60 radiation.’ Levels of the
putative neuromodulator beta-endorphinalsochange
in irradiated mice and monkeys at doses that do not
kill neurons.** Neuronal sodium channels may lose
their ability to respond properly to stimulation after
only 1 Gy of high-energy electrons.* Thus, a growing
body of evidence suggests that ionizing radiation may
alter neural physiology and function at doses substan-
tially below those required to produce morphological
changes and neuronal death. It would not be surpris-
ing if psychological changes correlate with these
changes in brain function.

Acute Psychological Changes

Evidence suggests that emotional variables can be
influenced by radiation exposure. It may be possible to
study this component of the psychological effects of
irradiation by reviewing some of the work done in
laboratory animals. The validity of using animals in
this kind of work has been detailed elsewhere.* This
approach has the disadvantage of ignoring (for the
moment) some of the psvchogenic aspects of a reaction
to a nuclear confrontation, but it has the advantage of
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being able to control the radiation dose and the testing
of behavior. The animal data apparently reinforce
much of the anecdotal human data from the Japanese
experience.

This section addresses the range of psychological
phenomena likely to be observed during the first
minutes and hours of a nuclear battle, based on both
humanand experimentalanimaldata. The time course
of these acute changes is in question, and the changes
may extend for days after the conflict.

Motivation. Motivation may be altered after ioniz-
ing radiation exposure. An animal’s tendency to per-
formis governed by a number of factors, including the
physical capacity of the animal, rewards or punish-
ments present, and the animal’s perception of these
reinforcements. If an experimental subject has the
capacity to perform in the presence of previously
motivating stimuli but does not do so, then it may be
inferred that some change in the subject’s motivation
has occurred. For example, after irradiation, rats will
decrease the number of times they press a bar that,
when struck, gives them some information about when
shock will occur.*® However, they significantly in-
crease the number of times they press a bar to delay
footshock. These data suggest that the animal is fully
capable of pressing the bar, but chooses to do so only
under certain conditions.

Another study supports this concept. Rats will
work in order to receive electrical stimulation of par-
ticula: = in areas.* In one rat, electrodes were im-
plar two brain areas (lateral hypothalamus
and .. Before irradiation, the subject pressed
the bar i the same rate to activate either site. After
irradiation, the animal worked to stimulate only the
lateral hypothalamus. Clearly, the animal had the
physical capacity to perform the task, but its motiva-
tion wasaltered after irradiation, producing a selective
decrease in responding to septal stimulation. These
data suggest that motivation may, in some cases, be
more radiosensitive than physical capacity.

Some observations have been made about curiosity
and investigative behaviors after radiation exposure.
Chimpanzees given 3.75-4.0 Gy of gamma radiation
made fewer attempts tosolvea variety of puzzles. This
deficit seems to be independent of changes in capacity,
because measures of dexterity and strength were
unchanged in these same animals.*” In another experi-
ment, pairs of monkeys were irradiated with 4 Gy of
whole-body X radiation.* Twice daily, continuous ob-




servations of home-cage behavior were made during a
10-minute period in accordance with a checklist. In
order to control for any debilitation factor, the number
of instances of each category of behavior was divided
by the total number of times that any identifiable
behavior occurred in that same period. In these ani-
mals, areliable deficit in curiosity was measured by the
reduced relative frequency of manipulating inanimate
objects. The monkeys exhibited relatively more cage-
directed movements (toward well-known stimuli) and
less attention and orienting to incidental novel noises.
Thev selected food in their central line of sight, rarely
chosing food from the periphery. Furthermore, when
attempts were made to distract them, they were less
likely to orient to the stimuli than were the controls.
Because this procedure attempted to factor out general
malaise, the results suggested reduced levels of curios-
ity and attention in the animals.***" These observations
agree with othersin whichirradiated monkeys showed
increased performance of tasks that placed a premium
on attention to a known site of food reward. Con-
versely, the monkeys showed reduced performance of
tasks that required attention to stimuliin the periphery
of vision.*

The data from Hiroshima and Nagasaki suggest
that a similar change in motivation may occur in
humans exposed to the trauma of a nuclear detonation.
The defensive mechanism of “psychic numbing” or
“psvchic closing off” was observed in the atomic bomb
victims.'” One writer described this scene:

Those who were able walked silently toward
the suburbs in the distant hills, their spirits broken,
their initiative gone. When asked whence they
came, they pointed toward the city and said “that
way;” and when asked where they were going,
pointed away from the city and said, “this way.”
They were sobrokenand confused that they moved
and behaved like automatons.

Their reactions astonished outsiders who re-
ported with amazement the spectacle of long files
of people holding stolidly to a narrow, rough path
whenclose by was asmooth, easy road going in the
same direction. The outsiders could not grasp the
fact that thev were witnessing the exodus of a
people who walked in the realm of dreams.™!

These data are consistent with others from Hiro-
shima reporting “fatigue,” “mental weakness,” “spiri-
tual desolation,” or “closing off.”” Certainly, in the
case of these atomic-bomb survivors, this change in
motivation cannot be solely attributed to a dose of
radiation. These people had just witnessed the devas-
tation of their homes and, in many cases, the deaths of
family members. Thus, it is very likely that these
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behavioral and psychological changes may have a
psvchogenic component, which may compound the
radiation-induced alterations described above inlabo-
ratory animals.

Despite the emotional deadening and “mental
weakness” reported by almost everyone influenced by
the bombing of Hiroshima, it is remarkable how much
physical activity was exhibited by some of the survi-
vors. Some of this activity seemed ill directed:

There was no organized activity. The people
seemed stunned by the catastrophe and rushed
about as jungle animals suddenly released from a
cage. Some few apparently attempted to help oth-
ers from the wreckage, particularly members of
their family. . . . However, many injured were left
trapped beneath collapsed buildings as people fled
by them in the streets.™

This account of frantic activity raises the issue of
panic. Was there mass panic after the dropping of the
atomic bomb? Probably not. Although several iso-
lated instances of aimless and hysterical activity have
been reported, these did not seem to be typical behav-
iors. Disaster victims are extremely concerned about
how the disaster will affect the things and persons they
value. They want to know what has happened to those
they hold dear, and they want to help them if neces-
sary. Thisconcern oftenleadstoagreatdeal of activity,
which may appear to an observer as irrational and dis-
organized. Thus, the very rational and deliberate
flight of people from an area of danger (a highly adap-
tive behavior) is often mistakenly described as panic.”
Reports from the U.S. Army (which interviewed the
survivors of the bombing)*' did not support the claim
that a sizable portion of the population behaved in an
ineffective, nonsocial, or nonrational way.* The re-
port also clearly indicated that many people felt terri-
fied or fearful, even though they did not exhibit panic
reactions. In only a few cases can one surmise from
interviews that individuals might have exhibited
uncontrolied emotional behavior. Instead, compliant,
subdued behaviors were more prominent, perhaps
mediated in part by some radiogenic CNS effects or
other injuries:

Many, although injured themselves, supported
relatives who were worse off. Almost all had their
heads bowed, looked straight ahead, were silent,
and showed no expression whatsoever. *

It seems that a depressed motivational state, rather
than panic, was a typical reaction to the disaster.
Obviously, either a chaotic or an apathetic response
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to a bombing would not be adaptive in a military
environment. Some evidence exists that inhabitants of
Hiroshima who had a specitic job to pertorm or a goal
to meet tried valiantly to do so atter the bombing. A
group of wounded soldiers was observed gamely at-
tempting to struggle out of the disaster area in military
formation:

At Misasa Bridge, thev encountered a long line
of soldiers making a bizarre forced march awav
trom the Chugoku Regional Army Headqguarters
in the center of the town. All were grotesquely
burned, and thev supported themselves with staves

1

or leaned on one another. ™

One account of a young Japanese soldier is particu-
larly relevant here:

We were under military order to return to our
unit immediately in case of any attack or emer-
geney, so b returned almost without thinking. . .. At
first | couldn’t get through . .. soin the evening |
started out again. This time | didn’ttry to help any-
one but just walked through them. | was worried
about the Army camp because according to what
people told me, it had simply gone upin flames and
disappeared. [was also abitashamed abouthaving
taken such along time to return. But when 1 finally
got back to camp, just about evervone was dead—
so there was noone toscold me. ... Next thing 1 did
was tolook for theashes of the military code book—
since we had a military order to look for this book
evenif it were burned, as it was a secret code which
had to be protected. Finally ' located the ashes of
the book, and wrapped them ina furoshiki and car-
ried this around with me. [wanted to take it to the
military headquarters as soon as possible, but when
! finally did take it there in the morning, the officer
scolded me for doing such a stupid thing. . . I was
fresh from the Military Academy and my head was
full of such regulations. ™

Some of these phenomena may be explained by
attentional focusing, a behavior similar to that which
was exhibited by irradiated laboratory animals. These
people tended to focus on a particular aspect of their
environment and to pursue it, sometimes to an illogi-
cal or inappropriate end. The soldier above pursued
his assigned task, ignoring the fact that the nuclear
detonation had totally changed his world (a behavior
that would not necessarily be discouraged by military
commanders). Thus, although a generalized decrease
in motivation may have occurred in much of the Hiro-
shima population, some behaviors directed toward a
well-defined goal apparently persisted after the catas-
trophe.
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Fear and Terror. The main reaction of the Japanese
populace in the atomic-bomb target areas was “un-
qualitied terror,” ted by the horror of the destruction
and suffering either witnessed or experienced by the
survivors.”' Sixty-three percent of all respondents to
the U.S. Strategic Bombing Survey reported either
generalized terror or fear tfor one’s own life. Some
experiences cannot be described by cold figures:

People were running toward our place with
terrible burns. That night they slept on the road
evervwhere. Some collapsed during the dav due to
the effects of burns. People would stop by and ask
for water, which was the most urgent need of these
people. They weresoupset that they couldn’t think
oftoad. ltwas ahorrible sight—crying and scream-
ing. I can’t describe the burns that were on these
people, and the odor of burning flesh was in the air,
and it was soawful vou have toseeitbefore you can
actually describe it oreven talk about it. 1It’s hard to
comprehend. Some father with his entire family
dead would be yelling to die, so that he would not
have to live alone.”!

Social Relations. It is of psychological and social
importance that, in the extreme trauma after the atomic
explosions in Japan, most people behaved in a manner
compatible with established social norms.

To Father Kleinsorge, an Occidental, the silence
in the grove by a river, where hundreds of grue-
somely wounded suffered together, was one of the
most dreadful and awesome events of his whole
experience: The hurt ones were quiet; no one wept,
much less screamed in pain; no one complained;
none of the many who died did so noisily; noteven
the children cried; very few people even spoke.
And when Father Kleinsorge gave water to some
whose faces had been almost blotted out by flash
burns, they took their share and then raised them-
selves a little and bowed to him in thanks.™

Withthedisruptionof individual motivation, people
seemed most likely to pursue the goals established by
others. Attention toleaders did not seem to be jeopard-
ized after the detonation. For example, a victim of
Hiroshima recounted:

All the people were going in that direction and
50 [ suppose | was taken into this movement and
went with them. . . . [ coukdn’t make any clear
decision in a specific way . . . so [ followed the other
people. . . . I'lost myself and was carried away.

Various cultures may differ on the issue of confor-
mity. Butif we can generalize from these data, we can




expect the social structure to be maintained atter a
nuclear contlict.

Learning and Memory. The results of animal stud-
ies are consistent with the hypothesis that functions of
learning and memory may be altered by some doses of
radiation. For example, rabbits learned to associate a
tone and a light with apnea produced by inhaling
ammonia vapor.™ Once this classically conditioned
response was established, the tone and light alone
produced apnea. However, after irradiation (15 Gy),
the conditioned response was absent or considerably
reduced in duration. In contrast, the apnea produced
by the ammonia itself was enhanced after radiation
exposure (confirming that the animal was still capable
of this response). Retrograde-amnesia has also been
reported in rats exposed to rapid, low doses (0.1 Gy) of
electrons.™

Interviews with people exposed to radiation at
Hiroshima indicated few cases of acute retrograde
amnesia in the population.™ However, 5 years after
the detonation, deficits in memory and intellectual
capacity were noted in persons who had experienced
radiation sickness.™ Acute radiogenic impairments of
memory in the human have also been reported in the
Soviet literature.™

Chronic Psychological Reactions

The initial reactions to a nuclear weapon detona-
tion may be quite different from reactions that occur
after weeks, months, or years. Psychogenic changes in
emotionality, personality, and somatic etfects usually
take a period of time to be expressed fully. Studies of
psvchological symptoms in various cultures after the
death of a loved one reveal that reactions to grief are
seldom completed in less than 1 or 2 years. The more
severe or complicated the loss or injury in a disaster,
the more extended the reaction time may be.™ These
data suggest that significant chronic psychological
dysfunctions may occur in nuclear combatants.

Psychoses. Serious psychological derangements
involving distorted perceptions of reality and thought
were rare after the atomic-bomb detonations, just as
they were after the large-scale conventional bombings
of World War IL™ The incidence of psychosis (mainly
schizophrenia) in military populations is similar in
peace and war." This is confirmed by evidence that a
variety of traumatic situations are not associated with
an increased rate of psychosis. For example, massive
aerial bombardment of population centers in England,
Germany, and Japan during World War II did not
produce an increased number of psychoses, as indi-
cated by mental-hospital admission records. Simi-
larly, psvchoses do not usually result from spontane-
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ous civil disasters (such as hurricane, tornado, or fire).™
It appears that psychoses are not the result of external
danger. When units new to combat are exposed to
severe battle stress, they frequently exhibit severe
behavioral disorganization and disorientation, hallu-
cinations, and even mute, catatonia-like states. These
conditions are transient and usually subside in 1-3
days to become typical cases of neurosis.

Neuroses. Neurotic reactions to the traumas of
nuclear combat are to be expected. Among 7,297
patients exposed toionizing radiation during the atomic
bombings of Japan, 533 patients had neurosis-like
symptoms.™ The patients were divided into two
groups: those with symptoms of atomic-bomb radia-
tion illness and those without. Neurosis-like symp-
toms were twice as common in the former group as in
the latter. The Japanese researchers pointed out that
some of these cases were recognizable as “pure neuro-
ses” caused by psychogenic factors (other than the
bombings), but that others could be caused by func-
tional disorders of brain or body due to radiation. Not
surprisingly, the more severe the symptoms of atomic-
bomb radiation illness, the stronger the neuropsychia-
tric aftereffects. The common symptoms included
weariness, lack of spirit, a tendency toward introver-
sion, and poor memory.

Post-Traumatic Stress Disorder. Seeing large
numbers of burned, cut, and maimed bodies was a
major source of emotional trauma after the bombing of
Hiroshima. Many survivors located a short distance
from the center of the explosion received two emo-
tional shocks: the first from the physical impact of the
explosion, and the second after they ran out into the
streets and saw so many casualties. Among those at
the periphery who escaped the full physical violence
of the explosion, the first emotional impact seems to
have occurred when they saw the streams of injured
victims pouring out of the destroyed areas. Appar-
ently, it was notonly the large number of casualties but
also the specific character of the injuries (particularly
the grossly altered physical appearance of persons
with severe burns) that produced emotional distur-
bances in the people who saw them.™ For example,

I walked past Hiroshima station . . . and saw
people with their bowels and brains coming out. ..
I saw an old lady badly burned and carrying a
suckling infant in her arms . . . [ saw many children

.. with dead mothers. . . . [ just cannot put into
words the horror I felt.™

Post-traumatic stress disorders (PTSD) are seen after
a variety of natural disasters"' and should be expected
after the shock of a nuclear conflict.” The full PTSD
syndrome is a cluster of symptoms occurring after
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exposure to unpredictable life-threatening environ-
mental trauma.”* Sufferers of chronic PTSD continue
to live in the emotional environment of the traumatic
event, with prolonged vigilance tor and sensitivity to
external threat. The five principal features of PTSD are
(a) persistence of startle responses and irritability, (b)
proclivity to react explosively, () fixation on the
trauma, () constriction of the general level of person-
ality functioning, and (¢) an atypical dream life.

A numbing of responsiveness, reduced involve-
ment with the external world, and constricted affect
are part of the diagnostic criteria established for PTSD.™
Long-term depressive reactions with these character-
istics have been reported to occur after catastrophic
natural disasters, such as floods.”> Depression is one of
the prominent symptoms observed in soldiers during
the extreme stresses of combat.> Although acute de-
pression (evidenced by weakness and lethargy) char-
acterized much of the Hiroshima population for a few
days after the bombing, it is difficult to say if signifi-
cant numbers of people experienced chronic depres-
sion. Although individual questionnaire responses
from Hiroshima residents seemed to describe a de-
pressive reaction in many cases, statistical analyses
revealed no greater incidence of depression there than
in other Japanese cities.™ This may be misleading,
however, because postwar apathy seemed to charac-
terize most of the population of Japan. Chronic de-
pressivereactions have been known to follow a variety
of traumas, so thev are not exclusive characteristics of
nuclear disasters.

Anxiety and Phobias. In view of the horrors of the
nuclear detonations in Japan, it is not surprising that
severe anxiety persisted for many days and sometimes
for weeks and months, according to various sources.”!
One of the most frequent types of sustained emotional
disturbance appears to have been a phobia-like fear of
exposure to another traumatic disaster. This reaction
consisted of strong feelings of anxiety and exaggerated
efforts to ward off new threats. A physician in Hiro-
shima wrote:

Whenever a plane was seen after that, people
would rush into their shelters. They went in and
outsomuch thatthey did not have time toeat. They
were so nervous they could not work.™

Another author described the following: “It began
to rain. . . . The drops grew abnormally large, and
someone [in the evacuation area] shouted, ‘The Amer-
icans are dropping gasoline. They’re going to set fire
tous!” 7V
Further indications of sustained apprehension in

Hiroshima came from the anxiety-laden rumors re-
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ported to circulate during the postdisaster period.™
For example, one woman reported:

T heard that people who had not been wounded
and seemed to be all right would begin feeling out
of sorts and all of a sudden drop dead. It made me
panicky. Here | was bustling around now, but |
might go off myself.*-

Most of the survivors had never heard of radiation
sickness and were unprepared for its manifestation.
During the weeks following the atomic explosions,
many survivors began to exhibit signs of organic pa-
thology: loss of hair, high fever, excessive fatigue,
hemorrhagic spots under the skin, and other severe
symptoms of what we now recognize as ARS. Wit-
nessing the agonizing deaths of children and relatives
probably touched off or reinforced rumors and sus-
tained the fear reactions created by the disaster.™

Rumors may play a significant part in any future
nuclear combat. Communication on the nuclear bat-
tlefield will be disturbed by electronic warfare tactics
and by the spreading of deliberate misinformation by
the enemy. Negative rumors can be expected in any
population if radiation is a perceived threat.™

Survivor Guilt., Although the adherence to social
customs seemed to be strong after the atomic bomb-
ings, not everyone acted in a completely altruistic
fashion. It was impossible to do so, given the sheer
number of casualties. Some people fought fires and
fed the hungry, but most people (especially those who
did not work in the helping or service professions)
restricted their assistance, when they could give it, to
people they knew: “Under many houses, people
screamed for help, but no one helped; in general,
survivors. .. assisted only their relatives orimmediate
neighbors, for they could not comprehend or tolerate
a wider circle of misery.”™ As one survivor summa-
rized, “The idea of ‘love thy neighbor as thyself’ that |
always believed in, had disappeared some place. |
guess it was too much for any of us.”* Persistent
survivor guilt may be an inevitable consequence of
atomic bombing. People in the heart of the city were
able to survive only by running away from the fires
without stopping to rescue others. People who were in
a position to give aid could not simultaneously per-
form all the duties and obligations of rescuing the
wounded, rushing to their own families, assisting
neighbors, carrying out their civildefense assignments,
saving valuable materials at the offices or factories
where they worked, preserving treasured household
articles, and so on. Although independent observa-
tions indicate that some survivors experienced tempo-
rary guilt reactions following the atomic bombings, no




satisfactory evidence supports the claim that such
reactions persisted in large numbers of survivors or for
very long periods of time.™

Psychosomatic Symptoms. Some patients may
have had a psychosomatic “atomic bomb neurosis,” in
which the survivor’s identification with the dead and
maimed initiates a vicious psychosomatic circle.* Such
a survivor is likely to associate the mildest everyday
injury or sickness with possible radiation effects, and
anything that could relate to radiation effects becomes
associated with death:

Frankly speaking, evennow Lhavefear.... Even
today people die in the hospitals from A-bomb
disease, and [when | hear about this] | worry that I
too might sooner or later have the same thing hap-
pen to me. . . . I have a special feeling that [ am
different from ordinary people . . . that | have a
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mark of wounds—as if I were a cripple. . .. It is not
a matter of lacking something externally, but rather
something like a handicap—something mental that
does not show—the feeling that 1 am mentally
different from ordinary people . .. so when | hear
about people who die from atomic bomb disease or
who have operations because of this illness, then |
feel that I am the same kind of person as they. ... ™

Thus, combatants involved in a nuclear battle may
“share” physical symptoms of radiation sickness. This
adoption of symptoms may be due, in part, to not
understanding their disorders and also toanxiety about
the lethal effects of radiation exposure. Physicians
may be caught in a conflict between the humanitarian
provision of medical care and the danger of encourag-
ing the development in survivors of hypochondria,
general weakness, and dependency.

SUMMARY OF PSYCHOLOGICAL EFFECTS

Although the atomic bomb experience in Japan is
the best model available, it is difficult to determine
how much information this model and correlated
animal data can provide on the psychological changes
in a military nuclear confrontation. All psychological
effects (like all physiological effects) are dependent on
thedoseof radiation received; the distance from ground
zero (and correlated blast and thermal effects); and the
indefinable personal, psychological, and social back-
ground of the potential nuclear victim. However, if we
can assume a certain degree of congruity between the
psychological response of the Japanese and the ex-
pected response of military personnel, the following
summary may apply.

With ionizing radiation exposure will come altera-
tionof CNS physiology, which in turn may bring about
acute behavioral and psychological changes, suchas a
generalized reduction of motivation. There may also
be symptoms of lethargy and fatigue, which will in-
hibit the likelihood of generalized panic. Persons will

still be able to take direction, but the capacities to learn
and remember may be changed. The horrible wound-
ing and destruction produced by a nuclear weapon
could be expected to have immediate psychological
effects on the military personnel who observe them. If
they react like the citizens of Hiroshima, they will be
fearfuland anxious, perhaps even more so thanduring
a conventional conflict. These symptoms may be
heightened by rumorand by any misinformation about
the threat. Group cohesion will contribute to the like-
lihood of altruistic behaviors, but self-preservation
may be a more compelling need for many. Social order
(military protocol) will probably remainintactin many
cases. Longer-term psychological reactions may in-
clude phobias, PTSD, depression, and various psycho-
somatic symptoms. Guilt concerning questions of per-
sonal survival and inadequacies in performance could
contribute to the development of neurotic symptoms,
as will the severity of physical wounding. Psychotic
reactions are probably less likely to occur.

PREDICTION OF NEUROPSYCHIATRIC CASUALTIES

Itis important to know how severely these psycho-
logical changes will affect the performance of military
units or the outcome of a nuclear battle.**** The distri-
bution of the psychological effects of a nuclear disaster

may be consistent with a normal curve.®”? Here, as in
other disasters, most survivors (about 75%) would
manifest a few of the symptoms described above.
About half of the remaining survivors would be al-
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most totally unaftected, and the others would show
many or a high degree of acute and chronic psycho-
logical changes. If tactical nuclear weapons are used in
combination with the extensive conventional arsenals
that are available, then the predicted neuropsycehiatric
casualties in a nuclear battle would exceed those ex-

pected in a conventional conflict. Since the psycho-
logical casuaities of high-intensity conventional war-
fare may be 184 —48% of the total casualties under
certain circumstances, it can be expected that psycho-
logical tactors will play a substantial role in determin-
ing the outcome of a nuclear battle.

CARE OF PSYCHOLOGICAL CASUALTIES

Some of those with minor emotional symptoms
will never be seen clinically. However, the literature
suggests that those who do find their way to psycho-
logical treatment should be handled in conventional
ways.” These techniques involve the principles of
proximity, recency, and expectancy. Individuals respond
better if they recei e therapy as soon as possible and as
near as possible to the scene of the battle. Medical
personnel should calmly accept the person’s problems
and regard them as a temporary incapacity, with re-
covery expected after a brief rest. The condition of
persons with situationally induced, acute psychologi-
cal disorders will worsen or improve, depending on
what is expected from them by the providers." In
World War [, military psychiatrists came to recognize
that the “shell shock” syndrome was fostered by pro-
longed hospitalization and then evacuation tothe zone
of the interior.” However, some British officers noticed
that if the shell-shocked soldiers were treated quickly
and near the front line, 70% -80% soon returned to full
duty.”” When soldiers are evacuated from the combat
area, a vicious circle may be set in motion.™ Removal
from the front and admission to a hospital confirm
thetr belief in the seriousness of their condition. Then
they discover (unconsciously or consciously) that their
illness is anasset that keeps them out of combat. Under
these conditions, symptoms may become fixed and the
soldiers may become incapacitated for further combat
duty. The practice of forward therapy was developed
from these observations. If combat soldiers who be-
come neuropsychiatric casualties are not long sepa-
rated from their groups and are quickly treated in the
vicinity of the fighting, they can frequently rejoin their
units in a few hours or days. The treatment includes
some simple therapy with an interview, rest, perhaps
sedation, and individual or group psychotherapy,
followed by a return to duty accompanied by friends.
This is combined with assurances from the medical
personnel that their svymptoms are natural ones that
may break out in almost any soldier under enemy
fire.” Although some of these tec hniques have been
recently questioned,™ they were proven to be useful as
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recently as the Isracli war experiences of 1973 and
1982, in which a few aggressive teams returned 954 of
battle-shock cases to duty with their units.!

This conventional approach to treatment is effec-
tive, but a nuclear conflict will present special prob-
lems to medical personnel. One problem is the uncer-
tainty of personal injury. Most people now realize that
radiation exposure can be lethal even though initial
effects may be minimal. This uncertainty about one’s
health after irradiation will increase the medical treat-
ment load. It has been shown in previous studies of
disasters that threats or dangers that cannot be reliably
perceived by the senses can cause considerable psy-
chological disturbance. For example, a mass poison-
ing of bootleg whiskey in Georgia resulted in a large
number of people seeking emergency medical treat-
ment. When tested, about 40% were unaffected by
lethal alcohol; some confessed that they did not know
if they were affected, but they wanted to be checked. ™
Under a current military plan, each soldier will be
provided a dosimeter the size of a wristwatch before a
nuclear battle, but it will be possible to read the dose
only by using a heavy, bulky device at the unit’s head-
quarters.™ After a nuclear attack, many soldiers will
wish to be reassured that they have not been exposed
to appreciable levels of radiation.”™ The situation imay
be similar to one in World War lin which mustard and
phosgene bombardments (both of which have delayed
effects) were first used. For every true case of gas
exposure evacuated to the field hospitals, two soldiers
were evacuated who only believed they had been
gassed.™ Without information, combatants are more
likely to overestimate the danger and to succumb to
rumor and hysteria. This could add to the chaos that
may already exist at the treatment centers.

Knowing that medical care is available has always
provided comfort to combatants, but the Japanese
experience™ as well as current estimates™ ! suggest
that medical facilities will be stressed, if not over-
whelmed, after a nuclear conflict. For example, burn
cases place a great strain on medical personnel. Using
evidence from the English experiences of World War |,




the British Army Operational Research Group esti-
mated an average time of 52 minutes tor three persons
to simply dress a burned hand.” Extrapolations from
their data suggest that the requirement for treating
1,000 serious burn cases would be 5,000 health profes-
sionals and 235 tons of supplies. Based on a case in
which a 38-vear-old man was accidentally exposed to
2 Gy of cobalt-60 radiation, others have conservatively
estimated that the cost of treating such a person would
be 522,000 (in 1982 dollars). It is doubtrul that such
extensive care could be guaranteed to large numbers of
battlefield casualties. If the medical load becomes too
extensive and reasoiable care cannot be given to casu-
alties, morale will suffer. The detrimental effect of in-
adequate medical care on morale was noted in the Hi-
roshima experience, in which many medical facilities
were destroved. The care was so limited that it may
have been a factor in some acute depressive r.- .ctions
and feelings of helplessness following the bombing.* "

In addition, the concept of removing combatants
from the field for psychological treatment and then
returning them better prepared to deal with the stresses
of combat may be less useful in a nuclear conflict.
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Removal from the conventional battle allows psycho-
logical and physical healing. However, in some cases,
the progressive physical radiation effects may con-
tinuallv erode the individual’s ability to perform a task
that is necessary for the success of a military mission.
The efficacy of removing psvchologically impaired ir-
radiated soldiers from the battlefield with any expec-
tation of their return is questionable.

An ethical dilemma may present itself with soldiers
who are believed to have received intermediate doses
ofradiation that may kill them, but who canalmost cer-
tainly be saved by treatment in a secure hospital set-
ting.”* A researcher writes,

Should he be evacuated, and [the unit] lose a
potentially ettective soldier during the latent phase?
Or should he be returned to duty, knowing that he
has a greatlv increased risk of death from disease or
injury, even if not killed by enemy action, due to
impaired blood clotting, wound healing, and resis-
tance to infection?™

These are difficult issues. Thev deserve our atten-
tion now, before a nuclear weapon is used again.

PREVENTION OF PSYCHOLOGICAL CASUALTIES

Steps are available to reduce psvchological prob-
lemsafter a nuclear confrontation. Proper training and
preparedness apparently provide some degree of pro-
tection. The benetits of training are confirmed by the
remarkable experiences of nine persons who survived
the Hiroshima bombing and then fled to Nagasaki in
time for the second atomic bomb." They remembered
very well what they had done that allowed them to
live, and thev quickly instructed others in Nagasaki:

Y. maguchi’s lecture on A-bomb precautions,
he pomnted out later, was not lost upon his col-
leagues. With the voung designer’s words still
fresh in their minds [at the time of the second
bombing| thev leaped for the cover of desks and
tables. “As aresult,” said Yamaguchi, “my section
staff suffered the least in that building. In other
sections there was a heavy toll of serious injuries
from flying glass.” "’

In the most beneficial type of training, emphasis
should be on (1) realism, in order to reduce the psycho-
logical shock of a nuclear confrontation, (b) accurate
information about the threat, and (¢) information that
notonly canbereadilv comprehended anid assimilated
by the average person but also can be directed toward

self-preservation.” Recent recommendations have
called for the use of a nuclear simulator in order to
desensitize soldiers to the unique destructiveness of a
nuclear battle.” The following training may help to
prevent psvchological casualties in a nuclear war:

First, every soldier should be trained in meth-
ods of individual protectior against atomic attack,
for both the actual protection and the self-confi-
dence which such knowledge will give. . ..

Second, individual soldiers should be given
training designed to enable them to reorient them-
selves after atomic attack. This should include
training in methods of determining whether the
attack involved an air or ground burst, in methods
of estimating their own location with reference to
the center of the disaster area, and in the use of in-
struments for the measurement of radioactivity.

Third, individuals should be taught that thev
are not defenseless against atomic attack, but that
theyv should not expect to survive such an attack
without suffering severe shock effects and seeing
many of their own forces killed or wounded.

Fourth, individuals of all ranks should be im-
pressed with the importance of offering all the
resistance of which thev are capable to ground
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assault following an atomic attack, no matter how
hopeluss and ineffective it may seem.

Fifth, indoctrination should teach soldiers that
the role of troops subjected to atomic bomnbing will
very Likely be that of delaving the enemy ground
assault at all costs until relatively unharmed re-
serves can establish an effective defense or launch
a coordinated counterattack.

Sixth, all personnel should be impressed with
the importance of giving absolute priority to traffic
moving towards the front following an atomic at-
tack, no matter what their own reasons for moving
toward the rear may be.™

The forces of social cohesion will also influence the
psvchological and performance variables after a nu-
clear weapon detonation. The single most important
factor that sustains soldiers in combat is the powerful
psychological support of their fellows—th: <quad,
platoon, company, and so on.® Isolation increases
stress and also reduces the soldier’s capacity to rosist
the effects of that stress. Various historical accounts
havesuggested thatanisolated soldier is more likely to

surrender than another member of the group whois in
the same tactically hopeless situation but is still bound
by the continuous ties of fighting, eating, and sleeping
next to fellow soldiers.” Also, a significant relationship
exists between a group’s cohesion, its confidence in
combat skills, and measures of its actual performance.
The Israelis reported almost no psychiatric casualties
in their elite (and cohesive) airborne forces, regardless
of the intensity of combat in the 1973 Yom Kippur
War.! The ability of the primary group to resist disin-
tegration will greatly affect the capacity of its members
to withstand the stress of a nuclear confrontation.
However, we should recognize that disruption of the
primary group by loss of personnel and leadership,
breaks in communication, and deterioration of supply
and medical care are more likely to occur in nuclear
combat than in conventional confrontations.-

Much of the current training promotes hopeless-
ness in our military forces and drives them further into
avoidance and denial.** More work needs to be done
to meet the training needs outlined above and to pre-
pare for the expected psychological reactions to the use
of nuclear weapons.
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INTRODUCTION

lonizing radiation damages biological tissues by
exciting or ionizing their atoms and molecules.! Addi-
tional indirect damagge is caused by the formation of
tree radicals in water, which makes up 75% -80% of the
mass of living svstems. The primary products of water
radiolysis are the hydroxyl radical, hydrogen radical
(hydrogen atom), and hydrated electron;  hydroper-
oxvradicals and hydrogen peroxide are also formed in
the presence of oxygen. The production of lysosomal
enyzmes ¢ nd biological mediators, such as histamine
and prostaglandins, is another biological response to
radiation exposure.™’  Depending on the radiation
dose and the biochemical processes altered, damage
may be prompt (expressed minutes to weeks after
exposure) or delayed (expressed several months to
vears later) (Figure 9-1). Some radiation-induced inju-
ries may not become apparent until they are passed on
to succeeding generations.

Radiation doses to biological tissues are measured
in three ways. (a) The exposure dose of gamma or X
rays in air is expressed in roentgens (R). (b) The dose of
any type of radiation absorbed by the tissues was, at
one time, expressed by the rad, which is equivalent to
100ergs of energy per gram of tissue. The international
measure of absorbed dose is now the gray (Gy), which
is equal to 100 rads (conversely, 1 rad equals 1 cGy). (¢c)
Finally, because the biological responses to radiation
exposure may vary with the type of radiation, dose
equivalents are expressed by the rem, which equals 1

joule per kilogram, or by the sicvert (Sv), which is an
international unit equaling 100 rem. The Sv allows
effects from radiations with differing LET values to be
compared, since 1 Sv of neutron radiation has the same
biological effects as 1 Sv of low-LET gamma or X
radiation. Comparisons cannot be made among ab-
sorbed-dose measures of different kinds of radiation
(for example, 1 Gy of neutron radiation will not have
the same effect as 1 Gy of gamma or X radiation).

Low-level radiation exposure is generally consid-
ered to be less than the dose that produces immediate
or short-term observable biological effects. In the
human, low-LET gamma or X radiation doses of less
than 0.5 Gy do not produce any prodromal symptoms
or the hematopoietic subsyndrome;** however, low-
level radiation exposure does increase the probability
that delayed effects will occur.®’" Three primary de-
layed effects—somatic, genetic, and teratogenic”"—
can be observed and are already present in the popu-
lation and in the gene pool.”™ Irradiation enhances the
naturally occurring frequency of the effect, and in
some cases produces the observable end point by a
processdifferent from those of natural selection. Certain
biological responses have such low thresholds that
they are statistically indistinguishable, in many cases,
from normal incidence.”" Even so, current radiopro-
tection guidelines state that all exposures to radiation
should beavoided if possible and thatexposure should
be kept as low as is reasonably achievable.™

BACKGROUND RADIATION

Living organisms are continually exposed to ioniz-
ing radiation in nature as well as from nuclear weap-
ons testing, occupations, consumer products, and
medical procedures.”™'* The radiation from all of these
sources together is called background radiation, and is
estimated to measure 180-200 mrem/person/year.
Medical procedures contribute most whole-body back-
ground radiation (Figure 9-2)." In addition, large
doses of partial-body radiation may be delivered to the
lung by radon gas (radon-222 and radon-220), pro-
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duced from the natural decay of radium and tho-
rium." High concentrations of radon gas escape from
soil and are released from marble and granite, accu-
mulating in buildings with poor air circulation '*Radon
exposure is a health concern because its solid daughter
products, polonium-214 and -218, decay by alpha-
particle emission in the human body near the lung
tissue and may increase the incidence of lung cancer.’

Extraterrestrial radiation includes solar-flare and
cosmic radiation. Most cosmic radiation is absorbed
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Ionizing radiation causes damage either directly by

damaging the molecular target or indirectly by generating free radicals, which attack the molecular target. Physical steps
leading to energy deposition and free radical formation occur within femtoseconds to microseconds, while the manifestation

of actual biological damage may require seconds to vears.

by the dense atmosphere before it reaches the earth’s
surface. A person’s exposure to cosmic radiation in-
creases at higher latitudes or altitudes, as the atmos-
phere becomes less dense.”™ A resident of the higher-
altitude city of Denver receives approximately 100
mrem more radiation exposure than does a resident of
Washington, D.C. A cross-country airplane flight
increases individual exposure by 0.2 mrem/1 »ur
because the level of cosmic radiation is greater at
36,000 feet than at sea level” As humans venture
farther from the protective atmosphere, either in su-
personic air carriers or in spaceflight, their background
occupational exposures to cosmic radiation will in-
crease. The British Concorde supersonic transport
maintains radiation-monitoring equipment so that it
may drop to lower-altitude flight routes if increases in
solar or cosmic radiation are detected.” Spaceflight
increases exposure to solar and cosmic radiations;
Apollo astronauts traveling to the moon received an

average of 275 mrem over 19.5 days."

On earth, naturally occurring radioactive elements
contribute to background radiation.”* External expo-
sure sources include potassium-40, which may be
concentrated in concrete, and radon gas. Internal
radiation comes primarily from radioactiveisotopes of
naturally occurring elements in biological systems,
such as potassium-40 and sodium-24. In some areas of
Brazil and India, large concentrations of monazite, a
mineral containing thorium, are present in the soil or
sand. Background-radiation exposures there range
from 0.008 to 0.17 Gy/year."

Fallout from nuclear weapons testing peaked in
1964, after seventy-seven atmospheric detonations
occurred in 1962. Of the total fallout, 69% was from
carbon-14, 4% was from cesium-137, and 3% was from
strontium-90. The remaining 24% was from radioac-
tive isotopes of plutonium, rubidium, barium, iodine,
iron, manganese, krypton, americium, tritium, and
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D Nuclear Power m Internal
1.64 mrem 24 mrem
. Research Cosmic
3.00 mrem 28 mrem
Ea Weapons Testing @ Terrestrial
4.50 mrem 26 mrem
Consumer and (not including radon)
Air Travel % Medical
4.50 mrem 92.40 mrem

Fig. 9-2. Major contributors to average background radiation in the United States

zinc.* Carbon-14 will be a long-term contributor to
background radiation because it has a half-life of 5,700
years. Nuclear fallout has decreased because of the
total ban on atmospheric testing by the United States,
Great Britain, and the Soviet Union, although several
other countries continue atmospheric testing.
Radiation is also emitted from consumer products,
such as color television sets (averaging 0.3-1.0 rem/
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hour of use), video terminals, smoke detectors (which
contain an alpha emitter, usually americium-241), and
dinnerware that uses uranium for an orange color.”'*
Ophthalmic glass, used in prescription lenses, con-
tains trace impurities of thorium-232, and uranium is
added to dental porcelain to give dentures a natural
fluorescent quality.' The latter may resultin an alpha
radiation dose of 60 rem/year to the gums.”
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Long-Term and Low-Level Effects of lonizing Radiation

SOMATIC EFFECTS

Delayed somatic effects of ionizing radiation result
from somatic mutations and accumulated damage,
and include impaired circulation, necrosis, fibrosis of
skin and muscle tissue, loss of hair, loss of taste,
impaired bone growth, susceptibility to disease, im-
munodeficiency, aplastic anemia, cataracts, and in-
creased incidence of cancer.®*!?

Some organs are more radioresistant than others.
Radiation doses exceeding 15-50 Gy must be received
before damage to the liver or heart is detected.*® Other
tissues, such as the lens and the sperm, show some
detriment from doses as low as 0.15-0.30 Gy.”*!""""
Delayed somatic effects of intermediate- or high-level
exposures include cataract formation, skin abnormali-
ties, and sterility.

Cataract Formation

The lens tissue of the eye is particularly radiosensi-
tive, and radiation exposure can result in its increased
opacity.”*'** Radiation cataractogenesis is the most
common delayed radiation injury,” and is thought to
result from damage to the anterior equatorial cells of
the lens’s epithelial tissue.”* These cells normally di-
vide and migrate to the posterior portion of the lens,
where they gradually lose their nuclei and becomelens
fibers.*** The lens tissue, like that of the testes and the
brain, is separated from the rest of the body by abarrier
system.” As a result, it has no direct blood supply, no
macrophages for phagocytosis, and no way to remove
accum*'ated damage. In a study of 446 survivors of
the Nagasaki atomic bomb, 45% of the 395 persons
who were 0.1-2.0 km from the hypocenter of the bomb
developed cataracts by 1959 (whereas only 0.5%, or 2
out of 395, had severe visual impairment).'"*' Four of
the remaining fifty-one persons (7.8%) who were 2-4
km from the bomb hypocenter developed mild cata-
ract impairment. Even survivors exposed to small
doses of radiation were at increased risk for cataract
formation. By 1964, the incidence of cataract formation
among atomic-bomb survivors whoreceived 0.01-0.99
Gy of radiation was 1.5% in Hiroshima compared to
1.0% in the control population, and 2.0% in Nagasaki
compared to 0.9% in controls (Figure 9-3).* Higher
doses tend toincrease the degree of opacity and shorten
the latency period.”* There is a 10% risk of developing
a severely impairing cataract following a single expo-
sure to 2.4 Gy of low-LET radiation, and a 50% risk for
a dose of 3.1 Gy." The estimated dose for 50% inci-
dence of cataract formationincreases from 3.1 Gy t09.3
Gy by lowering the dose rate or extending the expo-

sure period." The latency period for cataract forma-
tion in humans has been estimated to be 6 months to 35
years; however, fractionation or protracted exposure
lowers the incidence and prolongs the latency.™

Small radiation doses may increase the opacity, but
visually impairing cataract formation results from an
accumulation of dead or injured cells, and therefore
has a threshold. For low-LET radiation, this threshold
is 2 Gy.”* High-LET neutrons have thresholds of less
than 0.2 Gy.

Other parts of the eye are not as radiosensitive as is
the lens. The threshold for corneal edema is 10 Gy of
low-LET radiation; for atrophy of the lacrimal gland, it
is 20 Gy.*"" Doses of less than 0.1 Sv/year are not
thought to present appreciable risk for detectable vis-
ual impairment. The International Commission on
Radiological Protection (ICRP) has recommended an
occupational exposure limit of 0.15 Sv for the eye.™

Sterility

Males. Germ cells of the human testes are very
radiosensitive.”** Temporary sterility may occur af-
ter 0.1-Gy whole-body or local irradiation, with 50%
incidence following 0.7 Gy.”*!" Sperm cells become
more resistant as they develop; spermatogonia are
more radiosensitive than spermatocytes, which are in
turn more radiosensitive than spermatids.* The re-
generating spermatogonial stem cell (Ag) is more radi-
oresistant than the developing spermatogonia (B). The
ED;, for damage to spermatogonia is 0.11 Gy of low-
LET radiation.” The spermatid is also fairly radio-
resistant, requiring X-ray doses of 6 Gy to show visible
damage.”

Radiogenic aspermia is caused by a maturation-
depletion process similar to that observed for hemato-
poietic cells after irradiation. Radiation kills stem cells
or delays mitosis, so that differentiating cells continue
to divide without being replaced. The latency period
for aspermia after radiation exposure is approximately
2 months,* and the time for recovery is several months
to years. Chronic and protracted exposures produce
greater testicular damage than do acute large expo-
sures. This damage is reflected in the duration of
aspermia,”** and is thought to result from cycling of
theradioresistant Agspermatogonia to the more radio-
sensitive B spermatogonia.”** A dose of about 0.35 Gy
produces a 50% incidence of aspermia after a pro-
tracted exposure of 1-10 days."" Atlow dose rates, the
recovery period depends on the total dose received:
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Fig. 9-3. Incidence of severe cataracts in atomic-bomb survivors, according to radiation dose received. Cataracts were
detected by examinations in 1963-1964 for populations of Nagasaki and Hiroshima. Numbers in parentheses are the actual
numbers of cataracts observed per number of persons examined who received that dose of radiation. Radiation doses are
based on Oak Ridge National Laboratory (ORNL) calculations, which contain a lower neutron dose estimation in the
Hiroshima population than originally estimated. Based on the 1965 tentative dose relationship (T65D) estimate, the average
total dose for the 600+ Hiroshima group is 7.783 Gy, including 2.343 Gy of neutrons. Using ORNL dosimetry, theaverage dose
for this group is 8.514 Gy, with 0.74 Gy of neutrons. Dosimetry was recently revised based on new information on explosion
characteristics. Risks will be revised by scientific advisory boards when these new estimates (DR86) become available.

Source: References 107 and 108

approximately 1 year following a 1-Gy exposure, 3
years for 2-3 Gy, and up to 5 years for 6 Gy.* A
fractionated dose of 2-3 Gy may require up to 14 years
for recovery.® Doses of 0.08 Gy do not significantly
affect sperm count or alter plasma follicle stimulating
hormone (FSH) levels.* Radiation doses of up to 6 Gy
do not alter plasma levels of testosterone, but do
decrease the levels of urinary hormone. Decreased
production of testosterone by the Leydig cells has been
observed in humans receiving 6 Gy of X rays. Plasma
levels are not affected because there will be a compen-
sating increased number of Leydig cells 3 months after
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irradiation.” Following the onset of aspermia, there is
a three- to fourfold increase in urinary gonadotropin,
plasma FSH, and luteinizing hormone. Elevated levels
return to normal when spermatogenesis resumes.*

Permanent male sterility may occur after 2 Gy (local
or whole-body exposure) but generally requires doses
between 5 and 9.5 Gy.* These doses are within the
lethal range for whole-body exposure.’

Females. The ovary is not as sensitive to radiation-
induced temporary sterility as is the testis, but it is
more sensitive to permanent sterility.”#* These dis-
tinctions are based on differences in the stages of




development of the two germ cell groups. Shortly
before birth, the oogonia stop multiplying and pro-
ceed to prophase | of meiosis.™ After puberty, meiosis
resumes for individual cells by ovulation. Oocytes
lose the ability to renew after birth and are unable to
replace stem cells that have been damaged or killed by
radiation. The oocyte is most radiosensitive as a pro-
liferative stem cell during the fetal stage of gestation,
prior to ceasing mitosis and entering meiosis.™

Temporary sterility may be induced in females by
acute radiation doses of 1.5-6.4 Gy.*" Permanent
sterility results trom doses of 2-10 Gy, and depends on
the woman'’s age at the time of irradiation.*""* Older
women, particularly those close to menopause, are
particularly radiosensitive for sterilization. Two Gy of
low-LET radiation may result in permanent sterility of
50% of the exposed female population over 40 years of
age, compared to an estimated 3.5 Gy for women
under 40." This is simply due to the numbers of
oocytes present at the time of irradiation.”** Women
have about one-half million oocytes at puberty, which
are almost depleted through atresia at menopause.™

Higher radiation doses of 3.6-20.0 Gy are required
for sterilization when the exposures are prolonged or
fractionated.*" From the 1920s through the 1950s,
radiation exposure was occasionally prescribed to treat
infertility and sterility.* One-third of the women
referred for this treatment had amenorrhea. Each
wornan received a total dose of 0.65 Gy to the ovaries
and 0.75 Gy to the pituitary gland, divided in three
fractions over 2 weeks. In one study, this technique
had a 55% success rate: 351 of 644 patients treated were
able to conceive. The treatment has been discontin-
ued because of the concern for associated risks of
geneticand somatic damage. Higher doses of low-LET
radiation (1.25 Gy) can result in a delay of the men-
strual cvcle."

Radiation Effects on Skin and Hair

Soon after Roentgen’s discovery of X rays, re-
searchers and radiologists became aware of the skin's
sensitivity to radiation damage.”* Eight months after
the discovery of X rays in 1896, a German scientist re-
ported a case of dermatitis and alopecia on the faceand
back of a 17-year-old man who had been exposed to
these rays for 10-20 minutes a day for 4 weeks during
an investigation.” Interestingly, the accompanying
erythema, which resembled a burn, was painless,
whereas chronic radiation dermatitis following re-
peated exposure is usually extremely painful.

In another 1896 case, a man received an hour-long
X-ray exposure during an examination for a kidney
stone.” The patient experienced nausea (a prodromal
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symptom) 3 hours after irradiation. Following a
second exposure lasting 1.5 hours, the patient devel-
oped a radiation sequela leading to ulcer formation at
the site of exposure, which was not responsive to skin
grafting.

An 1897 case study initiated the popularity of X-
radiation treatment for dermatological ailments. A
Viennese doctor administered X radiation in two hour-
long treatments per day for 10 days to depilate a nevus
pilosis birthmark covering the back of a 5-year-old
girl.* Epilation occurred 11 days after the initiation of
treatment.

Before the introduction of the roentgen in 1928 as a
unit to measure exposure dose, the skin erythema dose
(SED) was commonly used.* The SED is the radiation
dose required to produce a given degree of erythema.
[tdepends onthequality, energy, and exposure time of
the radiation. For X radiation, the SED is about 8.5 Gy.
In 1925, it was proposed that the exposure of radiolo-
gists and X-ray machine operators not exceed 1/100th
of the SED in a 30-day period.™

During a radiation incident, skin may be exposed
either by direct blast irradiation or by beta burn from
the direct deposition of particulate fallout.*>* The
degree of radiation-induced skin damage depends on
anumber of factors, including the type of radiation; the
dose and dose rate; the area of skin irradiated; and
skin-quality characteristics, such as texture, age, color,
thickness, and location.”!"#** The neck is the most
radiosensitive area because its skin is thin and usually
not protected by clothing.*+ Additional trauma
through burn, abrasion, exposure to ultraviolet light,
or extreme temperature variations will increase the
damage.*## Environmental factors or inadequate
clothing may contribute to hyperthermia, and wool or
other coarse fabrics may further abrade the damaged
skin. Anillness like diabetes* or a genetic disease like
ataxia telangiectasia®** may also make the skin more
radiosensitive. Alpha radiation is of little concern for
skin damage because the average penetrated dose is
usually absorbed by the dead corneocytes of the stra-
tum corneum. However, it may present a problem at
sites where the skin is thinner and the radiation can
penetrate to the basal level.*

Beta particulates in fallout may contain extremely
high radiation dose rates (tens of Gy per hour). When
they land on the skin, their energy may penetrate to the
germinal basal cells.>*#4 This radiation damage
(beta burn) was observed in the atomic-bomb survi-
vors and the Marshall Islanders (Figure 9-4) who had
been exposed to nuclear fallout.>***%" The threshold
dose of beta radiation for skin damage depends on the
average energy of the beta particle, the total absorbed
dose, and the dose rate.* The average penetrating
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Fig. 9-4. Betaburn on neck of Marshall Island woman 1 month after exposure to fallout radiation from a nuclear weapon. Note

discoloration of skin on left and right sides.

range of a beta particle is proportional to its energy;
thus, higher-energy beta emitters, such as strontium-
90 (0.61 MeV average), require lower surface doses to
produce wet desquamation than do lower-energy beta
particles, such as those from cobalt-60 (0.31 MeV aver-
age)." The surface threshold doses for transepidermal
injury in the skin of pigs is 15 Gy for strontium-90, 40
Gy for cobalt-60, and 200 Gy for sultur-35*" The
exposure from each of these radioisotopes delivers
approximately the same tissue dose to the basal germ
cells. Lower-energy beta particles like sulfur-35 (0.17
MeV energy) are not capable of penetrating to the
dermis and cannot induce chronic radiation dermati-
tis.* Beta injuries from fallout can be minimized by
decontamination and washing.

Radiation damage to the dermis has a threshold
dose of about 20 Gy, ™ with 50% incidence at 60 Gy.™
Five progressive categories of radiation damage are
observed in skin: erythema, transepithelial injury
(moist desquamation), ulceration, necrosis, and skin
cancer, "1

Radiation-induced erythema occurs in two stages:
(a) mild initial erythema, appearing usually within
minutes or hours on the first day after irradiation
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(occurring earlier with higher doses), and (b) the main
ervthema, appearing at 2-3 weeks and persisting for
longer periods."*** In some cases, a third ervthema
may occur at 6 weeks.*” Radiation-induced erythema
is a threshold phenomenon.*** A dose of 6 Gy of lov.-
LET radiation received inless than 1day,or 10Gy in 10
days, will induce erythema in 50% of exposed per-
sons.™"" The threshold for neutron radiation is 2 Gy *
Because of these variables, and the fact that the thresh-
old dose decreases with an increase in the surface area
exposed, erythema is not a good biological dosime-
ter.M'"*4% Early erythema arises from the release of
mediators and from increased capillary dilation and
permeability.* It is equivalent to a first-degree burn or
mild sunburn, subsiding within 2 or 3 days.#** Al-
though indomethacin or other prostaglandin-synthe-
sis inhibitors have been used topically to prevent or
reduce erythema caused by sunburn or ultraviolet
light,™ they have not been widelv used to treat radia-
tion-induced erythema. (One study suggested that
systemic and topical applications of prostaglandin in-
hibitors may be useful in minimizing late damage and
necrosis from large radiation doses.)”* When early
erythema subsides, it will be latent for 2-3 weeks,




depending on the dose.

The second onset of erythema is attributed to im-
paired circulation in the arterioles and capillaries,
producing inflammation and edema®*** and accom-
panied by dry desquamation of the epidermal corneo-
cvtes. Low radiation doses induce mitotic delay, ™
withsubsequent sloughing of epidermallayers. Higher
radiation doses extend the duration of mitotic delay
but do not alter the rate of cell sloughing at the skin
surface. Upper cells are sloughed or abraded off,
exposing cells that are not completelv keratinized.
Cell death and moist desquamation ensue.

Both dry and wet desquamation occur about 14
weeks after irradiation.” ™ Regeneration of the stra-
tum corneum requires 2 months to 4 vears,* and this
regenerated tissue will be more sensitive to other skin-
damaging agents.*’* The new skin may be thinner
than the original, with greater sensitivity to touch and
pain.*** Reduction or loss of the dermal ridges mak-
ing up the fingerprint has occurred from large or
chronic exposures.**

Epidermal basal cells are thought to be the targets
of early radiation damage,*** and further damage to
the surrounding vasculature is an important factor in
late radiation injury and necrosis.**“*'+*% The blood
vessel damage may lead to telangiectasia, and fibrosis
and alterations in connective tissue may appear." 434
Hyper- or hypopigmentation may occur after radia-
tion exposure: low doses activate melanocytes and
produce hyperpigmentation, and higher doses may
result in death of melanocytes and hypopigmenta-
tion >

Dermal necrosis from radiation results from cell
death in the dermis, and is equivalent to third-degree
thermal burns.""** Ulceration is seen with doses
greater than 20 Gy;* some muscular atrophy may
occur with highly penetrating radiation.*#* When the
proliferation rate of basal cells is depressed for long
periods, fibrotic repair may surpas:: the basal cell
repair, leading to reduced tonicity and resiliency and
the formation of scar tissue.*** Figure 9-5 shows the
general pattern of skin damage of a patient who re-
ceived large doses of radiotherapy. Ulceration with
scar-tissue formation occurs after 30 Gy,* and severe
fibrosis after 55 Gy.* Ulcerations may require correc-
tive surgery, because the underlying tissue may main-
tain the ulcer and the recovery of the immediate sur-
rounding tissue may be slow.*® Chronic radiation
exposure (chronic radiodermatitis) can also lead to
increased fibrosis and to ulceration.**** Skin cancers
may be evident after months or years.**+#** They may
result from either acute or chronic exposure, but are
not generally associated with increased mortality.”5+

Radiation induces a bluish-brown pigmentation of
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the fingernails in persons of dark-skinned races.™ The
threshold dose has not been determined. Fingernail
pigmentation was observed in the Marshall Islanders,
who received an average estimated whole-body
gamma-radiation dose of 61 rem. The bluish-brown
pigment was slowly eliminated by normal fingernail
growth over the first 6 months after irrediation.™
Cracking or shedding of the nails may occasionally
occur.

The first report of epilation caused by X rays was
written in 1896. As a way to test the machine’s ability
to make a photograph of the skull (in preparation for
locating a bullet in the head of a child who had been
accidentally shot), the author exposed the head of a
colleague to X radiation for 1 hour. The photograph
did notturnout, and 3 weeks later, the colleague devel-
oped a 2-inch bald spot on his scalp.™

Generally, epilation occurs about 2 weeks after
irradiation with doses greater than 2-3 Gy."#** This
loss is temporary, with regrowth occurring in 2-6
months.  The returning hair may be thinner, with
either different pigmentation or loss of pigmentation.
Permanent epilation occurs with doses greater than 6
Gy.™ Epilation results from a combination of mitotic
delay, interphase death, and reproductive death of the
hair cell.

Cancer

Two months after their discovery, X rays werc
being used to treat cancer.™* The earliest radiother-
apy was performed in 1896 for breast carcinoma™ and
stomach tumors.**' However, with the increasing use
of radiotherapy came reports that radiation actually
induces cancer.”*¥*2*> One of the earliest radiation-
induced cancers occurred in the laboratory of Thomas
Edison, whose assistant died in 1904 from skin cancer
contracted while working on the development of a
fluorescent light using an X-ray tube.™ By 1907, eleven
mortalities were attributed to cancer induced by X
radiation.”* The first investigator to demonstrate that
X radiation causes cancers in laboratory animals used
a fractionated radiation schedule to induce spindle-
cell carcinomas in rats.”* Many early radiologists,
researchers, and workers experienced chronic radio-
dermatitis, increased incidence of cancers, and other
damage before the dangers of radiation were clarified
and protective measures were initiated.”*'** Now, the
National Academy of Sciences considers cancer induc-
tion to be the most important somatic effect of low-
dose ionizing radiation.”

Cancer Induction. Cancer development is thought
to be a multistep process, in which the initial damage
leads to a preneoplastic stage, followed by selection
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Fig. 9-3. Clinical course of radiation damage to the skin of a radiotherapy patient: (\) crvthema, (B) erosion, (O) ulcer, (D)

sdar.

source: Reference 43

and proliferation of the neoplastic cell.” > Chromo-
somal and enzvmatic analvses indicate that all of the
cancer cells of a tumor and its metastases are deriva-
tives or clones of a single cell”™ 7 A neoplasm s
characterized by unrestrained growth, irregular mi-
gration, transtormation, and genetic diversity.

The three stages in cancer formation are initiation,
promotion, and fatency (Figure 9-6). During initia-
tion, fination of the somatic mutational event oceurs,
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whichleadstothedevelopmentof ancoplasm. Damage
can be initiated by various agents, including exposure
to radiation or another environmental or chemical
carcinogen.

During the promotion stage, the preneoplastic cell
is stimulated to divide or is given preferential selec-
tion. A promoteris an agent that by itselt does not cause
cancer, but once the initiating carcinogenic event has
oceurred, it promotes or stimulates the cell containing
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Fig. 9-6. Sequential steps in the development of cancer. Cancer originates from a single cell (clone) through a multistep
process. Initiation by one of four methods (a-d) leads to repair of damage, or cell death, or fixation of DNA damage, which
may predispose the cell to transition inte a neoplastic state. Chromosome-breakage syndromes (also called genetic
svndromes, such as xeroderma pigmentosum and ataxia telangiectasia) are associated with deficiencies in DNA repair and
genetic instabilitv. Environmental or host factors may play roles in cancer promotion and latency. End products of these steps

are the tumor and its potential metastases.

the original damage.*® The National Toxicology Pro-
gram lists 148 chemical agentsand groups known tobe
carcinogenic in humans, including asbestos, benzene,
vinyl chloride, nickel, soots, tars, formaldehyde, DDT,
saccharin, and urethane.”” Unlike most carcinogens,
radiation may act both as an initiator by inducing
somatic mutation, and as a promoter by stimulating
cell division as a result of recovery and repair proc-
esses.”  Some chemotherapeutic alkylating agents
(including cyclophosphamide and nitrogen mustard)
initiate biochemical damage similar to that caused by
radiation, and are called radiomimetic agents. Like
ionizing radiation, they are useful for chemotherapy
but are also carcinogenic. Some hormones may act as
promoters by stimulating the growth of target tissues.”
For example, estrogen may function as a promoter of

breast cancer, and thyroid-stimulating hormone (TSH)
may act as a promoter of thyroid cancer. Conjugated
and unconjugated estrogens have been identified as
carcinogenic in human populations.™

Radiation may also affect latency, which s the third
(and last) stage of cancer development. During la-
tency, the transformed cell produces a number of
different phenotypic clones through continued ge-
netic diversity, although not all clones will be neoplas-
tic.”**"** Eventually, one phenotype acquires the selec-
tive advantage of evading the host’s defense systems
and metastasizing (Figure 9-6). The primary contribu-
tions of radiation in latency are the immunosuppres-
sion and alteration of biological mediators released in
the surrounding tumor microenvironment.

Environmental and host factors haveroles in cancer
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TABLE 9-1

LOWEST CANCER INCIDENCE RATES FROM SELECTED WORLD REGISTRIES*

Type or Site Connecticut Lowest Incidence  Location of

of Cancer Registry Worldwide Incidence

Lung 325.8 9.0 Rural Norway

Colon 137.2 13.7 Ibada, Nigeria

Prostate 92.3 5.3 Miyagi, Japan

Stomach 66.2 28.0 New Mexico, United States
Leukemia 57.9 40.8 Miyagi, Japan

Myeloma 15.1 1.8 Miyagi, Japan

Thyroid 124 3.6 Southern metro region,

United Kingdom

*Per million males vounger than 65 years
Source: Condensed from reference 73

promotion.®” The contribution of environmental agents
can be estimated by comparing high and low cancer
incidences in different populations of the world.™ As
many as 80% of cancer deaths in the United States may
be linked to environmental factors that could have
been avoided.” The incidence of lung cancer in males
in the state of Connecticutin 1968-1972 was 325.8 cases
per million males under 65 years old, compared to nine
cases per million in rural Norway (Table 9-1).”* Simi-
lar differences occur for the incidences of prostate
cancer and myeloma in the populations of Connecticut
and Miyagi, Japan. Environmental factors that may
promote cancer are the use of tobacco, alcohol, and
food additives; other dietary factors; sexual behavior;
occupation; air pollution; industrial products; medi-
cines and medical procedures; bacterial and viral in-
fections; and geophysical factors.”® Tumor registry
studies have shown higher incidences of colon cancer
in the United States than in Japan, while higher inci-
dences of stomach cancer occur in Japan.™ Japanese
immigrants in the United States have a higher inci-
dence of colon cancer than those living in Japan, indi-
cating that environmental factors and dietary changes
may influence its development. One environmental
agent of increasing importance is the human immu-
nodeficiency virus (HIV), implicated in the cause of
acquired immune deficiency syndrome (AIDS).” This
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virus selectively attacks and destroys a subclass of T-
cells (T-4 lvmphocytes) that is responsible for monitor-
ing the immunity of the spontaneously developing
neoplastic cells. Impairment of the immune system
may, therefore, promote cancer growth.

The differing incidences of cancer for males and
females (Table 9-2) may be the result of hormonal,
environmental, or behavioral factors. Leukemias and
lung cancer are more prevalent in men. Their higher
incidence of lung cancer may be due to the greater
percentage of males who smoke. Thyroid cancers are
more prevalent in women.”? Genetic studies have
shown that family tendencies for developing certain
cancersare associated withseveral geneticsyndromes,
including xeroderma pigmentosum, ataxia telangiec-
tasia, Fanconi’s anemia, Bloom’s syndrome, Gardner’s
syndrome, and Li-Fraumeni'’s syndrome.***'4%7 These
diseases are associated with increased cellular muta-
tion rates, sensitivity to environmental and chemical
mutagens, and exposure to ionizing radiation. Chro-
mosomal translocations are observed more frequently
in cells from persons with these diseases, and specific
defects in the repair of deoxyribonucleic acid (DNA)
have been identified for most of these syndromes.
These hereditary syndromes may increase susceptibil-
ity to cancer by providing the genetic diversity that is
necessary for its development.®*7




TABLE 9-2
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UNITED STATES CANCER MORTALITY RATES

IN 1968-1972*

Type or Site Number of Number of
of Cancer Males Females
Lung 288.0 713
Colon 85.2 74.9
Prostate 25.5 —
Leukemia 43.4 30
Stomach 375 18.2
Thyroid 1.8 2.1
Breast 1.3 174.0

*Per million males or females younger than 65 years
Source: Condensed from reference 73

Specific gene mutations and chromosomatl aberra-
tions are associated with particular cancers.t*74%7
Research in this area has been stimulated by the dis-
covery in recent years of oncogenes, proto-oncogenes,
and antioncogenes.®*-"47

Oncogenes are genes that induce the transforma-
tion of cells in culture when incorporated into the DNA
of otherwise normal cells.”” These genes have been
found to have structural similarity to normally occur-
ring genes that are present in nontransformed, non-
cancerous cells.””** About forty different oncogenes
have been identified.” Their functions are diverse;
however, many of their gene products bind to DNA or
promote cellular proliferation.® 7%

The normally occurring counterpart of the onco-
gene is the proto-oncogene. Very few natural func-
tions of the proto-oncogenes are known, although
similarity exists between the v-sis oncogene and the
gene coding for the platelet-derived growth factor-2
peptide.**!

Most oncogenes were first isolated from avian leu-
kemia retroviruses, and later research identified onco-
genic and normal counterparts in laboratory animals
and in humans.” The viral oncogene is referred to as
v-onc. One of the most commonly studied v-onc genes
is v-myc.t”7*# Its homologous cellular gene (c-myc) is
amplified in several different forms of cancer, includ-

ing Burkitt's lymphoma in humans.®”®%  Another
oncogene (ras) codes for a G-protein that regulates cell
receptor activity by controlling adenyl cyclase activ-
ity.* Up to 40% of the surgically removed human
colon cancers contain an activated ras oncogene.*
Radiation-induced skin tumors in rats and mice have
been found to have activated forms of the c-myc, k-ras,
and ras oncogenes as well asamplification of the c-myc
gene*¥ A mouse lymphoma induced by radiation
was shown to have an activated c-k-ras oncogene that
differed from the normal gene by a single point muta-
tion, resulting in incorporation of aspartic acid instead
of glycine into the corresponding protein.”
Oncogenic activation by itself is not necessarily a
carcinogenic event because these genes have impor-
tant normal cell functions.®”** They are thought to
participate in initiating a neoplasm state by either
quantitative or qualitative changes in their specified
gene product as a result of amplification, mutation, or
deregulation.*”**” Some antioncogenes help repress
cancer induction.®®® The deletion, inactivation, or
presence of that gene in a homozygous recessive state
may predispose or permit cancer development.®**
Hybridization experiments using normal cells and
cancerous cells show that the cancerous actions of
some oncogenes are repressed by the presence of the
normal chromosome in the new hybrid.** An acti-
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vated raf-oncogene has been implicated in the radi-
oresistance of a human larvngeal cancer cell line™ and
also in radioresistant benign skin fibroblasts from a
patient with Li-Fraumeni's syndrome.™

Radiationis known to induce chromosomal aberra-
tions, and specific chromosomal aberrations are shown
by many cancers. The most common translocations
and trisomic conditions observed in human cancer
involve chromosomes 1, 8, and 14 The c-mvcand ¢-
mos genes are located on chromosome 8. Translo-
cation of chromosome 8 to 14 is present in 80¢ of
patients with Burkitt's lvmphoma and is associated
with amplification of the c-mve gene.” ™ A similar
translocation occurs in 109 =204 of patients with acute
T-cell leukemia.” The Philadelphia chromosome that
is present in 90995 of patients with chronic my-
eloid leukemia is a translocation of a portion of chro-
mosome 9 to chromosome 22, and it is thought to
involve the c-abl proto-oncogene.” ™ A transforma-
tion is thought to arise by random selection in the
tumor cell due to its greater genetic diversitv. Once
present, the transtormation providesa selective growth
advantage that allows the cell possessing that modifi-
cation to predominate.~ oo™

Models for Predicting Cancer Incidence. With few
exceptions, radiation may induce cancer in any organ
of the bodv.”™ Radiation-induced cancers cannot be
distinguished from spontaneous cancers.” " The
possibility of radiation induction is based on a per-
son’s history of exposure to large doses, and is influ-
enced by a number of variables, including total dose,
dose rate, and radiation qualitv.®  As with other
somatic eftects, genetic changes, and in utero effects,
high-LET radiation and high dose rates have a greater
probability of initiating or promoting cancer than does
low-LET radiation. Most leukemias and cancers of the
thvroid, breast, lung, liver, and bone are induced at
higher rates by high-LET radiation, but the incidence
is not large enough to allow accurate determination of
the RBE in human populations. Low dose rates permit
partial or complete cell repair of the radiation damage.
[n contrast, with high dose rates, the rate of cell dam-
age may be faster than the repair rate, resulting in
damage accumulation. Fractionation of the dose per-
mits repair of a potential neoplasm and decreases the
incidence of carcinogenesis for leukemia, but does not
appear to be as important in reducing the incidence of
breast and thvroid cancers. The latency and total risks
for breast, lung, intestinal, stomach, and thyroid can-
cers vary with theage atexposure. Ingeneral, persons
who are vounger at the time of exposure are at in-
creased risk for most cancers. For breast and thyroid
cancers, persons vounger than 20 vears at the time of
exposure are more radiosensitive, whereas they are
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less radiosensitive for stomach cancer and leukemia.
The minimum latency periods are 2-3 vears for leuke-
mia and 5~ vears for solid tumors.

The probabilities of developing cancer as a result of
exposure to high doses of either low- or high-LET
radiation are fairly well established, but the risks of
low-level exposure are not.”" Insutficient data exist to
accurately determine the risks to humans. >''** The
risk for low-level exposure is extremely small and may
be nonexistent.” Epidemiological analyses for deter-
mining the role of radiation exposure in carcinogene-
sis are made ditficult by the small numbers of irradi-
ated populations and the even smaller chance that a
specific cancer resulting from a specific radiation
exposure can be detected in a population. !
Epidemiology is also clouded by the contributions of
other carcinogens, differences in health tactors, inap-
propriate control populations, and (in retrospective
studies) possible death certificate inaccuracies, miss-
ing data in the records, and poor or biased memo-
ries.'""> 1" The most recent estimates for the inci-
dences of cancers resulting from 1 cGv of low-LET
radiation are shown in Table 9-3."

Within the limitations described above, the scien-
tific community has attempted to derive risk estimates
for low-level radiation exposures that may be used by
legislative bodies to prescribe occupational and public
safety standards. Four research models are used:
linear, linear-quadratic, quadratic, and pure quadratic with
cell killing.~*1¥1"1% Each model may exist with or
without thresholds. Two of these models, linear and
quadratic (nonlinear), are shown in Figure 9-7. A
linear model is more likely to overestimate the inci-
dence of cancer for lower doses. If the initial rate of
increase is shallow for the lower doses, then a thresh-
old essentially exists for the lower doses of a nonlinear
model (Figure 9-7) because the incidence is extremely
low in proportion to the dose. Different cancers may fit
one model better than another. For some cancers, the
confidence limits of the curve fit may not permit the
selection of one model over another with any degree of
accuracy. Figure 9-8 shows the degree of fit to the
incidence of leukemia in the Nagasaki atomic-bomb
survivors."” The data are best predicted by a linear-
quadratic model,”"" although either model is appli-
cable. Theradiation-induced incidences of breast cancer
and thyroid cancer are best described by linear mod-
els."" The cell-killing component of the pure-quad-
ratic-with-cell-killing model refers to the fact that some
incidence curves decrease at the higher radiation doses.
Lower radiation doses increase the incidence of cancer
cellinduction, whereas the accumulated damage from
higher doses is more likely to kill the cell, thus elimi-
nating potential neoplasms.
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TABLE 9-3

RISK ESTIMATES FOR RADIATION-INDUCED INCIDENCE OF
CANCER PER MILLION PERSONS EXPOSED PER <Gy (rad) OF
LOW-LET RADIATION

Type or Site Age at Years at Risk Absolute Risk
of Cancer Exposure After Irradiation  Male  Female
Leukemia* 0-9 5-26 1.73 110
10-19 5-26 08 054
20-34 5-26 085 054
35-49 5-26 105 067
50+ 5-26 156 099
Lung 10-19 10-33 030 030
20-34 10-33 0.56 056
3549 10-33 0.86 0.86
50+ - 10-33 120 120
Breast 0-9 '  10-35 — 380
10-19 | 10-35 — 760
20029 | 10-35 — 49
30-39 | 10-35 — 490
4049 ' 10-35 — 130
50+ - 10-35 — 0.8
Thyroid 0-9 10-34 1.50 5.00
10-19 10-34 1.50 5.00
20+ 10-34 050 050
Colon 20-34 10-30 021 021
35-49 10-30 034 034
50+ 10-30 0.89 089
Stomach 10-19 10-30 016 016
20-34 10-30 031 031
35-49 10-30 0351 051
50+ 10-30 134 134
Liver 20+ 10-30 028 028

*Except chronic lymphocytic leukemia
Source: Condensed from reference 11, Table VI-1-A
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Linear Model

\
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Nonlinear Model

Cancer Incidence —m

Probable Threshold Region

Radiation Dose —

Fig.9-7. Mathematical models for radiation dose and incidence of cancer. Four
models estimate the effects of low-level radiation on incidence of cancer: linear
model with threshold, linear model without threshold, nonlinear model with
threshold, and nonlinear model without threshold. A “quasi” or probable
threshold may exist in the nonlinear model (shaded area), where an increase in
incidence within that region is so low that a threshold essentially exists.
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Fig.9-8. Incidence of leukemia in Nagasaki atomic-bomb survivors through 1972.
Bone-marrow doses have been adjusted for differences in age at time of exposure,
and 50% confidence intervals are provided. Relative fits of four different mathe-
matical models to data are shown: pure quadratic with cell killing (-~~~ ), pure
quadratic (m = = = ), linear-quadratic (sses++++ ), and linear (===ma)_[Insert is
enlargement of the dose range (< 0.2 Gy).

Source: Redrawn from reference 102
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HUMAN DATA BASE

Data from the human population on the effects of
low-level radiation come from four sources (Table 9-
4): atomic-bomb survivors, medical exposures, occu-
pational exposures, and epidemiological comparisons
of geographic areas containing high background ra-
diation.™®

The 92,231 survivors of the atomic detonations in
Hiroshima and Nagasaki are being monitored by the
Radiation Research Foundation for possible radiation-
induced health effects."™ Of the 24,000 deaths in this
population through 1982, 6,720 were attributable to
radiogenic and nonradiogenic cancers. The founda-
tion is also following 27,000 children of the survivors
who were conceived after the detonations to deter-
mine if genetic damage was induced in their parents
and passed on to them.'™ Radiation doses received by
a majority of the survivors were first determined in
1965,""" and were recalculated in 1986 after more infor-
mation on the explosions became available."™ Earlier
differences in the biological responses of the Hiro-
shima and Nagasaki populations were thought to be
attributable to the larger neutron exposureand, hence,
the greater RBE in the Hiroshima explosion;™* how-
ever, reestimation of the radiation doses indicates less
contribution from neutrons and a greater influence
from gamma radiation in the Hiroshima bomb.'™ This
necessitates revising the risk estimates for low-LET
radiation exposure and may increase the potential risk
estimates by 50%.""

The largest medically irradiated population for
which dosimetrv is available comprises the 14,111
patients in the United Kingdom who received spinal
irradiation for treatment of ankylosing spondyii-
tis.* 3111 Ankylosing spondylitis is a rheumatoid
disease primarily affecting the spineand characterized
by destruction of the cartilage and ossification of the
vertebral joints. The patients received their radiation
treatments sometime between 1935 and 1954. In the
most recent study, they were monitored through 1970.*
Anincreased incidence of leukemia has been observed
in this population. Other medically irradiated groups
with increased cancer incidence are children who re-
ceived head radiation for treatment of tinea capitis,''”
and patients who received routine fluoroscopy exami-
nations for postpartum mastitis''* or during treatment
of tuberculosis.'*'"

The third category includes occupational groups
with very low radiation doses (averaging less than 1
rem/year); the medical, scientific, and industrial pro-
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fessions; and victims of radiation accidents. In the
early 1900s, workers in a number of occupations re-
ceived large or chronic exposures to ionizing radiation
because of inadequate safety standards and ignorance
of its long-term biological effects. Three groups witha
high incidence of radiation-induced cancer were the
early radiologists, the radium-dial painters of the
1920s,”* and uranium miners.''*""”

Leukemia

Leukemia is one of the most frequently observed
radiation-induced cancers.”*'" It accounts for one-
sixth of the mortality associated with radiocarcino-
genesis, with equal numbers of cancers of the lung,
breast, and gastrointestinal tract.*!' Leukemia may
be acute or chronic, and may take a lvmphocytic or
myeloid form. With the exception of chronic lympho-
cytic leukemia, increases in all forms of leukemia have
been detected in humans exposed to radiation and in
irradiated laboratory animals.***' More acute than
chronic leukemias are induced, although the latencies
are roughly equal.” Characteristic chromosomal
aberrations induced by radiation have been identified
in patients with either acute lymphocytic leukemia'™
or chronic myelogenous leukemia.” " The most com-
monaberration s the Philadelphia chromosome, found
in approximately 95% of patients with chronic myelo-
genous leukemia.”**

Leukemia first appeared in the atomic-bomb survi-
vors 2-3 years after the nuclear detonations, and
reached a peak incidence 10-15 years after irradia-
tion.”**' The data for the Nagasaki atomic-bomb sur-
vivors best fit a linear-quadratic model (Figure 9-8),
although the number of observations is so small that,
statistically, either model fits well.'"” The average
latency period for leukemia is thought to be 2-20
years.”*'' The mean time from exposure to death was
6 years in the ankylosing spondylitis patients ™' and
13.7 years in the atomic-bomb casualties (Table 9-5)."
The difference between the two groups may reflect the
larger radiation dose (averaging 3.21 Gy) received by
the bone marrow of the ankylosing spondylitis pa-
tients, compared to an average dose of 0.27 Gy in the
atomic-bomb survivors. Table 9-5 shows the large
numbers of observed leukemias in five irradiated
populations compared to the predicted numbers.
Between 1950 and 1972, sixty-three excess leukemia
deaths occurred among the 92,000 survivors of the




TABLE 9-4
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SOURCES OF DATA ON RADIATION EXPOSURE TO HUMANS

Atomic-Bomb Detonation Exposures

Survivors
Offspring of survivors

Medical Exposures

Treatment of tinea capitis

X-ray treatment of ankvlosing spondvlitis

Prenatal diagnostic X ravs

X-ray therapy for enlarged thymus glands
Fluoroscopy (treatment for tuberculosis)

Thorotrast treatment

Occupational Exposures

Radium dial painters (1920s)

Uranium miners and millers

Nuclear dockyard workers

Nuclear-materials enrichment and processing workers
Participants in nuclear weapons tests

Construction workers

Industrial photographv workers
Radioisotope production workers

Reactor personnel

Civil aviation and astronautic personnel
Phosphate fertilizer industry workers

Scientific researchers

Diagnostic and therapeutic radiation medical personnel

Epidemiological Comparisons of Areas
with High-Background Radiation

atomic bombs.*""™*!2 Results from a group of women
inScotland treated for metropathia hemorrhagica with
pelvic X radiation are also shown in Table 9-5."*' These
patients received an average radiation dose of 1.34 Gy
to the bone marrow, and have experienced increased
incidences of leukemia and cancers at the site of irra-
diation (intestines, rectum, and uterus).

Thorotrast is a contrast medium that contains tho-
rium-22 and decays by alpha emission (Table 9-5). It
was used in diagnostic radiological procedures be-
tween 1928 and 1955.7*%' An increased incidence of
leukemia and liver cancer was observed in patients in
whom thorium had concentrated in the liver and bone.
The mean radiation dose to the bone marrow from
Thorotrast ingestion was 3.5 Gy.*' The estimated inci-
dence of leukemia from 1 cGy of internal alpha radia-

tion from Thorotrast is 32 persons per million, com-
pared with 11.4 per million in the ankylosing spondy-
litis patients, who received 1 cGy of low-LET X radia-
tion.”! The alpha particle releases so much energy into
a small area that most of the local tissue is destroyed
before neoplasia occurs, thereby reducing the RBE for
neoplasia. Although the risk of inducing cancer in-
creases with an increasing dose, the accumulated
damage results in the death of the cell before it can
express its cancer potential. The RBE for leukemia
induction by neutron radiation is estimated to be 1-25,
according to data from the atomic-bomb survivors.'*

The incidence of leukemia is influenced by age at
the time of exposure (Figure 9-9). The younger the
person at the time of exposure, the shorter the latency
and the risk period for developing leukemia.”® The
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TABLE 9-3

LEUKEMIA STATISTICS FOR POPULATIONS EXPOSED TO RADIATION

Average  Follow-up Mean Latency  Number of Leukemia
Exposure  Period to Death Persons Cases
« vupulation (Gv) (vears) (vears) Exposed Observed®
Atomic-bomb 0.27 27 13.7 82,000 84 21
Survivors
Ankyvlosing 3.21 20 6.6 14,109 31(6.5
Spondvlitis
Patients
Pelvic 1.34 19 12.4 2,068 7(2.3)
Irradiation
Patients
Marshall 0.60 28 — 240 1(=)
Island
Residents
Thorotrast 3.50 27 — 4,594 60 (6)
Patients

(26 ml average)

*Numbers in parentheses are predicted cases of leukemia

incidence of leukemia decreases withincreasing age at
the time of exposure; however, this individual is at
increased risk for a greater period of time (Figure 9-9).
Conversely, as the leukemia risk decreases, the risk of
developing a solid tumor increases. For radiation
doses of less than 0.2 Gy, there appears to be a thresh-
old region in which increasing radiation doses carry
slightly increased risks for leukemia induction."” This
may simply be due to the sigmoid shape of the curve
in the low-dose region, but the result is a quasi-thresh-
old effect. Apparently no difference exists in the
incidences of leukemia in females and males atany age
or atany dose. ™"

Over 200,000 U.S. military and civilian personnel
have been involved in the testing of nuclear weapons
since 1945."™ This number includes military personnel
who were permitted to view a nuclear detonation from
asafe distance. Later U.S. weapons testing occurred at
the Nevada test site and at the Pacific Proving Ground
in the Marshall Islands. The average doses received by
the participants in those tests were 0.5 rem of gamma
radiation and 0.005 rem of neutron radiation.'™ These
doses were then and are now considered to be safe;
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Nuclear Regulatory Commission regulations permit
persons in occupations with radiation exposures to
receive 3 rem in any calendar quarter or 5 rem per
vear.'” At the request of the Department of Defense,
the National Research Council conducted a study of
mortality among participants of nuclear weapons tests.
The study included 46,000 of the approximately 200,000
test participants and, of these, 5,100 deaths occurred
from all causes.'™ No increased incidence of leukemia
was observed. Significantly fewer circulatory deaths
occurred than expected (1,723 versus 2,541) as well as
fewer cancer deaths (1,046 versus 1,243). The studv
concluded that “there is no consistent or statistically
significant evidence for an increase in leukemia or
other malignant disease in nuclear test participants.”

However, a person who was present at the 1957
nuclear test shot (code-named SMOKY) developed
leukemia 19 years later.”* A follow-up studv found a
statistically significant increase of 8-10 cases of leuke-
mia in the SMOKY test participants, compared with
3.5 leukemia cases expected in a general population of
that size."*'** The increase could be due to chance
alone because of the small population size or because
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Fig. 9-9. Effect of age at time of radiation exposure on incidence of leukemia in atomic-bomb survivors. Radiation-induced
risks are shown for all forms of leukemia (combined) relative to age at time of atomic-bomb explosions, based on 1977 data.
Chronic lvmphocytic leukemia is not included because increased incidence has not been observed in any exposed human

population.

Source: Reference 118

of statistical fluctuation resulting from theicalthy worker
effect. The healthy worker effect states that in a small
employed population, some change in mortality will
occur if there is better health care, and this factor
statistically sets that population apart from the general
population. If mortality in one category decreases,
then incidences in the other categories also shift. In-
depth investigations by the Center for Disease Control
and the National Research Council show thata healthy
worker effect is present in the SMOKY test partici-
pants.'"*!** Fewer circulatory-related deaths occurred
in the SMOKY participants (103 versus 139 expected in
the general population) as well as fewer respiratory-
related deaths (9 versus 17 expected).' Although the

incidence of leukemia increased, the total incidence of
cancers did not.

Thyroid Cancer

Thyroid cancer is also a concern for low-level expo-
sure and late radiation effects (Figure 9-10), possibly
accounting for 6%—12% of the mortality attributed to
radiation-induced cancers.”"!

Radiation-induced thyroid cancer is 2.0-3.5 times
more prevalentin womenthaninmen (Figure9-10and
Table 9-3).7%!1171%  Female atomic-bomb survivors
had 3.5 times more thyroid cancer than male survi-
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Fig. 9-10. Incidence of thyroid cancer in atomic-bomb survivors. (A) Incidence of thyroid cancer as a function of dose and
gender (male {3, female @@). Data were obtained in a 1964 study of thyroid neoplasms. (B) Incidence of benign (£) and
malignant (l@) thyroid neoplasms in persons who had received therapeutic radiation for tinea capitis.

Source: (A) redrawn from reference 130; (B) redrawn from reference 128

vors,'''*” and as much as 5 times more cancer in one
clinical study.'® The difference in thyroid tumor in-
ductions in males and females is most likely due to
hormonal influences on thyroid function.*'* Depress-
ing TSH levels in irradiated rats by supplementing
their diet with thyroxine reduces the incidence of
thyroid cancer.'® In the Marshall Islanders, the inci-
dence of hypothyroidism is associated with elevated
levels of TSH and closely matches the incidence of
benign thyroid nodules.™'*

Variations also exist for ethnic groups. One study
examined thyroid neoplasms in Jewish and gentile
women who received radiotherapy during infancy for
enlarged thymus glands.'® The thyroid was in the
exposure field during treatment and received a mean
dose of 3.99 Gy. The risk of thyroid cancer in women
of Jewish background was 163 per million women ex-
posed to 1 cGy of low-LET radiation; in the gentile
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women studied, the risk was 48 per million.'® Their
risk was 16.5-fold greater than that for men in the same
study. Persons of North African ancestory may alsobe
at increased risk.'*

A study on the atomic-bomb survivors,'*two stud-
ies of 11,000 Israelis irradiated for tinea capitis,'?'*
and a study of patients treated by X-ray epilation for
tinea capitis'”? indicate that the incidence of thyroid
nodules is affected by the age at exposure. The risk is
greater during the first two decades of life (Table 9-
3).112713% Within this age range, children in the Israeli
study who were younger than 6 years at the time of
radiation treatment had a 1.6-2.3 times greater risk
than their older counterparts.'® The average dose
received during treatment was less than 0.09 Gy.'*
Fourteen thyroid tumors occurred in 3,762 persons
younger than 6 years at the time of exposure, com-
pared with fifteen tumors per 7,080 persons 6-15 years




old."*However, not all studies support an age effect.™

Thyroid neoplasms induced by radiation are the
papillary (89<0) and follicular (110) forms.” These
forms are usually benign and slow growing, with an
associated mortality rate of 3% (Figure 9-10)." Ina 20-
vear follow-up of patients who received X radiation
during infancy to shrink an enlarged thymus gland,
68 of the thyroid neoplasms were benign.'= Of the
surgically removed thyroid nodules that developed in
the Marshall Islanders as a result of their tallout expo-
sure, thirtv-six out of fortv-five (80%) were benign
adenomas, and nine were malignant tumors consist-
ing of seven occult papillary carcinomas and two
papillary carcinomas.™ Doses for these persons were
1-8 Gy. Malignant thyroid nodules tended to develop
or to be detected earlier than the benign.*"'**'™ The
latency period for benign thyroid nodules is 5-34
vears; for thyroid malignancies, 10-34 years.”'"'** Ina
follow-up investigation, an increase in thyroid neo-
plasms was observed in persons receiving X radiation
in childhood for treatment of tinea capitis. The thyroid
doses were 0.043-0.113 Gy with a mean of 0.09 Gy.'*
The dose response for thyroid cancer fits a linear
pattern." External radiation has a higher incidence of
thyroid cancers than internal radiation.'™

Irradiation of the thyroid may produce other re-
sponses, including hvpothyroidism and thyroiditis.
Hvpothyroidism may occur in individuals receiving
large sublethal radiation doses from external expo-
sures. Threshold estimates for hypothyroidism in
humans may vary by a factor of 25, from 2 Gy to 50 Gy,
depending on whether the exposure source is external
or internal."™"" Higher thresholds exist for internal
irradiation (50 Gy), where the concentration of radio-
active iodine by the thyvroid may pose a problem.™
Lower thresholds exist for children: 0.2 Gy for internal
iodine-131exposureand 1 Gy for external exposure. In
the vounger Marshall Island population exposed to 9
Gy, a high incidence of hypothyroidism occurred,
characterized by elevated TSH levels. Abovethisdose,
increasing incidence of hypofunction was associated
with decreased carcinoma. Ten percent of persons
with internal exposures of 200-300 Gy to the thyroid
from radioactive iodine in fallout will develop symp-
toms of thyroiditis. At the upper end of that range
estimate, thyroid ablation is likely.'”

Breast Cancer

Breast cancer is the major concern for women ex-
posed to low-level radiation because of its high inci-
dence (Table 9-3) and 40« mortality rate.”*'"1™ In the
United States, one in eleven women will get breast
cancer.'™ The incidence of mortality from breast can-
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cer is almost nonexistent in men.” """ Because of
their increased incidences of thyroid and breast can-
cer, women are also at greater risk of developing these
cancers as a result of radiation.”™

The risk of breast cancer associated with radiation
exposure is age dependent (Table 9-3).07 131131 H I
Theabsolute risk for women 10-19 years old at the time
of exposure is 7.6 cases per million women per cGy of
low-LET radiation; for persons over 40 vears old, the
risk is 0.8-1.3 cases per million." In female adoles-
cents, cancer does not become manifest until after
puberty. Studiesindicate increased incidence of breast
cancer in atomic-bomb survivors who were younger
than 10 vears at the time of exposure.'*''** Previous
studies detected no increase in numbers of females of
that age group.'™ Increases in breast cancer have been
observed in women who received radiotherapy dur-
ing infancy for treatment of enlarged thymus glands.'*

The latency period for breast cancer is 540
years.'"!™HHe Women younger than 25 years have
longer latencies than do older women, and in general,
an increased incidence manifests itself ina woman’s
thirties and forties.”*!!131#13 The mean latency pe-
riod varies from 18 years in the atomic-bomb survi-
vors™ e to 27 years in one medical study.'? Estro-
genmay promote breast cancer becausea woman'sage
at exposure is associated with increased risk, and be-
cause few breast cancers occur until age 30.”*''*' This
is supported by the fact that incidence of breast cancer
does not increase in men following irradiation.”" 14!
Several investigators have proposed that the actual
period in which estrogen is present as a promoter is the
important factor in determining cancer incidence and
latency.”*'*" Women irradiated after menopause are
less likely to incur radiation-induced breast can-
cer. MM A decreased incidence of breast cancer
was seen in women who received X-radiotherapy to
the ovaries for metropathia hemorrhagica, although
the incidence of radiation-induced leukemia did in-
crease, as expected.'?' The radiotherapy induced an
artificial menopause, with a corresponding decrease
in estrogen production.

Breast cancer appears to fit a linear model.”!"*"1* If
a threshold exists, it is in the range of 1 cGy, although
a small increase in breast cancer occurred in atomic-
bomb survivors who received exposures of less than
0.5Gy.”*" The estimated dose of radiation required to
double the naturally occurring incidence of breast
cancer is 0.8 Gy.'™ A 1950-1977 study of 23,318 Cana-
dian women whoreceived less than 1 Gy from fluoros-
copy during treatment of tuberculosis 20 years earlier
showed no significant increase in risk of breast can-
cer,'* but in another study, increases in breast cancer
were observed in women who received multiple fluoro-
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scopic examinations during tuberculosis treatment.'™
Inanother group of multiple tluoroscopy patients who
received average doses of 0.66 Gv, no increase in
cancer incidence was found.'" These differences might
be attributed to lower radiation doses and older age at
exposure in the negative group.

Dose fractionation does not appear to reduce the
incidence of breast cancer. ~"'*'"" Damage in breast
tissue tends to accumulate rather than to be repaired,
so the risk from acute exposure (such as the atomic
detonations) is the same as the risk from chronic expo-
sure (such as small dailv doses from fluoroscopv or
treatment for postpartum mastitis) (Figure 9-11).'"
The data from medical studies and atomic-bomb sur-
vivors are very similar in their dose responses.'*

Other Systemic Cancers

Cancers of the stomach, colon, liver, pancreas, sali-
vary glands, lungs, and kidneys are also induced by
radiation.”!" The incidences of these neoplasms fit a
linear-quadratic response model. Like most solid
tumors, they have a latency of 10-30 vears, and no
difference exists in the absolute risks for males and
females."! With the exception of liver cancer, the
radiation-associated risks depend on the age at expo-
sure and increase with age.”™"'! The greatest risks are
forinduction of lung or stomach cancer in persons over
age 50 at the time of exposure.’!' An association
between radiation exposure and induction of brain
tumors has been reported in two studies of children
who received 1.4 Gy of X radiation as treatment for
tinea capitis."™'*" In the combined studies totaling
13,100 children, twenty-four tumors were observed,
compared to three of 17,800 in the control population.

In the 1920s, workers who hand-painted the fluor-
escent dials on wristwatches with radium-based paint
achieved the necessary fine detail by moistening the
tip of the brush into a point with their tongues; in so
doing, they ingested small amounts of the radium.
Because radium is a bone-seeking element with a half-
life of 1,600 years, these workers had a higher inci-
dence of bone sarcomas. Increased incidences of breast
cancer were also observed.” ¥ 1+

Digestive System Cancers. Significant increases in
cancers of the digestive tract, including the esophagus,
stomach, and colon, have been observed in the atomic-
bomb survivors'™and in patients following therapeu-
tic irradiation.”™"' These cancers are ranked in order of
descending radiation-induced cancer mortality as
follows: (@) stomach, (b) colon, (¢) pancreas, (d) esopha-
gus, and (¢) rectum."' This order reflects an averaging
of the data; dose responses for rectal and pancreatic
cancer are not significant in the atomic-bomb survi-
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vors."” Recent estimates by the National Institutes of
Health indicate that stomach, colon, and esophageal
cancers occur with greatest incidence in persons over
50 years old at the time of exposure (Table 9-3). The
combined estimates in persons between 20 and 34
vearsold at the time of exposure for these three cancers
is 1.068 excess cancers per million persons per vear for
each cGy of radiation. They willincuran increased risk
for at least 20 years, beginning about 10 vears after
exposure, producing a total excess of 21 cancers. Al-
though an estimate for 1 cGy was used, there is no
statistical evidence demonstrating that these cancers
can be induced by a dose this low. Environmental
contributions from dietary and other sources may also
influence the development of cancers of the digestive
tract (Table 9-1).7

Tumors of the parotid gland have been observed
13-25 years after medical irradiation with doses as low
as 0.9 Gy, and they may be either benign or malignant.
Inradiotherapy patients, large doses of radiation to the
parotid and other salivary glands may result in atro-
phy, with subsequent difficulty in chewing food and
swallowing duetoloss of lubrication from saliva secre-
tions.

Data on radiosensitivity of the liver are conflict-
ing."'"!" Several updated studies of the atomic-bomb
survivors have failed to demonstrate a radiation dose-
related increase in liver cancer.'">****2 [ncreased inci-
dence of liver cancer is observed in patients treated
with Thorotrast, although doubt exists about the ori-
gin of the disease in these patients.”*' There are three
possibilities for cancer induction by Thorotrast: (a)
alpha radiation exposure, (b) chemical toxicity from
thorium dioxide, and (c) metal toxicity from several
grams of thorium estimated to accumulate in the liver.™"
It is not likely that liver cancer is induced by alpha
radiation from internal contamination with plutonium
from fallout.” Estimates for liver cancer range from 5.6
to 15 deaths per million persons per cGy of external
low-LET radiation.”!" Radiation hepatitis and cirrho-
sis of the liver may occur after large doses; may be
acute, intermediate, or chronic; and may appear in
some radiotherapy patients at 1-3 months after
irradiation."*"™ Sclerosis and blood-vessel narrow-
ing appear to be primary factors in its development.
Hepatitis has been observed following doses as low as
4 Gy, although most clinical cases occur after 4067
Gy."™ Chronic radiation hepatitis is characterized by
atrophy of the liver. Postnecrotic cirrhosis of the liver
is two times greater in atomic-bomb survivors who re-
ceived doses of less than 0.5 Gy, compared with the
control population.™

Respiratory System Cancers. The induction of
cancers may be affected by environmental factors,
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Fig. 9-11. Incidence of breast cancer as a function of fractionated versus acute radiation exposure. The incidence of disease
appears to be similar (within statistical limits) whether women received a single acute exposure, as in atomic-bomb survivors
(w), or a fractionated series of smaller doses, as in mastitis patients (®) and fluoroscopy patients (A).
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Fig. 9-12. Mortality rate from lung cancer related to cigarette smoking in atomic-bomb survivors. Mortality in 1965-1978

is for persons exposed to 0-0.09 Gy @) and >1 Gy (@).

Source: Redrawn from reference 120

including occupational risks and personal habits, such
as smoking (Figure 9-12).7117385154-1%

Workers in uranium mines and mills receive con-
centrated, high-LET alpha radiation from breathing
uranium dust and concentrations of radon gas that
seep into the mines from the surrounding rock.”*1242!
Ore dust becomes trapped in the bronchi and alveoli
and releases large amounts of radiation to the sur-
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rounding tissue, which I: - 1s to a higher incidence of
lung cancer in this population.' In some areas, high
radon concentrations in homes and buildings appear
to contribute to lung cancer.'

In miners and atomic-bomb survivors, smoking
has been shown to be an important contributing factor
in lung cancer (Figure 9-12).7**1% Risk estimates for
radiation-induced lung cancer are four times higher




for persons who smoke 1-10 cigarettes per day and
twenty-four times higher for persons who smoke 40
cigarettes.!' Increased cancer in smokers may result
from the inhalation of volatile polonium-210, which is
concentrated in the lungs and circulatory system.'™ '™
Contributing factors are complicated, because the
incidence of lung cancers induced by polonium-210
exposure can be enhanced in laboratory animals by the
co-administration of saline.'"™ Hamsters receiving 40
nCi of polonium-210 by intratracheal administration
followed by saline had a 5% incidence of lung tumors,
compared with 0% for hamsters receiving polonium-
210 alone. In addition, cigarette smoke contains other
carcinogens that may be important contributors to
cancer development.”'™

Radiation pneumonitis will occur 1-7 months after
irradiation in persons who survive large whole-body
or upper-body exposures.'*' Studies of patients receiv-
ing single exposures for radiotherapy indicate that the
threshold for this response is 7.5 Gy to the lung.'™
Since this dose is in the lethal range for the hematopoi-
etic subsyndrome from whole-body exposure, the
occurrence of pneumonitis will be limited, but it may
be important as a late effect in patients receiving a
bone-marrow transplant because of the larger radia-
tiondoses. A 5% incidence of radiation-induced pneu-
monitis is expected after a dose of 8.2 Gy, and a 50%
incidence is expected at 9.3 Gy."™" Characteristic symp-
toms include dyspnea, tachypnea, and coughing.
Severe cases may result in death. Radiation pneumo-
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nitis is usually followed within 6-12 months by persis-
tent pulmonary fibrosis.''

Reproductive System Cancers. A significant in-
crease in malignant and benign tumors of the ovaries
occurred in the atomic-bomb survivors between 1965
and 1980." The latency period was 15 vears, and a
greater frequency was observed in women who were
vounger than 20 vears at the time of exposure.

Cancers of Negligible Risk

Several types of cancer have a low or negligible risk
of induction from radiation exposure. No increase in
chronic lvmphocytic leukemia has been observed to
date in irradiated populations,” and increases in hairy
cell leukemia are low or nonexistent."" Cancers of the
uterus, cervix, testis, mesentery, prostate, and meso-
thelium also have a low or nonexistent risk.”'* Some
cancers are thought to be relatively insensitive to in-
duction by radiation vet still have a small probability
of occurrence, such as cancers of the larynx, nasal si-
nuses, parathyroid, nervous tissue, and connective
tissue.”'"

In the most recent mortality study of the atomic-
bomb survivors, the frequency of cancer of the rectum,
gallbladder, pancreas, uterus, lymph glands, and nerv-
ous system was not statistically increased."”™ Cancers
with a low probability of induction are not observed
following low-level radiation because of the apparent
long latencies.”™"

GENETIC EFFECTS

In 1927, radiation was conclusively shown to
damage cells."* Drosophila melanogaster (fruit fly) sperm
wereirradiated, and radiation-induced increases were
seen in (a) mutations leading to mortality and (b)
mutations of characteristic morphological and pheno-
typic traits, such as wing shape and eye color. Since
then, radiation-induced genetic damage has been con-
sistently demonstrated in plant and animal species,
leading to the conclusions that (1) radiation is a potent
mutagenic agent, (b) most radiation-induced muta-
tions are considered to be detrimental, and (c) radia-
tion-induced genetic damage is thought to have no
threshold, so even very small doses of radiation carry
potential risk.”*!*1*" The natural incidence of genetic
disorders is one in ten for live births and five in ten for
spontaneous abortions. Background radiation (200
mrem per person per year) may account for up to 5%
of the spontaneous genetic damage in the general

population. Radiation causes geneticdamage by either
gene mutations or chromosomal damage. 1041

Gene Mutations

Gene mutations are alterations in a single gene
locus, which is the smallest amount of genetic informa-
tion that can code for a single protein. The gene is
composed of DNA (Figure 9-13), which is made up of
four bases: adenine, guanine, cytosine, and thymine.
A group of three bases on a single strand of DNA
represents a codon, coding for the insertion of one of
twenty different amino acids into the protein to be
synthesized. A change in one of the three bases within
a codon changes the blueprint for the amino acid to be
incorporated into the protein at that position.

Radiation may cause point mutations, deletions,
insertions, and inversions.”*'**!'*" The mutation may
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Fig.9-13. General structures of the four bases of DNA. Three hydrogenbonds occur
between cytosine (C) and guanine (G), and two between adenine (A) and thymine
(T). Several types of radiation damage to DNA are shown.

Source: Redrawn from reference 247
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Fig. 9-14. Types of mutations in the gene. One normal strand of DNA (illustrating nine bases within the strand) is shown
on the left. These nine bases code for three amino acids within a longer peptide chain. A base change at position 5 from
adenine to guanine changes the code for the second amino acid from lysine to arginine. The intercalation of cytosine between
positions 5 and 6 changes the codes for the second and third amino acids and for every amino acid in the chain coming after
them. Deleting bases 5 and 6 and closing the gap between positions 4 and 7 change the coding for the second and third amino
acids and for each amino acid coming after them. Mutations may also occur by inversions (not shown).

occur in either the DNA sequence coding for the pro-
tein itself or in one of the regions regulating gene
transcription. Mutations in the regulatory region of
the gene may modify or shut off a transcription. Some
oncogenes, such as the myc-c oncogene, may inducea
precancerous state and increased cell proliferation by
(a) mutation in the promotor region, or (b) a transloca-
tion that places the geneina constant state of activation
and transcription.®***** A point mutation occurs
through a change in a single base within the gene
(Figure 9-14). By changing one base, the codon is
altered to represent a different amino acid and may
affect the function of the protein. Sickle cellanemia, for
example, is a disease resulting from a single point
mutation. One form of the ras oncogene has been
found to differ from the normal by a point mutation,
and this change in one base now codes for a protein
that transforms cells in culture to a neoplastic state.”®

A major concern for radiation genetics is the induc-
tion of a dominant gene carrying a trait that results in
increased mortality or severe impairment.”#10165168,165
Examples of autosomal dominant genes are shown in
Table 9-6, although many more exist." As a random

mutagenic agent, radiation may induce mutation in
any gene. There are no radiation-specific mutations;
radiation simply increases the incidence of those that
occur naturally.”® The examples in this section should
not be regarded as those of radiation-specific muta-
tions occurring after radiation exposure, but rather as
particular classes of mutations (dominant or reces-
sive). Of particular concern is the induction of genes
that do notbecome expressed until after theindividual
has reached reproductive age.”31¢%1681¢% An example of
such a genetic disease occurring in the natural popula-
tion is Huntington'’s chorea, a neurological degenera-
tive disease that does not become symptomatic until
individuals reach their twenties or thirties.

Recessive radiogenic gene mutations are of less
concernsince they require homozygosity inorder tobe
expressed. Recessive genes are of more concern when
they are located on the X chromosome. Since only one
copy of the genes on the X chromosome exists in males,
those genes are dominant in their expression. Hemo-
philia, for example, is a recessive trait on the X chro-
mosome in the natural gene pool that may be ex-
pressed as a dominant condition in males (Table 9-6).
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TABLE 9-6
INCIDENCE OF SELECTED GENETIC DISORDERS

Incidence
per 10,000

Disorder Live Births

Autosomal Dominant

Huntington's chorea 5.0
Osteogenesis impertecta 0.4
Martan's syndrome 0.4
Familial hypercholesterolemia 20.0

Autosomal Recessive

Cstic tibrosis 3.0
Phenvlketonuria 1.0
Neurogenic muscular distrophy 1.0

Sex-Linked Recessive

Duchenne’s muscular dystrophy 20
Hemophitia 1.0

Chromosomal Disorders

Down's syndrome (trisomy 21) 12.0
Edward’s syndrome (trisomy 18) 1.0
Klinefelter's svndrome (XXY) 5.0

Chromosomal Damage

Radiationmay alsoinduce genetic damageby chromo-
somal changes.”™ The expression of a number of genes
may be altered by damaging a portion of or a whole
chromosome. Chromosomal changes may arise either
as chromoesomal aberrations or by nondisjunction,
resulting in an unequal number of chromosomes.™*
Chromosomal aberrations are changes in the size,
morphology, or number of chromosomes, and include
dicentrics, acentrics, fragments, translocations, inver-
sions, insertions, and deletions (Figure 9-15).78 10310 1o
The most common chromosomal damage induced by
radiation is reciprocal translocation.® In this process, two
different chromosomes experience double-stranded
DNA breaks, and the two fragments rejoin to different
chromosomes rather than those to which they were
originally attached. By rejoining to a chromosome
containinga centromere, the translocated piece may be
transferred into the new gamete during division rather
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than be lost as an isolated tragment.

Chromosomal aberrations can be produced in both
somatic and germ cells, and their frequency is propor-
tional to the dose of radiation received V' Acentric
and dicentric fragments are the most lethal because
they may not properly separate at meiosis or mitosis
and thus may halt those cellular processes. As a
somatic mutation, the percentage of chromosomal
aberrations in the lvmphocvtes of irradiated humans
has been used to estimate the dose received. Such
damage persisted in the lvmphocytes of the atomic-
bomb survivors 23 vears after their exposure.'™

The gain or loss of an entire chromosome through
nondisjunction occurs less frequently and is more
likely to result in mortalityv.”™> Mammalian studies
have been unable to demonstrate increased incidence
of trisomies in the offspring of irradiated animals.

Factors Affecting Mutation

A number of factors affect the ability of radiation to
induce mutations, including rate of biological repair,
dose rate, shielding, and number of expo-
sures,” "ot en IV BT Several enzyvme systems constantly
monitor and repair the DNA, recognizing specific
kinds of base damage and initiating repair.’* During
excision repair, for example, enzymes recognize the
damaged part and split the DNA strand to remove it.
The other strand then serves as a template to reincor-
porate the proper bases in the excised site, followed by
action of a DNA ligase that reseals the strand. Breaks
in the DNA strands may also be reconnected, although
proper rejoining (if it occurs at all) becomes more
difficult if a break has occurred in both DNA
strands.'*'™  Other enzvmes repair specific base
damage, such as alkylations. Fractionation of the
radiation dose can reduce the damage by allowing
repair to occur between exposures. If the rate of
damage exceeds the rate of repair, then the mutation
rate will increase. Experiments in mice show that
mutation rates do not further decrease at dose rates
below 8 mGy/minute."™ Dose rates in this range are
about one-third as effective as high dose rates of gamma
radiation in producing specific locus mutations in
mice. High-LET radiations, such as neutrons, impart
more energy per unit distance traveled through a
biological material than do low-LET radiations. More
energy deposited in the area of the DNA is more likely
to produce more damage, increasing the likelihood of
breaking both strands of the DNA.

Some DNA bases undergo spontaneous deamina-
tion. Deamination of cytosine produces uridine, which
occurs in ribonucleic acid (RNA) but not in DNA.
Unless the deamination product is enzymatically cor-
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Fig. 9-15. Radiation-induced chromosomal aberrations in two typical chro-
mosomes (A and B). When a chromosome breaks, one of four events occurs:
(@) the chromosome is restored to its original state (restitution), or the break
is rejoined, with no apparent damage; (b) the fragment is not replaced and
may be lost in subsequent divisions; (c) the fragment rejoins the original free
end, butinaninverted position; and (d) the fragment may be translocated onto
a nonhomologous chromosome.

201




Medical Consequences ot Nuclear Wartare

rected betore replication, it can be mispaired, produc-
ing a base substitution in the newly replicated strand.
Spontaneous deamination can be accelerated by in-
Creases in temperature.

Six genetic syndromes are known to be more sensi-
tive to ultraviolet light or X-radiation damage to cells
in culture, and thev are associated with increased
incidence of cancer. ™™ These include xeroderma
pigmentosum, Down’s svndrome, atania telangiecta-
sia, Fanconi's anemia, Bloom's svndrome, and
Cockavne’s syndrome.™ Most have associated defects
in DN A-repair capability and increases in chromoso-
malaberrations. Age and gender are important secon-
darv determinants for mutagenesis; for instance, stud-
ies show that the mother’s age at the time of conception
is an important tactor in the incidence of Down's
syndrome. The natural rate of chromosomal abnor-
malities is eight times higher in children whose moth-
ers were 40 vears old at the time of conception than in
children whose mothers were 20 vears old.'™ Paternal
age attime of conception is also of concern, because the
risk for a dominant gene mutation in the germ cells of
men 30 vears old and older is at least eleven times
greater than in men who are vounger than 30 vears at
the time of conception.'”

Internalized radionuclides of hvdrogen, carbon,
and phosphorus may present special genetic damage,
because these elements are the basic elements found in
DNA."™ The radionuclides may damage the DNA
whentheyv release their energy through beta decav and
as they undergo transmutation, resulting in structural
damage at the molecular site of incorporation.” ™1™
Carbon-14 located in a sugar or base of the DNA
decays to nitrogen-14. Tritium (hvdrogen-3) decavs to
helium-3, and phosphorus-32 decayvs to sulfur-32.
Transmutation of the phosphorous-32 in the sugar
phosphate DNA chain can produce a strand break.

Plutonium-239, an alpha emitter, has induced ge-
netic damage in mice following internalization.™ Other
alpha and beta emitters from internalized fallout will
present similar problems. The RBE in mice following
injection of plutonium-239 citrate ranges from four for
specific locus mutations to fifty for translocations.”

Radiation-Induced Damage in Humans

Evidence is lacking for radiation-induced genetic
mutation in humans, although mutations of human
cells in culture have been shown.”™® Based on current
risk estimates, the expected increase of genetic damage
in the atomic-bomb survivors is so low that it would
not be detectable within the larger normal spontane-
ous incidence. ™" In screening twenty-eight different
protein loci (498,000 loci tested) in the blood of 27,000
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children of atomic-bomb survivors, only two children
presented mutations that might be related to the radia-
tion exposure of the parents."*

Early studies on the survivors’ children examined
whether radiation exposure caused an increase in sex-
linked lethal genes that would result in increased
prenatal death of males or alteration of the gender
birth ratio.”™ Data did not support that hvpothesis.
Twelve studies have examined a possible increase in
the incidence of Down's syndrome as a result of mater-
nal irradiation,” '"*but onlv four of the studies showed
statistical significance,"™" '™ and the hvpothesis has not
received widespread acceptance.  Irradiation of the
human testes has been shownto produce anincrease in
the incidence of translocations,"™ although no addi-
tional chromosomal aberrations have been detected in
children of the atomic-bomb survivors.” >

Estimating Genetic Risks

The genetically significant dose (GSD) is the dose of
ionizing radiation to the gonads that may result in
increased incidence of genetic mutations in germ cells.™
Estimation of the GSD takes into account the number
of persons of reproductive age in a particular group in
determining a collective dose. In the United States, the
GSD from background and generated radiation sources
is 122 mrem per person (Table 9-7).” The GSD from
occupational exposure in the military service is less
than 0.04 mrem per person, which is less than that
received ina national research laboratory (< 0.2 mrem/
vear) or a nuclear power plant (< 0.15 mrem/vear)
Most occupational exposures are less than those re-
ceived from consumer products over the same period.

Another method of estimating radiation-induced
genetic damage is the calculation of the doubling dose,
or radiation dose required to double the spontaneous
mutation rate.”* The spontaneous mutation rate in
humans is 5 x 10* per locus, and 6.7-15.1 x 10+ per
gamete for chromosomal anomalies.” The doubling
dose is 0.5-2.5 Gy of low-LET gamma or X radiation,
and 1 Gy is commonly used for calculation purposes.”
The doubling dose for specific locus mutations in mice
with low dose rates (< 8 mGy/minute) of low-LET
gamma radiation is about 1.1 Gy.'™

The effects of radiation exposure on the human
population have been examined by several national
and international scientific committees, including the
National Academy of Sciences Committee on Biologi-
cal Effects of lonizing Radiation;” the United Nations
Scientific Committee on Effects of Atomic Radiation;*™
and the International Commission on Radiological
Protection (ICRP)." These groups arrived at similar
estimates for the effects of low-level exposure to ioniz-




TABLE 9-7

Long-Term and Low-Level Effects of lonizing Radiation
A A

CONTRIBUTORS TO GENETICALLY SIGNIFICANT DOSES

Mrem
Source
per Year

Natural 82.0
Man-made 40.0
Selected Man-made Contributors

Medical 20.0

Nuclear power <10

Consumer products 4.5

Weapons testing or fallout 4.5

Military occupational applications < 0.004
Total 122.0

Source: Data from reference 7

ing radiation (Table 9-8, Table 9-9).

The National Academy of Sciences estimates that
for an exposure of 1 cGy to the present generation,
there will be 5-65 additional genetic disorders per
million births in the succeeding generation resulting
from increases in autosomal dominant mutations and
sex-linked dominant mutations. If a population is
continually exposed to an increased radiation dose of
1 cGy for each generation, an equilibrium will be
reached between the induction of new genetic disor-
ders and the loss of the earlier induced disorders. In
this equilibrium, an additional 60-1,100 genetic disor-
ders would be expected in the population, with the
majority contributed by autosomal dominant and sex-
linked recessive mutations and a large contribution
fromirregularly inherited genes. Irregularly inherited
genes make up family tendencies for diseases and
situations of incomplete dominance (where pheno-
typic expression is neither the recessive trait nor the
dominant trait, but a blend of the two). Chromosomal
damage and recessive mutations are thought to make
minor contributions to the equilibrium rate. Chromo-
somal damage and loss are generally either lethal or
selected out, while recessives are expressed only in the
homozygous condition. The National Academy of
Sciences does not provide a confidence interval or a

geometric mean for its 60-1,100 range of additional
genetic disorders in the next generation per million
births.”

The ICRP estimates that for every million individu-
als receiving 1 cGy of radiation in the present genera-
tion, 125 additional cases of serious genetic disorders
will occur over the next two generations.' Approxi-
mately half will come from dominant, sex-linked, and
irregularly inherited mutations. Of the 125 cases, 89
will occur in the first generation. If a doubling dose
method is used, then (assuming a doubling dose of 1
Gy) 1,500 autosomal dominant and gender-linked
diseases per million live births would be observed in
the first generation, and 10,000 (approximately the
normal incidence) would be observed in succeeding
generations exposed to 1 Gy at equilibrium. The total
incidence of genetic disorders, one in ten live births,
would not be reached in equilibrium with a 1-Gy
doubling dose, since the doubling dose cannot ap-
proximate the irregularly inherited component.*!
Table 9-8 does not contain an estimated contribution
for the irregularly inherited disorders in the first gen-
eration. The large variation within the equilibrium
category is responsible for the large range (60-1,100) of
total disorders expected in the equilibrium generation.

Using the doubling-dose method, the U.N. com-
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TABLE 9-8
BEIR HEESTIMATES OF INCIDENCE

OF GENETIC DAMAGE"

Increased Incidence in

Current Incidence in

Liveborn Oftspring™
(per million)

Genetic Liveborn Ottspring
Disorder ser million) . . . .
tpe ‘ First Generation Equilibrium

Autosomal dommant and \-linked 10,000 3653 H0-200
Irregularly inherited 40,000 A~63 20900
Recessive [, 100 5 <10
Chromosomal aberrations 6,000 <10 <10
Total 107,100 565 60-1,100

*Committee on Biological Fifects of Tonizing Radiation of the National Academy

“*When every individual in preceeding generation receives 1 estra rem

Source: Data trom reterence 7

TABLE 9-9

FSTIMATED EFFECT OF 1 Gy BY DOUBLING DOSE METHOD OF UNSCEAR*

ot Sciences

Increased Incidence in

Current Incidence in

Liveborn Offspring
(per million)

Genetic Liveborn Oftspring
Disorder r million) . - . T

‘ (per million First Generation Equilibrium
Autosomal dominant and X-linked 10,000 1,500 10,000
Irregularly inherited 90,000 430 4,500
Recessive 2,500 slight slow
Chromosomal Diseases

Structural 400 240 00

Numerical 3,000 small small
Total 105,900 2,190 14,900

*United Nations Scientitic Committee
Source: Data from reterence 8

on Effects of Atomic Radiation




TABLE 9-10

Long-Term and Lowe-Level Etects of fonizing Radution

ESTIMATED INCIDENCE OF HUMAN GENETIC DAMAGE PER Gyv»

Genetic Spermatogonia Qocvtes
Damage

Dominant mutations l6—00 0-180
Balanced reciprocal translocations 220-8,750 0-875
Unbalanced translocations +40-17,500 0-5,250
X-chromosome loss negligible 0-500

*Unbalanced translocations of chromosome fragments

Saurce: Data from reterence 8

mittee predicts that after exposure to 1 Gy, a total of
2,190 additional genetic disorders and an equilibrium
of 14,900 will occur per million live births in the first
generation after exposure (Table 9-9).  Assuming a
linear response, the U.N. committee estimates a mean
of 22 disorders per million live births compared to the
5-63 disorders per million live births predicted by the
National Academy of Sciences for a population ex-
posed to T ¢cGv. The U.N. committee extended its
estimates to the detrimental effects of radiation expo-
sure on the general population. The average dominant
mutation in children of parents receiving a 1-Gv radia-
tiondose would resultin 25 vears of impaired life, with
death occurring i3 vears prematurely. Overall,a 1-Gy
exposure to parents would result in a total of 53,800
vears of impaired life per million births from all causes
of radiation-induced genetic damage, and a loss of
47,200 vears of life in the succeeding generation.
Through natural selection, the gene pool has the capac-
itv to absorb large amounts of damage without de-

stroving the population. A dose of 1 Gy to each
generation would produce an equilibrium of 14,900
genetic disorders per million live births, compared to
anormalincidence of one in ten. This is an increase of
only 1.5%.

The immature human oocvte is thought to be only
44¢ as radiosensitve for mutation induction as the
male spermatocyte.™ The U.N. committee has esti-
mated that most of the genetic damage induced bv
low-LET radiation will be unbalanced translocations,
and that a 1-Gy low-LET exposure would induce
#40-17,500 unbalanced translocations per million
spermatogonia but only 0-5,250 in human oocvtes
(Table 9-10). These estimates were based on data for
spermatocytes from rhesus monkevs, marmosets, and
humans. Using the direct method, 1,000-2,000 domi-
nant mutations per million births will be expected in
the first generation following paternal irradiation of 1
Gy, butonly 0-900 tollowiiig maternal irradiation with
the same dose.

RADIATION EFFECTS IN UTERO

The developing embryo is extremely sensitive to
ionizing radiation, and the public has shown increased
awareness and concern for exposure of the fetus to
low-level radiation. Human and laboratory animal
data indicate that doses as low as 0.05 or 0.1 Gy may
induce effects.”™ Thresholds are thought to exist for
the induction of in utero responses because most occur
after damage to more than one cell.”

Stages of Development

The gestation period can be divided into three
stages of embrvo development: preimplantation, major
organogenesis, and fetal. In humans, the preimplanta-
tion stage begins with the union of sperm and egg, and
continues through day 9 when the zygote becomes
embedded in the intrauterine wall. During this time,
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the two pronuclei fuse, cleave, and form the morula
and blastuta.

Major organogenesis begins on day 9-11 in hu-
mans"™ "™ and continues through day 45.%"" The
organ svstems undergo differentiation and develop-
ment. Neural cells are the first to differentiate, starting
on day 17-20."*"" Neural development continues
throughout the major organogenesis period and into
the fetal period. The fetal stage covers weeks 7-38, or
term.™!

Four general responses may occur after radiation
exposure in utero, depending on the stage of gestation
atthe time of exposure. These responses range fromno
detectable effect to prenatal death, neonatal death, or
induction of congenital anomalies."™

Preimplantation

The embryo is extremely radiosensitive during the
preimplantation stage, and radiation can cause in-
creased prenatal death and reabsorption of the embry-
onic tissue.*™ In humans, reabsorption does not
occur, but there is an increase in prenatal death. In
animals, the incidence of prenatal death decreases as
development proceeds into the major organogenesis
stage, and it varies with the dose and time of expo-
sure.” ™" During this period, the incidence of con-
genital anomalies is low but not absent. Surviving
embryos show an all-or-none response that is essen-
tially normal with no visible anomalies, even though
radiation may have killed many cells."™'"* During
organogenesis, similar radiation doses might produce
100% incidence of a particular anomaly and probable
growth retardation.™ %1%

Several factors, including repair capability,"™ un-
differentiation, and a possible hypoxic state,’ are
thought to account for the decreased ability of radia-
tion to induce anomalies during the preimplantation
period. During the first few divisions, the cells are
undifferentiated and lack predetermination for par-
ticular organ svstems. If cell death were to occur
following radiation exposure at this stage, the remain-
ing cells could continue the embryonic development
without gross malformation because they are still
indeterminant. However, chromosomal damage at
this point may be passed on to appear in later stages.
When cells are no longer indeterminant, loss may lead
to anomalies, growth retardation, or death. In mice,
low incidences of exencephaly'”* and skeletal anoma-
lies™ have been observed following high-dose irradia-
tion during preimplantation. At a critical period, 0.5
Gy may cause polydactyly."”
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In laboratory animals, the incidence of prenatal
death can vary with the dose of radiation and the time
of exposure.”™ ™" The most sensitive times of expo-
sure in humans are at 12 hours after conception, when
the two pronuclei fuse to the one-cell stage, and again
at 30 and 60 hours, when the first two divisions oc-
cur."'"" At periods just preceding the cleavages, there
would be insufficient time for repair of damage. In
animals, 30% of the prenatal death at this time is
because of radiation damage to the mother and a
subsequent termination of pregnancy, rather than
because of direct radiation damage to the embryo.'*

Chromosomal aberrations from radiation exposure
attheone-cell stage could resultin theloss of achromo-
some in subsequent divisions that would be uniform
throughout the embrvo. ™" Most chromosomal losses
lead to prenatal death, although the loss of a sex
chromosome in females may instead produce Turner’s
syndrome.™ Such individuals are phenotypically
female. Although this might indicate that a slightly
higher proportion of phenotypic females will result
from radiation exposure during this period, an altered
gender ratio was not found in the children of the
atomic-bomb survivors™ or in laboratory mice irradi-
ated during precleavage."™ In mice, a dose of 1 Gy on
day O (preimplantation) resulted in 50% prenatal death
and produced loss of a sex chromosome in 4% of
survivors. A prenatal mortality of 25% and a sex-
chromosome loss in 0.5% of survivors occurred when
the same dose was given 7 hours later.'”

Major Organogenesis

Embryo malformation occurs most frequently with
radiation exposure during the organogenesis stage,
and the resulting incidences of abnormalities and
prenatal death will peak during this time.”>"'*
However, the incidence of prenatal death decreases
rapidly with increasing embryo development, and
becomes equal to that of the control group when three-
fourths of this stage has been completed.

The produced effects depend on the stage of devel-
opment in which irradiation occurs. the dose, and the
dose rate.”**!1** Most anomalies have a critical period
during which the radiation exposure will result in the
highest incidence of that anomaly (Figure 9-16). ' %1%
Critical period is sometimes misinterpreted to mean
that the particular organ tissue is in its most sensitive
or major developmental period. This, however, may
not necessarily be the case. Increased incidenceduring
this time may be the result of indirect effects arising
from damage to the adjacent tissue or from an inducer
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Fig.9-16. Critical periods (solid lines) for radiation-induced birth defects in mice. Studies were performed with 1-2Gy of acute
X radiation during gestation. Corresponding days for human gestation are shown at bottom.

Source: Redrawn from reference 190

material of that organ.™'**

Each organ system is not at identical risk during the
entire major organogenesis period because each organ
is not developing at the same rate. Some organs may
require the development of another organ or induce-
ment before undergoing development themselves.
Some anomalies may have more than one critical pe-
riod. Asa congenital anomaly in mice, cataract forma-
tion has three critical periods: 04 days, 8-9 days, and
14-17 days. These periods are due to the critical
periods of several different systems that may in turn
influence cataract formation. A slight but significant
increased incidence may be observed with lower doses
of radiation during the critical period.’* A dose as
low as 0.05 Gy may cause polydactyly,'” skeletal
malformation, decreased litter weight, and reduced
tail length in mice.” Similar low doses have produced
anomalies in the human,®' monkey,? rabbit,® and
rat.*™ In utero exposure to doses of less than 0.05 Gy
from the Hiroshima atomic bomb resulted in an 11%
increase in microcephaly.”? Small continuous radia-

tion exposures to rats from either X rays (1 cGy/day)
or tritiated water (0.3-3.0 cGy/day) throughout their
pregnancies produced decreases in brain weight.”20520
Low doses of X radiation have also produced growth
retardation”' and behavioral defects.?”2% Protracted
low doses commonly affect the nervous system and
the germ cells (ovaries and testes). The long, continu-
ous development of the nervous system makes it sen-
sitive to damage by even these low doses.!193:205211
The range of a particular critical period may be ex-
tended by increasing the dose of radiation. Radiation
does notincrease the length of pregnancy in laboratory
animals."” Fractionation of the radiation dose may
produce either an increase or a decrease in the inci-
dence of anomalies, depending on the time between
exposures. If the critical period has a narrow time
window, then fractionation over short periods of time
may increase the damage by placing more radiation in
the critical period and producing more mitotic death.
Exposures at an early stage will increase the sensitivity
to radiation exposure in a later critical period.
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Variations in natural background radiation have
not produced significant differences in the incidence
of anomalies, although environmental factors may
play a role in their induction.”™'*2'" The incidence of
congenital malformations in mammals may be at-
fected by seasonal differences, with greater sensitivity
in winter =" In the human, 70% of trisomy 18
(Edward’s svndrome) and trisomy 13-15 (Patau’s
svndrome) live births are conceived in the winter.”" In
laboratory animals, anomalies such as those for the
rear appendages and eves have a greater incidence on
the right side of the body than on the left.""'*

Anomalies may arise in several wavs. Radiation
may damage the primordial tissue of a particular
organ or limb by direct or indirect damage to the
chromosome or gene.™ This in turn may result either
in the failure to produce a functional gene product or
in the production of an altered functional product.
Radiation may cause nondisjunction during mitosis,
resulting in a trisomic cell and a monosomic cell.
Development would be affected to the extent that
either cell predominates in an organ system.

Aberrations or other damage culminating in cell
death could resultin a reduction in the number of stem
cells available for differentiation, which affects future
organ systems. Growth reduction may result in the
death of differentiated cells, leaving the embryo with
a cell population too small to form the proper-sized
organ.”'" A reduction in the size of one organ may
cause changes in the surrounding tissues, such as
microcephaly and mental retardation in humans irra-
diated in utero. The development of organs requires
cell cooperation, mediated by chemical messengers
such as hormones, organizers, and inducers. Destruc-
tion or damage to cells that contain organizers or
chemical inducers may result in prenatal death or
anomalies.™™ For example, the gray crescent material
is an inducer that guides formation of the dorsal lip of
the blastula, and eventually (through anarea called the
chordamesoderm) guides the development of the
nervous system itself. Loss of the gray crescent or
other inducer would modify or terminate subsequent
development. Alterations in tissue contacts or areas of
growth also may cause abnormal organ development.

The response of each organ to the induction of mal-
formations is unique, based on dose, gestational age,
type of radiation, RBE, oxygen tension, cell types
undergoing differentiation, relationships tosurround-
ing organs, and other factors.™' Neutrons and beta
particles are more effective at inducing congenital
anomalies than is low-LET radiation. As an internal
emitter, a beta particle released from tritiated water (or
an alpha particle released from plutonium-239) would
cause more damage because of its high LET and be-
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cause there would be no maternal reduction of the
dose. The high energy levels are released within the
local area of the biological target. Neutrons have an
RBE of 4.5 for inducing prenatal mortality in mice.”™
Animal studies in which either the mother or the
embryo was shielded indicate that the induction of
malformations is due mainly to direct damage to the
embryo.”'" =" 1t is difficult to assign an overall risk
estimate to the 119 different anomalies described inthe
literature because, like cancers, certain malformations
are more inducible than others, and accounting for the
variables becomes difficult.”"

The Fetal Stage

The fetal stage is the final stage of development,
lasting from the end of major organogenesis until
birth. In mice, this covers days 14-20 of gestation;'** '
in humans, days 45-266.""' Radiation-induced prena-
tal death and anomalies are, for the most part, negli-
gible during this stage. Anomalies of the nervous
system and sense organs are the primary types that are
inducible during the fetal stage because these systems
are still developing. A radiation dose of 0.2-0.4 Gy
given to rats on days 16, 18, or 22 of gestation caused
delayed development, irregular arrangement, and loss
of neurons in the brain cortex.>* Irradiation on day 18
resulted in a 25% loss of neurons in the outer cortex,
but no decrease in brain volume because there was an
associated increase in glial cells. Much of the damage
present during the fetal stage may not be manifested as
behavior alteration or mental retardation until later in
life. The incidence of neonatal-induced death also
decreases with increased development during the fe-
tal stage. The LDxy,w for neonatal death given onday
10 of gestation to mouse embryos is about 1.15 Gy. By
day 18 of gestation, the LD, is 6 Gy and rapidly ap-
proaches that of the adult animal.”"

Stunting (retardation of growth) that is induced
during this stage is a threshold phenomenon resulting
from the killing of many cells. Since differentiated
tissues (such as muscles and nerves) do notdivide, cell
death will lead to stunting that will still be evident in
theadult. This hasbeen demonstrated in childrenborn
soon after the atomic-bomb detonation who had re-
ceived radiation exposures in utero.>* Stunting has not
been observed in laboratory animals that received less
than0.05Gy or in humans exposed to doses of less than
0.3 Gy,** except in some of the Hiroshima atomic-
bomb survivors.”™" The sensitivity of some survivors
who received lower radiation exposures may result
from the contributions of neutron exposure and envi-
ronmental factors.
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Fig.9-17. Critical periods (solid lines) for radiation-induced birth defects in humans. Children were exposed in uteroas aresult
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Humans Irradiated In Utero

Two groups of humans who have beenirradiated in
utero are children of the atomic-bomb survivors and
children whose mothers received medical irradiation
(therapeutic or diagnostic) during pregnancy. The
predominant effects observed in humans are micro-
cephaly, mental retardation, and growth reduction
(Figure 9_17)'7,51,193,201,225-229 Eye anomalie5227.228,230 and
genital and skeletal abnormalities®* are less frequently
observed.

Microcephaly observed in children exposed in utero
to the the atomic-bomb radiation was proportional to
the dose of radiation received by the mothers (Figure
9-18); even small doses carried increased incidence.
Mothers with radiation sickness had higher fetal,
neonatal, and infant mortalities.” Fetal mortality was
highest in the first two trimesters, and neonatal and
infant mortalities were highest in mothers who devel-
oped radiation sickness as a result of radiation expo-

sure during the last two trimesters. In Nagasaki, four
of sixteen surviving infants who in utero were close to
the epicenter of the explosion had speech impair-
ments. Inanother study of 153 of these children, 33 had
a head circumference two standard deviations below
average. Mental and growth retardations were also
associated with the increased incidence of microceph-
aly**?* and they remained evident in these survivors
as adults.??**** The highest incidence of microcephaly
in Hiroshima occurred with radiation exposure in
weeks 6-11 of gestation.?”! No incidence of microceph-
aly was observed during the first week of gestation
(the preimplantation period) and was negligible for
exposure after the 17th week. In the Nagasaki data,
microcephaly did not occur with doses below 2 Gy.
Similar observations on radiation effects in utero
have been reported after medical irradiation.-2
Twenty of twenty-eight children irradiated in utero as
aresultof pelvicradium or X-ray therapy to the mother
were mentally retarded, and sixteen were also micro-
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Fig. 9-18. Incidence of microcephaly in Hiroshima atomic-bomb survivors irradiated in utero. Data are based on T65D dose

estimates.

Source: Redrawn from reference 232

cephalic.”?® Other dei. rmities, including abnormal
appendages, hydrocephaly, spina bifida, or blindness
were found in eight of the children, and some also had
language deficiencies. One child received a fraction-
ated dose totaling 6.8 Gy in weeks 19, 22, and 27 of
gestation and did not develop any obvious congenital
anomalies or mental retardation.”

Increased incidence of eye anomalies has been
observed following irradiation in utero.* In a re-
view of twenty-six case histories, three primary eye
anomalies were identified.””” Three of twelve persons
irradiated in weeks 3-8 developed cataracts; of fifteen
irradiated in weeks 3-11, six had pigmentary degen-
eration of the retina and thirteen had microphthalmia.
In the same patients, twenty-one were microcephalic;
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allhad received radiation exposure some time in weeks
3-20, and most had been irradiated in weeks 3-11.
Another study of 1,000 children exposed in utero
showed no increase in nervous or eye anomalies but
did show increased incidence of hemangioma (fifty-
six versus thirty-seven in controls).>

Although each occurrence should be evaluated
individually, the prevailing scientific opinion is that
there are thresholds for the induction of congenital
anomalies. Doses in the range of 0.10-0.15 Gy are
thought to carry negligible risk.”**'?2%¢ Denmark’s
medical profession automatically recommends thera-
peutic abortion for any fetus exposed to 10 rem or more
of radiation.'™ At one time, radiation was widely used
to induce therapeutic abortion in cases in which sur-




gery was deemed inadvisable. The standard treat-
ment involved 3.6-5.1 Gy given over 2 days,”** which
was effective in 93% of cases.”™ Abortion usually
occurred about 1 month after radiation treatment, in
some cases inducing live birth.*"

Increased Incidence of Cancer with
In Utero Exposure

Increased incidence of leukemia and solid cancers
may occur in children who received in utero exposure
from diagnostic X-irradiation.”>*!2*2 This observa-
tion was first reported in 1956 in a retrospective study
of childhood cancer 1 Great Britain.** It has been
confirmed by a similar study of 1.4 million children
born in the northeastern United States,* but was not
observed in the ato: :.c-bomb survivors.”*' The lack of
increased frequency in the bomb survivors has been
attributed to the smaller sample size, where only one
or two extra cases of childhood leukemia might be
expected on the basis of the other studies.” Most of the
animal studies do not demonstrate elevated rates of
neoplasms following in utero exposure.™ Criticisms of
these studies are based on objections that as-yet-unde-
termined factors may have affected the results. One
postulate is that the mothers of children who devel-
oped cancer may have had complicated pregnancies
requiring X-ray examination, and that the cause for the
examination (and not the examination itself) was asso-
ciated with theincreased frequency. Onestudy pointed
out that a primary reason for prenatal X-ray examina-
tions was to confirm a diagnosis of twins.” The inci-
dence of childhood cancers in twins irradiated in utero
was higher than in twins not irradiated in utero.

The human data have been evaluated by several
scientific bodies, including the National Academy of
Sciences” and the United Nations.”’ These organiza-
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tions have subsequently derived risk estimates for
carcinogenesis that results from in utero irradiation.
Neoplasms were three times more frequent for in utero
exposures occurring during the first trimester than in
the second or third trimesters.”** The peak incidence
of childhood leukemia occurred between ages 2 and 4
and was higher in males.?* The higher risk for devel-
oping one of the leukemias continues through the 10th
year of life. Children may be at increased risk for
developing solid tumors for at least 14 years, “many of
which will be neoplasms of the nervous system.*" All
estimates of childhood cancer induced by radiation
exposure in utero are based on the earlier mortality
data and do not reflect the advances in modern treat-
ment. Instudies performed in the late 1940s and early
1950s, leukemia was a rapid, always-fatal disease with
a 3-year survival rate of 2%.” By the early 1970s, 3-year
survival rates were 20%, and today’s cure rates are
40%-60%.7* By today’s standards, the estimates are
likely to overestimate the present mortality risks, be-
cause mortality is a different end point fromincidence.
Current estimates predict two to three leukemia deaths
for each 10,000 children receiving 1 Gy of low-LET
radiation inn utero. Solid tumors will account for an
additional 2.0-2.8 deaths in the same 10,000 children.
The combined increased mortality from childhood
cancer as a result of in utero exposure is 4.0-5.8 per
10,000 children per Gy. The natural total risk of mor-
tality from malignancy through age 10 is one in 1,200.
If an average chest X ray delivers 250 mGy to the fetus,
the probability of that fetus developing a fatal cancer
during childhood is one in a million. The NCRP
recommends that fetal exposure be limited to 0.5 mSv
(0.05 rem) per total gestation period or 0.05Sv/month.#
The increased risk for mortality in children receiving
the limit of 0.05 Sv/month in a single exposure would
be two to three per 100,000 children.

RELATIVE BIOLOGICAL EFFECTIVENESS OF NEUTRONS

Some doubt exists regarding the RBE of neutrons
and other high-LET radiation for producing biological
effects at low dose rates and doses. In general, high-
LET radiation is more effective in producing biological
damage. The biological effects observed in the atomic-
bomb survivors are, for the most part, in agreement
with human data from medical exposures. The RBE of
neutrons for leukemia and breast cancer appears to be
1in persons receiving acute or very rapid exposures.'*
As previously mentioned, the RBE of high-LET radia-

tion increases with decreasing dose rate, because the
effectiveness of low-LET gamma or X radiation de-
creases with decreasing dose rate. At low dose rates,
the RBE for neutrons may range from 3 to 200 for tumor
induction, from 10 to 45 for genetic end points, and
from 25 to 200 for lens opacification.”* These ranges
are based on laboratory animal studies because no
human populations have been exposed to pure neu-
tron radiation.
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REGULATORY GUIDES FOR EXPOSURE

Based on the scientific evidence, the United States
government (through the Environmental Protection
Agency and the Nuclear Regulatory Commission) has
set regulatory guides for the occupational exposure of
workers and for the general public.'** The permissible
concentrations for the occupational exposure to radia-
tion workers (Table 9-11) are ten times higher than ex-
posure levels for the general public. Itis thought that
the presumed detrimental effects on health from expo-
sures at these limits are negligible. Scientific bodies
continually reevaluate these risk estimates as addi-
tional information becomes available on radiation
effects in human populations.

Modification of normal protection standards may
be required in civil defense and military operations.
Two limits for radiation exposure are recommended
by NCRP for occupational radiation workers and for
rescue personnel during radiation emergencies. >
The first limit is a one-time whole-body exposure of
250 mSv, equivalent to a dose of 0.25 Gy of low-LET
radiation.™* This limit was later reduced to 100 mSv
(0.1 Gy).** Doses of 100-250 mSv are generally asymp-
tomatic, do not require medical treatment, and would
result in three additional radiation-induced cancer
mortalities over the lifetime of a battalion-sized group
of 1,000 men.” The normal cancer incidence for this
group is 250 cancers, with 200 cancer-related mortali-
ties. It is unlikely that other somatic effects would be
observed in this group. The earlier acute-exposure
dose limit of 250 mSv (25 rem) is also the lower dose
range estimate for inducing long-term fatigue in 10%
of the individuals. Long-term fatigue occurs with
doses of 250-650 mSv, with 50% incidence after a
150-mSv radiation dose received in 1 day." For acute
exposure in a single day, doses higher than 250 mSv
may result in increased incidence of fatigue that may
impair performance and alertness.

The second health limit for an acute exposure is a
one-time exposure of 1 Gy of low-LET radiation in
situations requiring lifesaving actions.** It also states
that persons receiving doses greater than 1 Gy should
understand the risks for somatic injury.** A dose of 1
Gy approaches the lower threshold limits for initiating
the prodromal symptoms of nausea and vomiting and
for hematological depression. At this dose level,
approximately twelve extra cancer deaths would oc-
cur in a battalion-sized group of 1,000 men over their
lifetimes. Minor visual opacities may occur in some of
them. Both limits, 0.25 Gy (250 mSv) and 1 Gy (1 Sv),
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would result in temporary aspermia.”* Lower doses of
0.01-0.02 Gy would result in 0.12-0.24 additional can-
cer deaths in the same battalion, assuming that no
threshold for cancer exists.

The NCRP established a penalty table (Table 9-12)
for making health-risk judgments in situations involv-
ing the exchange of nuclear weapons.™ Based on the
information for protracted exposures, no medical care
should be required for low-LET radiation doses up to
1.5 Gy received over 1 week, or 2.0 Gy received over 1
month, or 3 Gy received over 4 months. For daily
exposure of personnel over these same periods, the
acceptable dose rates would be 0.21, 0.066, and 0.025
Gy/day, respectively. Animal studies have shown
that the threshold dose is 0.05 Gy /day on a continuous
basis, above which the stem cells are unable to compete
with cell loss through maturation and depletion.™ The
immediate health concern is not cancer induction,
although increased incidence will occur. Some per-
sons exceeding these doses will require medical care,

TABLE 9-11

UNITED STATES NUCLEAR REGULATORY
COMMISSION GUIDE FOR PERMISSIBLE
OCCUPATIONAL EXPOSURE TO RADIATION

Exposure
Body Part (rem per calendar quarter)
Whole body 1.25
Skin of whole body 7.50
Head and trunk 1.25
Hands and forearm 18.75
Feet and ankles 18.75
Bone marrow and spleen 1.25
Lens 125
Gonads 1.25

Source: Data modified from reference 123
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TABLE 9-12
PENALTY TABLE OF RISK ESTIMATES FOR CONTINUOUS RADIATION EXPOSURE

Accumulated Radiation Dose*

(Sv) in any period of
. Maximum

Persons Requiring  ncer One Week One Month Four Months
Medical Treatment Deaths**

Total Daily Total Daily Total Daily
None 18.0 1.5 021 2.0 0.066 3.0 0.025
Some (5% deaths) 28.5%* 25 0.35 35 0.12 5.0 0.16
Most (50% deaths)  27.0 45 0.64 6.0 0.20 - -

*RBE of neutrons increases with decreasing dose rate

**Per batallion (1,000 soldiers) over a lifetime:
16%~20% leukemia (minimal latency 3-5 vears)
Remainder will be solid tumors (minimal latency 10 vears)

***Based on calculations of 95% survivors using BEIR III estimates
1Based on calculations of 50% survivors using BEIR III estimates

Source: Based on NCRP Penalty Table, reference 54

and some (5% or greater) may die from the hematopoi-
etic subsyndrome.

It is sometimes difficult for the public to place
radiation risks in the proper perspective, perhaps
because of their association with nuclear weapons, the
documented effects fromexposure, and the perception
that radiation cannot be seen or controlled. Four-
tenths of a minute of life are lost for each miledrivenin
a car due to the risk of a fatal accident, and the average
smoker loses 10 minutes of life for each cigarette
smoked. In comparison, an estimated average of 1.5
minutes of life are lost for each 0.0015-mSv (1.5-mrem)
exposure to ionizing radiation.”* It is expected that
doubling the natural background radiation would
result in an average loss of 8 days of life from the

increased risk of cancer. The average coffee drinker
may lose 6 days because of the increased risk of blad-
der cancer, and the average unmarried male may lose
9.6 years from his lifespan. For military personnel, the
average loss of lifespan from a tour of duty in Vietnam
was 1.1 years.*#

The NCRP has defined a dose of 0.01 mSv per year,
equivalent to 10 Gy or 1 mrad of low-LET radiation, as
the negligible individual risk level.?* This implies that
almost every dose of radiation carries potential risk. In
some cases, the risk is extremely small and difficult to
identify, as illustrated by the comparison to smoking
one cigarette. The goal is to keep exposures as low as
is reasonably achievable in daily life and in emergency
situations.

213




Medical Consequences of Nuclear Warfare

SUMMARY

The late effects of ionizing radiation can be divided
into three major groups: somatic, genetic, and terato-
genic effects. Somatic damage ranges from fibrosis
and necrosis of individual organs to cataracts, epila-
tion, and cancer.

Most somatic effects require high-threshold doses
of radiation; cancer is the main health concern after
exposure to low-level radiation. The three most com-
mon radiation-induced malignancies are leukemia,
breast cancer, and thyroid cancer. The latency periods
for the detection of cancer after radiation exposure
range from 2 years for leukemia to 3040 years for
some solid tumors.

Mathematical models predicting cancer risks based
on observations from high radiation exposures imply
that 120-180 additional cancer deaths will occur for
every million persons receiving 1 c¢Gy of radiation.
This estimate range includes the incidence of all can-
cers and presumes that no thresholds for induction
exist. Some evidence indicates that thresholds for
radiation-induced cancer do exist, ranging from 0.01
Gy for breast cancer to 0.2 Gy for leukemia.

Genetic effects are the second category of low-level
or late effects of radiation. It is estimated that 5-65
additional genetic disorders will occur in the next
generation for every million persons receiving 0.01 Gy

of gamma or low-LET radiation. These disorders will
be mainly autosomal dominant and gender-linked
disorders. If each succeeding generation were to re-
ceive an additional 0.01 Gy of radiation, equilibrium
would be reached in the gene pool, and an average
increase of 60-1,100 genetic disorders per million
persons would be observed in the population. This
would resultina 1.5% increase in the overall incidence
of genetic disorders. The normal incidence of genetic
disorders in the population is one in ten.

The third category of late radiation damage is the
teratogenic effects. The primary somatic effects seenin
humans exposed in utero are microcephaly, mental
retardation, and growth retardation. These effects
have been observed with an increased incidence in the
atomic-bomb survivors exposed in utero to doses of
less than 0.10 Gy, although a neutron component may
have enhanced the radiation effectiveness. In general,
thresholds exist for the induction of birth defects by ra-
diation, and effects below 0.10 Gy are negligible. The
normal incidence of birth defects is one in ten live
births. One concern for low-level exposure to ionizing
radiationin uterois the increased incidence of cancerin
childhood. An estimated twenty-five additional can-
cer deaths are predicted for every million children
receiving 1 cGy of radiation in utero.
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INTRODUCTION

The success of medical support operations in a
nuclear war will depend to a great extent on the ade-
quacy of planning, training, and preparation before
hostilities occur.  Nuclear warfare will produce a
huge disparity between the number of patients re-
quiring treatment and the available medical re-
sources. This problem will be further complicated
by :he disruption of lines of communication; the iso-
lation of medical units; and shortages of transporta-
tion, supplies, and equipment.

Preparation problems facing medical planners
and commanders can be divided into two distinct
categories: (a) staff-level planning, including actions
that must be taken before the start of a nuclear war
to minimize the prompt effects of enemy nuclear at-
tacks, and (b) unit preparations to minimize the im-
mediate and delayed effects of nuclear attacks, in

order to ensure continued effective medical opera-
tions in a nuclear environment.

In many instances, the experience gained during
conventional wars and peacetime nuclear incidents
will be applicable to the casualties of a nuclear bat-
tlefield. A rigorous training and implementation
program must be instituted at all levels of medical
service for professional and nonprofessional medical
personnel.  Emphasis must be placed on practical,
problem-related training rather than on theoretical
principles.

The information in this chapter on tactical opera-
tions is extracted from current NATO doctrine for
medical operations in a tactical nuclear environ-
ment.! The information on peacetime operations is
from current Department of Defense doctrine from
the Defense Nuclear Agency”and the U.S. Army.}

RADIATION INTERACTION AND DETECTION

The ability to recognize the potential for radio-
logical damage is based on a knowledge of the basic
interactions of radiation particles with biological
molecules, and on the ability to detect the presence
of radiation or radioactive materials. The need to
measure or quantify a substance that dramatically
affects the human system but cannot be detected
with the senses has led to the development of radia-
tion detectors and dosimeters based on the physical
principles of radiation interactions. An understand-
ing of the nature of radiation hazards and the char-
acteristics of various radiation types will help in the
selection of a specific radiation detector for a given
situation.

Interaction

Radiation arises when excited or overly energetic
atomic nuclei give off excess energy as their particles
convert to a more stable arrangement. The excited
atoms comprise the radioactive material—a physical
substance that, when present in sufficient quantity,
can be weighed, measured, seen, or chemically sepa-
rated. This radioactive material can be characterized
by a half-life, the amount of time it takes, on average,

LS

-l

for one-half of the excited material to convert (or de-
cay) to stable, nonradioactive material. Depending
on the material, the half-life can vary from less than
seconds to many thousands of years. The shorter
the half-life, the more probable it is that radiation
will be emitted; the longer the half-life, the less likely
are the atoms to decay. The amount of material
present can be termed the activity, measured by the
number of nuclear transformations per seconds (nts)
or disintegrations per minute (dpm). The activity of
a radioactive sample is a measure of its intensity.
Units which measure activity are the becquerel (1 Bq
equals one disintegration per second) and the curie
(1 Ci equals 3.7 x 10" disintegrations per second).
The excess energy carried away from the radioac-
tive material comprises the radiation (Table 10-1).
This energy may be carried away by particles of
matter as they leave the nucleus (alpha, beta, or neu-
tron radiation), or it may be emitted from the nu-
cleus independently of any nuclear particles
(gamma radiation). Either way, the radiation travels
from the radioactive material until it interacts with
the surrounding medium. The excess energy of the
radiation rapidly dissipates through multiple suc-
cessive interactions, until the particles recombine
with the atoms in the medium. The amount of dissi-




TABLE 10-1
CHARACTERISTICS OF NUCLEAR RADIATIONS

Radiological Considerations in Medical Operations

Relative  Electric Emitted Range in Tissue Radiation
Name Mass Charge by Air Penetration stopped by
Alpha 7,300 +2 Unfissioned 5cm First layer Clothing
uranium and of skin Paper
plutonium
Beta 1 -1 Fission 12m Several layers Clothing
products of skin
Gamma 0 0 Fission 100 m Total body Several feet
products of concrete
or earth
Neutron 1,830 0 Emitted only 100 m Total body Several feet

during fission

of concrete
or earth

pated energy absorbed in the exposed medium is the
absorbed dose. Units of absorbed dose are the gray (1
Gy equals 1 Joule/kg) and the rad (1 rad equals 100
ergs/g).

The interaction between radiations and any ab-
sorbing medium is ionization. In this process, the
energy from the incoming radiation is transferred to
an atom of the medium, exciting that atom and dis-
lodging one of its orbital electrons. Each ionization
event produces one ion pair, consisting of a free elec-
tron and the positively charged remainder of the
atom. These free electrons, broken atomic bonds,
and the resulting disrupted and distorted molecular
arrangements are the basis of biological damage.

Gamma Radiation. Gamma radiation is a pure
energy packet (called a phioton), unaccompanied by
any nuclear particle. Without mass or electric
charge, the gamma rays have very little probability
of interacting and will travel great distances through
sparse media, such as air or biological tissues. This
ability to penetrate and irradiate sensitive organs
within the body makes gamma radiation hazardous.

In order to increase the probability of interaction
with and absorption of the radiation, gamma-ray
shields are made of high-density concrete or lead.

Beta Radiation. Beta-particle radiation occurs
when excess nuclear energy is emitted in conjunc-
tion with a high-speed nuclear electron. Because of
its small mass and its one electric negative charge,
the beta particle interacts more readily than does the
uncharged gamma ray, traveling only several meters
through air and penetrating only several layers of
skin. The hazard from beta radiation is to the exter-
nal skin surfaces; beta radiation cannot penetrate to
internal organs unless it is inhaled or ingested. Beta-
particle radiation shields may consist of lightweight
materials, such as a layer of clothing.

Alpha Radiation. The heaviest particle given off
in nuclear decay is the alpha particle. It is 7,300
times heavier than the beta particle, and is positively
charged with twice the beta particle’s electric charge.
Its mass and charge make the alpha particle a highly
irteractive form of radiation; it will travel only 5 cm
in air and can be stopped by a sheet of paper. Alpha
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particles will not penetrate the external laver of dead
skin and thus are no direct hazard as long as thev
remain outside the bodyv. Alpha-particle-emitting
materials are a hazard when they can be inhaled or
ingested, and are then able to irradiate sensitive or-
gans or tissues from within.

Neutron Radiation. Neutron particle radiation is
emitted only during the instant of fission by the
weapon material. A neutron particle has no electric
charge but does have an intermediate nuclear mass
(1,830 times the mass of the beta particle but only
one-fourth that of the alpha particle). Like a gamma
ray, the neutron can travel great distances through
sparse media and can penetrate biological tissues.
Unlike other radiations that interact with orbital
electrons, neutrons are more likely to interact di-
rectlv with the nuclei of atoms, particularly those
having low atomic numbers. Thus, effective neutron
shields are composed of materials with a high
hvdrogen content, such as water or paraffin.

Radiation Detection

No single instrument at present has all the char-
acteristics necessary to detect all tvpes of radiation.
Accordingly, different tvpes of instruments must be
used, depending on the nature of the radiation haz-
ard. For any type of instrument used, the time
frame over which it operates can be instantaneous or
continuous. A ratemeter indicates the instantaneous
rate at which radiation is being detected, and an inte-
grating meter gives a reading of the total radiation
observed since the meter was turned on or restarted
(zeroed).

Radiation-detecting instruments are based on the
principles of the radiation interaction being ob-
served. A detector that merely counts the incoming
radiation particles is called a radiation counter. An
instrument designed to collect and measure the
number of ion pairs produced is termed an exposure
meter; because the unit of exposure is the roentgen
(R), it is also called an R-meter. An instrument that
measures the total energy absorbed in a detecting
medium is an absorbed dose meter; if the detector uses
a tissue-equivalent absorbing medium, the detector
is called a rem-meter. The characteristics of some of
the more commonly used detectors are summarized
below.

Ionization Chambers. lonization chambers
measure dose and dose rate from gamma and X ra-
diations. A typical ionization chamber that meas-
ures total dose is the pocket dosimeter, which is the
size of a large fountain pen (Figure 10-1). It has a
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chamber containing two electrodes, one of which is a
quartz tiber loop that is free to move on its mount-
ing. Radiation entering the chamber causes ioniza-
tion within the sensitive volume. The distance the
fiber moves is proportional to the dose received in
the chamber. Instruments of this type are sensitive
to severe shock and humidity, but are small enough
to be worn comfortably. The advantage of this in-
strument is that it can be read at any time (without
the aid of a supplementary charger-reader) bv sim-
ply holding it up to the light and looking into it.

Geiger-Mueller Counters. Geiger-Mueller count-
ers are normally used for detecting single ionizing
events that take place within the sensitive volume of
the counter. The counters are rugged and sensitive
to low levels of radiation. They are usually
equipped with audible indicators of radiation detec-
tion that sound like clicks. Geiger-Mueller counters
detect gamma photons or beta particles, but the de-
tection of the former is less efficient. A discriminat-
ing shield is usually provided with Geiger-Mueller
instruments; when it is opened, it admits both beta
and gamma radiation. When the shield is closed,
only gamma rays pass. Use of the shield may per-
mit qualitative differentiation between the ioniza-
tion caused by beta particles and that caused by
gamma photons.

Proportional Counters. Proportional counters
are used to detect one type of radiation in the pres-
ence of other types of radiation, or to obtain output
signals greater than those obtainable with ionization
chambers of equivalent size. Proportional counters
may be used either to detect events or to measure
absorbed energy (dose), bec>use the output pulse 1s
directly proportional to the energy released in the
sensitive volume of the counter. Proportional count-
ers are used for the detection of alpha particles, neu-
trons, and beta particles. They are often used in
shielded laboratory facilities for sensitive low-level
analysis.

Scintillation Counters. A scintillation counter
combines a photomultiplier tube with a scintillating
material, which may be a crystal or other phosphor
(solid, liquid, or gas). Light pulses, produced in the
scintillator by radiation, release electrons in the
photomultiplier tube, and this tube then amplifies
the electrons to pulses of current that can be
counted. Various scintillation counters can detect
alpha and beta particles, gamma rays, neutrons, pro-
tons, and electrons. The most common dosimeters
for field use are alpha counters or gamma-ray detec-
tors. Although energy dependent, scintillation
counters are more efficient at detecting low-energy,
low-level gamma-ray backgrounds than are Geiger-
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Thermoluminescent Dosimeters. A thermolu-
minescent dosimeter (TLD) responds to ionizing ra-
diation by trapping excited electrons in metastable
states within the detector's crystalline structures.
When the TLD is heated, the electrons escape these
traps, releasing light as they return to their lower
energy state. The amount of light is proportional to
the absorbed radiation dose. The TLD is an integrat-
ing dosimeter and requires an elaborate electronic
readout device to interpret the absorbed-dose data.
The readout instrument will zero the TLD so that it
may be used again.
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Radiophotoluminescent Dosimeters. Radiopho-
toluminescent (RPL) glass is a dosimeter material
that will luminesce following an excitation pulse of
ultraviolet light if it has been exposed to ionizing
radiation. This effect is caused by radiation-induced
changes in the crystalline electronic structure of the
glass. As with TLDs, the response is proportional to
the radiation dose. The RPL dosimeter sensitivity
depends on the type and manufacturer, and ranges
from 0.01 to several million cGy. This type of inte-
grating dosimeter will not be zeroed by the readout
device; it gives a total cumulative dose reading that
fades very slowly with time.
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STAFF-LEVEL MEDICAL PLANNING

As is the case with operations planning through-
out the medical support system, the statf medical of-
ficer's planning is keyed to the functions of the
tforces supported by the medical unit. While the
problems confronted by medical units on the nuclear
battlefield will be similar in some respects to those
associated with conventional warfare, there are
some dramatic difterences. These include the vastly
increased numbers of casualties requiring care, the
need to operate in fallout, and the requirements to
treat and decontaminate combined-injury patients.

Handling Mass Casualties

Effective techniques of evacuation, medical man-
agement, and triage become increasingly important
with very large numbers of patients. The problem of
handling mass casualties is not limited to hospitals.
It exists throughout the chain of medical evacuation,
so the basic principles of triage must be understood
by all medical personnel. Flexibility in applying
these principles must be an established part of medi-
cal guidance and training.

Effects of Combined Injuries. Analyses of the ex-
pected battlefield situations in a tactical nuclear en-
vironment have concluded that a high proportion of
the casualties will have combined injuries, most of
which will be from thermal burns and radiation ex-
posure. Burn injuries provide portals for infection,
and both burns and radiation exposure decrease the
casualty’s immunity to infectious microorganisms.
Medical planners at all levels must anticipate (a) per-
sonnel with low-level exposures from nuclear weap-
ons, who may need immediate medical attention be-
cause of combined injuries, and (b) personnel with
otherwise recoverable conventional injuries, but
whose radiation exposures make their chances for
survival poor.

Effects of Psychological Stress. It is possible to
estimate the number of personnel who would be in-
jured or killed by the thermal, blast, and radiation
effects of a nuclear explosion, but it is much more
difficult to predict the numbers and types of psychi-
atric casualties. The types of acute psychological
problems that would occur would probably be simi-
lar to those in other combat situations, and the treat-
ment methods developed during past wars would
be appropriate.

The most important factor in preventing stress
reactions is intensive training, which will result in
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less fear and prompter, more effective action.  Be-
cause action relieves tension, the fear response is less
likely to become severe or incapacitating. Prevent-
ing or treating stress reactions in nuclear warfare
may determine the continuing effectiveness of a
unit’s combat performance.

Public Health Concerns For centuries, the con-
duct and outcome of military operations have been
protoundly affected by a small number of infectious
diseases. Massive destruction from nuclear weap-
ons could result in epidemics that would present se-
rious problems for a military medical service, par-
ticularly when the effectiveness of civilian medical
facilities and personnel has been diminished. In past
wars, military medical forces have cared for civilian
populations and have helped to rebuild nations rav-
aged by war. On the nuclear battlefield, the impact
of classic diseases of disaster (such as dysentery, tv-
phus, typhoid fever, cholera, and plague) may seri-
ously affect the ability of the medical unit to treat
battlefield casualties.

Logistical Support System. The success of medi-
cal support depends on the adequacy of prewar lo-
gistical preparation. Planning should provide not
only for medical supplies and equipment, but also
for general supplies, food, clothing, water purifica-
tion apparatus, radiation-detecting and -measuring
instruments, communications equipment, and
modes of transportation.

The location of medical resources is crucial. Re-
sources must be close to the area of probable great-
est need, without being concentrated in areas likely
to become targets for enemy attack. This means that
medical planners must compromise between disper-
sal and the capabilitv of the logistical system to
move supplies and patients. Medical planners
should take advantage of the stages of military pre-
paredness that may precede the actual outbreak of
hostilities. Because of the problems associated with
long-term maintenance of medical equipment and
medications in storage, extensive pre-positioning
during peacetime is not practical.

Command Radiation Guidance. Line command-
ers at all levels will need advice from medical advi-
sors about the effects of accumulated doses of radia-
tion on the health of their personnel, as well as the
hazards of potential exposures when operations
must be conducted in areas contaminated with fall-
out. This advice must be practical and be based on
an understanding of the requirements of the mission




TABLE 10-2

Radivlogical Consuderations m Medical Operations

RADIATION EXPOSURE STATUS (RES) CATEGORY SYSTEM

Nuisance
Dose Casualties symptoms
RES (cGy) (%) T Risk
0 0 0 0 None
1 0-70 1.0 25 Negligible
2 70-150 2.5 5.0 Moderate
3 150+ 5.0 _ Severe

s well as on knowledge of the diverse human re-
sponses to radiation. The effects of radiation must
not be either minimized or exaggerated, and the
proper place of radiation effects relative to other
hazards of combat must be understood.

NATO Standardization Agreement (STANAG)
2083 has established a Radiation Exposure Status
(RES) category system (Table 10-2), incorporating
the most recent guidance on the operational effects
of radiation exposures.! This system will help mili-
tarv commanders maintain the fighting capability of
the tactical forces despite the troops’ exposure to
ionizing radiation. When personnel have accumu-
lated sufficient exposure to be placed in a particular
RES category, then commanders must restrict those
units to activities in which additional radiation ex-
posure is not expected, unless they are willing to ac-
cept the next higher risk to those units.

When exposures can be maintained below 150
cGy, the STANAG doctrine indicates that the overall
eftectiveness of combat units will not be significantly
degraded. However, if the exposures become rela-
tive’y large, tactical commanders must be advised of
their forces’ capability to continue operations. Gen-
erally, an effective military individual is one capable
of carrving out assigned missions, some of which
require a high degree of physical and mental effec-
tiveness. Thus, in any attempt to relate radiation
dose to this effectiveness, the complexity or physical
demand of the task must be considered.

Combat-effective personnel will suffer from ra-
diation sickness, but will be able to maintain at least
75% of their preexposure performance level. Per-
formance-degraded personnel will be operating at
25%-75% of their preexposure performance. Com-

bat-ineffective personnel will be capabie of perform-
ing their tasks at 25% (at best) of their preexposure
performance level.

Given an average dose of 400 cGy to a tactical
unit required to perform a physically demanding
task, the unit will become performance degraded
about 2 hours after exposure and will remain so for
longer than 1 month (Figure 10-2). However, if the
required task is not physically demanding at that
same radiation dose, performance degradation will
occur at about 3 hours after exposure, and effective
combat performance will recur 2 days to 2 weeks
later, followed by a second performance degradation
(Figure 10-3).

Of course, these predictions assume that expo-
sure to ionizing radiation will be the combatants’
only stress. The prediction of the performance ca-
pacity of irradiated persons will have to be consid-
ered with other stresses, such as conventional injury,
endemic disease, continuous duty without sleep,
and time in combat.

Radiological Concerns of Medical Personnel

When fallout occurs, insufficiently sheltered per-
sonnel will become contaminated. If these personnel
are not wounded or sick, decontamination is not a
medical responsibility; it will be done at the unit
level under command supervision. If wounded per-
sonnel become contaminated, their hospitalization is
more complicated. Fallout contamination can be
hazardous to the patient and to attending medical
personnel, although in contrast to contamination
with chemical agents (in which the mere presence of
the agent is life threatening), no immediate life-
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Fig 10-2. Expected response to radiation tor physically demanding tasks

threatening radiation hazard exists.  Thus, the de-
contamination ot patients and contamination-control
procedures within the medical facility (although im-
portant) are lower priorities than the lifesaving treat-
ment of conventional injuries.

Radiation Hazards in Patient Treatment. Radi-
ologically contaminated patients are those who have
been contaminated with fallout, which adheres
loosely to clothing and skin in the form of dust,
ashes, dirt, or mud. Once these residues have been
removed, the patient does not present a radiation
hazard. Patient decontamination should not pre-
cede or interfere with either lifesaving procedures or
surgical preparation, but rather should be an inte-
gral part of these procedures.  Furthermore, care
must be taken to avoid accidentally forming a real
hazard by accumulating contaminated waste in the
decontamination area.  Effective procedures for de-
contemination, followed by monitoring and prop-
erly disposing of contaminated waste, must be de-
veloped and used.

Three distinet hazards are associated with radiol-
ogically contaminated patients. These are the whole-
body eannna-radiation hazard, the beta-contact hazard,
and the ruternal hazard from inhalation and ingestion
of contaminated material.

Whole-body gamma radiation is the most impor-
tant hazard because gamma radiation has a long
range in air. This danger should be considerably re-
duced by the time the patient reaches a medical fa-
cility, however, because the looselv adhering fallout
residue will drop or brush off as the patient is
moved. In addition, the initial decay of residual ra-
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diation associated with a nuclear detonation is very
rapid. The whole-body gamma-radiation hazard to
persons handling the patient will be several orders
of magnitude less than that to the patient, because of
distance and elapsed time.

The beta-contact hazard is a significant problem
to the patient. If fallout residue remains on the skin
for an extended time (several hours to davs), beta
burns mav occur. These resemble first- and second-
degree thermal burns. Because thev affect only
those skin surfaces directlv in contact with the radio-
logical contamination, gentlv brushing or washing
the dust from the skin will eliminate the hazard to
the patient. Wearing rubber gloves and surgical
masks, as well as practicing good hygiene, will
eliminate the hazard to medical personnel.

Under conditions of nuclear war, the minute
quantities of radioactive material that might be in-
gested, inhaled, or absorbed through wounds are a
relatively minor radiation hazard. Extensive decon-
tamination therapy is unlikely to be used because of
the large number of patients and the limited time,
personnel, and available logistical resources.

Patient Decontamination. Patients can easilv be
decontaminated without interfering with required
medical care. Simply removing the patient’s outer
clothing and shoes before admission will remove
90795 of the contamination. Once removed, con-
taminated clothing can be placed in bags, tagged,
and taken to a remote section of the medical facility.
The clothing can be decontaminated or disposed of
by qualitied personnel, as time permits.

The second phase of decontamination consists of
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washing or wiping the patient’s tace, hands, and any
skin surfaces not previously covered by clothing.
This should leave the patient 98¢ decontaminated,
and can be done before or after admission.

The third phase of decontamination consists of ei-
ther washing or clipping the hair and washing the
scalp, and is required onlv if the patient arrives
without headgear or if monitoring indicates that the
hair is contaminated.

Unit Operations in Fallout

Whenever large areas are contaminated by fall-
out, the operations of all units will be hampered to
varving degrees, depending on the level of contami-
nation. When a serious radiation hazard exists, the
medical unit commander will be faced with the
question of whether to continue operations and ac-
cept hazardous exposures to unit personnel, or to
take shelter—an action that mayv seriously reduce
the unit’s ability to care for patients. To make the
correct decision, the commander requires the follow-
ing capabilitics:

* An effective radiation-monitoring capabil-
itv to correctlv measure the fallout ra-
diation hazard

® The ability to make rapid estimates of an-
ticipated dose and dose rates

¢ Satisfactory lines of communication with
other units and headquarters to report
the fallout situation and to receive fall-
out warnings, information, guidance,
and orders

The commander will need to know:

¢ Whether the unit will be in a fallout area

® The expected time of fallout arrival (or
how long betore most of 1t will be on the
ground and the dose rates will begin to
decline)

* The maximum dose rates expected

¢ The adequacy of existing facilities as fall-
out shelters

Decisions about operations in fallout areas
should be based on actual survey data. However,
because it will be not be possible or desirable to ex-
pose monitoring personnel when dose rates are very
high, a reliable method of estimating fallout decav is
required (Table 10-3). Note that these calculations
are accurate only atter all fallout is on the ground
and the dose rate is beginning to decrease.

By evaluating these data along with the opera-
tional situation, the commander will be better able to
make the proper decisions about moving the unit,
diverting patients to other treatment units, moving
into fallout shelters, or remaining in place and con-
tinuing normal operations,

Medical units that are required to remain ir areas
of high dose rates can survive and continue their pa-
tient-care activities if adequate shelter is available to
shield against radiation.  Many materials that are
available on the battlefield will afford substantial
shielding (Table 10-4), althov gh some of them, such
as concrete, require engineering support and prior
construction. However, earth atfords excellent pro-
tection and can be used with a minimum of engi-
neering etfort.
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TABLE 10-3
THE 7:10 RULE FOR RESIDUAL RADIATION DECAY

Time after Amount of Dose Rate
Detonation Radiation Decay
(in hours) Remaining (cGy/hour)
1 — 1,000
7 1/10 100
49 1/100 10
343 1/1,000 1

In some cases, construction will be unnecessary;
terrain and structures that will afford excellent pro-
tection from radioactive fallout (such as tunnels,
caves, culverts, overpasses, ditches, ravines, and
heavily constructed buildings) may be available. In
existing buildings, below-ground basements give
the best protection. Windows and overhead floors
can be sandbagged or covered with dirt to provide
additional protection with a minimum of effort.

As a matter of policy, mobile medical units
should locate in or near existing shelter. When this
is impossible, adequate shelter must be constructed.
These shelters need not be elaborate; they have to be
continuously occupied only during the period of
high radiation dose rates.

Three common field-expedient fallout shelters
can be constructed quickly and without extraordi-
nary engineering support.

Dozer Trench. For this type of shelter, a trench
2.7 meters wide and 1.2 meters deep is dug with a
bulldozer. It is estimated that one bulldozer can cut
six 30-meter trenches in about 5 hours. About 0.6
meters of trench would be required for each person
to be sheltered; thus, in 5 hours, shelters can be con-
structed for about 300 people. Protection and com-
fort can be improved later by digging the trench
deeper, undercutting the walls, and erecting tents
over some portions of the trench. These trenches
should provide adequate shelter for most fallout
situations,

Dug-In Tents of a Mobile Hospital. The tents of
a mobile hospital can be dug to a depth of 1.2 meters
and would be more comfortable than the dozer
trench. However, dug-in tents have two drawbacks:
they offer far less radiation protection than dozer
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trenches, and they require considerably more engi-
neering effort.

Vehicle-Earth Shelter. A very effective shelter
can be constructed combining unit vehicles and dirt.
Two large tents can be joined end-to-end. A shallow
trench for the vehicles can be dug around them, with
the dirt piled carefully on the outside of the trench.
Another 15-cm trench should be dug for the outer
wheels of the vehicles. This shelter can give as much
as 80% protection if fallout contamination is re-
moved from inside the rectangle thus created. Tent
liners and ponchos can be used for this purpose.
This shelter requires about 2 hours to build and can
be occupied or evacuated in minutes. As with other
expedient shelters, it could be constructed when the
medical unit occupies the position.

Regardless of the type of shelter used, a system
must be developed for its efficient operation. In the
case of medical units involved in the care of patients,
it is usually advisable to separate the shelter man-
agement functions from those of patient care. Shel-
ter management personnel must provide essential
services, such as radiological monitoring; monitor-
ing of water-storage facilities to prevent leaks and
contamination; control of fire hazards; enforcement
of health and sanitation rules; waste disposal; and
provision of safe food, water, and sleeping facilities.
Shelter management plans must be developed be-
fore the shelters are occupied, and the plans must be
familiar to all assigned personnel.

TABLE 10-4

SHIELDING PROPERTIES OF COMMON MATERIAL
FROM FALLOUT GAMMA RADIATION

Half-value Layer Thickness*

Material {cm)
Steel 2
Concrete 6
Earth 8
Water 12
Wood 22

*Thickness required to reduce the incident dose or
dose rate by one half
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MEDICAL RESPONSE IN PEACETIME RADIATION ACCIDENTS

A medical response to a peacetime radiation acci-
dent is similar, on a reduced scale, to the response of
medical units on a tactical nuclear battlefield, al-
though some of the radiological concerns differ. In a
tactical nuclear environment (as in a large-scale nu-
clear reactor accident), gamma- and beta-emitting
fission products become airborne fallout, exposing
people to hazardous levels of external radiation. In
a peacetime nuclear accident, the localized dispersal
of alpha-emitting radioactive material is the govern-
ing concern. Alpha particles are not an external haz-
ard, but when inhaled or ingested they can expose
internal tissues to significant radiation doses. Due
to the various levels of radiation and the different
radioactive particles in tactical situations, the radia-
tion-detecting equipment will be different from that
used in peacetime.

Nuclear accidents may involve the military on
short notice. Because the public will expect the re-
sponse team to be knowledgeable, especially regard-
ing medical care and public health, a review of past
experiences and the current doctrine for handling
nuclear accidents is essential.

Peacetime Constraints

In a peacetime nuclear accident, the medical unit
is freed of some serious military concerns, such as
hostile fire. Because nuclear weapons are designed
so that a nuclear yield is virtually impossible with-
out a complete sequence of deliberate actions, the
major concern at a weapon-accident site is the dis-
persal of radioactive materials by either fire or the
detonation of the conventional explosive. Thus, the
consequences of a nuclear-weapon accident in
peacetime are greatly reduced, and the medical re-
sponse is concentrated on a few patients rather than
directed toward mass casualties.

In peacetime, the concern about exposing person-
nel and the environment to radioactivity will have a
much higher priority. Minute traces of material that
would be inconsequential in wartime will assume
great importance. Medical procedures must be per-
formed to contain the contamination according to
strict regulatory limits.

In managing a radiation incident, the response
team will face pressure to provide details on the
event. News media, public officials, and private citi-
zens will demand information about the accident,

casualties, critical aspects of the response effort, and
its consequences. Medical-response personnel must
be prepared to safeguard medical information in a
manner that would be unnecessary during tactical
operations.

Historical Perspective

The U.S. military services have experienced
thirty-two accidents involving nuclear weapons
through 1987.> The complexity of the accidents has
ranged from (a) the simple dropping or dislocation
of a weapon, resulting in physical damage but no
bodily injury or dispersal of radioactive materials, to
(b) the detonation of conventional explosives,
spreading radioactive materials over hundreds of
acres, contaminating private property, and requiring
restoration efforts costing millions of dollars. The
medical functions performed in these nuclear acci-
dents illustrate the potential roles of military medi-
cal units that respond to future accidents.

Palomares. In January 1966, two U.S. aircraft (a
KC-135 tanker and a B-52 bomber) attempted a mid-
air refueling at 31,000 feet over the southeastern
coast of Spain, but collided in the final stages of
hookup. Wreckage of the two aircraft, including the
four nuclear weapons aboard the B-52, rained down
on the seaside farming village of Palomares, the
nearby Spanish countryside, and the Mediterranean
Sea. Four of the seven B-52 crew members survived
the accident, but none of the four crew members of
the KC-135 survived. Evacuation and treatment of
the survivors were first provided by local Spanish
authorities and hospitals. The first U.S. response
personnel arrived at the remote site 12 hours after
notification.®

Three of the fallen nuclear weapons came down
on land; the fourth splashed down in the Mediterra-
nean Sea and was not located for 81 days. The first
weapon was found undamaged about 900 feet from
the beach. The second was located the next day. It
had suffered a partial high-explosive detonation,
which made a crater about 20 feet wide and 6 feet
deep. The third weapon was found an hour later,
where it had landed within the limits of Palomares.
It had also undergone high-explosive detonation,
and nuclear material had spread up to 500 yards
from the impact point. Luckily, no one on the
ground was injured.

237




Medical Consequences of Nuclear Warfare

A contingent of American military and civilian
personnel went to the Palomares area to work on re-
covery and the restoration of the accident site. The
population rapidly increased to 747 (excluding off-
shore naval forces), which required establishing an
on-site medical support facility to provide emer-
gency medical treatment, supervise on-site field
sanitation, and assist workers who might be exposed
to radiation. As the population increased, the re-
sponsibility for obtaining routine bioassay samples
from those potentially exposed was given to the
camp medical facility. No cases of hazardous radia-
tion exposure occurred. Medical cases requiring
treatment beyond emergency care were evacuated.

Within days after the accident, U.S. Air Force
medical officers (specialists in aviation medicine)
and enlisted personnel were at the site in a field dis-
pensary. The initial task was to identify supplies of
potable water. Most medical problems involved
upper respiratory infections in personnel who were
exposed to high winds and cool temperatures.
Members of search parties who walked in the fields
and hills suffered pulled muscles, cuts, scratches,
blisters, and sprains. On-site medical support
ceased when the base camp was closed in April
1966, after 84 days of searching, decontaminating,
and restoring the remote site.

Thule. In January 1968, a B-52 aircraft on an air-
borne alert mission near Thule Air Force Base,
Greenland, developed a fire. The pilot was unable
to extinguish it and began an emergency descent to
the airbase. Shortly after the descent began, the air-
craft lost all electrical power, and the order to bail
out was given and executed. The aircraft struck the
sea ice several miles west of the base, and disinte-
grated from impact, explosion, and fire. Four nu-
clear weapons were on board the aircraft. Of the
seven crew members who ejected, six survived. The
seventh person died of a head injury, probably sus-
tained when he ejected from the aircraft.”

Response forces sped to the scene, and a tempo-
rary camp was erected on the sea ice. Because the
accident was close to the base, medical operations
were mounted from the regular base facilities. Only
camp sanitation was required in addition to normal
medical services. As at Palomares, the medical clinic
was responsible for collecting bioassay samples
throughout the recovery period.

Because of the arctic location, the next sunrise oc-
curred 24 days later. The darkness and severe cold
affected recovery operations, requiring intense cold-
weather training, frequent rest breaks, and time-con-
suming preventive maintenance.

Time was a crucial factor because the sea ice
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would melt in the approaching summer season, re-
leasing the nuclear material into the environment.
The aircraft and weapons had been almost totally
destroyed, but fortunately most of the radioactive
material had been immobilized when it froze into
the snow and ice cover. Discoloration of the snow
pack from the fire was an important clue in distin-
guishing contaminated from uncontaminated snow.

Innovation overcame some of the difficulties.
The alpha detection instruments performed poorly
in the severe cold. At first, batteries lasted only 10
minutes, and the detectors were even more fragile
than usual, so the operator wore the battery pack in-
side his parka to warm it with body heat. After site
cleanup, the contaminated ice and snow were stored
in old petroleum tanks and later transferred to spe-
cially modified containers for shipment to the
United States.

Chernobyl. In 1986, an accident at the Chernobyl
Nuclear Power Station in the Soviet Union initiated
a sequence of events that mobilized civilian and
military medical response forces worldwide.™!" Al-
though the immediate fatalities and damage were
localized, the extensive atmospheric fallout caused
concern and action in health-care systems far from
the accident site.

Following early reports of the accident, the U.S.
European Command (EUCOM) established a Cher-
nobyl Task Force to evaluate the accident’s radio-
logical effects on the health of American personnel
in Europe. Directed by a medical corps officer, the
task force was composed of representatives of public
affairs and safety, and medical consultants in public
health, preventive medicine, radiological hygiene,
veterinary medicine/food sanitation, nuclear medi-
cine, medical logistics, and medical operations.

The task force’s initial mission was to provide
medical screenings of U.S. military family members
who were touring Leningrad and Kiev at the time of
the reactor accident. The screening operations exe-
cuted by army and air force medical units involved
segregating planeloads of personnel, monitoring in-
dividuals and their baggage for external contamina-
tion, obtaining individual histories, performing thy-
roid counts and bioassay samples to assess internal
contamination, and incorporating all analyses and
interpretations into the individual’s medical record.

At the request of the U.S. State Department, EU-
COM deployed a radiation advisory medical team to
assist the U.S. Ambassador in the USSR in defining
and managing the immediate consequences of the
accident. Composed of military health physicists, a
physician, and a food service veterinarian, the team
went to the U.S. missions in Leningrad and Moscow,




evaluated the radiological environment, and advised
the ambassador on potential hazards to the interna-
tional community from the uncertain conditions.

Veterinary service personnel in EUCOM ensured
the safety of local food supplies for consumption by
American personnel. Food inspectors with radiation
detectors traveled to wholesale markets, bulk issue
points, and commissary distribution warehouses to
monitor the supplies. Inspectors also obtained rep-
resentative food and dairy-product samples for labo-
ratory analysis. They determined that all foods met
U.S. and host-nation contamination guidelines.

Although fallout data were available from State
Department and host-nation authorities, the infor-
mation was sometimes delayed or unavailable for
some geographical areas in which Americans were
stationed. The task force established an environ-
mental monitoring program for U.S. communities,
and obtained measurements of external fallout expo-
sure rates. Samples of air, soil, rainfall, and drinking
water were collected from U.S. facilities throughout
the command and analyzed by medical personnel,
using preventive medicine units and medical treat-
ment facilities.

Nuclear Accident and Incident Response and
Assistance Organizat’on

The Department of Defense (DOD) has estab-
lished a policy for coordinating the response to a
nuclear-weapon accident which (a) identifies the re-
sponsibilities for command at the scene, and (b)
clarifies the coordination among DOD and other
federal agencies, such as the Department of Energy
(DOE) and the Federal Emergency Management
Agency (FEMA).>*"12

All US. Army installations with custody of nu-
clear weapons will have a dedicated response force
that is prepared to respond to any nuclear incident.
Initial response and service response procedures
will be included in the standard operating proce-
dures for the installation’s Nuclear Accident and In-
cident Response and Assistance organization.

Initial Response Force. The Initial Response
Force (IRF) is the nearest military installation, re-
gardless of size, to respond to an accident, to take
immediate emergency lifesaving measures, to pro-
vide security, to reduce exposures, and to provide a
federal presence and humanitarian support. IRF
members will coordinate on-scene hazard contain-
ment activities with civil authorities, and Will re-
main in charge until arrival of the Service Response
Force (SRF). The IRF unit should be trained and
equipped to provide 24-hour capability." The IRF
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commander will supervise all emergency forces and
direct all operations at the scene, including, but not
limited to, the following:
* Securing, safeguarding, and disposing of
all classified material
Treating casualties
Determining actual and potential hazards
Minimizing further hazards
Requesting required assistance
Providing control and logistical support
of on-site personnel
¢ Handling claims, public information, and
relations with local civilian groups
¢ Establishing communications between the
accident site and higher headquarters
Service Response Force. The capabilities of the
IRF are limited. Total control of the accident re-
sponse will be the responsibility of the SRF, which
should arrive within 24 hours after the accident oc-
curs. The SRF will consist of an aggregate of person-
nel, with a military staff as the nucleus. Members of
the IRF will be integrated into the SRF and will con-
tinue to play a major role in the response. The re-
sponse force will be augmented by DOE scientific
and technical advisers and by specialized teams
from other services, as required. The SRF com-
mander will be a general officer, designated as the
On-Scene Commander (OSC).> Responsibilities of
the OSC include, but are not limited to, the follow-
ing:
e Safeguarding national-security materials
and information
¢ Coordinating with federal, state, and local
authorities (a liaison officer should be
provided to local, state, or host-nation
authorities and to the senior FEMA
official by the OSC as soon as possible)’
¢ Ensuring that a public-health hazard
assessment is made
* Notifying civil authorities of the precau-
tions and other measures required for
protecting public health and safety
¢ Establishing the priorities for response,
recovery, and restoration efforts
¢ Coordinating, reviewing, and approving
public information and news releases
¢ Communicating all required information
and situation reports to the National
Military Command Center and service
operations center
¢ Coordinating with the senior FEMA
official (in the continental United States)
and state or host-nation authorities to
restore the accident site
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* Coordinating with the accident investiga-
tion board

¢ Obtaining assets required to support
response operations

Guidelines for Medical Advisors

The Installation Medical Authority (for the IRF)
and the Medical Staff Advisor (for the SRF) are re-
sponsible for planning the medical support required
for their respective portions of the nuclear-accident
response. They should maintain up-to-date plans
and be prepared to train and supervise other medi-
cal personnel. Procedural guides should be pre-
pared and distributed to any medical facility that
may become involved in the support of such a re-
sponse.

These medical advisors must be prepared to deal
with the question of how much long-term radiation
hazard exists for the local population in the contami-
nated area. Another concern is the development of
definitive treatment regimens for individual radia-
tion casualties and combined-injury casualties. Sev-
eral army, DOD, and DOE advisory teams will assist
the medical advisors in determining appropriate
medical guidance. Although these teams will re-
spond to the accident site or treatment facility on re-
quest, prior coordination between the IRF and SRF
medical advisors and the special teams is recom-
mended.

Radiological Advisory Medical Team. The army
has established the Radiological Advisory Medical
Team (RAMT), which is staffed with health physi-
cists, physicians, and technicians trained to evaluate
radiological health hazards and manage radiation
casualties.”” At the accident scene and at the medi-
cal facility, the RAMT will assist with the following:

* Potential health hazards from radioactive
contamination

® Medical treatment and decontamination
of casualties

e Decontamination procedures for person-
nel, facilities, and equipment

¢ Control methods for radiation exposure
during on-site recovery and restoration
operations

¢ Medical surveillance or bioassay proce-
dures during site-restoring operations

Medical Radiobiology Advisory Team. The De-
fense Nuclear Agency has established a Medical Ra-
diobiology Advisory Team (MRAT) located at the
Armed Forces Radiobiology Research Institute in Be-
thesda, Maryland.? This team is trained in the bio-
medical consequences of radiation exposure. It will
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help medical authorities to make definitive treat-
ment decisions for individual casualties. The MRAT
maintains treatment protocols that are relevant to
the handling of radiation-accident injuries, based on
state-of-the-art radiobiology research and human
radiobiology data from previous accident victims.

Department of Energy Assistance. Major DOE
installations have medical support capabilities that
can be called on for assistance, if needed. Also, DOE
facilities that routinely handle radioactive material
are equipped to give medical treatment to radiologi-
cal casualties. The Radiation Emergency Assistance
Center Training Site (REAC/TS) in Oak Ridge, Ten-
nessee, is prepared to deal with all types of radiation
exposure and can provide expert advice and assis-
tance.’

Rescue and Evacuation of Injured Persons at a
Nuclear Accident Site

An accident involving a nuclear weapon will
probably result in casualties. The injuries may be
severe and numerous, like those from a serious
multi-vehicle accident. Emergency personnel sent to
an accident site must be well trained in trauma first
aid. By the time medical personnel arrive at the
scene, initial rescue may have been effected and
some first aid given. The medical personnel should
assist in further rescue operations and begin evacu-
ating casualties to the closest medical facility as soon
as possible. They should notify the receiving facility
of the nature of the accident and the number and
type of patients involved.

The weapons materials give off short-range alpha
radiation, which is not a hazard to attending person-
nel unless the actual radioactive material itself is in-
haled. Standard military protective masks provide
excellent protection. They should be worn by per-
sonnel inside ambulances until the patients are
brought to the medical facility. Hospital personnel
can safely wear a standard surgical mask.

After the patients have been brought to the hospi-
tal, the ambulance personnel and their vehicles
should be decontaminated as soon as possible, even
if monitoring facilities are not available. They must
not be released until monitoring indicates that they
are no longer contaminated. This requires special
alpha-sensitive radiation equipment, which is gener-
ally not available at hospitals, and will have to be
obtained from teams at the accident site.

The place for decontaminating ambulance per-
sonnel can be the same place used by other hospital
personnel (such as the emergency room staff), pref-
erably away from the emergency room. The place




should have two entrances and a shower. A number
of laundry bags should be set up and tagged. The
personnel should strip off all clothing and put it into
appropriate bags. If necessary, large tags should be
attached to the clothing. Personal items, such as
watches and jewelry, should be put into plastic bags.
Protective masks should also be put into a special
bag. A complete set of clean clothing should be
available to personnel. If this is not possible, clean
scrub suits should be provided until fresh clothing
can be obtained. Complete monitoring is essential
after showering.

Initial Care, Resuscitation, and Admission of
Contaminated Patients

Every medical facility must have a plan for han-
dling contaminated patients, while still restricting
any changes in basic operations to those that are ab-
solutely essential. The most important objective is to
give injured patients proper, efficient, and rapid care
without spreading the contamination. Traffic
should be restricted, and a diagram of traffic
changes should be posted in the emergency room
area. If possible, contaminated patients should be
treated in a room into which they can be brought
without crossing main corridors in the building.

If the hospital has been warned of possible con-
tamination, the route over which the patients are to
be brought may be covered with paper. After the
patients enter the treatment room, this paper should
be carefully rolled up by personnel wearing caps,
gowns, masks, and gloves. The paper then should
be put into tagged bags. The process can be re-
peated as often as necessary. If patients are brought
in over uncovered floors, the floors should be imme-
diately covered with paper. The paper must be left
in place until personnel with the proper monitoring
equipment arrive to help evaluate the hazard. Traf-
fic over the paper must be limited to that which is
absolutely essential.

Several laundry hampers should be available in
the treatment rooms and adjacent hallways. They
should be tagged so that all linens and clothing can
be properly identified for later decontamination.

A treatment team should be organized to func-
tion like an operating-room team, and will require a
moderate amount of prior training so that it will
function smoothly and effectively. All members
should wear caps, gowns, masks, and gloves. The
physician and an assistant (if required) should be re-
stricted to the area immediately around the patient.
Circulating personnel in the room should bring sup-
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plies to the physician but should not touch the pa-
tient or the equipment. These personnel should not
leave the room. There should be other circulating
personnel who would bring supplies to the room
but who should not enter the room.

The treatment priorities for a contaminated pa-
tient will vary with the seriousness and nature of the
basic injuries. As lifesaving resuscitative measures
are progressing, certain decontamination procedures
can be performed without compromising the care of
the patient. The patient’s clothing should be re-
moved carefully and put into a tagged bag for later
decontamination or disposal. Valuables should be
put into a tagged bag (preferably plastic) and held in
a designated place for monitoring and decontamina-
tion; they should not be mixed with the valuables of
other patients. The patients should be thoroughly
washed, especially their exposed surfaces. The rinse
water must be collected. Later disposal must be in
accordance with the limitations of the laws of the na-
tion in which the accident occurred. Consultation
with expert personnel from among those at the acci-
dent site will be necessary to assure that this is done
properly. Normal surgical management of wounds
will be more than adequate for removal of radioac-
tive contamination. Special debridement procedures
are not required. Again, the rinse water or sponges
should not be disposed of until expert advice has
been obtained. Material objects from the wounds
must be saved. If they can be separated from the
rest of the waste, they should be put into marked
bags. These fragments will be studied by experts
and then disposed of through special procedures.

Patients should be admitted to designated wards
or rooms and kept in semi-isolation to limit th:
spread of the contamination. All personnel should
put on gowns, gloves, caps, masks, and shoe covers
before entering the room and should remove them
after each visit. All waste materials and linens must
be marked and monitored. Frequent monitoring by
trained health-physics personnel will be required to
determine when it is proper to discontinue isolation
techniques.

The patient’s urine should be saved to be ana-
lyzed for radiological contamination. Normal uri-
nalyses can be done safely on portions of the sample,
but the laboratory should be notified that there is a
potential hazard of contamination with radioactive
material. The laboratory must keep a record of the
volumes of urine so that later calculations can be
made of estimated body burdens of radioactive ma-
terials by appropriate laboratories. Fecal samples
should also be taken and retained, in addition to
nose blows and swabs, when directed.
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Operating-Room Care of Contaminated Patients

Some of the patients from a nuclear accident may
be injured severely enough to require extensive sur-
gical care. These patients may be contaminated with
any of a variety of radioactive and nonradioactive
materials. Most of the materials will not be a signifi-
cant hazard to operating-room personnel if simple
precautions are taken. The basic organization and
routine of the operating room should not be
changed.

Since the hazard from any contaminating mate-
rial will be respiratory, all personnel in the operating
room should wear surgical masks at all times. Per-
sonnel with monitoring equipment will be able to
advise the operating-room staff when it is safe to
unmask.

Once an operating room has been used for the
surgical care of nuclear-accident patients, decon-
tamination and monitoring will be necessary before
the room can be used for normal surgical cases. The
surgical service must be prepared to lose the use of
the room for the time needed for these procedures.
In some cases, it may be practical for a hospital to set
up a temporary operating room close to but not in

the regular operating-room area. Alternative surgi-
cal areas may be used, such as a plastic surgery
clinic or an outpatient surgical facility.

The actual surgery can be managed according to
standard operating procedures for handling persons
contaminated with infectious hazards, with the fol-
lowing additions or exceptions:

¢ All waste material must be saved in
appropriate containers. Large plastic
bags are the most suitable because they
do not leak, if properly handled. The
containers must be tagged so that they
can be identified later and examined by
qualified personnel.

¢ Used surgical gowns, caps, and gloves
must also be considered contaminated.
They must be removed carefully, and
persons assisting in their removal must
be wearing caps, gowns, and gloves.
The masks should be put in a marked
container.

¢ All personnel should shower completely
after working on such cases and must
not be released from the area until after
they are monitored. This monitoring
must be done by qualified technical-
team personnel with special equipment.

SUMMARY

A nuclear event exposes people to a blast wave,
thermal pulse, and ionizing radiation. If medical
units are near the target area, injury and damage
may disrupt their ability to perform. Thorough
prior planning to adjust medical operations to the
nuclear environment is essential. Intensive mission-
oriented training that addresses the concerns of
medical personnel can reduce their stress and lead to
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more prompt, effective action. The experience
gained through medical operations in peacetime ra-
diation incidents provides skills that are directly
transferable to the medical support of the tactical
nuclear battlefield. Unless medical personnel recog-
nize and plan for the radiological effect on unit op-
erations, the health-care delivery system may be-
come a casualty of the nuclear event.
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NUCLEAR WEAPONS ACCIDENT CHECKLISTS

Predeployment

Publications. Establish necessary publications, including the Nuclear Weapons Accident
Response Procedures Manual (Defense Nuclear Agency Manual 5100.1) and pertinent service
and local directives.

Medical Matériel. Establish necessary medical gear that can be immediately transferred
to the accident site, ensuring that all shelf-life items are still effective. The gear will be
based on the expected number of casualties and the amount of medical matériel that can be
carried by the initial response team(s).

Directory. Establish a directory of local radiological resources, including their locations
and telephone numbers. This should include military and civilian health-physics personnel
and equipment, as well as the nearest whole-body counters and persons trained to use
them. Also include the telephone numbers for REAC/TS as well as for local and state or
regional coroners. Ensure that the lists include Autovon, FTS, and commercial numbers, as
appropriate.

Training Plans. Establish regular and routine training for medical personnel in the han-
dling of radiological hazards from a nuclear accident. This may be a part of nuclear/bio-
logical/chemical training, but it should be emphasized that the hazards from a nuclear
weapons accident differ from the hazards from most other radiation accidents. Ensure that
medical team members from other units are also trained and aware of their roles.

Organization and Communications. Review the local organization chart for persons
and groups to be notified in case of a nuclear weapons accident, and ensure that the lines of
communication and the duties of medical organization are clear and thoroughly under-
stood. Review the communications assets to be used in the field, and ensure that personnel
are aware of proper operational procedures.

Transportation. Review the transportation assets to ensure that equipment and person-
nel can be quickly transported. Establish a priority list for personnel and equipment in case
the accident site is difficult to reach. Establish contingency plans for movement by four-
wheel-drive vehicles and by helicopter.

Field Deployment

Casualty Treatment and Triage. The first medical personnel to arrive on the scene
should begin immediately to treat casualties. If casualties have already been treated, con-
tact the treatment facilities (in conjunction with radiological controls personnel) to follow
up on patient treatment and to perform radiological surveys of the facilities, as needed.
Treatment should always be given in priority of medical condition. Radiation injury or
contamination should not upset the normal triage pattern.

Mortuary Affairs. Make arrangements with local coroners or civil officials for the re-
moval of fatalities from the accident site, if necessary. This should be coordinated with the
legal and public affairs staffs.
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INTRODUCTION

One of the longest-sought and most elusive goals
in radiobiology has been the development of a phar-
macological agent that can mitigate the early dam-
age produced in cells and tissues by jonizing radia-
tion. The search for such an agent began in 1949
with the simultaneous demonstration by two differ-
ent laboratories of survival in rodents exposed to a
leth.l dose of radiation and treated with the sulfur-
containing compounds cysteine or glutathione.'-
Since that time, many diverse compounds have been
shown to have protective activity (Table 11-1).

With new advances in immunology, biochemis-
try, radiobiology, and pharmacology, the achieve-
ment of that goal may be at hand. Over the longer
term, newer concepts and techniques in molecular
biology, arising from the so-called biotechnology

revolution, are providing exciting approaches for
developing specitic and effective means to mitigate
radiation injury.

The primary objective is to develop an agent or
combination of agents that will substantially in-
crease survival and enhance the postattack etfective-
ness of military personnel on a nuclear battlefield.
This radioprotective agent differs from the medical
interventions discussed in previous chapters in that
it must be easily self-administered shortly before or
after radiation exposure to reduce early molecular,
cellular, and tissue damage. This chapter briefly re-
views the relevant radiobiological concepts, presents
the strategies and mechanisms for mitigating radia-
tion injury, and discusses some of the more promis-
ing agents being investigated.

RADIATION INJURY

To understand the various strategies being used
to mitigate ionizing radiation injury, it is first neces-
sary to define ionizing radiation and to consider the
events that occur in the development of ARS.

leaizing Radiation

lonizing radiation can be defined as any type of
electromagnetic radiation (such as X or gamma rays)
or particulate radiation (such as neutrons or alpha
particles) that has sufficient energy to ionize atoms
or molecules; that is, to eject electrons from their
outer orbits.

In considering the effects of radiation on biologi-
cal systems, it ir important to distinguish the differ-
ent types of ionizing radiation according to their
LET. This term describes the amount of energy de-
posited by a particular type of radiation per unit of
path length. Low-LET radiation (X and.gamma
rays) is sparsely ionizing because it causes few joni-
zations per micron of path length, whereas high-LET
radiation (neutrons and alpha particles) is densely
ionizing because it produces many ionizations per
micron of path length. Generally, high-LET radia-
tion is much more efficient in producing biological
damage than low-LET radiation.™!
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Biological Damage

Death from radiation injury is the resuit of a se-
quence of events that occurs over a period of less
than a billionth of a second to several weeks (Figure
11-1).2%*" The first step in this sequence is the trans-
fer of radiation energy from the photon or particle to
atoms and molecules in its path. This results in the
production of the first discrete lesion in the se-
quence: a chemical alteration in macromolecules
that are critical for biological function. Although the
importance of membrane damage is still being
evaluated, much of the evidence suggests that dam-
age to DNA may be the most important factor in cell
death.®™* This initial chemical injury can occur in
one of two ways. If a critical biological molecule is
in the radiation path, it becomes chemically altered
by direct interaction with radiation energy. If that
molecule is not in the radiation path, it can still be-
come chemically altered indirectly, via reactions
with free radicals and reactive oxygen species pro-
duced primarily from the radiolysis of water.

These free radicals and oxygen species are impor-
tant in the overall scheme of radiation injury be-
cause their lifetime in solution is sufficiently long to
allow them to diffuse and extend the damage be-




TABLE 11-1

RADIOPROTECTIVE COMPOUNDS

Prospects for Radioprotection

Protective

Probable Mechanism

Compounds Effectiveness*  of Action References
Aminothiols Free-radical scavenging, hydrogen donation

Cysteine (+++) 3-6

WR-2721 (+++) 3.6,7

MPG (++) 389
Other Sulfur Compounds Free-radical scavenging

Dimethylsulfoxide** (++) 4,10,11

Thiourea +) 10,12
Cyanide derivatives*** Hypoxia

Cyvanide (++) 12-14

Hyvdroxvacetonitrile (+++4) 10,12, 14
Chelating Agent Uncertain

EDTA (+) 10,12
Metabolites Free-radical scavenging

Glucose?t (+ 12

Fructoset (+) 12
Hypoxia inducers Hypoxia

Paraminopropiophenone  (+++) Hemoglobin changes 6,12,14

Carbon monoxide (++) 14

Ethanol (++) Respiratory-center depression 14

Morphine (++) 14

Serotonin (+++) Hemodynamic alterations 14
Immunomodulators Hematopoietic system regeneration

Glucan (++) 3,15

Trehalose dimycolate (++) 16,17

Endotoxin (++) 3,18-20
Cytokines Hematopoietic system regeneration

Interleukin-1 (++) 21

Tumor necrosis factor (+) 21
Antioxidants Free-radical scavenging

Vitamin E +) 22,23

Vitamin A (beta-carotene) (+) 24

Superoxide dismutase (+++) Oxygen detoxification 25

Selenium + 22
Eicosanoids Uncertain

DiPGE, (++) 26,27

*Data taken from studies using mice exposed to X or gamma radiation. Grading is according to following scale:
(+) slight protection (DRF < 1.2); (++) moderate protection (DRF < 1.5); (+++) good protection (DRF > 5),

**Provides protection when administered topically

***Highly toxic: Protective dose is very close to toxic dose

tProvides Frotection only at extremely high dose (glucose and fructose, 13,500 mg/kg; ethanol 6-7.5 ml/kg)
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Fig. 11-1. Direct and indirect radiation effects on key biological molecules, which can lead to death of critical cells. Without

those cells, the organism cannot survive.

yond the primary path of radiation. In this way, the
effects of ionizing radiation within the cell are
greatly amplified. Most radiation injury from low-
LET radiation is the result of this indirect damage,
while that from high-LET radiation is from direct
damage.* The net effect of direct and indirect dam-
age is the disruption of molecular structure and
function, leading to altered cell metabolism. When
DNA is damaged, this is followed by altered cell di-
vision, cell death, depletion of stem-cell pools, organ
system dysfunction, and, if the radiation dose is
high enough, death of the organism.

There are several strategies for reducing radiation
injury and mortality. Pharmacological agents can
protect against indirect damage, repair damage once
it occurs, or stimulate the regeneration of depleted
cell populations (Figure 11-2). Spanning these
strategies are new genetic approaches that are just
beginning to be used in the development of ad-
vanced pharmacological agents. Combinations of
agents that exploit the operative mechanisms in at
least two of these strategies may substantially im-
prove drug effectiveness.

PROTECTION AGAINST RADIATION INJURY

As indicated in Figure 11-2, almost nothing can
be done pharmacologically to protect against the ini-
tial transfer of radiation energy to either water or
critical biological molecules. The transfer occurs too
rapidly (within 10" seconds after irradiation) and is
a purely physical process.

The failure of radioprotective agents to protect
against direct damage to critical molecules indicates
an inherent upper limit to the degree of protection
that can be achieved pharmacologically. Because in-
jury from high-LET radiation is due primarily to di-
rect damage, and because the relative yields of water
radiolytic products and reactive oxygen species de-
crease with increasing LET, protection against high-
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LET radiation injury is more difficult to achieve.?
Protective agents would be most effective against a
low-LET radiation hazard.

The earliest point at which a protective effect
from pharmacological agents can be detected is
around 102 seconds after irradiation.” At that time,
the pharmacological agents can begin to repair
chemical damage produced in the critical biological
molecules and also react with the chemical interme-
diates that indirectly damage these molecules. Pro-
tection depends on the ability of chemical agents to
reduce the intracellular concentration of free radicals
and reactive oxygen species that are produced
within the first millisecond after irradiation.
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Mechanisms

The damage induced by the products of radiation
interactions with water can be reduced either by in-
hibiting the formation of these reactive radical inter-
mediates, or by eliminating them from the cellular
environment. This can be accomplished by using
agents that induce hypoxia or that scavenge toxic
products.

Hypoxia. The formation of reactive oxygen spe-
cies can be inhibited by the induction of hypoxia.
The extent of radiation damage in a tissue is directly
related to the degree of oxygenation of that tissuc;
agents capable of reducing oxygenation will miti-
gate the injury.*™ Many of these chemical agents are
known to induce transient systemic or localized hy-
poxia.’” Systemic hypoxia can be achieved in sev-

Stimulate
proliferation
of surviving
stem cells

Restore
molecular
function

Repopulation

Increased
survival

-2. Strategies of protection, repair, and regeneration may prevent cell and organism death after radiation exposure

eral ways: induction of hemodynamic cardiovascu-
lar alterations, interference with hemoglobin func-
tion, increased tissue oxygen utilization, and de-
pressed respiratory-center function. At the cellular
and molecular levels, localized hypoxia can be
achieved by agents that take part in the chemical
and biochemical reactions that use oxygen.

Induction of hypoxia is a widespread protective
mechanism that accounts, at least in part, for the
protective action of many different chemicals, drugs,
and physiological mediators (Table 11-1). In spite of
that, the usefulness of this mechanism must be con-
sidered with caution because of the potential effects
of hypoxia on normal physiological function. This
caution may apply more to agents that induce a sys-
temic hypoxic state than to those that create local-
ized hypoxia.

Scavenging. Free-radical scavenging and enzy-
matic detoxification refer to the ability of chemicals
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and endogenous enzymes to remove products ot
water radiolvsis and highly reactive oxygen species
before they can damage molecules of biological im-
portance.”*" In essence, these are competitive reac-
tions between protective agents and biological mole-
cules. In aqueous solutions, protective agents and
enzvmes react with free radichls and oxygen species
to form relatively stable, nontoxic end products,
thereby reducing the concentration of these reactive
species and sparing the biological target. Many pro-
tectants are very efficient scavengers of water-de-
rived tree radicals.

Candidate Agents

Agents currently available as candidates for pro-
tection against indirect damage fall into three main
groups: aminothiols, naturally occurring antioxidants,
and cicosanoids (Tables 11-2 and 11-3). Research is
also being conducted using various genetic ap-
proaches.

Aminothiols. The vast majority of agents that
have been developed and tested in laboratory mod-
els for their ability to increase survival after irradia-
tion are the aminothiols.” These compounds are
chemical analogues of the sulfur-containing amino
acid, cysteine. Like cysteine, they have a sulfhydryl
group separated by two or three carbon atoms from
a strongly basic nitrogen group (Figure 11-3).

As a group, the aminothiols are very effective
protectants, and they must be present in the system
during irradiation. Optimal protection in laboratory
animals is generally obtained by intravenous injec-
tion 15-30 minutes before irradiation. The amino-
thiols function primarily through free-radical
scavenging® and hydrogen transfer.*** Hypoxia in-
duction may also play a part in their functioning.**

One of the most significant events in the develop-
ment of radioprotective agents was the 1969 synthe-
sis of an aminothiol derivative known as WR-2721
(ethiofos).”> This drug was developed through a
program sponsored by the Walter Reed Army Insti-
tute of Research, and is the most thoroughly studied
of over 4,000 compounds developed and tested to
date. WR-2721 has been reported to reduce the ef-
fect of a radiation dose by a factor of 2.7 in mice
given this drug intraperitoneally 30 minutes before
exposure to gamma radiation.™" This is the highest
dose reduction factor (DRF) a_1inst mouse lethality
at 30 days reliably reported fc 1 single injection of a
conventional radioprotectant. {ncreased 30-day sur-
vival is commonly interpreted as protection against
death due to hematopoietic-system failure.
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WR-2721 also exerts differing protective effects for
normal tissue and at least some types of solid tu-
mors.”  In addition, the drug significantly reduces
the toxicity of the tumor chemotherapeutic agents,
cyclophosphamide and cisplatin, ™™ without altering
th.eir chemotherapeutic effectiveness. For these rea-
sons, WR-2721 is undergoing clinical trials as an ad-
junct to tumor radiation and chemotherapy. Two
other potentially beneficial clinical side etfects of this
drug are that WR-2721 is a hypocalcemic agent and
inhibits parathyroid hormone secretion.*

WR-2721 is still not available as a field-useable
radioprotective agent because it induces nausea and
vomiting.*'**  Although no cumulative or irrevers-
ible toxicity has ever been observed in humans or
experimental animals that received this drug (even
at relatively high doses), the animals did show sig-
nificant performance degradation after its parenteral
administration.** Another problem that must be
overcome is the drug’s poor oral bioavailability, due
primarily to first-pass metabolism by the intestinal
mucosa during absorption.”” In addition, the drug is
hydrolyzed in the acidic environment of the stom-
ach, a factor that is aggravated by its ability to slow
gastric emptying.*

Research is in progress to overcome these bio-
availability problems by using different formula-
tions and by developing prodrugs that are not sus-
ceptible to first-pass metabolism. Researchers are
also seeking to control or minimize the side effects
by combining WR-2721 with antiemetics, or by using
subtoxic amounts of the drug in combination with
other agents that act synergistically or additively. A
DRF of about 1.2 has been obtained with WR-2721
administered intraperitoneally to mice at a dose that
produced no observable side effects or performance
degradation.*

The side effects of WR-2721 and the pharmaco-
logical problems associated with its administration
are serious obstacles that must be overcome before it
can be fielded as a military radioprotective agent.
However, a number of other compounds have been
developed through the army’s program that may
more readily satisfy the requirements of a militarily
useful agent (Table 11-4).

To compare these compounds for their potential
military usefulness, it is necessary to consider a vari-
ety of characteristics in addition to the DRF. These
include the route of administration, effective drug
dose, and therapeutic index.” The therapeutic index,
as used here, refers to the ratio between the toxic
LD, and the protective dose used to produce a spe-
cific DRF. Although it would also be advantageous
to compare information on acute side effects pro-




TABLE 11-2

SUMMARY OF PROTECTIVE SCAVENGING AGENTS

Prospects for Radioprotection

Mechanism
and Agent

Level of
Protection

Side Effects and
Therapeutic Index®

Deliverability

Advantages

Disadvantages

WR-2721

WR-159243

WR-To841

WR-1551

WR-3302

WR-2926

WR-1607

Mercapto-
propionyl
glycine
(MPG)

Vitamin E

Vitamin A

DRF > 2.0
Duration ot
effect » 3hr

DRF =13
DRF = 1.19
DRF =13
DRF =139
DRF =17
DRF =14
DRF =14
DRF= 1.1
DRF = 1.26

Nausea, vomiting,
hypotension,
hypocalcemia,
behavioral changes
Ti=14(DRF=27)
TI=35(DRF = 1.2}

Unknown side effects
=73

Unknown side effects
T =51

Unknown side effects
Ti=30

Unknown side eftects
Ti=6.0

Unknown side effects
TI=25

Nausea, vomiting
Ti=34

Unknown side effects
T = 100.0

Unknown side effects

Unknown side effects

Dose** = 400 mg/kg
Route:* iv. ori.p.
Time: 30 minutes

before irradiation

Dose = 40 mg/kg
Route: p.o.
Time: 30 minutes

before irradiation

Dose = 175 mg/kg
Route: p.o.
Time: 30 minutes

before irradiation

Dose = 100 mg/kg
Route: p.o.
Time: 30 minutes

before irradiation

Dose = Smg/kg
Route: i.p.
Time: 30 minutes
before irradiation

Dose = 50 mg/kg
Route: i.p.
Time: 30 minutes

before irradiation

Dose = 5mg/kg
Route: i.p.
Time: 30 minutes
before irradiation

Dose = 20 mg/kg
Route: i.p.ori.v.
Time: 30 minutes

before irradiation

Dose = 3 x dietary
requirement
Route: p.o.
Feeding Regimen:
1 week before trradiation
4 weeks after irradiation

Dese = 28 x dietary
requirement
Route: p.o.
Feeding Regimen:
1 week before irradiation
(3 x dietary
requirement)
4 weeks after irradiation
(28 x dietary
requirement)

Very high DRFs possible;
DRF = 1.2 at behaviorly
non-toxic dose in human
clinical trials

Effective p.o.;

fairly low dose { < S0 mg/kg);

large TI ( >5.0)

Effective p.o.;
large T1 ( > 50.0)

Effective p.o.

Low doses ( < 20 mg/kg);
large T1 ( > 5.0)

DRF > 1.5

Low doses ( > 20 mg/kg)
mitigates performance
decrement

Low doses ( < 20 mg/kg);
extremely highTl

in clinical use (Japan);
effective after irradiation

Effective p.o.;
naturally occurring
dietary component

Effective p.o.;
naturally occurring
dietary component

Large doses ( > 200 mg /kgh:
ineffective p.o.;

high DRFs only at doses that
produce serious side etfects

Unknown

Fairly large doses ( > 100 mg/kg):

DRF < 1.2

Unknown

Oral effectiveness
not established

Oral effectiveness
not established;
TlI<30

Oral effectiveness
not established

Oral effectivess

not established;
protection at 20 mg/kg is
difficult to reproduce

Dietary regimen may be
impractical for field use;
single dose effectivess
not established;
DRF<12;

conflicting reports in
literature on effectiveness

Dietary regimen may be
impractical for field use;
single dose effectivess

not established;

large vitamin dose required

*Therapeutic index (TD): ratio of toxic LD ., to the drug dose required to produce the DREF specified in the table

**Dose: dosage of drug required to produce the DRF indicated under “Level of Protection”

*>Routes of administration: i.v. (intravenous), i.p. (intraperitoneal), p.o. (oral), s.c. (subcutaneous)
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TABLE 11-3
SUMMARY OF DETOXIFICATION AGENTS, REGENERATION AGENTS, AND OTHER AGENTS OF UNDEFINED
ACTION
Mechanism Level of Side Effects and
and Agent Protection Therapeutic Index* Deliverability Advantages Disadvantages
DETOXIFICATION AGENTS
Selenium DRF< 1.1 Unknrown Daose® = 4 ppm in Effective p.o.; Oral regimen may be impractical
drinking water naturally occurring for field use;
Route: *** p.o. dietarv component single p.o. dose effectiveness not
Regimen: 2 months established;
before irradiation DRF<12
Dose =1.6 mg/kg
Route: i.p.
Time: 24 hours
before irradiation
Superoxide DRF = 1.56 Unknown side effects Dose and Time = 200 mg/kg  DRF > 1.5; Oral effectivess not established:
dismutase (1 hour before irradiation)  effective as single doses large molecular size

REGENERATION AGENTS

Glucan F DRF<1.2
Trehalose 70¢% survival
dimycolate atLDpn
(TDM)

Interleukin-1 DRF =125
(IL-1)

Tumor-necrosis DRF=1.16

factor (TNP)

AGENTS OF UNDEFINED ACTION
16,16-Dimethyl DRF =172
prostaglandin E2

(DiPGE »)

Leukotriene C 4 DRF=19%

(LTC )

Platelet- DRF=19
activating

factor (PAF)

Unknown side effects

Unknown side effects

Unknown side effects

Unknown side effects

Diarrhea;
decreased ambulation

Unknown side effects

Unknown side effects

and
35 mg/kg (1 hour after
irradiation)

Route: i.v.

Dose = 250 mg/kg

Doses > 250 mg/kg provide
no increased protection

Route: i.v.

Time: 24 hours before
irradiation

Dose = 1.7mg/kg

Route: i.p.

Time: 2 hours after irradiation
delivered as a squalene
emulsion

Dose = 0.004 mg/kg

Route: i.p.

Time: 20 hours
before irradiation

Dose = 0.2 mg/kg

Route: i.p.

Time: 20 hours
before irradiation

Dose = 1.6 mg/kg

Route: s.c.

Time: 5-135 minutes
before irradiation

Dose = 0.4 mg/kg

Route: s.c.

Time: 5 minutes
before irradiation

Dose = 0.3 mg/kg

Route: s.c.

Time: 5-10 minutes
before irradiation

given 1 hour before irradiation

Effective after irradiation

Effective after irradiation;
low dose (£20mg/kg)

Extremely low doses
(<0.01 mg/kg)

Very low doses
(< 0.5 mg/kg); effectiveness
is not strain dependent

Low doses ( < 20 mg/kg);
DRF>15

Very low doses { < 0.5 mg/kg);

DRF > 1.5

Low doses ( < 20 mg/kg)
DRr>13

Oral effectiveness not established;
DRF<1.2;

optimum protection at 20 hours
after irradiation is impractical

for field use

Oral effectiveness not established;
DRF unknown

Oral effectiveness not established;
optimum protection at 20 hours
after irradiation is impractical

for field use;

effectiveness is strain dependent

Oral effectiveness not established;
optimum protection at 20 hours

before irradiation is impractical
for field use

Oral effectiveness not established;
severe diarrhea at protective doses

Oral effectiveness not established

Oral effectiveness not established

*Therapeutic index (TD):
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ratio of toxic LD+, to the drug dose required to produce the DRF specified in the table
**Dose: dosage of drug required to produce the DRF indicated under “Level of Protection”
**Routes of administration: i.v. (intravenous), i.p. (intraperitoneal), p.o. (oral), s.c. (subcutaneous)
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CH3CH,CH,CH,CH, CH, CH CH, CH . CH, NSRS SO 5 H

Compound Structural Formula
SULFHYDRYLS COOH
Cysteine
MEA NH . CHCH , SH
WR-76841 CH3]&M
CH,
MPG COOH QCH;4
CH,
PHOSPHOROTHIOATES
WR-2721 NH,CH,CH, CH , RS Sal P O3 Ho
WR-3689  CH3NH,CH,CH,CH, [NCEINRIIFO H
NH
WR-159243  {E)-CH, (ISR O-H
THIOSULFONATES
WR-1607
WR-3302

{3-CH2CH,CH, CH, CH, CH » (NSRS S O, H

Fig. 11-3. Structural formulas for selected sulfur-containing radioprotectants. All compounds are chemical analogues of

cysteine and MEA.

duced by these agents at protective doses, the data
are so limited that these factors cannot be included
at this time.

The compound that stands out as the most prom-
ising candidate is the phosphorothioate WR-159243.
Although its DRF is only 1.3, it is effective in mice
when given orally, the protective dose is less than 50
mg/kg, and it has the highest safety margin or
therapeutic index (7.5) of all the compounds listed.
Other compounds with therapeutic indices greater
than 2.5 that are being considered include (a) the
sulfhydryl WR-76841, because of its oral effective-
ness and relatively high therapeutic index (5.1); and
(b) the thiosulfonates WR-1551, because of its oral ef-
fectiveness; WR-3302, because of its very low effec-
tive dose (5 mg/kg) and high therapeutic index
(6.0); and WR-2926, because of its relatively low ef-
fective dose (50 mg/kg) and relatively high DRF
(1.7). The thiosulfonate WR-1607 is particularly
interesting because (a) it has a very low effective

dose (5 mg/kg) in protecting against radiation-in-
duced lethality, and (b) it is one of the few com-
pounds available that not only enhance survival but
also ameliorate ETL.#** This latter effect may be re-
lated to the drug’s ability to minimize postirradia-
tion hypotension.®

WR-2721 has a therapeutic index of only 1.4 at
the dose required to produce a DRF of 2.7. How-
ever, the therapeutic index increases dramatically to
7.0 at a dose that produces minimal side effects (200
mg/kg). The DRF obtained at this dose is 1.2.

WR-3689 is identical in structure to WR-2721, ex-
cept that WR-3689 possesses a terminal methyl
group (Figure 11-3). When given intraperitoneally
at a dose of 450 mg/kg, it provides a DRF of 1.7 with
a therapeutic ir ' »f 2.5. When given orally at a
similar dose (% kg), WR-3689 is still capable of
providing sigr. protection (DRF: 1.2). With
this regimen, the therapeutic index for WR-3689 in-
creases to greater than 3.5 because the lethally toxic
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TABLE 11-4
CANDIDATE SULFUR COMPOUNDS STUDIED AT WRAIR*

Protective ~ Toxic LDgy

Walter Reed Administration Dose t Dose Therapeutic
Number Type** Route*** (mg/kg) (mg/kg) DRF Indextt
WR 2721 Phosphorothioate i.p. 500 704 2.72 14
WR 2926 Thiosulfonate i.p. 50 125 1.70 2.5
WR 3689 Phosphorothioate i.p. 450 1,120 222 25
WR 176240 Phosphorothioate p.o. 200 580 1.20 29
WR 1551 Thiosulfonate p.o. 100 300 1.30 3.0
WR 2347 Sulfthydryl i.p. 600 1,800 1.53 3.0
WR 3562 Thiosulfonate ip. 100 300 1.55 3.0
WR 2754 Thiosulfonate i.p. 100 300 1.80 3.0
WR 2824 Phosphorothioate i.p. 200 675 1.33 34
WR 1607 Thiosulfonate ip. 5 17 1.40 3.4
WR 3689 Phosphorothioate p-o. 500 >1,750 1.22 3.5
WR 76841 Sulfhydryl p-o. 175 900 1.19 5.1
WR 3302 Thiosulfonate 5 30 1.39 6.0
WR 2721 Phosphorothioate Lp. 100 704 1.20 7.0
WR 159243 Phosphorothioate p.o. 40 300 1.30 7.5

*Data derived from studies using mice exposed to whole-body X or gamma radiation

**Compounds are listed in order of increasing therapeutic index
*+*Route of administration: i.p. (intraperitoneal), p.o. (oral)
*Dose: Dosage of drug used to obtain the DRF listed

s the ratio between toxic LD, and protective dose

Source: Data taken from a report presented to NATO NBC Panel VII, AC 225/GEC, October 1987. Colonel David E. Davidson,
§r., Veterinary Corps, United States Army, compiled these data from the archives of the Division of Experimental Therapeutics,
Walter Reed Army Institute of Research (WRAIR), Washington, D.C. 20307-5100.
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Fig. 11-4. Natural biochemical defense system of the cell, which scavenges free radicals and detoxifies reactive oxygen species

oral dose is much higher than that for the intraperi-
toneal dose.

Another potentially promising aminothiol com-
pound is mercaptopropionylglycine (MPG). Under
the trade name Thiola, this drug has been available
in Japan since the 1970s. It has been used as a de-
toxifying agent for heavy-metal poisoning, among
other clinical applications.® Evidence suggests that
MPG is also radioprotective. In the most promising
studies, it has provided a DRF of up to 1.4 when in-
jected intraperitoneally at a dose (20 mg/kg) that is
about 100-fold lower than its toxic dose (2,100 mg/
kg).Sl,SZ

Naturally Occurring Antioxidants. Naturally oc-
curring compounds that function as antioxidants,
such as certain vitamins, minerals, and enzymes, are
also being evaluated. These are part of a natural bio-
chemical defense system that has evolved to protect

cells against free radicals and reactive oxygen spe-
cies arising from normal metabolic processes. This
defense can be divided into two components: com-
pounds of low molecular weight that scavenge free
radicals, and enzymes that detoxify reactive oxygen
species (Figure 11-4).5

The low-molecular-weight compounds that func-
tion as free-radical scavengers in this defense system
include vitamins A and E, which are lipophilic, and
vitamin C, which is hydrophilic. The enzymatic arm
of this system includes superoxide dismutase, which
catalyzes the conversion of superoxide anions to hy-
drogen peroxide and molecular oxygen. The hydro-
gen peroxide produced by this reaction is removed
from the system by two other enzymes: catalase and
glutathione peroxidase. Selenium contributes to this
scheme in that it is a cofactor for glutathione peroxi-
dase.
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Vitamin E has been shown to increase survival af-
ter irradiation.” Groups of mice were fed either a
basal control diet or a diet supplemented with three
times the normal daily mouse requirement of vita-
min E (dl-alpha-tocopherol) for 1 week before an 8.5-
Gy dose of cobalt-60 gamma radiation and for 30
days after exposure. All of the control animals suc-
cumbed by day 30, whereas 60% of the vitamin E-
fed animals survived. At 7.5 Gy, 10% of the controls
survived, while 100% of the vitamin E-fed animals
survived. DRFs for vitamin E have not been deter-
mined experimentally.

Vitamin A is also able to increase postirradiation
survival when fed to mice as a dietary supplement.”
In these experiments, mice were maintained on a ba-
sal control diet containing three times the daily
mouse requirement of vitamin A for 1 week before
irradiation from a cesium-137 source. Immediately
following irradiation, they were maintained for the
remainder of the experiment on (a) the basal diet, (b)
a diet supplemented with about twenty-eight times
the normal requirement of vitamin A, or (¢) a diet
supplemented with an amount of beta-carotene
equivalent to about ten times the normal require-
ment of vitamin A. The vitamin A diet was able to
produce DRFs of 1.12-1.25. The beta-carotene diet
produced a DRF of 1.26. Significant mitigation of
radiation lethality was also provided by vitamin A
when diet supplementation was delayed for up to 2
days after irradiation, although delaying the supple-
mentation for 6 days resulted in no increase in sur-
vival over the basal-diet-fed animals. Vitamin A fed
to mice for 3 days before partial-body irradiation can
substantially reduce the effects of localized (hind
limb) X irradiation.™

In addition to its radioprotective ability, vitamin
A or beta-carotene may also be able to promote re-
covery from burn injury by reversing postburn
immunosuppression.™ This point is significant be-
cause burns are expected to be the most common
type of injury on the nuclear battlefield.

Selenium is protective when administered either
orally or parenterally. When given orally as sodium
selenite in drinking water (4 ppm)' or injected (1.6
mg/kg) 24 hours before exposure to 900 Gy of co-
balt-60 radiation,™ selenium was able to provide
slight but significant increases in survival. The real
potential for using selenium as a radioprotective
agent lies in its ability to act synergistically with
other agents. Selenium can also reduce the toxicity
of the sulfur-containing radioprotective compound
WR-2721.>

Vitamins A and E and selenium are being consid-
ered as potential radioprotectant candidates because
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they are normal dietary components, and consider-
able data on their toxicity, metabolism, and pharma-
cological action in the human are available. They
are also effective when given orally.

The parenteral administration of superoxide dis-
mutase has increased survival in mice exposed to
ionizing radiation.” Intravenous injection of this
enzyme to mice at a dose of 200 mg/kg given 1 hour
before irradiation with X rays resulted in a DRF of
1.38. A single injection of only 35 mg/kg given 1
hour before irradiation with X rays was also able to
increase survival (DRF: 1.12). The highest DRF re-
ported for this enzyme is 1.56, achieved in mice
given two intravenous injections: one at a dose of
200 mg/kg given 1 hour before irradiation with X
rays, and the other at a dose of 35 mg/kg given 1
hour after irradiation.”

Eicosanoids. The eicosanoids are a large group
of potent inflammatory mediators derived from the
20-carbon fatty-acid precursor, arachidonic acid.
The compounds in this family that are being exam-
ined for their ability to increase the survival of irra-
diated animals include 16,16-dimethyl prostaglandin
E, (DiPGE,, a synthetic analogue of the naturally oc-
curring prostaglandin GE,), leukotriene C, (LTC)),
and platelet-activating factor (PAF). In one study,
DiPGE, was given subcutaneously to mice at a dose
of 1.6 mg/kg and was able to elicit a DRF of 1.72, al-
though severe diarrhea occurred at protective
doses.” The optimal time for injection is 5-15 min-
utes before cobalt-60 gamma irradiation, but protec-
tion can still be achieved when the compound is
given 1 hour before irradiation. LTC, has just re-
cently been shown to be effective in increasing the
survival of hematopoietic stem cells of mice exposed
to cobalt-60 gamma radiation.” A DRF of 1.9, using
30-day lethality as the end point, has been achieved
with LTC, in mice exposed to cobalt-60 gamma ra-
diation.® Similarly, PAF is capable of producing
fairly high DRFs (about 1.7).°

Genetic Approaches. Work is also under way, us-
ing molecular biology techniques, to define se-
quences in the DNA molecule that may be particu-
larly sensitive to radiation. By precisely defining the
mechanisms and sites of damage, it may be possible
to develop protective agents that can be targeted to
specific sensitive sites on the DNA molecule. Addi-
tionally, because enzymes are part of the body’s
natural defense against reactive chemical intermedi-
ates, it should be possible to identify the factors in-
volved in regulating their synthesis and to define the
encoding gene sequences. This may provide a
means by which the synthesis can be activated to in-
crease radioresistance.
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REPAIR OF RADIATION INJURY

The aim of this strategy is to restore the chemical
structure and normal function of damaged biologi-
cal molecules so that the injury or death of critical
cells is avoided.

As with protection, the effectiveness of the repair
varies with the LET. High-LET radiation is densely
ionizing and produces very intensive local chemical
damage. As the density of damage increases, the
ability of chemicals and enzymes to repair this dam-
age becomes overwhelmed. Therefore, repair strate-
gies are more effective for low-LET radiation. Re-
pair can be achieved either chemically (by hydrogen
transfer) or enzymatically.

Chemical Repair by Hydrogen Transfer

Radiation damage to a critical biological molecule
results in the transformation of that molecule into an
organic free radical. In this form, the molecule can
then react with oxygen or other free radicals and be-
come permanently altered chemically. However, if a
suitable hydrogen donor is in the vicinity of the
damaged molecule, it can compensate for the dam-
age by donating or transferring a hydrogen atom.*"
Hydrogen atom transfer can be thought of as an in-
stantaneous repair process, in which the original
molecular structure is restored before the damaged
critical molecule becomes permanently altered by
further chemical reaction. Many of the agents that
function as free-radical scavengers also have the
ability to donate a hydrogen atom.

No radioprotective agents that function primarily
or exclusively by chemical repair are available.
However, the aminothiols, which act as free-radical
scavengers, are all capable of hydrogen transfer and
therefore can function in the repair strategy.’

Genetic Repair

Similar chemical alterations may also be induced
by natural biological processes and disease states

that generate free radicals. In the case of DNA,
mammalian cells have evolved an elaborate and re-
markably efficient system of enzymes that continu-
ally repair lesions in that critically important mole-
cule. This system is complex, involving a number of
different enzymes and a variety of regulatory mole-
cules that control their synthesis and activity. One
of the potentially useful features of this system is
that it is inducible; that is, the synthesis of the repair
enzymes and regulatory factors is activated when
the need arises.

Strains of prokaryotic organisms exist that are
capable of surviving very high doses of radiation.
One that has received attention is Deinococcus radi-
odurans, which is an extremely radioresistant strain
of bacteria. Although study of these relatively
simple prokaryotic systems may provide some in-
sight into the genetic mechanisms involved in radia-
tion sensitivity, their lack of complexity compared to
mammalian cells is a limitation.

About 25 years ago, a radiosensitive mammalian
cell line was isolated in tissue culture from a rela-
tively radioresistant mouse lymphoma cell line.”
With the advent of new biotechnology techniques,
this extensively characterized strain is just beginning
to be exploited to its full potential in uncovering ge-
netic mechanisms in radiosensitivity."" Recent evi-
dence indicates that the radiosensitivity of this cell
line is due to a lower rate of DNA repair.*® The
genomes of the resistant parental line can be com-
pared with the sensitive daughter line by DNA hy-
bridization techniques, making it possible (a) to de-
termine if genes are induced by radiation to activate
the repair process, (b) to identify the genes that are
so induced, and (c) to determine the proteins that are
encoded.

It may be possible (as a long-term goal) to de-
velop agents that will function exclusively in genetic
repair. By increasing molecular repair capabilities,
these agents may prevent the effects of cellular dam-
age from overwhelming the organism.

REGENERATION AFTER RADIATION INJURY

The aim of this strategy is to increase survival by
stimulating the function and regeneration of stem-
cell populations that have decreased in number due

to radiation-induced cell death. Conceptually, this
strategy can be applied to any organ system (such as
the hematopoietic system and the gastrointestinal
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Fig. 11-5. Hematopoietic stem-cell survival as a function of radiation dose treated or not treated with glucan, an agent useful
in promoting regeneration of stem cells. Glucan effectiveness decreases as increased numbers of stem cells are killed by higher

doses of radiation.

system) that relies on stem-cell proliferation to pro-
vide mature differentiated cells for proper function-
ing. However, because hematopoietic stem cells are
the most radiosensitive, only regeneration of the he-
matopoietic system is discussed here.

Regeneration is a feasible strategy for mitigating
radiation injury at radiation doses below the thresh-
old dose that would result in 100% death of hemato-
poietic stem cells. Figure 11-5 examines hematopoi-
etic stem-cell survival as measured by the number of
colony-forming units found in the spleens (E-CFU/
spleen) of irradiated mice. Some of the mice were
treated with the regenerating agent glucan. In the
radiation control animals, which were not given
glucan, the number of E-CFU/spleen decreased with
increasing radiation dose. Similarly, the effective-
ness of glucan in increasing the survival of these
cells also decreased with increasing dose. This indi-
cates that the effectiveness of these agents depends
on the number of surviving stem cells. Above the
threshold radiation dose that results in 100% stem-
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cell death (greater than 8.5 Gy in Figure 11-5), regen-
eration becomes ineffective.

The utility of this strategy depends on the thresh-
old point, a factor that can be influenced greatly by
partial shielding or by agents that operate in the pro-
tection or repair strategies. Because hematopoietic
stem cells are among the most radiosensitive in the
body, this threshold occurs at a fairly low radiation
dose. For uniform whole-body radiation exposure,
the threshold dose is approximately equal to the
LD, radiation dose. However, in battlefield or
accident situations, it is likely that the apparent
threshold will be substantially higher. Because the
inherent radiosensitivity of the hematopoietic stem
cells would not change, other factors related to the
nature of radiation exposure contribute to this ap-
parent increase. In battlefield or accident situations,
some element of shielding, either deliberate or coin-
cidental, is likely to be present. This will provide
inhomogeneous exposures, so that high levels of ra-
diation reaching one part of the body may not reach




TABLE 11-5

Prospects for Radioprotection

PRIMATE SURVIVAL FOLLOWING 8 Gv OF COBALT-60 IRRADIATION

Supportive Supportive Therapy
No Supportive Therapy (allogeneic bone- Partial
Category Therapy Only marrow transplant)* Shielding**
Survivors 0 0 3 4
Total primates 4 1 5 4
Mean survival 125 16.3 >30.0 >30.0

time in dayvs

*Antibiotics, tluids, platelets
**Less than 197 surviving stem cells

others, thereby permitting increased stem-cell sur-
vival. In these situations, it may also be possible to
increase stem-cell survival by minimizing the time
spent in high-radiation fields and maintaining some
distance from radiation sources. The contribution of
these protective measures was evident in the Cher-
nobyl accident victims, in whom bone-marrow
grafts apparently failed. These failures were due, at
least in part, to host-versus-graft reactions initiated
by surviving stem cells, even in patients who were
exposed to doses of radiation much greater than
those expected to completely deplete stem cells.

The effectiveness of minimal local shielding in
protecting even small numbers of stem cells is dem-
onstrated in experiments done with monkeys (Table
11-5)."" Supportive therapy (fluid, platelets, and
antibiotics) significantly increased the LD, of irra-
diated animals. In monkeys exposed to a lethal dose
(8 Gy) of whole-body cobalt-60 radiation, supportive
therapy extended survival for a few days but had no
effect on 30-day survival rates because the radiation
dose completely depleted the stem-cell population.
However, when the tibias of these animals were
shielded so that less than 1% of their bone-marrow
stem cells survived. regeneration occurred and
many of the animals survived.

Mechanisms

The regeneration of depleted stem-cell popula-
tions is brought about by agents that stimulate the

proliferation and function of hematopoietic and im-
munopoietic stem cells. The precise biochemical
mechanisms by which this stimulation occurs are
complex and are as yet incompletely understood.
Exactly which cell type becomes stimulated de-
pends on the type of agent involved (Figure 11-6).
Nonspecific immunomodulators are exogenous
agents that can bind to and stimulate a variety of
different cell types, particularly macrophages. These
agents are thought to induce the stimulated cells to
release a variety of peptides (cytokines) that act spe-
cifically on immunopoietic and hematopoietic pro-
genitor and stem cells to stimulate their growth and
differentiation into mature, functional cells.”*

Candidate Agents

Agents that mitigate radiation injury via regen-
eration can be grouped into two broad categories:
immunomodulators and cytokines. Immunomodula-
tors can be thought of as inducer molecules, and cv-
tokines as effector molecules.

Figure 11-7 traces the development of early im-
munomodulators to cytokines. Original immuno-
modulators were generally crude whole-cell micro-
bial preparations (such as Bacillus Calmette-Guerin
[BCGI and Corynebacterium parvum) that were used
because they could nonspecifically stimulate host
immune responses. Later, the active components of
these cells (such as endotoxin and zymosan) were
identified and isolated from their cell walls. Further
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work led to the purification, identification, and syn-
thesis of the specific portions of the cell fragments
that were actually responsible for stimulating im-
mune responses (such as lipid A from endotoxin and
glucan from zymosan). Stimulation of cells by im-
munomodulators results in the release of cytokines,
which act as specific stimulators of host immune re-
sponses. Recent advances have seen the develop-
ment of biologically defined molecules and recombi-
nantly produced cytokines (such as interleukin-1
[IL-1] and granulocyte-macrophage colony-stimulat-
ing factor [rGM-CSF)), which are relatively nontoxic
but allow specific manipulation of various compo-
nents of the immune and hematological systems.
Immunomodulators. Immunomodulators are
generally nonspecific immunostimulants that func-
tion as external stimuli for a broad range of cell
types in the hematopoietic system. To reduce radia-
tion injury, the most effective compounds appear to
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be those that act primarily on the macrophage.
Glucan and trehalose dimycolate (TDM) are two im-
munomodulators that are currently being evaluated
as potential mitigating agents for radiation injury.

Glucan is a beta-1,3-linked polysaccharide iso-
lated from the cell wall of the yeast Saccharomyces
cerevisiae. This agent is a potent immune modulator
that is capable of enhancing a variety of immunopoi-
etic and hematopoietic responses.'>"

The effect of glucan on preventing infection and
enhancing the regeneration of bone-marrow cells af-
ter irradiation is shown in Figure 11-8. In this ex-
periment, mice were injected with either saline or
glucan 24 hours before exposure to 9 Gy of cobalt-60
gamma radiation.’” The number of saline-treated
mice showing evidence of infection increased sub-
stantially at 7-15 days following irradiation, and no
detectable marrow regeneration was evident. How-
ever, glucan was able to reduce infection signifi-
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produced by recombinant DNA technology

cantly and to produce a substantial increase in mar-
row regeneration. A temporal relationship was seen
between the two effects: the ability of glucan to con-
trol infection occurred well before its demonstrable
effect on marrow regeneration. This suggests a dual
role for glucan in enhancing postirradiation
survival: (a) this compound can stimulate the re-
maining mature, relatively radioresistant macro-
phages to control infection, and (b) it can also induce
the stimulation of stem and progenitor cells to pro-
liferate and repopulate the marrow.

These data correlate with the ability of this com-
pound to increase the survival of irradiated animals.
Administered intravenously to mice 24 hours before
9 Gy of cobalt-60 gamma radiation, glucan increased
the 30-day survival from 0% in the saline-injected
control mice to 63% in the glucan-treated mice (DRF:
1.2).%” In addition, glucan is capable of slightly en-
hancing survival (DRF: 1.08) in mice when it is ad-
ministered 1 hour after an exposure to 9 Gy of co-
balt-60 gamma radiation.”

Trehalose dimycolate (TDM), also known as cord
factor, is a glycolipid consisting of 6,6'-diesters of the
sugar D-trehalose. It is isolated from the cell walls
of Mycobacteria, Nocardia, and Corynebacteria, and is
an active component of Freund’s complete adjuvant.
Like glucan, TDM is a potent immunostimulant that
is capable of increasing host defense mechanisms
against a variety of organisms and of increasing sur-

vival after irradiation.'*"”

Cytokines. Cytokines are hormone-like peptides
that function as molecular signals between cells.
They are synthesized and released primarily by
macrophages and lymphocytes that have been
stimulated by inflammatory agents or immuno-
modulators. Included in this class of compounds are
the interleukins-1 through -6, tumor necrosis factor
(TNF), a variety of hematopoietic growth factors
(such as granulocyte-macrophage colony-stimulat-
ing factor, granulocyte colony-stimulating factor,
and erythropoietin), and the alpha-, beta-, and
gamma-interferons. All of these act in a variety of
ways to stimulate proliferation, differentiation, or
function of cells in the hematopoietic system. Sev-
eral have been examined for their ability to mitigate
radiation injury, and of these, IL-1 and TNF have
been found to be the most effective.

IL-1 is released by activated macrophages. It has
a number of local immune effects, including the acti-
vation of resting T cells and the stimulation of cyto-
kine synthesis and release.®

Although a significant increase in survival (43%
for treated versus 0% for control mice) is seen when
IL-1 is given 4 hours before irradiation, optimum
survival (greater than 80% versus 0% in controls) is
obtained when IL-1 is administered intraperitone-
ally 20 hours before exposure to 9.5 Gy of cobalt-60
gamma radiation.”” Using that regimen, DRFs of up
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Fig. 11-8. Effect of glucan on enhancement of nonspecific resistance to infection and marrow hematopoiesis in mice expused

to 9 Gy of radiation

to 1.25 have been achieved with IL-1 in C57BL/6
mice. IL-1 is particularly attractive as a pharmaco-
logical means of mitigating radiati.n injury because
only very small doses are required. The DRF of 1.25
was achieved with a dose of only 0.1 pg of IL-1 per
mouse (approximately 0.004 mg/kg). The effective-
ness of IL-1 in mice is strain dependent. While all
strains of mice examined showed different degrees
of increased survival, optimum survival v-as ob-
tained with the C57BL/6 strain.™

TNF is also released by activated macrophages.
It was named for its ability to act as a direct cyto-
toxin for some tumor cells. Like IL-1, it {2« several
local immune effects, including the stimulation of
cytokine synthesis and release.”” Unlike IL-1, how-
ever, its effectiveness does not depend on the mouse
strain. In most strains, TNF is less effective than is
IL-1, and in others it is more effective due to the
variability in effectiveness of IL-1. TNF is optimally
effective (with DRFs of 1.08-1.16) when given in-
traperitoneally 20 hours before irradiation at a dose
of 5-10 g per mouse (approximately 0.2 mg /kg).”

Two other cytokines may be potentially useful
agents: GM-CSF and interleukin-3 (IL-3). Several
growth factors that are specific for different hemato-
logical cell populations have been discovered and
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can be produced by recombinant DNA methodolo-
gies. One of these, a specific human recombinant
GM-CSF (rGM-CSF), accelerates marrow repair or
engraftment and may contribute to increased non-
specific resistance. It functions by increasing the
number of circulating granulocytes and platelets in
normal animals and accelerating the recovery of
these cells after irradiation. This factor was used in
treating some victims of the radiation exposure acci-
dent in Brazil.

The effectiveness of this factor in ameliorating
radiation-induced cytopenia can be seen from data
obtained in the minimal-shielding experiment.” In
that experiment, the survivai of partially shielded
monkeys that were given supportive therapy was
enhanced. Unshielded animals rapidly became neu-
tropenic and died within 15 days. In the shielded
animals that survived beyond 30 days, peripheral
granulocytes began to recover slowly between days
20 and 40. In contrast, shielded animals treated with
a growth factor showed evidence of granulocyte re-
covery well before day 20, and granulocyte levels
quickly reached supranormal levels. Therefore, it
appears that this factor is a useful adjunct to radia-
tion-injury therapy. However, its effectiveness as a
regeneration agent in radioprotective regimens is




much lower than that for IL-1 and TNF when it is
given alone in the protocols described above for
those cytokines.™ In spite of that, evidence suggests
that it may act svnergistically when combined with
other cvtokines.””

IL-3 has not vet been evaluated for its ability to
increase survival after irradiation. Unlike the de-
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scribed action of the cytokines (whose major target
cells are primarily the more mature functional cells
in the system), IL-3 is reported to act specitically in
stimulating the growth of pluripotent stem cells.”
Because hematopoietic stem cells are among the
most radiosensitive in the body, this cytokine may
be particularly effective as a regenerating agent.

COMBINATION AGENTS

Rationale

Agents that function in the three strategies (pro-
tection, repair, and regeneration) contribute in dif-
ferent wavs t the mitigation of radiation injury.
Each of the three strategies also has its limitations.
Neither chemical nor enzymatic means of protection
are able to minimize direct damage. In addition, it is
almost impossible for any protective or repair agent
either to completely eliminate all of the reactive
intermediates tormed or to repair all of the damaged
molecules. Regardless of the efficiency of scaven-
gers and repair agents and their concentration
within the cell at the time of irradiation, some mo-
lecular damage and celi death will occur. The effec-
tiveness of agents that function in the reg meration
strategy is limited because the agents require a pool
of surviving functional cells on which to work. That
pool of highly radiosensitive hematopoietic stem
cells becomes depleted after fairly low radiation
doses.

It is reasonable to expect that optimal survival
would be provided by an agent or combination of
agents that would operate within two or more of
these strategies. Such a formulation would maxi-
mize the effectiveness of each strategy and minimize
its limitations. Protective and repair agents reduce
the concentration of reactive species that are pro-
duced from the radiolysis of water and also repair
the damage to critical target molecules. In so doing,
the agents increase the surviving fraction of stem
cells, progenitor cells, and mature cells of the hema-
topoietic system after irradiation. By allowing stem
cells to survive higher radiation doses, the net etfect
is to increase the threshold radiation dose that limits
the effectiveness of regeneration agents. Regenera-
tion agents further enhance the organism’s survival
bv capitalizing on the advantages provided by pro-
tective and repair agents; that is, they maximize the
proliferation and function of the extra cells pro-
vided.

It would be difficult to produce one drug that

would be able to mitigate radiation injury by all
three strategies. Two or more agents might be used
either together or at intervals, but this is not desir-
able. The simplest dosing regimen (single dose) is
the most desirable for military personnel under bat-
tlefield conditions. Therefore, the goal is a single
treatment consisting of a combination of two or
more agents that function in (a) either the protection
or repair strategy, and (b) the regeneration strategy.

Examples of Combination Agents

The concept of using combinations of agents that
function by different mechanisms to achieve protec-
tion was developed and studied in the 1950s and
1960s.* In many of the combinations examined, syn-
ergistic effects were seen. These results are particu-
larly significant because increased protection with
the combinations was often achieved using substan-
tially lower doses of individual drugs than those re-
quired for protection when each agent was given
alone. For example, one study examined various
combinations of five different radioprotective
agents: cysteine, beta-mercaptoethylamine (MEA),
aminoethylisothiouronium (AET), glutathione, and
serotonin.”* AET, MEA, or serotonin used alone
provided similar protection (DRF: 1.7), cysteine was
less effective (DRF: 1.12), and glutathione was mar-
ginally protective (DRF: 1.05). The most effective
regimen was a combination of all five agents, which
produced a DRF of 2.8. In this combination, the
doses were two-thirds that of the AET and one-half
that of the MEA used when the drugs were given in-
dividually.

More recently, additive and svnergistic effects
were demonstrated with various combinations of
aminothiols, antioxidant vitamins and minerals, im-
munomodulators, and cytokines. It is likely that a
first-generation agent will be a combination of sub-
toxic doses of two or more of these agents. The ef-
fectiveness of several combinations is shown in
Table 11-6.
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TABLE 11-6
EFFECTIVENESS OF PHARMACOLOGICAL AGENT COMBINATIONS*

Agents and Agent Combinations Dose Reduction Factor (DRF)**

A B C A B C A+B A+B+C References
IL-1#% TNEF** — 119 112 — 138 — 64
GlucanP'  wWR2721'  Selenium' [ 122 133 101 | 151 164 67
GlueanF'T  wr2721™"  — 107 132 — 153 — 68
Seleniumt  WR2721}  — 110 220 — 250  — 54
DIPGEY  wR2721¥  — 140 190 — 220 — 70

*Data obtained using mice exposed to gamma radiation from a cobalt-60 source

**DRF calculated as a ratio between radiation-treated group (LD, 5, ) and radiation control group (LD 55/3,)

**IL-1 (150 ng/mouse) and TNF (5 ug/mouse) injected i.p., 20 hours after irradiation

Glucan P (particulate) injected i.v., 75 mg/kg, 20 hours before irradiation
WR-2721 (200 mg/kg) injected i.p., 30 minutes before irradiation
Selenium (0.8 mg/kg) injected i.p., 20 hours before irradiation

HGlucan F (soluble) injected i.v., 250 mg/kg, 1 hour after irradiation
WR-2721 (200 mg/kg) injected i.p., 30 minutes before irradiation

¥ Selenium (1.6 mg/kg) injected i.p., 24 hours before irradiation
WR-2721 (400 mg/kg) injected i.p., 30 minutes before irradiation

¥DiI’GE2 (0.4 mg/kg) injected s.c., 15 minutes »efore irradiation
WR-2721 (200 mg/kg) injected i.p., 15 minutes before irradiation

Mitigation of Performance Decrement

Because a single, self-administrable agent is
sought as a radioprotectant, it might also be neces-
sary to include moderators of performance decre-
ments in any regimen that is developed. While
measures to enhance resistance to the lethal effects
of radiation have been extensively studied, relatively
little attention has been given to the application of
pharmacological interventions to mitigate perform-
ance and behavioral deficiencies, even though these
are of immediate military concern. Although it is
possible for radioprotective agents to prevent some
performance decrements, drugs that increase sur-
vival generally have not enhanced performance. In

264

fact, except for a few notable exceptions, they usu-
ally exacerbate radiation-induced performance dec-
rements.#** Groups of drugs are being developed
that will, perhaps, stabilize performance by modu-
lating cellular permeability, altering regional blood
flow, and interrupting the release or action of vari-
ous mediators. Drugs are being identified that can
modulate postirradiation emesis, ETI, and other per-
formance decrements.

Radioprotectants and Supportive Therapy

Radioprotectants will be most effective in person-
nel exposed to radiation doses within the ranges re-
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quired to produce the hematopoietic subsyndrome
(approximately 2.0-8.0 Gy) and mild gastrointestinal
subsyndrome (approximately 8.0-10.0 Gy), and in
whom no associated injuries are present. In the
event of more severe radiation injury, or if radiation
injury is combined with traumatic or burn injuries (a
likely occurrence on the battlefield), then radiopro-
tective measures alone will be insufficient, and addi-
tional supportive therapy will be required. Al-
though the effectiveness of radioprotectants may be
reduced in the face of more severe radiation injury
or combined injury, their use at the time of irradia-
tion will likely increase the effectiveness of suppor-
tive therapies provided days later.

Traumatic injury can reduce the ability of phar-
macological agents to increase survival (Figure 11-
9).'"" Mice that were given TDM dissolved in
squalene within 2 hours after exposure to 10.25 Gy
of cobalt-60 gamma radiation were protected against
the infectious consequences of this exposure (70%
survival versus 5% in vehicle-injected control ani-

mals). However, this protection was not seen in ani-
mals given a 1.0-by-1.5 inch skin wound and irradi-
ated with only 8.5 Gy. In the irradiated and
wounded mice, death began to occur about 1 week
earlier than in the irradiated-only animals, and all
mice died at the same rate regardless of treatment
with TDM.

This difference in protective response between ir-
radiated-only and combined-injury animals may be
due to a more profound immunosuppression (Fig-
ure 11-10) and/or physiological perturbations. To
avoid infection, the natural and artificial defenses
must be in balance so that host resistance is suffi-
cient to control the number of microorganisms.
Therefore, as normal defenses are compromised
(suppression), artificial interventions (enhancement)
are required to maintain the resistance above the
threshold for infection.

The potential synergy between therapeutic
agents, such as antibiotics, and substances that may
be used as radioprotectants is indicated by recent
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data on the use of glucan and the antibiotic
pefloxacin in the management of postirradiation
mortality.” In this experiment, only 30% of mice
given 7.9 Gy of whole-body cobalt-60 gamma radia-
tion survived. Treatment with glucan alone at 1

hour after irradiation, or incorporation of pefloxacin
in the animal’s drinking water for 24 days after ex-
posure, had little or no effect on survival. However,
if the two treatments were combined, survival was
greater than 90%.

DEVELOPMENT OF A RADIOPROTECTIVE REGIMEN

A variety of factors must be considered in evalu-
ating and developing candidate radioprotectant
drugs for military use, and a compromise must be
reached between the ideal and the achievable (Table
11-7).

Level of Protection

The problem of defining a suitable minimum
level of effectiveness in promoting survival is still
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not fully resolved. For many years, the goal was
that pharmacological agents should have a DRF of at
least 2 against exposure to gamma radiation. This
goal may have caused promising drugs with lower
DRFs to be overlooked. Protection at a DRF greater
than 2 is achievable in the laboratory, but the re-
quired doses produce side effects that are unaccept-
able in type and severity for military use.

Although it may not be possible to field a first-
generation drug with a DRF of 2, it is likely that one




can be developed with a DRF of less than 2. A rea-
sonably achievable lower limit would be a DRF of
about 1.4. Although this level of mitigation is gener-
ally considered to be low to moderate, it is far from
trivial. First, because the animals used in research
are immunologically naive, a laboratory-derived
DRF of 1.4 is likely to underestimate the degree ot
protection actually realized in the field by normal,
healthy persons. Second, as discussed previously, it
is likely that many cases of accidental exposure will
be accompanied by some degree of partial shielding.
In light of evidence that even small amounts of par-
tial shielding are beneficial, shielding should aug-
ment the effectiveness of pharmacological agents.
Third, the difference between a dose of radiation
that is lethal to 95% of a population (LD,;) and a
dose lethal to 5% (LD,) is commonly less than 1.0-2.0
Gy. Therefore, the use of an agent with a DRF of 1.4
for most species (including humans) can result in a
reduction of the LD, to a value near the LD.. For
persons exposed to doses greater than those result-
ing in LD, the use of an agent with a DRF of 1.4
may mean the difference between life and death, es-
pecially if even minimal postirradiation therapy is
available. Over a large population, the net effect is a
substantial increase in survival. It is possible that
this level of protection might be achieved with mini-
mal side effects.

Toxicity

Side effects are a major obstacle to the fielding of
agents to mitigate radiation injury. Acute side ef-
fects (such as nausea, vomiting, and hypotension)
are common, especially with the sulfur compounds.
For a fieldable drug, any acute side effects will have
to be reduced in severity so that military perform-
ance is not impaired. If that is not possible, these ef-
fects should be at least controllable by other conven-
iently applied therapies.

In addition, these agents must not significantly
increase the user’s vulnerability to chemical or bio-
logical agents or antidotes, exacerbate other battle-
field injuries, negatively affect behavior, or interfere
significantly with wound healing. The agent should
have a wide safety margin (therapeutic index) to
compensate for the “if one is good, then two must be
better” philosophy.

Deliverability

A prime requirement for an agent that will be
used by many people under battlefield conditions is
that it be easily self-administered. The route of ad-
ministration, drug dose, and simplicity of schedule
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are important. Oral administration is the most desir-
able route, but this may be difficult to achieve, at
least for a first-generation agent. Transdermal ad-
ministration (for example, via a dermal patch) is also
acceptable, but is limited by the fact that only micro-
gram or smaller quantities of the drug can be deliv-
ered. Most of the agents under study are effective in
milligram to gram quantities. The major exceptions
are the cytokines, which are effective in very small
dosages, and may be administrable by the transder-
mal route. The transdermal route may have greater
applicability for second- and third-generation agents

TABLE 11-7
PHARMACOLOGICAL REQUIREMENTS

Administration

Repeated administration
Easily self-administered
Order of preference:
Oral > transdermal >sublingual > intramuscular

Biological Action of Drug

Adequate duration of effect
Compatible with other drugs

Chemical Characteristics

High chemical stability (long shelf-life)

Dose

DRF > 1.4 (30-day lethality, gamma radiation)
Single-dose regimen
Manageable dose quantities (weight or volume)

Pharmacological Side Effects

No chronic toxicity

Minimal behavioral toxicity

Minimal or controllable acute side effects

Minimal increased vulnerability to chemical
or biological agents

Minimal effect on wound healing

Wide safety margin
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developed via the genetic approaches described
above. The next most acceptable route of admini-
stration is sublingual. The least acceptable practical
method is intramuscular injection.  Intravenous and
subcutaneous injection and suppository administra-
tion are unacceptable routes for a self-administered
field-deployed drug,.

For oral, sublingual, or intramuscular administra-
tion, the drug dose must be small enough to be dis-
pensed as a reasonably sized tablet or capsule, or in
a manageable volume. If taken as a liquid, either
orally or parenterally, the agent must also be soluble
and stable in a vehicle that is appropriate for ad-
ministration.  Finally, for simplicity of use in the
field, the agent should be designed as a single treat-
ment, rather than a regimen of two or more different
and sequentially spaced medications.

Other Factors

Ease of administration, simplicity of dose sched-
ule, minimal side effects, and a wide safety margin
are particularly important because it may be neces-
sary to take a radioprotective drug repeatedly for
several days. The agent should be compatible with
the other drugs and antidotes available to the soldier
in the field, and it should have optimum effective-
ness for an adequate duration (up to 6 hours follow-
ing a single administration). Two hours of effective-
ness should be considered the minimum. Finally,
the agent should be formulated and packaged so
that it has a shelf life of at least 5 years, to allow
stockpiling. It should retain its potency under a
wide variety of adverse conditions and, for an in-
jectable, should not deteriorate in solution.

SUMMARY

Historically, the development of radioprotective
agents has been dominated by the study of sulfhy-
dryl compounds, particularly the aminothiols.
These compounds function by a variety of mecha-
nisms, almost all of which increase survival in the ir-
radiated organism by minimizing the radiation-in-
duced damage to critical biological molecules. The
ability of aminothiols to provide high levels of pro-
tection has been demonstrated repeatedly. How-
ever, as a group, these compounds suffer from one
major drawback: high levels of protection have been
achieved only at doses that are accompanied by un-
acceptable side effects. Therefore, it has been neces-
sary to look at less-toxic compounds in the search
for a radioprotective agent.

Among the candidates being evaluated are natu-
rally occurring dietary components (selenium and
vitamins E and A) and drugs of low toxicity that are
being used clinically (such as MPG). The drawback
to these latter agents is that, generally, the protection
achieved is relatively low.

The net effect of protective compounds, such as
the aminothiols and dietary components, is an in-
crease in the number of stem cells and progenitor
cells that survive the initial radiation insult. To ex-
ploit this early benefit, agents that stimulate the pro-
liferation and differentiation of those cells would
help effect optimum repopulation of the organ sys-
tems that were depleted by radiation-induced cell
death. The use of such regeneration agents (such as
immunomodulators and cytokines) alone has been
shown to enhance survival after irradiation, al-
though the effect is relatively low. But when these
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agents are administered along with a protective
agent, additive and synergistic effects are seen.
Most important, these effects are often achieved us-
ing subtoxic doses of the individual agents.

Combining those agents that function in the pro-
tection or repair strategy with those that function in
the regeneration strategy offers the advantages of (a)
circumventing the side effects of aminothiols, (b) en-
hancing the effectiveness of relatively nontoxic
agents that provide only mild protection when given
alone, and (¢) maximizing the therapeutic benefit
provided by each agent.

The use of pharmacological agents to increase
survival after irradiation will be most effective for
personnel exposed to low or intermediate doses of
radiation who have minimal associated traumatic or
burn injuries. Indeed, in a mass-casualty situation,
these agents may be the only type of medical inter-
vention that is available. On the other hand, with
smaller numbers of casualties, especially those with
combined injuries, it is likely that additional suppor-
tive therapies will be available. When considered in
this context, radioprotection should be thought of as
part of the holistic management of radiation injury
(Figure 11-11) Here, in the face of increasing inju-
ries, various dose-reducing events occur to minimize
the effect of the injury. The early application of radi-
oprotector agents will minimize the need for subse-
quent interventions and will enhance the effective-
ness of the interventions that are provided.

Many factors must be considered in defining the
desired properties of a potentially fieldable first-gen-
eration agent. Since the development of WR-2721,
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emphasis has been placed on studying agents that
produce DRFs greater than 2. This emphasis may
actually have hampered efforts to field a suitable
agent. Some agents with lower DRFs can provide
significant protection and may be more appropriate
for field use. Thus, the DRF used in evaluating a ra-
dioprotective drug need not be the maximum ob-
tainable. Rather, the DRF should be that obtainable
at doses resulting in minimal acute side effects and
behavioral toxicity. The agent should also have a
high therapeutic index, because it will most likely be
self-administered. Whether or not the agent can be
taken orally is an important consideration.

Based on the strategies and candidate agents now
available, it should soon be possible to recommend
several protective agents that sufficiently meet the
requirements. After an agent has been recom-
mended, it will be evaluated as a first-generation
field-usable radioprotective drug (or drug combina-
tion) in humans. The agent should have a DRF
greater than or equal to 1.4 and be effective when
given as a single oral or intramuscular dose. The

agent will probably be a combination of at least two
of the candidate agents described above. Regardless
of the number of candidates in this combination, it is
likely that at least one will be a protective agent and
one will be a regeneration agent.

Fielding a first-generation agent that satisfies
most of the requirements discussed above is an
achievable near-term goal that will satisfy, at least in
part, a critical immediate need of the armed forces.
Success will depend on making intelligent choices
from the many available agents.

However, it is critical to note that fielding this
first-generation agent is only an initial step. Much
work needs to be done to develop an agent that is ef-
fective against high-LET radiation. This need will
become increasingly urgent as the human presence
in space expands. Second- and third-generation
agents will be developed only through intense stud-
ies that are aimed at defining the mechanisms of ra-
diation injury on the molecular and cellular levels
and determining how organisms can be stimulated
to protect themselves against this injury.
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Anesthesia and pain control, 48
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and gamma radiation, 86
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Antioxidants

naturally occurring, as radioprotection, 250, 255-256

Arrhythmias, 42
ARS. Sce Acute radiation syndrome
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recovery, 175
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and its effect on skin radiosensitivity, 177
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see also Fallout
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Attentional focusing, 160

Bacillus Calmette-Guerin (BCG), 259
Background radiation, 172-173
from consumer products, 174
from extraterrestrial radiation
cosmic radiation, 172-173
solar-flare radiation, 172-173
from fallout, 173-174
from medical procedures, 172
sources
potassium-40, 173
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sce also Radon gas
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partial-thickness, 79
prophvlactic management of, 79
protection from, 7
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Diethvlenetriaminepentaacetic acid (DTPA), 50, 62, 63
Digestive system cancers, 194
and Thorotrast induction, 194
Diluting agents. Sece Blocking and diluting agents
Disintegrations per minute (dpm), 228
District of Columbia, 157
dl-alpha-tocopherol. See Vitamin E
DNA (Defense Nuclear Agency)
address, 275
DNA. See Deoxyribonucleic acid
Dose reduction factor (DRF), 250
Dose-response curve, 23
modification of, 24
Dosimeters, 86-98, 164, 231
fluorometric immunoassay, 97
of MN antigens, 97
individual military, wristwatch-sized, 164
problems with, 97-98
radiophotoluminescent (RPL) dosimeters, 231
thermoluminescent dosimeters (TLD), 231
whole-body radionuclide determination, 97
iodine-131, 97
sodium-24, 97
see also Blood serum dosimeters, Chromosomal
dosimeters, Hematological dosimeters, Radiation
detection and measurement, and Urinary dosimeters
Dosimetry




in Chernobyl, USSR, 10
Double pulse
of thermal output, 5,7
Doubling dose
of radiation, 202
Down'’s syndrome, 200, 202
dpm. See Disintegrations per minute
DRF. Sec Dose reduction factor
DTPA. See Diethylenetriaminepentaacetic acid

E = m¢*, defined, 3
Early fallout, 9
Early performance decrement (EPD), 113, 116, 117,
126, 128
Early transient incapacitation (ETD, 13, 42, 113
ameliorated by WR-1607, 133, 253
and shielding, 133-134
Edison, Thomas, 179
EDTA. Sce Ethylenediaminetetraacetic acid
EEG. See Radiogenic neuropathology, in
electroencephalograph (EEG) recordings
Eicosanoids, 250, 256
Electrolytes, 49
Electrophysiology
radiation-induced changes, 124-125
Emesis, 111-112
induced by WR-1607, 133
induced by WR-2721, 250
Emetics, 62
Endorphins, 127
Endotoxin, 70, 259-260
Enhanced radiation weapon. See Neutron bomb
Environmental carcinogens. See Cancer promoters,
environmental agents
Enzymatic detoxification, 249-250, 255-256
Enzymes, 256
EPD. See Early performance decrement
Epilation, 86, 177, 179
EPSP. Ser Excitatory postsynaptic potential
Ervthema, 41, 86, 178-179
see also Radiation injury, cutaneous phenomena; Skin
damage; and Skin erythema dose (SED), defined
Erythrocytes, 50, 90
Erythropoietin, 261
Estrogens, 133
Ethiofos. See WR-2721
Ethylenediaminetetraacetic acid (EDTA), 50, 63
ETL See Early transient incapacitation
EUCOM. See U.S. European Command (EUCOM)
Chernobyl Task Force
Excitatory postsynaptic potential (EPSP), 125
Exothermic process, 2
Exposure geometry, 24-25, 26, 28-29
Exposure meter, 230
Extraterrestrial radiation, 172-173
cosmic radiation, 172-173
and radioprotection, 134
solar-flare radiation, 172-173

Index

Eve injuries
at Chernobyl, USSR, 46
and combatants, 46
corneal edema, 175
flash blindness, 7
foveal damage, 46
lacrimal gland atrophy, 175
occupational radiation exposure limit, 175
protection from, 7
retinal burn, 7
triage of, 46
sec also Neurophysiology of performance decrements
ami Somatic radiation effects, cataract formation

Fallout, 4, 9-10, 173-174
from carbon-14, 173-174
from cesium-137, 173
from strontium-90, 173
sce also Radiation hazards in patient treatment
and Radioisotopes
Fallout decay
estimating, 235-236
predicting hazards, 10
Fallout sheiters
dozer trench, 236
dug-in mobile hospital tents, 236
operation of, 236
vehicle-earth shelter, 236
Fanconi’s anemia, 182, 202
Federal Emergency Management Agency (FEMA), 239
address, 275
FEMA. See Federal Emergency Management Agency
Fibronectin, 72-73
Fission, defined, 4
Fission fragments, 4
see also Radioisotopes
Fission weapons
fuel, 4
plutonium-239, 4
uranium-233, 4
uranium-235, 4
gun-assembled device, 4
implosion device, 4
Fluorometric immunoassay, 97
Follicle stimulating hormone (FSH), 176
Forward therapy, 164
Israeli experiences with, 164
Free-radical scavenging, 249-251, 255-256, 257
Free radicals, 172, 246-248, 257
FSH. See Follicle stimulating hormone
Fusion, 4
see also Radioisotopes
Fusion weapons, 4
see also Radioisotopes

Gamma radiation, 59, 172, 229
acute doses of, 86
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and blood cell effects, 90
and lvmphocyte count, 87, 89, 94
median doses of, for ARS svmptoms, 86
shielding, 229, 236
and skin injury, 41-42
Gamma ravs, 4, 8-9, 13, 21, 246
Gardner’s svndrome, 182
Gastrointestinal subsyndrome, 13-14, 18-19
and nutritional support, 50-31
Geiger-Mueller (GM) counters, 59, 230
Genetic approaches to radioprotection, 248, 250, 256, 257
Genetic radiation ettects, 197-205
estimating risks, 202-203
gene mutations, 197-200
factors affecting mutation, 200-202
Genetic syndromes associated with susceptibility to
cancer, 182
ataxia telangiectasia, 182, 202
Bloom’s syndrome, 182, 202
Fanconi’s anemia, 182, 202
Gardner’s syndrome, 182
Li-Fraumeni’s svndrome, 182, 184
xeroderma pigmentosum, 182, 202
Genetically significant dose (GSD), 202
Glasgow coma scale, 38
Glucan, 252, 258, 260-261, 264, 266
Glutathione, 263
Glutathione peroxidase, 255
Glycine, 92
GM. See Geiger-Mueller (GM) counters
GM-CSF. See Granulocyte-macrophage colony-
stimulating factor
Goggles, lead-lanthanum-zirconium-titanium, 7
Goiania, Brazil, radiation accident at, 29, 41, 56, 62
Gonadotropin, 176
Gram-negative organisms, 68, 70-72, 74, 77-79
Gram-positive organisms, 68, 70, 71,77, 78
Granulocyte-macrophage colony-stimulating tactor
(GM-CSF), 50, 260, 262
Granulocvtes, 50, 90
Granulocytopenia, 72
Gray (Gv), defined, 172, 229
“Ground zero,” 157
GSD. Sce Genetically significant dose
Guanine, 197
Guidelines for medical advisors, 240
Gun-assembled device, 4
Gy. See Gray (Gy), defined

Half-life, defined, 228
Haloperidol, 126
Haptoglobin, 92
Healthy worker effect, 191
Hematological dosimeters, 42-43, 87-90
in Chernobyl, USSR, 90
ervthrocytes, 90
granulocytes, 90
latency, 90

=80

lvmphocytes, 87-88, 89
platelets, 90
reticutocytes, Y0
see also Blood serum dosimeters, Dosimeters
Hematopoietic depression, 27, 90
Hematopoietic precursor cells, 90
see also Stem cells
Hematopoietic subsyndrome, 13, 16-18, 90
and burn injury, 46
infection in, 71
Hematopoietic stem cells, 263
regeneration of, 257-263
shielding of, 28
Hemoglobin, 92
Hemorrhage, 90
Hemorrhagic coagulopathies, 42
High-LET radiation, 21, 246
and radioprotection, 248
and teratogenic effects, 208
Histamine, 19, 41, 92, 126, 127, 135, 172
HIV. See Human immunodeficiency virus
Human immunodeficiency virus (HIV), 182
Huntington'’s chorea, 199
Hybridoma technology, 79
Hyvdrocephaly, 210
Hydroxyproline, 92
Hyperthermia, 42
Hypocalcemia, induced by WR-2721, 250
Hvpoglvcemia, 42
Hypokalemia, 42, 49
Hyponatremia, 49
Hyvpotension, 42
Hypoxemia, 42
Hypoxia
induction of, as radioprotection, 249, 250

ICRP. See International Commission on Radiological
Protection
IL-1. See Interleukin-1
IL-3. Sec Interleukin-3
Immunoglobulin, 48, 73, 79
Immunomodulators, 259-261
Immunosuppression, 72-73

and malnutrition, 50

in Chernobvl victims, 27

by radiation in cancer latency, 181
Impaired inflammatory response, 72-73
Implosion device, 4
IND (investigational new drug), 63
Infection, 67-81

contributors to, 79

control of, 48

with glucan, 260-261
as limiting factor in treatment, 27

in Chernobyl, 71

in hematopoietic subsyndrome, 71

see also Infection management
Infection management, 75-80

antibiotics, 75-78




supportive therapy, 76-79
surgery, 79-80
see also Antibiotics
Infections associated with radiation injury, 71-72
predisposing factors, 72-75
see also Opportunistic infections
Infectious agents. See Pathogens
Inhibitory postsynaptic potential (1IPSP), 125
Initial nuclear radiation, 4, 5
effects of, 7-10
[nitial Response Force (IRP), 239
Integrating meter, 230
Interterons, 261
Interleukin-1 (IL-1), 252, 260, 261-263, 264
Interleukin-3 (IL-3), 262
Internal decontamination, 35-64
clearing the gastrointestinal tract, 62
alginates, 62
aluminum antacids, 62
barium sulfate, 62
emetics, 62
ion exchangers, 62
phyvtates, 62
purgatives and laxatives, 62
stomach lavage, 62
preventing or reversing radiobiological interaction, 63
blocking and diluting agents, 63
chelating agents, 63
lung lavage, 63
mobilizing agents, 63
see also Chelating agents
Internal radionuclide contamination, 55-64
clearance time, 56
ingestion, 56-57
inhalation, 56-57
model for evaluating hazards of, 56
percutaneous absorption, 56
wound contamination, 56-57
International Atomic Energv Agency (IAEA), 95
address, 275
International Commission on Radielogical Protection
(ICRP), 56, 175, 202
fon exchangers, 62
lonization, 229
Ionization chambers, 59, 230
pocket dosimeter, 230
lonizing radiation, 246
IPSP. See Inhibitory postsynaptic potential
IRF. Sec Initial Response Force
Irradiation
synergy, with open wound, 79

Kiloton (kb), 4
see also Megaton
kt. Sce Kiloton.

Lactate dehydrogenase, 86, 87

Index

Laxatives and purgatives, 62
LD, (lethal dose, or fatal injury, for 50 percent of
cases), 6, 23
and dependence on dose rate, 31
establishing, of radiation for humans, 29-30
in air, 29
to bone marrow, 29, 33
data sources for, 29-30
and exposure geometry, 24-25, 26
in Hiroshima, 32
for humans, 31-33
for low-LET radiation, 31-33
and radiation quality, 24-25
and trauma, 25-27
Lead-lanthanum-zirconium-titanium goggles, 7
LET. See Linear energy transfer
Lethality curve, 23-24
Leukemia, 182, 184, 188-191
Leukotriene C, (LTC)), 252, 256
Li-Fraumeni’s syndrome, 182, 184
Linear energy transfer (LET), 21
Lipopolysaccharide (LPS) cell-wall component, 70
see also Endotoxin
Los Alamos, NM, radiation accident at, (Mr. K.}, 127-128
Low-LET radiation, 21, 177, 246
and radioprotection, 248
LPS. See Lipopolysaccharide (LPS) cell-wall component
LTC,. See Leukotriene C,
Lung cancer, 172, 182, 184, 194-197
Lung lavage, 63
Luteinizing hormone, 176
Lymphocytes, 87-90, 261
count as a biological dosimeter, 87-90
nomogram, 42-43,
Lymphoma
Burkitt’s, 183, 184

Macrophages, 72, 261, 262
Mafenide acetate (sulfamylon), 79
Management of combined-injury casualties, 46-52
anesthesia and pain control, 48
antiemetics and antidiarrheals, 48-49
atropine, 49
diphenoxylate HCI, 49
codeine, 49
hydrocortisone enemas, 49
serotonin (5-HT3) blocking agents, 48-49
blood component therapy, 49-50
anemia and, 49
and autologous platelets, 49
and erythrocytes, 50
and granulocytes, 50
chelation therapy, 50
fluids and electrolytes, 49
infection control, 48
nutritional support, 50-51
surgery, 47-48
see also Chelating agents
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Management ot contaminated patients
hospital management, 537-39
initial care, resuscitation, and admission, 241
on-site management, 57
in combined nuclear-chemical war, 57
operating-room care, 242
patient decontamination, 60-63, 234-235
rescue and evacuation in a nuclear accident, 240
sampling radioactivity, 57
supply checklist, 58
treatment decisions, 60
uptake and clearance, 56-57
see also Internal radionuclide contamination
Management of mass casualties, 232-233 Monoclonal antibodies, 79
combined injuries, 232 Morphine, 127
coimmand radiation guidance, 232-233 Mortality
logistical support, 232 radiation-induced, 90
psvchological stress, 232 reduced by radioprotectants, 133
public health, 232 MPG. See Mercaptopropionylglycine
Manhattan Project, 2 MRAT. See Medical Radiobiology Advisory Team
MAQ. See Monoamine oxidase
Marshall Islanders, effects of radiation on, 177-178, 179,

Initial Response Force (IRP), 239
On-Scene Commander (OSC), 239-240
Service Response Force (SRP), 239
Mixed-fission products (MFP), 60
Mobilizing agents, 63
Models tor predicting cancer incidence, 184-187
and leukenmia incidence among, Nagasaki
survivors, 184-187
linear, 184-187
linear-quadratic, 184, 187
pure quadratic with cell killing, 184, 187
quadratic, 184, 187
Monoamine oxidase (MAQ), 126

n-decvlaminoethanethiosulfuric acid (WR-1607), 133

192, 193 see also WRAIR sulfur compounds
Mass defect, 3 Naloxone, 127
Maturation-depletion, 90 NATO Standardization Agreement (STANAG 2083), 233

MEA. See Beta-mercaptoethvlamine Nausea, 42
Medical advisor guidelines, 240 gamma radiation dose for, 86
Medical Radiobiology Advisory Team (MRAT), 240 induced by WR-2721, 250
address, 275 Necrosis, 41, 42, 48, 62, 120, 121, 123, 175, 178, 179, 214, 261
Medical response in peacetime nuclear accidents Neoplasm, 180
information demand, 237 see also Cancer
see also Neurochemistry
Chernobyl, USSR, nuclear power plant accident at; radiation-induced changes, 125-126
Goiania, Brazil, radiation accident at; Neurological changes induced by radiation, 105-135

Los Alamos, NM, radiation accident at (Mr. K.);

Oak Ridge, TN, radiation accident at;
Palomares, Spain, nuclear accident at;
Providence, Ri, radiation accident at (Mr. P.);

Three Mile Island, nuclear power plant, accident at;
Thule Air Force Base, Greenland, accident at; and

Vinca, Yugoslavia, radiation accident at

Megaton (MT), 4

see also Kiloton
Menopause

induced by radiation, 193
Menstrual cycle

effect of radiation on, 177
Mercaptopropionylglycine (MPG), 251, 255
Metoclopramide (5-HT3-receptor blocker)

as antiemetic, 133
MEFP. See Mixed fission products
Microbes

population changes, 73-75
Microcephaly, 207, 209
Micronuclei technique, 94, 96
Military operations in fallout, 235-236
Military performance

radiation-induced changes, 129-132
Military response to nuclear accident or incident
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Neuropathological changes See Radiogenic
neuropathology
Neurophysiology of performance decrements
audition and vestibular function, 120-121
oltactory function, 121
gustatory function, 121
vision, 119-120
Neuropsychiatric casualties
prediction of, 163-164
Nearotransmitters, 126
Neurovascular subsyndrome, 13, 14, 19-21
Neutron bomb, 4
Neutron particles, 3, 4, 8-9, 13, 229, 230, 246
Neutron radiation, 229, 230
and biological effects, 211
shielding, 230
Nitrogen mustard, 181
Nondisjunction, 200
NTIS (National Technical Information Service)
address, 275
nts. See Nuclear transformations per second
“Nuclear casualty” in sign language, 46-47
Nuclear energy, 2-5
kinetic energy, 2
potential energy, 2




Nuclear transformations per second (nts), 228
Nugclear weapons

nuclear and physical processes, 2-5
Nuclear Weapons Accident Checklists, 243
Nutritional support

of combined-injury casualties, 50-51
Nystatin, 78

Oak Ridge, TN, radiation accident at, 30
OCLC (Online Computer Library Center)
address, 275
On-Scene Commander (0SC), 239-240
Oncogenes, 183-184
Opiates
in radioprotection, and behavior, 132
Opportunistic infections, 68-71
pathogens, 79
OSC. Ser On-Scene Commander
Ovarian cancer, 197
Ovaries
radiosensitivity, 176-177
see also Somatic radiation effects, sterility, in females

PAEF. Sec Platelet-activating factor
Palomares, Spain, nuclear accident at, 327
Pathogens
Bacteroides, 68
Clostridium, 68, 69
Euterobacter, 68
Escherichia, 68,73
Klebsiella, 68, 73
Pscudomonas, 68, 69
Staphylococcus, 68,70, 73
Shreptococcus, 68
Pathophysiological subsyndrome stages
latent, 16
manifest illness, 16
prodromal, 16
recovery, 16
Patient management
principles of, 81
PCC. See Premature condensed chromosome (PCC)
technique
Peacetime radiation accidents. See Medical response in
peacetime nuclear accidents
Pefloxacin, 266
Performance decrements, 113-118
mitigating, through radioprotection, 132-134, 264
and radiation dose, 115-116
and radiation dose rate, 116, 118
and radiation quality, 117
role of CNS in, 133-134
and task complexity, 113-115
Philadelphia chromosome, 184, 188
see also Chromosomal aberrations
Phosphorothioates, 253, 254
Photon, 229
Physical dosimeters. See Dosimeters

Index

Physiological mediators, 247, 249
Phytates, 62
Plasma
of ions and electrons, 5, 6
Platelet-activating factor (PAF), 252, 256
Plateletpheresis, 49
Platelets, 49, 90
Plutonium. See Fission weapons, fuel, plutonium-239
Pneumonitis, 42
Polydactyly, 206
Post-traumatic stress disorder (PTSD), 161-162
Postirradiation infections. See Infections
Premature condensed chromosome (PCC)
technique, 94, 95-96
Prodromal stage of ARS, 16, 17, 86
dose-dependent latent stage of, 86
duration and severity, 86, 88
onset and latency, 86, 88
symptoms, 86, 88
Proportional counters, 59, 230
Prostaglandin inhibitors
to minimize skin damage, 178
Prostaglandins, 92, 172, 256
16,16-dimethyl prostaglandin E, (DiPGE,), 252, 256, 264
Proto-oncogenes, 183, 184
Protons, 3
Providence, RI, radiation accident at (Mr. P.}, 128
Prussian blue, 62
Psychic numbing, 157, 159
Psychological casualties
care of, 164-165
and morale, 165
and uncertainty about personal injury, 164
differences in nuclear warfare versus
conventional warfare, 155-156
description by Hiroshima survivor, 155-156
after Three Mile Island accident, 156
in U.S. Strategic Bombing Survey, 156
prediction of, and military performance, 163-164
prevention of, 165-166
and self-preservation, 165
and social cohesion, 166
training recommendations, 165-166
in World War Il, 154
in Yom Kippur War, 154, 166
see alse Determinants of psychological dysfunction in
conventional warfare
Psychological changes (acute)
fear and terror, 160
from U.S. Strategic Bombing Survey, 160
in learning and memory, 161
absence of conditioned response in animals, 161
in Hiroshima survivors, 161
retrograde amnesia in animals, 161
from Soviet literature, 161
in motivation, 158-160
in animals, to receive brain stimulation, 158
in animals, of curiosity and attention, 158-159
in Hiroshima and Nagasaki, 159-160
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in social relations, 1e0-16l
attention to leaders, 160
maintenance of social structure, 160-161

Psvchological effects of nuclear wartare. See Psychological

changes (acute) wmud Psvchological reactions (chronic)
Psvehological factors in nuclear warfare, 153-166
Psvchological reactions (chronic)
anxiety and phobias, 162
in Hiroshima, 162
and rumors, 162
latency of, 16!
neuroses, 161
in Japan, 161
post-traumatic stress disorder (PTSD), 161-162
after natural disasters, 161-162
depression in, 162
diagnostic criteria, 162
principal features, 162
psvchoses, 161
temporary, among new combat units, 161
psvchosomatic symptoms, 163
survivor guilt, 162-163
PTSD. See Post-traumatic stress disorder
Purgatives and laxatives, 62

QBC II assav methodology, 43
Quinolones, 75

R. See Roentgens (R), defined
R-meter, 230
Rad, defined, 172, 229
Radiation, 2, 228
“Radiation casualtv” in sign language, 46
Radiation counter, 230
Radiation detection and measurement, 59-60), 230-231
Geiger-Mueller (GM) counters, 59, 230
film badges, 60
ionization chambers, 59, 230
proportional counters, 59, 230
radiophotoluminescent (RPL) dosimeters, 231
scintillation counters, 59, 230-231
surface monitoring, 59
thermoluminescent dosimeters (TLD), 60, 231
see alse Dosimeters
Radiation dose, 115-116, 230
and cancer induction, 184
doubling, 202
and performance decrement, 115-116
Radiation dose rate, 116, 184
and performance decrement, 116, 118
Radiation Emergency Assistance Center/Training Site
(REAC/TS), Oak Ridge, TN, 63, 240
address, 275
Radiation exposure
accidents, 30-31
biological indicators, 86, 87
case histories, 127-128
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data sources on, 189
regulatory guides, 212-213
required to damage organs, 175-187
units of measure, 172 (s also Gray, Rad, Rem,
Roentgens, Sievert)
Radiation Exposure Status (RES) category system, 233
Radiation hazards in patient treatment, 234
beta-contact, 234
internal, 234
whole-body gamma radiation, 234
see also Management of contaminated patients ad
Medical advisor guidelines
Radiation injury, 12-13
cardiovascular, respiratory, metabolic, and
neurological phenomena, 42
arrhythmias, 42
early transient incapacitation (ETI), 42
hemorrhagic coagulopathies, 42
hyperthermia, 42
hvpoglvcemia, 42
hypotension, 42
pneumonitis, 42
cutaneous phenomena, 41-42
erythema, 41
melanotic pigmentation, 41
necrosis, 41
skin sensations, 41
ulceration, 41
gastrointestinal phenomena, 42
in combined chemical-nuclear
environments, 42
diarrhea, 42
nausea and vomiting, 42
hematological phenomena, 42-43
and blood cell morphology, 42-43
and lymphocyte nomogram, 42-44
symptoms of, 40-41
see also Beta burn, Skin damage, Somatic radiation
effects on skin and hair
Radiation quality, 12, 24-25, 117
and cancer induction, 184
and performance decrement, 117
Radioactive material, 228
Radioactivity, 228
Radiogenic neuropat’.ology, 122-124, 157, 158-163
of beta-endorphin, 158
cerebral ischemia, 123
cortex, 122
data from Japan, 157
demyelination, 121, 123
of dopamine metabolism, 158
dorsal medulla, 122
in electroencephalograph (EEG) recordings, 158
glial cells, 123
hippocampus, 123
hypothalamus, 122
morphology, 122
necrosis, 121, 123
optic chiasm, 122




Radivisotopes, 4, 173-174
and chelation therapy, 50
treatment of contamination by, 60-61
see also Dosimeters, Whole-body radionuclide
determination, and Management of contaminated
patients
Radiological Advisory Medical Team {(RAMT), 240
address, 273
Radiolvsis
products of, 172
water, 250
Radiomimetic agents, 181
¢vclophosphamide, 181
nitrogen mustard, 131
Radionuclide contamination. See Internal radionuclide
contamination
Radiophatoluminescent (RPL) dosimeters, 231
see also Dosimeters aind Radiation detection and
measurement
Radioprotection, 245-269
and behavior, 132-134
in space, 134
and supportive therapy, 264-266
see also Antiemetics and antidiarrheals, Radioprotective
agents, Radioprotective strategies, Shielding
Radioprotective agents
aminothiols, 250-255, 257
combination agents, 263-266
cvtokines, 239, 261-263
of detoxification, 252, 255
eicosanoids, 250, 256
genetic approaches, 250, 256
naturally occurring antioxidants, 230, 255-256
of regeneration, 252, 257-263
Radioprotective regimen requirements, 266-268
deliverability, 267-268
effectiveness, 266-267
toxicity, 267
Radioprotective strategies
protection, 248-256
free radical scavenging, 249-250
hvpoxia, 249
regeneration, 248, 257-263
repair, 248, 257
genetic, 257
hvdrogen transfer, 257
Radiotherapy, 29-30
Radon gas, 172
daughter products
polonium-214, 172
polonium-218, 172
radon-220, 172
radon-222, 172
RAMT. See Radiological Advisory Medical Teamn
Ratemeter, 230
RBE. See Relative biological effectiveness
REAC/TS. See Radiation Emergency Assistance Center/
Training Site (REAC/TS), Oak Ridge, TN
Reciprocal translocation, 200

Index

Recombinant granulocvte-macrophage colony-stimulating
factor, 260
Recombinant leukocyte stimulatory tactors, 50
Relative biological effectiveness (RBE), 25
Rem, 172
Rem-meter, 230
RES. sev Radiation Exposure Status (RES) category svstem
RES. see Reticuloendothelial svstem
Residual radiation, 5, 7-10, 236
effects of, 7-10
estimating decav of, 236
Respiratory system cancers, 172, 182, 184, 194-197
Reticulocytes, 90
Reticuloendothelial system (RES), 72
Retrograde amnesia, 107
Ribonucleic acid (RNA), 200
RNA. See Ribonucleic acid
Roentgen, Wilhelm Conrad, 2, 177
Roentgens (R), defined, 172
RPL. See Radiophotoluminescent (RPL) dosimeters

Salting, 9
Scintillation counters, 59, 230-231
SED. Sec Skin eryvthema dose
Segmented filamentous microflora (SFM), 74
Selenium
as radioprotectant, 252, 255, 256, 264
to reduce toxicity of WR-2721, 256
Serotonin
as radioprotective agent, 263
Serum amylase, 86, 87, 90, 91
Service Response Force (SRF), 239
SFM. See Segmented filamentous microflora
“Shell shock” syndrome, 164
Shielding, 28-29, 133-134, 235-236, 267
see also Radioprotection
Sievert (Sv), defined, 172
Sign language
for “chemical casualty,” 16-47
for “radiation casualty,” 46-47
Silvadene. See Silver sulfadiazine
Silver sulfadiazine (silvadene), 79
Skin damage, 177-179
beta burn, 178
cancer, 17 >-179
epilation, 179
erythema, 178-179
neutron radiation threshold, 178
fibrosis, 179
fingernail pigmentation, 179
in Marshall Islanders, 179
hyperpigmentation, 179
hypopigmentation, 179
necrosis, 178-179
and radiation dose, 178
telangiectasia, 179
transepithelial injury (moist desquamation), 178-179
ulceration, 178-179
see also Beta burn, Erythema
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Skin decontamination, 48, 60-62
Skin ervthema dose (SED), defined, 177
exposure proposed tor radiologists, 177
of X radiation, 177
Somatic cell fusion (hyvbridoma technology), 79
Somatic radiation etfects, 175-187
cataract formation, 173
among Nagasaki survivors, 175
incidence, 175, 176
latency, 173
radiation threshold, 175
on skin and hair, 177-179
as affected by disease, 177
alopecia, 177
from alpha radiation, 177
dermatitis, 177
epilation, 177,179
see also Beta burn, Skin damage
sterility, 175-177
in females, 176-177
in males, 175-176
see also Cancer induction
Spina bifida, 210
SRF. See Service Response Force
STANAG. Scee NATO Standardization Agreement
(STANAG 2083)
Stem cells
bone marrow, 25, 90
depletion of, 248
hematopoietic, 25, 28, 90, 263
mitotic delav or destruction of, 90
regeneration, capability of, 28
stromal, 90
survival of, increased, 263
Stem formation, 9
Sterility. 173-177
Steroids
and managing emesis, 133
Stomach lavage, 62
Strong force, 3
Strontium-90. Sce Fallout and Radioisotopes
Stunting, 208
Sulfamylon. Sce Mafenide acetate
Sulfhvdryls, 253, 254
Superoxide dismutase, 252, 255, 256
Surgery, 47-48, 79
and antibiotics, 79
timing of, after irradiation, 79
Sv. See Sievert
Symptoms of irradiation, 88

T-cell leukemia, 184

T-cells
activation of, by interleukin-1, 261
in AIDS, 182
T-4 lvmphocytes, 182
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Taurine, 92
TDM. See Trehalose dimveolate
Teenagers
survev of, on likelihood of nuclear war, 150
Telangiectasia, 179
Television dramatization. See Day Atter, The
Teratogenic radiation effects, 205-211
embrvonic developmental stages, 205
tetal, 205, 208
major organogenesis, 203, 206-208
preimplantation, 205, 206
humans irradiated in utero, 209-211
and fetal mortality, 209
and greater cancer incidence, 211
in Hiroshima, 207
Testes
radiosensitivity, 175
see also Somatic radiation eftects, sterility, in males
Testosterone, 176
Therapeutic index, defined, 250
Thermal effects, 7
production of, 4-3
Thermal force, 2
Thermoluminescent dosimeters (TL™, 60, 231
see also Dosimeters and Radiation detection and
measurement
Thiola. Sec Mercaptopropionylglvcine
Thiosulfonates, 253, 254
Thorotrast, 189
Three Mile Island, PA, nuclear power plant accident
at, 156
Thule Air Force Base, Greenland, accident at, 238
Thymine, 197
Thyroid cancer, 182, 124, 185, 191-193
and ethnic groups, 192
prevalence in women, 191-193
and thyroid irradiation, 193
TLD. See Thermoluminescent dosimeters
TNF. See Tumor-necrosis factor
Trauma, influence of,
onLD,, 25-27
Trehalose dimycolate (TDM), 252, 260-261, 265
Triage, 11, 37-46
of blast injury, 46
of burn injury, 46
of eye injury, 46
military, 40
of patients with combined injuries, 43-46
and radiation dose, 40, 45
in peacetime, 39-40
priority categories, 38-39
delayed treatment, 38
expectant, 33
immediate treatment, 38
minimal treatment, 38
Trinity device, 4
Tritium, 4
Tumor-necrosis factor (TNF), 252, 261-263, 264
Turner’s syndrome, 206




Ulceration, 41, 178-179
Uranium. See Fission weapons, fuel, uranium-233 and
uranium-235
Urinary dosimeters, 87, 92
amvlase, 87,92
Creatine, 87, 92
glvcine, 92
hindrances to development, 92
histamine, 87, 92
hvdroxyproline, 92
prostaglandins, 87, 92
taurine, 87 92
see also Dosimeters
U.S. European Command (EUCOM) Chernobyl Task
Force, 238-239
address, 275

Vaccination. See Active vaccination

Vinca, Yugoslavia, radiation accident at, 30-31
Vitamin A, 251, 256

Vitamin E, 257, 256

Ddex

Walter Reed Army Institute of Research (WRAIR?, 250, 254
address, 275
Weapon vield, 5
Whole-body radionuclide determination, 97
Wound closure, 79
and immunosuppression, 79
and systemic sepsis, 79
WR-2721 (ethiotos), 133, 250-254, 264
WRAIR. See Walter Reed Army Institute of Research
WRAIR sulfur compounds, 133, 250-254

X radiation, 172
and cancer induction, 179
and cancer treatment, 179
exposure to, 177
and lvmphocvtes, 94
see also Radiotherapy
Xrays, 2, 246
plasma as source of, 5
Xeroderma pigmentosum, 182, 202

Yield. See Weapon vield

Zacopride (5-HT3-receptor blocker)
as antiemetic, 133

Zinc protoporphyrin (ZPP), 86, 87, 97

ZPP. See Zinc protoporphyrin

Zvmosan, 259-260
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