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SUMMARY

According to U.S. Army criteria for the employment of combat units

after a nuclear attack, a radiation dose of at least 3000 rads free-in-

alr is required to render troops incapable of combat performance. Current
- scenarios suggest that for every soldier who receives an incapacitating
radiation dose, another will receive a lethal but not incapacitating dose,
say, 400 tc 3000 rads. Two more soldiers will receive doses between
"troop safety' and lethal levels (50 to 400 rads). Many will show symp-
toms of radiation sickness and impaired ability to perform their normal
combat tasks. The effectiveness of units manned by such sick and "walk-
ing dead" troops could become an important factor in the battlefield
employment of nuclear weapons. With the continuing possibility that

such weapons might be used, it is troubling that radiation-induced ef-
fects on combat performance remain poorly understood.

We have undertaken a two-phase research program to improve our
understanding of the effect:s of ionizing radiation at the '"intermediate"
dose range referred to above. The virtual absence of empirical data
directly relating radiation exposure to human perfoimance--much less
performance in combat--necessitates an indirect approach. In the first
research phase, reported here, we examined the signs and symptoms assn-
ciated with radiation sickness to develop models of human response to
radiation as a function of dose, time, and symptom severity. In the
second phase, we plan to extend the response models to estimate how
various symptoms impair physical and mental performance and, in turn,
alter combat unit effectiveness.

From some 150 selected books, articles, and monographs, we gathered
data on the early symptomatic effects of radiation exposure. For the
analysis we focused on human data collected from the victims of nuclear
accidents and therapy patients. We excluded data from animal experi-
ments because of the tenuousness of the link between animal and human

performance after irradiation. We also excluded data from the survivors

of the Jazpanese atomic bombs because of data imprecision and the serious




questions that have been raised about the accuracy of reported expo-
sure levels.

We divided a hypothetical exposed population into response groups
based on the sensitivity of individuals to radiation: hyper-, hypo-,
and normosensitives. We also classified such a population by the se-
verity of their symptoms: unaffected and mildly, moderately, and
severely affected.

Using the dota, we developed relationships for the onset time and
duration of acute symptoms after a given radiation dose. We then
derived conceptual models for {1) individual response as a function
of dose, time aftet expnsure, and severity of symptoms, (2) population
response (percentajze affected in wvarious degrees), and (3) links between
individual and population responses.

To develop the models further for the second phase of this research,
we need a much better understanding cf the relation between acute radia-
tion exposure and subsequent i.lness as a function of time. We need
more data from noninvasive studies of therapy patients. Any new data
on nuclear accidents should e carefully studied. It may be possible
to make better use of data on irradiated snimals, and to clarify the
relation of animzl behavinr after irradiation to human behavior unde:x
similar conditinons. Reexamination of the data on Japanese atomic bomb
survivors may be worthwhile; the questionnaires they completed contain
much detail.

Once the connection between radiation exposure and sickness is
sufficiently well understood, it should be possible to make more defini-
tive statements about how human performance will be affected by radia-
tion. The role of such factors as psychological state, age, and training
should also be considered. A study of specific military tasks and anal-
ysis of the human effort requifed will help correlate radiation sickness
with combat porformance.

Evenr when performance impairment is correlated with radiation
exposure for individuals, however, questions will remain about the

effectiveness of units in accomplishing their combat missions. To
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investigate the influence of individual performance impairment on unit

effectiveness, any of several computerized models of military unit per-
i formance could be adapted to simulate the incapacitation effects of
‘ nuclear radiation. Models of small units (tank crews, artillery bat-
teries, and the like) are needed lor evaluating the speed, accuracy,
and endurance with which crew members perform their assigned tasks.
Then, links can be made tc the activities of larger units such as bat-

talions, divisions, and regiments.
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PREFACE

This note reports on the first phase of an investigation of nu-
clear readiation effects on wilitary troop performance for the Defense
Nuclear Agency (DNA). In this phase, data were gathered and concepts
developed for models of human symptomatic response to radiation. In

the second thase, the models will be used to infer performance effects.

DNA staff members Cyrus Knowles and David Auton guided this effort.

H. Rodney Withers of the Department of Radiation Oncology, Center for
Health Sciences, University of California at Los Angeles, served as a

consultant on radiobiological effects and wrote Appendix B.
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SECTION 1

INTRODUCTION

According to U.S. Army criteria for the employment of combat units
after a nuclear attack, a radiation dose of at least 3000 -ads free-in~-
--air is required to render troops incapable of combat performance. Current .

scenarios suggest that for every soldier who receives an incapacitating

radiation dose, anoiler will receive a lethal but not incapacitating dose, !
Ly, 400 to 3000 rads. Two more soldiers will receive doses between !
"troop s.af’et:yv"l and lethal levels (50 to 400 rads). Many will show symp- |
toms of vadiation sickness and impaired ability to perform their normal
combat tasks. The effectiveness of units manned by such sick and 'walk-
ing dead“,troops could become an important factor in the battlefield
employment of nuclear wecapons. With the continuing possibility that

such weépons might be used, it is troubling that radiation-irduced ef-
fects on combat performance remain poorly understood. _

This is an initial report on research intended to improve our
ability to predict the degree of functional impairment in military units
exposed to ionizing radiation.

For application to battlefield operations, we are concerned with
early radiation effects, those occurring within a few weeks of exposure;
because the effects of intermediate radiation doses are least well under-
stood, we are mainly concerned with exposure levels of 100 to 3000 rads

free~in-air.

There are no data pertaining direztly to the effects of single
doses of radiation on combat performance; and studies of general per-
formance effects have yielded inconclusive results. Wolfgang and Maier
[1972] found no performance impairment in relatively young, healthy
adults receiving irradiation to the spinal cord or brain. However, the
exposures occurred over 3 to 4 weeks and covered only small portions of
the body. Payne [1963], Saenger et al. [1968], and Gottschalk et al.
[1969] found it impossible to determine whether therapeutic irradiation

in total-body and partial-body doses impaired psychomotor or cognitive
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performance. The dnly data aiailable for those studies, however, per- - , : }4
tained to older, terminal cancer patients; the analvses did not concrol
for age, education, motivation, or intelligence, so the effects‘of those . v
variables could not bte separated from radiaﬁion effects. - In addition,
the total-body doses were low for consideration of incapacitating ef- .;
fects (~10 to ~200 rads). | |

- More recently, Saenger et al. [1971] suggest that cognitive dys-
function increases immediatély after irradiation. Vodopick and Andfews
[1980] studied radiation effects in a 32-year-old victim exposed to
127 rads in a nuclear laboratory accident. They found excessive fatig-
ability in the victim soon after exposure, which they conjecture was due
to muscle damage and cell destruction.

Given the lack of empirical data relating combat effectiveness to

radiation exposure levels, a reasonable approach would‘be to examine
the symptoms* associated with radiation sickness and infer from them
the effects on performance. Figure 1 suggests the routes by which suéh

inferences could be made,Aéhowing the directness of various relation-

ships impinging on human performance after expcsure to ionizing radiation.
‘ The solid arrows indicate established relationships; the broken arrows,
’ presumed relationships to be confirmed by empirical data; the arrows
containing diamonds, relationships that nust be made by inference.
Thus, data collected from victims of nuclear accidents, therapy patients,
and Japanese atom bomb survivors could be used directly to determine what
radiation déses produce what symptoms. For animals, the data allow going
further and determining what doses produce what performance effects; for
humans, however, those effects must be inferred. Figure 1 also shows
that data on nonradiation insults producing symtpoms similar to those of
radiation sickness might be used to infer performance effects. Morgan
and Alluisi [1978] made such inferences in controlled studies of tul-
aremia and sand fly fever victims.

Following two of the routes shown in Fig. 1, we have pursued this

research in two phuses, depicted in Fig. 2. In the first phase, reported

X
Throughout this rencrt, "symptoms" is used to mean both subjective
evidence and objective signs of radiation sickness.
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symptoms

Radiation
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Radiation

dose > T T T T T T T T T

Physical/mental
rerformance

Nonradiation
insult

Radiation
sickness
symptoms

sickness
symptoms

f——————3p known relationship
e presumed relationship

«———— inferred relationship

Figure 1. Ways of investigating the effects of ionizing radiation
on human performance,
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’ - " f Physical/mental
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"impairment

Phase 2

Combat unit
effeqtiveness

Figure 2. Research plan.
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here, we gathered and analyzed radiation sickness data (primarily from
accident and therapy éases*) to develop a model of human symptomatic
response to radiétion as a function of time following a given dose. 1In
5;hg second phase, we will extend the response model to estimate how
vafious symptoms impair physaical and mental performance and, in turn,
affect combat unit effectiveness.’

WSection 2 des¢ribesvthe data sources we used and the symptomatic
information we drew frémvthem._ Using that information, Sec. 3 classifies
. a hypothetical affected population into response groups and develops
models of how each might respond to radiation as a function of dose and
time after exposure. Section 4 presents our conclusions and recommend-

ations.

*Data on Japarese atom bomb victims were gathered but later ex-
cluded from the response model. Dispute has arisen over the exposure
levels associated with the bombings; until it is resolved, our figures
linking symptoms with radiation dose would be questionable. Also, a
cursory review of the literature showed unexplainairle discrepancies in
victims' response syndromes. Consideration uf the Japanese data is
summarized in Appendix A. We excluded animal experiment data from the
present model because of the tenuousness of the link between animal
radiation sickness and human performance.

fBrode [1977] suggested this research approach and identified much
of the data oun which this report is based.
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SECTION 2

SYMPTOMATIC DATA

From a literature search, we assembled some 150 bocks, articles,
and monographs on the early symptomatic effects of radiation exposure.
This section describes the resulting data base and the information we

extracted from it.

SOURCES

We began with the 100 documents used in prior research, including
McDonald et al.'s comprehensive study [1976]. They contained informa-
tion on the following topics:

Accidents. Data on victims of nuclear accidents.

Therapy. Data on cancer patients receiving primarily total-
body irradiation (TBI).

® Japanese experience. Data on survivors of the atomic bomb-~

ings in Hiroshima and Nagasaki.
® Composite data and expert opinion. Analyses by physicians

and radiobiological specialists drawing on firsthand expe-
rience or informarion in several of the topics listed here.

® Performance impairment in animals. Data from laboratory

experiments with animals to determine impairments as a func

tion of radiation dose.

e Performance impairment in humans. Information on persons

who were exposed to radiation or who suffered nonradiation
insults producing symptoms similar to radiation sickness.

® Drug treatment. Data on the effectiveness of various drugs

used to suppress radiation sickness symptoms.

° Military operations. Theoretical considerations of the im-

pact of radiation s ckness on the battlefield.
() Background. Miscellareous infrrmation on the effects of

exposure to radiation.

14~
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We the:r updated the bibliography with 50 additional documents, pri-

*
marily on clinically observed human reactions to radiation exposure,
Each document was assigned to one of the nine topical categories

listed above. i

INFORMATION EXTRACTLD

Nata in the first four topical categories offered the best po-
tential yield of information on human radiation sickness symptoms as
related to dose and postexposure time. After review of the Japanese
data, however, we excluded that category from present consideration
because the data posed too many problems of interpretation (see Appen-
dix A).

From each docunent in the remaining categories--nuclear accidents,
radiatio. therapy, composite data, and expert opinion--we extracted
data on the following:

° Dose.
Initial postexposure period: time of exposure, onset time
of prodromal symptoms, their nature and duration.
Latent or remission period: duration and patient's condition.
Manifest-illness period: time cf onset and symptoms, dura-

tion, result (recovery or death).

In the remainder of this section we indicate the most useful

L.

sources and summarize the information drawn from them.

i Accidents
% A frequent problem with accident data is the uncertainty of the

duse to which the victim was actually exposed and its nonuniform

*The following sources were consulted: NTIS, Excerpta Medica,
Index Medicus, MEDLARS/MEDLINE, DTIC, and BIOSIS data bases; National
Academy of Sciences, for summaries of data on Japanese atom bomb vic-
tims; Oak Ridge National Laboratory, for results of dosimetry studies
on Japanese victims; World Health Organization; National Council of
Radiation Protection; Department of Radiatior Oncology, UCLA Center
for Health Sciences; National Institutes of Health and National Library
of Medicine; Armed Forces Radiobiological Research Institute; and U.S,
Air Force School of Aerospace Medicine.
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distribution in the victim's body. The literature describes many
attempts to reconstruct an accident to determine the exposure level
more accurately. Another problem is that accident descriptions often
lack precise quantitative data. For example, rather than identifying
the exact onset time of symptoms, many accounts use phrases like
"within the first hour" or "after several minutes." The data cover

a wide range of doses (130 to 8800 rads) but, because relatively few
accidents have occurred, are sparse over that range. A major uncer-
tainty in interpreting the data is the impact of medical treatment

on the symptoms and course of the iliness.

Herbert Fanger and Clarence C. Lushbaugh, "Radiation Death from
Cardiovascular Shock Following a Criticality Accident," Ar-
chives of Pathology, Vol. 83, May 1967, pp. 446-460.

Joseph S. Karas and John B. Stanbury, '"Fatal Radiation Syndrome
from an Accidental Nuclear Excursion," New England Journal of
Medicine, Vol. 272, No. 15, 15 April 1965, pp. 755-761.

On 24 July 1964, at a United Nuclear Corporation plant in Wood
River Junction, Rhode Island, a 38-year-old employee was exposed to
8800 rads. Five to ten minutes after the accident the victim de-
veloped severe abdominal pains accompanied by nausea, vomiting, and
diarrhea. Recurring episodes of vomiting and diarrhea persisted for

about 4 hr. The victim died 49 hr after the accident.

J. W. Howland et al., '"The Lockport Incident: Accidental Par-
tial Body Exposure of Humans to Large Doses of X-Radiation,"
in International Atomic Energy Agency and World Health Orga-
nization, Diagnosis and Treatment of Acute Radiation Injury,
proceedings of a conference held in Geneva, Switzerland, 17-21
October 1960, International Documents Service, New York, 1961.

On 8 March 1960, at a military installation in Lockport, New York,
nine employeces were exposed to ionizing radiation from an unshielded

klystron tube. The dose absorbed by persons not moving much during

* the exposure period of 20 to 30 min was estimated at 1200 to 1500 rads.
The victims were exposed from head to mid-thigh.
Nausea and vomiting began about 30 min after exposure; severe

headaches persisted for several hours. Vomiting continued throughout

-16-

A Aaim, m e e e e m e, e =

' "MF.&-};fsﬁéﬁi}’.ﬁ.‘ﬁiﬂiﬁﬁﬁﬁﬁiIﬁtﬁﬂ@ﬁiﬁﬁﬁﬂ




the first day; nausea and fatigue persisted for a week after exposure

and sporadically thereafter for several weeks. The victims experienced

lassitude and fatigability over the entire 210-day period of observation.

Michael V. Gilberti, '"The 1967 Radiation Accident near Pittsburgh,
Pennsylvania, and a Follow-up Report," in K. F. Hubner and S. A.
Fry (eds.), The Medical Basis for Radiation Accident Prepared-
ness, Elsevier North Holland, Inc., New York; 1980.

On 4 October 1967, three technicians, all men, were exposed to
whole-body radiation from a linear accelerator. Victim A, age 31,
received a dose of 100 rads; victim B, age 29, 300 rads; and victim C,
age 40, 600 rads. Victim C also sustained an exposure of 5900 rads
to his hands and 2700 rads to his feet.

Victim A showed few clinical symptoms; victim B became nauseated
and started to vomit within 1 hr after the accident; victim C expe-
rienced nauvsea, vomiting, and generalized muscle aches 45 min after
the accident.

Victim A's hemopoietic condition chauged very little and returned
to normal much sooner than did that of the other two men, who expe-

rienced considerable hemopoietic injury.

H. Jammet et al., "Clinical and Biological Comparison of Two
Acute Accidental Irradiations: Mol (1965) and Brescia (1975),"
in K. F. Hubner and S. A. Frv (eds.), The Medical Basis for
Radiation Accident Preparedness, Elsevier North Holland, Inc.,
New York, 1980.

In Mol, Belgium, on 30 December 1965, one person was exposed to
550 rads in a criticality accident with an experimental reactor.
Nausea and vomiting began 2 hr after the accident and persisted a few
hours. Manifest illness, marked by various infections, showed up 3
weeks later. After 6 weeks, the victim began to recover.

In Brescia, Ttaly, on 13 May 1975, one person sustained an expo-
sure to 1200 rads from a cobalt 60 source. Nausea and vomiting began
30 min after the accident and persisted a few hours. Manifest illness

was apparent 9 days after the accident, and the victim died 3 days

later.
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H. Vodopick and G. A. Andrews, 'The University of Tennessee Com-
parative Animal Research Laboratory Accident in 1971," in K. F.
Hubner and S. A. Fry (eds.), The Medical Basts for Radiation
Aceident Preparedness, Elsevier North Holland, Inc., New York,
1980. i

On 4 February 1971, a 32-year-old research technologist at the
University of Tennessee Comparative Animal Research Laboratory was
exposed to a cobalt 60 source for about. 40 sec. The estimated midline
dose was 127 rads; for the right hand, 1200 rads. Episodes of sudden
vomiting not preceded by nausea began 2 hr and 15 min after exposure
and recuarred 10 times during the next 24 hr. Diarrhea and fever were
not present.

During the period of maximum nematological depression, days 24
to 34, the patient remsined well. On day 36 a mouth infection was
treated with orally administered penicillin. By day 48, all blood
counts had recurned to normal. Soon after the accideat and for 4
months thereafter, the patient experienced great fatigue at the least

exertion. The patient returned to work 1l weeks after the accident. 1

B. Pendic, "The Zero-eneigy Reactor Accident at Vinca," in Inter-
national Atom‘c £nergy Agency and World Health Orgarnization,
Diagnosts and T.eatment of Acute Radiation Injury, proceedings
of a conference held in Geneve, Switzerland, 17~21 October
1960, Inceruatioanal Documents Service, New York, 1961.

Clarence C. Lushbaugh, "Reflections on Sume Recent Progress in
Human Radioiiology," Advanc<s .1 Radiation Biology, Vol. 3,
Academic Prescz, dew York, 1949,

On 15 October 1958, a zerc-energy reactor in Vinca, Yugoslavia,
became supercriticil and six persons were exposed to radiation.
Pendic's 1961 estimate of the dose equivalent (350 to 640 rems) was
later revised to 145 to 305 rems by a team of lealth physicists at

Oak Ridge National Labcoratory.

Severe nausea and intractable vomiting began in the first hour
for those who received higher doses (293 to 305 rems), and in the
second hour for those receiving lower doses (226 to 290 rems). The
person who absorbed 145 rems became slightly nauseated but did not
vomit. Those early reactions were followed by a latent period lasting

until the end of the third week. The victims experienced anorexia,
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loss of weight, headache, diffuse abdominal pain, weakness, profuse
gsweating, and insomnia.

During the critical period, weeks 4 through 7, the general con-
dition of the five most heavily irradiated victims deteriorated greatly.
Their temperatures rose and infections took hold. They experienced ;
marked nausea followed by abdominal pain, completely lost their appe- ‘
tite, and developed profuse night sweating. With treatment, four of
the victims gradually improved from week 7 on, although true convales-
cence did not begin until the third month. The most heavily irradiated
victim died on day 32. The least-irradiated victim recovered more

slowly than the others.

Herbert Fanger and Clarence C. Lushbaugh, '"Radiation Death from
Cardiovascular Shock Following a Criticali~y Accident," Ar-
chives of Pathology, Vol. 83, May 1967, pp. 446-460.

On 30 December 1958, during a routine plutonium salvage operation
at Los Alamos Scientific Laboratory, a worker received a lethal dose
of 4500 rads (original estimate, 9200 rads). The onset of symptoms
occurred within 15 min; death came 35 hr later. The victim manifested
no neurologic damage until immediately before his death when he became
irrational, his behavior became unmanageable, and he went into con-
vulsions. An autopsy revealed no primary neurologic injury but severe
cardiovascular changes, suggesting that early radiation deaths might

be caused by cardiovascular shock.

Eugene L. Saenger (ed.), Medical Aspects of Radiation Accidents,
U.S. Atomic Energy Commission, Washington, D.C., 1963.

From studying the histories of accident victims, the author clas-
sifies an exposed population in three groups according to dose absorbed.

200 to 400 rads. Nausea and vomiting begin 1 hr after exposure

or soon thereafter. Symptoms reach maximum intensity 6 to 8 hr after
exposure and subside within 24 to 48 hr. There follows a latent
period lasting 2 to 3 weeks during which victims are asymptomatic ex-
cept for weakness and fatigue. During the manifest-illness period,
which begins between days 18 and 21, the victims exhibit mild to

moderate hemopoietic injury. Convalescence begins 60 to 90 days after
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exposure, and clinical recovery is complete within 6 months, although

weakuness may persist.

400 to 600 rads. Nausea and vomiting begin within 1 hr after

exposure, reaching maximum intensity within 6 to 8 hr. Victims show
weakness, fatigue, conjunctivitis, and sweating. Symptoms persist
24 to 48 hr, diminishing gradually. The ensuing latent period lasts i
5 to 14 days. The manifest illness begins between days 12 and 14.
Victims show modevate hemopoietic injury and definite gastrointcstinal
changes. During the fourth week, victims become prostrate, lethargic,
and intermittently disoriented. Between days 25 and 40, despite

vigorous therapy, death may occur, preceded by profound shock and coma.

600 to 1400 rads. Early after exposure, victims experience

~—— diarrhea, ataxia, disorientation, coma, or cardiovascular collapse.
Victims may pass into the manifest-illness period with a short latent
period of 5 to 8 days. Gastrointestinal symptoms predominate, and
sometimes survival is too brief for hematological changes o be ob-

served. Death usually occurs 15 to 30 days after exposure.

Therapy

Data on the effects of therapeutic radiation pertain to a nar-
rower dose range (150 to 600 rads) than do the accident data. Specific
information on radiation sickness symptoms is also limited because the
literature focuses on the patient's ailment and how it is affected
rather than on the patient's response to radiation exposure per se.

There are two major uncertainties in interpreting the therapy
data. Patients' precarious state cof health at the time radiation
therapy is begun undoubtedly affects their responses but to an unknown
degree. The medical treatment patients receive before and after radia-
tion therapy also affects their symptomatic responses, again to an
unknown degree. For our purpose, the usefulness of therapy data is
restricted to the exposure time before medical :escue efforts such as
bone marrow transplants for leukemia patients undergoing total-body

irradiation. Reflecting more recent medical experience, Appendix B

! presents comments by a radiation oncologist on the side effects of

total-body irradiation (maximum dose, 2000 rads) in therapy patients.
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W. M. Court Brown, "Symptomatic Disturbance after Single Thera-
peutic Dose of X-Rays," British Medical Jourmal, 11 April 1953,

Fifty patients were given a single therapeutic X-ray dose of about
150 rads. They were primarily afflicted with ankylosing spondylitis
or reticulosis, diseases requiring irradiation of a large amount of
tissue.

Within 2 hr, 42 of the patients (84 percent) developed symotoms
such as fatigue, anorexia, nausea, and vomiting. The symptoms con-
tinued for 0.5 to 2.5 hr. Then, symptoms gradually subsided in the
least radiation-sensitive; [atigue, nausea, or both intensified for an
hour and then subsided in the moderately sensitive; and vomiting per-
sisted for 2 to 3 hr in the most sensitive.

Fatigue appeared to be dissociated from nausea and vomiting. The

two sets of symptoms may have separate etiologies.

Lowell S. Miller, Gilbert H. Fletcher, and Herbert B. Gerstner,
"Radiobiologic Observations on Cancer Patients Treated with
Whole-Body X-Irradiation," Radiation Research, Vol. 4, 1958,
pP. 150-165.

Thirty cancer patients were treated with total-body X-ray doses
of 200 rads. Most developed fatigue, anorexia, nausea, and vomiting
within 2 hr; symptoms abated after a few days. The symptoms may have
been related to patients' psychological state. Three to four weeks
after exposure, the patients manifested reduced bone marrow activity
and a teudency toward bleeding and infection. Those symptoms subsided
6 to 8 weeks after exposure.

One patient showed severe nausea, vomiting, and prostration 2 hr
after exposure and vomited 5 times during the first 24 hr. Extreme
weakness and moderate nausea persisted through the first postirradiation

day. Thereafter, recovery was rapid.

H. Rodney Withe:rs, Department of Radiation Oncology, UCLA Center
for Health Sciences, private communication, 1981.

Dr. Withers reported recent information from colleagues on the

incidence of nausea and vomiting among patients undergoing TBI therapy
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for leukemia. All received preirradiation medical preparation. Dose
and associated response times are summarized below:

Onset of Nausea and Vomiting
Dose (rads) after Treatment Began

200 2 hr

750 (effective dose for prodromal

effeccs, 500-625), 375 (@ 25/min)

midline to each side of body,

5 min to turn body 25 min

800 (effective dose, 600-650),
200 (2 l4/win) to each of four
sides of body 45 min to 1 hr

W. D. Rider and R. Hasselback, "The Symptomatic and Hematclogical
Disturbance Following Total Body Radiation of 300-rad Gamma-Ray
Irradiation," lectures presented at McGill University, Montreal,
August 1967, in Guidelines to Radiologrcal Health, U.S. Public
Health Service, Washington, D.C., 1968, pp. 139-144.

Twenty patients were treated with a single 300-rad dose of total-
body irradiation. Most patients were children or adolescents suffering
from Ewing's tumor of the bone. All were in good general condition,
with normal results from peripheral blood and bone marrow studies.

Sudden vomiting began 45 to 60 mian after exposure and was not al-

ways preceded by nausea. It lasted 15 to 20 min, after which the

patients became sleepy. Over the next 6 hr, periods of vomiting alter-
nz2ted with periods of sleep and fatigue, the length of the vomiting
periods decreasing while the periods of sleep increased.

Then the patients were asymptomatic until day 25, when they showed
some purpura and minor bleeding from the gums. Maximum hemopoietic
depression occurred between days 25 and 30. Thereafter, recovery was

prompt.

Composite
Composite studics consist of analyses, projections, and informa-
tion on diagnosis and treatment, based on data from several sources,

including accident victims, therapy patients, Japanese atom bomb victims,
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and extrapolations from animal experiments. The data sources are not
always identified precisely, so it is difficult to ensure that these
composite studies, and hence our analysis, do not duplicate other data.
These studies also tend to be insufficiently specific for our purpose;

clinical effects, for example, are grouped in wide dose ranges (e.g.,
200 to 600 rads).

NATO iHandbook on the Medical Aspects of NBC Defensive Operations,
U.S. Departments of the Army, Navy, and Air Force, AMED P-6,
August 1973.

This handbook projects thz2 acute clinical effects of single high
doses of total-body irradiation in young heazlthy adults. Table 1 sum-

marizes the information.

S. Glasstone and P. J. Dolan, The Eff:zets of Nuclear Weapons, U.S.
Departments of Defense and Energy, 1977.

The authors discuss the effects of total-body irradiation in human
beings, drawing from Japanese, accident, and therapy data, and -:xtiapo-
lating from observations of animals. The information pertaining to
dnses of up to 200 rads is asserted io be reliable because it is based
primarily on therapy data; at higher doses, the sparse human data must
he supplemented by extrapolation from animal experiments. Table 2

summarizes the information.

E. Laumets, Time History of Biologicval Respomse to Ionizing Radia-
tion, U.S. Naval Radiological Defense Laboratory, USNRDL-TR-905,
22 November 1965.

Using accident data (1945 to 1958), therapy patient records, and
follow-up studies of Japanese atomic bombt victims, the authcr plots
the general course of human responses to total-body irradiation.

For. doses of 200 to 600 rads, nausea and vomiting occur 1 to 2 hr
after exposure, peak 8 hr after exposure, and subside in 1 to 2 days.
Depending inversely on the dose, there follows a latent period lasting
1 or 2 days to 2 weeks during which the victim is asymptomatic. The
period of manifest illness begins several days to 2 or 3 weeks after

exposure, culminating about week 4. 1If death does not occur, recovery
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Table 1. Projected acute effects of total-body irradiation ]
in healthy adults.
R
Dose (rads) |
Low Lethal Supralethal
(100~800) (>800) .
i Subelinical
| Item (0~100) 100-200 200-600 600-800 800-3000 >3000 oo
I :
Inttial Response Ji
) Nausea and vomiting ,
(percent of victims) 0-5 5-50 50-100 75-100 100 1900 ;
Time of onset after ;
exposure (hr) - ~3=6 ~-4 ~ -2 <1 <1 |
Duration (hr) LN <24 <24 <48 <48 8 i
Combat effectiveness 1002 >80% Routine tasks Simple rou- Progresaive incapacitation !
only; no com- tine tasks following early capacity :
bat for 6-20 only; in- for intermittent hevoic
hr capacitated action
>24 hr
Latent Phase
Duration (days) - >14 7-15 0-7 G-2 o
Secondary Response
Symptoms None Moderate Severe leukopenia, purpura, Dlarrhea, Convulsions,
teukopenian  hemorrhage, infection, fever, tremor, }
epilation (>1300 rads) disturbed ataxic,
electrolyte lethsrgy
balance
Time of onset after
exposure (days) - 14 or more  Several to 14 Several to 14 2-3 -
Critical period- -
after exposure -— None 4-6 weeks 4-6 weeks 5-14 days 1-48 hr
Organ most affected - ap— e Hemopoletic system ———emape Gastro- Central
intestinal nunervous
rract gystoem
PTreatment and Prognosic
Percentage of wvicrin:
requiring hospital-
jzation 0 <10 Up to 90 100 180 100
Length of hospital-
fzation (days) - 45-60 60-90 90-120 14 2
Therapy None Hematologic  Blood transtusion, anti=- Maintenance Supportive
survefl- hiotics, rest of elec- treatment
lance trolyte
balance
Percentage of vice-
tims likely to dic Y 0 0-80 80-100 30-100 90-100
Average time of
death after exposure - -- - } weeks Lo 2 months —e= 1-2 weeks 2 days
SOURCE: Adapted from NATO Hamdbook {1973], Table 6-11.
E
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Taﬁle 2. Acute clinical effects of total-body irradiation.

(BT ) o

o i

[ IDosé ;'('r‘e-:s)
e : ' Therapeutic (10¢-1000) 8
' i Lethal (>1000) .
Clinical Therapy Thevapy Therapy Palliative ¢
5 - Subclinical. Surveillance, Effective, Promising, - . A
. ' ltem - (0-:00) Lon-200 200600 600-1000 ~ 1000-5000 >5000 'j
" Postezpoeure Response Fhases ' E
‘Initial: . V -
‘ , ‘Onsét postaxposure - 3~6 hr 0.5-6 hr 15-30 min 5-30 min Almost .
Duration - <l day 1-2 days <2 days £l day immediately®
} L Latent: , b o Lo
P . Onset postexposure - -~- 1 day 1-2 days . £2 days <1 day b Almost .1 S
a : Dutratioa - %2 weeks 1-4 weeks 5-10 days 0-7 days immediately 1
Final:
Onset postexposure - 10-14 days 1+4 weeks 5-10 days 0-10 days Almost a G
) . Duration N 4 veeks 13 weeks 1-4 weeks 2-10 Jays immediately” e
: o . - - - - - - -
HEEN Y
Vomiting None Infrequent 100% 1002 100X 100%
. (100 rems); (300 roms)
common (200 :
rems) R
Organ mosgt e e HemOP OO IC SYSLOM e Gastroin- Central Y
affected testinal nervous
] trast system
Characteristic Noae helow  Moderate Severe leukopenia, DMarrhea, Convulsions, k
effects 50 rems letkopenia purpura, hemorrhage, fever, tremor, ;
- infection, epilation disturbed ataxia, y
(>300 rems) electrolyte  lethargy
balance 3
Treatment and Course of Illneas
Ceitical period
(time after
exposure) -- - I-h weeks 1-6 weeks 2-14 days 1-48 hr
Therapy Reassurance  Redassurance; Blood tranx- Possible Maintoenance Sedat tves
hematologic fusion, bone marrow of electro-
) surveillance antibtoties transplant lyte balance
Prognosis Fxcel lent Excoellent Guarded Guarded Hopeless Hopeless
Convalescent None Several 1-12 months Long - -
period weoks
Percentage of vie-
tims likely to dl_e 0 0 0-90 90-100 100 100
Time of death
after exposure - -~ 2-12 woeeks I-6 wueks 2-14 days <1-2 days
Cause of death -—- - Hemorrhage, Hemorrhage, GCirculatory Resplratory

{nfect ton

infection collapse

tatlure, brain
cdema

SOURCE:

3nttial phase merges into final phase, death usvally occurring i{n a few

chronology may be interrupted by

a very shert latent phase.

Adapted from (lasstone and Dolan [1977], Table 12.108.

b:\t the higher doses within this range there may be no latent phase.

w25
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xftl - ‘hegins in week 5 or 6. The: course of the illness is a function of the

‘total dose received aﬁdtindividua1 sensitivity to radiation.

Robert W. Zellmer, "Human Ability to Perfor& after Acuce Sublethal' ', e :$ >
Radiation," Military Madﬂcune, Vol 126, Seprember 1961, pp. oo
681-687. : o

Judging from accidénti therapy, and Japénesé ddt@u the author pre- ‘ ]
dicts the performance c&pability of military persbnnel after total-bndy - jﬂﬁ
.irradiacion of <600 rads. o . ’ ‘

Hour 1. All personnel are 100 percent effective. Vomiting, the
only iimiting factor, shOuld not interfere with assign=d duties.

= _gx_;,- Vomiting subsides. Those ‘tho recpived donses of 500 to 600
' rads éxpérience ggnéral Qeakness. Combat efficiency shculd not be im-
paired more than 20 percent. ' \ A
.+ v Day 2, 'Hospitalizétibn!is'required for all personnel who received
‘éoses of Soo“ca 600 rads, S0 percent of those who received 400 rads,
o L ‘ and 25 pcrcent of those who received 300 rads. The efficiency of the
' A r:unhquitallzed 400~rad victims is lowerpd by 50 percent; of the 300-rad
victims, 25 percent. o
Day 3. Latent_phase beéiﬂs.
Days 14 to 21. Manifest 1llnesé beginSﬁ‘nLosé of. combat efficiency

. f is tptal among those who raceived doses of 2400 rads; 75 percent among
L. .those who received 300 rads; and 1C percent amongﬁthng who received
| " 200 rads. o

Expert Opinion

The studies included in this category contain both factual data
and judgments by specialists with considerable firsthand experience
in human radicbiology.

Ceorge E. Thoma, Jr., and Neil Wald, 'The Diagnosis and Management
of Accidental Radiation Injury,' Journal of Occupational Medicine,
Val. 1, August 1959, pp. 421-447.

Drawing on clinical records, the authors set forth the case his-
toties of five hypothetical victims of total-body irradiation. Each
history suggests the likely response of a nealthy person of the indi-

cated age when exposed to the indicated dose.
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:1~;‘ 1l.. A 27-year-old male exposed to 53 rads shows no clinical or
L I ' laboratory symptoms that can be attributed to radiation ex-

- posure (tepresentative of group I).

25 As46~year-old malé is exposed to. 330 rads. Two hours later

; " ' he becomes nauseated; the ndﬁsea persists and he vomits five

;3: R : ﬁtimos in the next 24 hr. He is weak and fatigued for 4.5 dayse.

”lpﬁf o fu‘“fAvfi over. the next several. weeks~ he develops infection and mani--

ﬂ-".; o : fests reduced platelet and leukocytL counts. Weakness and

| fatigue gradually diminish, and he returns to light work 5
months after the accident (group I1). ‘

© 3. A 37-year-old male is exposed to 718 rads. . Within 45 min he
becomes nauseated and retches and vomits violently; those
symptoms are accompanied by profuse sweating and extreme weak-
ness. Nausea and vomiting continue for the next 12 hr. From
days 4 through 13 he is free of gymptoms except for weakness,
low-grade fever, and excessive sweating. On day 14 his tem-
perature suddenly rises, indicating infection. By day 23 his
general condition has deterioféted badly and he is prostrate
and disoriented. Diarrhea accompanied by abdominal cramps
begins on day 25 and increases until day 28, when he suffers
a massive hemorrhage from the lower gastrointestinal tract.
Death follows on day 29 (group III).

4. A 3l-year-old male is exposed to 954 rads. Thirty minutes
later he becomes nauseated and begins retching and vomiting.
In the next 4 hr the nausea and vomiting, accompanied hy
abdominal cramps, increase in frequency and severity. By
16 hr after exposure, however. the victim is free of symptoms
except fatigue and a low-grade fever; he remains in this con-
dition for 5 days. On day 7, his temperature rises and nausea
and vomiting recur; platelet and leukocyte counts drop. The
symptoms intensify, and the victim dies on day 11 (group IV).

5. Within 8 min after being exposed to 7000 rads, a 37-year-old
male begins retching violently and is confused and unable to

walk. Vomiting and confusion persist, and prostration is

marked after 16 hr. After 21 hr, the victim dies (group V).
~27-
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Herbert B. Gerstner, "Practical Implications of the Initial Re-
action to Penetrating Ioniziir g Radiation," unpublished manuscript,

~

U.S. Air Force School of Aerospace Medicine, 1970.

Clinical experience with therapy patients receiving doses of up to
300 rems suggests that a sizable population exposed to radiation will
cluster in three general groups according to the victims' radiation
sensitivity: hypersensitive, normosensitive, and hyposensitive. More
will be said about this classification in Sec. 3.

§
i
i
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SECTION 3

ANALYSIS OF HUMAN RESPONSE

As we are unable to formulate a direct relationship between per-
formance impairment and level of radiation exposure from the human data
available, we examine responses to radiation and derive modeling coun-
cepts by analyzing the symptoms and courses of acute radiation sickness.

Using the information described in Sec. 2, we first classify a

| hypothetical exposed populavion into response groups, then develop
graphs to illustrate individual and population responses. The model-
ing concepts link radiation dose with (1) the onset and duration of
symptoms for individuals, (2) the severity of symptoms experienced by
an exposed population, and (3) individual and populatiocn responses,

For the sake of consistency, we express all radiation doses as
rads absorbed at the intarnal midpoint of the epigastric region (mid-
line dose). We converted free-in-air exposure levels tn absorbed doses
by multiplying gamma- and i—ray values by 0.66 [Lushbaugh et al., 1967],*

and neutron vaiues by 0.2.

*This conversion factor is based on a gamma-ray decay of 0.662 MeV
Cs-137. Strictly speaking, the conversion factor should vary with
photon energy and with the unit of radiation (roentgen or rad). The
uncertainties in the data used here, however, make those distinctions
insignificant.

This conversion factor accounts for transmission attenuation from
the body surface to the interior midline. The 0.2 value is consistent
with the theory of fast neutron removal in tissue, where a depth of
about 6 in. (15.2 cm) from the body surface to the internal midpoint
is assumed. Considering the components of soft tissue, we estimate
0.1 ¢m~1l for the macroscopic neutron removal cross section. Use of the
0.2 conversion factor assumes a relative biological effectiveness (RBE)
of unity for the acute human response to an absorbed neutron dose. The
true RBE value is uncertain, however, and some believe it may be less
than unity for considerations of performance impairment [George et al.,
1971; Young and Middleton, 1975]). We did not convert estimates of in-
ternal doses received by accident victims. We assumed that those esti-
mates took account of gamma-ray doses arising from neutron capture
(neutron, gamma) interactions in body tissues.
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RESPONSE GROUPS
The first classification of an affected population into response
groups accommodates the well-known variation in sensitivity exhibited
by persons exposed to ionizing radiation. As noted in Sec. 2, Gerstuner
[1970] divided the population into hypersensitives, normosensitives,
and hyposensitives. The hypersensttives (15 to 25 percent of the popu-
lation} will show initial symptoms of increasing severity after receiving
doses of about 100 rads. The 50 to 70 percent normosensitives will show
symptoms somewhere in severity between those of the other two groups at
abo.. 150 rads. The hyposensitives,. the remaining 15 to 25 percent,
will experience only mild discomfort, if any, at doses beginning around
200 rads.
The second classification, also suggested by Gerstner [1960],
groups memhers of the population by the severity of their symptoms:
unaffecteu, mildly affected, moderately affected, and severely affected.
The maffzeted group includes exposed persons who show no apparent
sympt. ri:. f radiation sickness or only signs detectable by clinical
tests, = "h as blood cell counts. When a population is exposed to small
doses of radiation, less than 100 rads, the unaffected group would be
in the majority. At doses greater than 100 rads, however, the unaffected
rapidly woul. become the minority, and the group might cease to exist at
doses of & 'w hundred rads. ]
The mildly affected are those who become indisposed but not par-
ticularly incapacitated, as if experiencing motion sickness. This group

may appear at doses under 100 rads but thins out rapidly at doses of

200 to 250 rads. Symptoms begin several hours after exposure, intensify
to maximum in several hours, and then ease up over the next 2 days.
Seldom do members of this group suffer impairment of physical and mental
faculties.

Moderately affected persons experience frequent and persistent
nausea and vomiting, along with marked weakness, starting 2 to 4 hr
after exposure. This group appears at doses of 100 to 150 rads. The
nausea and vomiting generally last 5 to 8 hr, during which time the
victims' physical and mental capabilities are significantly reduced.
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Though less severe, symptoms may linger for several days, having some
effect on physical and mental faculties. T — ..
Well within 2 hr after exposure, sewverely affected persons will
become severely nauseated and begin vomiting. They will be completely
incapacitated for 5 to 10 hr or longer depending on the dose. Symptoms

may persist for several days, enough to significantly impair physical
and mental faculties. This group may appear at doses of 200 rads and
will constitute the majority at doses of 800 to 900 rads. At 2000 to
3000 rads, everyone would be in this group.

We use the two classification schemes to link the responses of

individuals with the responses of portions of the population.

RESPONSE TIMES

For application to combat effectiveness, we are concerred with
symptoms of acute radiation sickness from the time of exposure to 6 to
8 weeks afterward, the period during which a victim would either re-
cover or die. Our analysis of the data divides the acute response phase
into times and periods, as found in the literature (e.g., Thoma and
Wald [1959]; Wald and Thoma [1961]):

Onset of initial symptoms (time after exposure).
Initial or prodromal period (duration).
Latent or asymptomatic period (duration).

Onset of manifest-illness symptoms (time after exposure).

Manifest-illness period culminating in recovery or death

(duration).

This subsection relates each of those periods or times to absorbed
dose for the hyper-, normo-, and hyposensitive response groups. Because
the data vary greatly in density and precision, it was inappropriate to
apply numerical techniques such as regression analy:is to plot the re-
lationships. Instead, we "eyeballed'" the data and used reasonable

expectations to estimate the extreme-limit values. Where the sources
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disagreed, we generally favored accident and therapy data over composite
data and expert opinion.

In the graphs that plot each time~dose relationship, precise data
points indicate a basis in relatively firm data; ranges (lines connect-
ing data points) indicate some uncertainty; and arrows indicate open-
ended values based on quite uncertain data. Symbols represent the four

main categories of data and their sources, as follows:

Category Data Sources
‘Accident (A) Fanger and Lushbaugh, 1967

Hubner and Fry (eds.), 1980

Karas and Stanbury, 1965

International Atomic Energy Agency and
World Health Organization, 1961

Lushbaugh, 1969

Thoma and Wald, 1959

Wald and Thoma, 1961

Laumets, 1965

Therapy (+) Brown, 1953
Miller et al., 1958
Rider and Hasselback, 1968
Saenger et al., 1971
Withers, 1981 (Appendix B of this report)

Composite (o) Laumets, 1965
Glasstone and Dolan, 1977
NATC Handbook, 1973
Zellmer, 1961
Gerstner, 1958, 1960, 1970

Expert Opinion (X) Fanger ard Lushbaugh, 1967
Thoma and Wald, 1959
Wald and Thoma, 1961
Saenger (ed.), 1963
Gerstner, 1958, 1960, 1970

The lack of statistical data on both the distribution of response
times for a given radiation dose and the distribution of doses for a
given response time makes it impossible to determine precisely what
portion of the population the graphed curves represent. A single value
from an independent source confirms one of our curves pertaining to the

onset time of initial symptoms (described below). Lacking the data to
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make similar comparisons for the other time-response curves, we assume

that they are reasonable representations.

Onset of Initial Symptoms

Figure 3 depicts the relation betﬁeen the time initial symptoms |
begin and the absorbed dose. For convenience the data are plotted
logarithmically, although the actual dosages, based on accident data,
range from 125 to 8800 rads. The dashed line for normosensitives at
the lowes: doses indicates the conditions under which initial symptoms
may never be felt., Otherwise, onset time clearly shortens as the dose
increases.

The exant trend at the high end of the dose range is uncertain
because of the lack of empirical data. However, Karas and Stanbury's
account [1965]) of an illness after a dose of 8800 rads is consistent
with the high-dose trend in Fig. 3. According to Langham et al. [1965],
all persons exposed to several thousand rads can be expected to show
the entire range cf prodromal symptoms within 5 to 15 min, which is
also consistent with the curves in Fig. 3, though actual data at those
high ranges are sparse. The curves in the several-hundred-rad range
are falily well supported by the data.

For comparison, Fig. 3 shows the curves obtained by Laumets [1965],
who fitted data to a form given by the sum of two exponential terms.
Laumets' curve agrees reasonably well with ours at doses of several
hundred rads, although we cannot directly compare our three curves with
Laumets' single curve, presumably a composite representing the entire
population.

To estimate the portion of the population represented by our
curves, we can use data on the temporal distribution of the onset of
vomiting in 100 male victims [Lushbaugh, 1969]. The mean onset time
was 144 * 66 min after exposure for single doses above 300 rads. We
see in Fig. 3 that the normosensitive curve at the 300 rad dose is
close to 144 min (2.4 hr), and a standard deviation of *66 min corre-
sponds to values of 1.3 to 3.5 hr, which are well bounded by the hyper-

and hyposensitive curves. Assuming an approximately normal distribution,
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about 92 percent (i.e., 1.73 g) of those exposed would fall within the
normosensirive range (i.e., between the hyper- and hyposensitive curves).
For each response group, initial onset time IOT (hours) as a func-

tion of dose D (rads) can be obtained as follows:

10T == 250/D hr, D = 100 rads
hyper

IOTnormo = 640/D hr, D = 150 rads

10T = 1600/D hr, D 2 200 rads
hypo

The dosage figures on the right are the threshold dosages at which
each group is thought to start showing symptoms [Gerstner, 1970].

Initial Period

Figure 4 depicts how the duration of the initial or prodromal
period varies with the radiation dose. As suggested by the distribution
of data points, it was necessary to make additional assumptions to de-
velop the curves.

We consider anomalous the data indicating initial periods of 4 to
5 hr at doses of 550 and 1200 rads, so we excluded them in plotting the
hyposensitive curve. All other accounts of responses to doses of 550
rads and above report the initial reriod in terms of days, not hours.

At those doses, 4 to 5 hr would be more reasonable as the time after
onset when initial symptoms peak in severity. Perhaps the data were
misinterpreted at some point before the studies were published.

Judging from the curves, the length of the initial period does not
vary significantly (more than a decade) with dose. Beyond a few hundred
rads, it hardly varies at all, probably because at those lethal doses
the initial period is also the final period for many victims. A dose
of 325 rads is a reasonable LD50/60 value for healthy young males who
do not receive medical attention [Lushbaugh, 1969].

The dashed curves for hyposensitives and normosensitives suggest

that an initial period may be absent for those groups at the lowest

doses.

-35-

TR A TR GG CRERIR L4 AL LR Rty 4’*
NN AN AR ARG L DL A VRS S
OGRS R o 55 W AN TNt

o,
V




| l | A B B { P T TT
Hypersensitives
100~ AA A X -
= AA ' .
L Normosensitives —
= ul J‘} —h
- + A R -
X )\
E — Y/ Hyposensitives Y X
§ | / .
3
8 40
— // ]
__ A -
— IPD = -
_ // i i 1+8/D2 -
— 7
- A Accident -
A Accident fatality
+ Therapy
— O Composite 7
X Expert opinion
1 1 ] A1t | L1 11111
70 100 1000 10,000
Dose (rads)
|
Figure 4, Initial period.
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For each response group, the duration of the initial period IPD

(hours) as a function of dose D (rads) is obtained as follows:

130

1+ 16,400

D2

IPDhyper hr, D = 100 rads |

: 58
IPD B ——— hr D = 150 rads
normo . | 25,300 " °

p? :

20

B e hTr
38,400 ’
1 +-——4§——

D N

IPD D = 200 rads
hypo

Onset of Manifest Illness

Figure 5 depicts the relation between absorbed dose and the number
of days after exposure that radiation sickness symptoms recur after a
period of apparent remission. Although we did not specifically link
the hemopoietic or gastrointestinal syndromes of radiation sickness
with the earlier prodromal symptoms, it is clear that they are closely
related.

At the lowest doses, hyposensitives and normosensitives may not
experience a period of manifest illness, as indicated by the dashed
curves. Otherwise, for all groups, onset time decreases as the dose
increases. As expected from the rapid deaths and frequent absence of
a latent period among victims exposed to large doses, there are fewer
data points seen toward the right of the figure. The marked downtrend

at the larger doses is mainly supported by the less-firm composite data
2

and expert opinion; we have chosen to express it as a relationship = D
For each response group, the onset time of manifest illness MOT

(days) as a function of dose D (rads) can be obtained as follows:

6
2.64 x 10
MOThyper = 5 3 days, D 2 1u0 rads

2 x 107 +D
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~ Manifest-Illness Period for Victims Who Recover

Figure 6 depicts the relation between absorbed dose and the dura-

. tion of the manifest illness pertod for victims who recover from acute
" radiation sickness. By "recover" we wean have a clear prognosis of

‘recovery from short-term“effects, although some symptoms such as hemo-

poietic insufficiency or lassitude may persistefor weeks or months.

- Long-term effects of radiation exposure are beyond the scope of this’

report. ‘ _

The data of interest are mainly those for sublethal doses of less
thanr a few hundred rads. For those cases, the duration of the manifest—
illness period varies no more than a decade. The straight lines indi-
cating the period's increase with dose for each response group are based
on the trend of the data points andathe reduirement that the- period
vanish atVO rads. However, the lines are ﬁruncated to begin at the
threshold dose assumed for each rcszonse group.

Using the data points representing fatalities at the high doses,
we constructed a dashed curve to suggest a rough boundzry between re-

covery and death (the LD line).

50/60
For each responsz group, the duration of the manifest-illness
period ending in recovery MDR (days) as a function of dose D (rads) can

be obtained as follows:

MDR =~ 0.14D days, D = 100 rads
hyper
MDRnormo = 0.067D days, D = 150 rads
MDR «= 0.02D days, D = 200 rads
hypo
-39~
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leanifest-Illness Period for All Victims

Figute 7 depic*s the relarion between absorbed dose and the dura-

JQ;Gion of the manirest illness period. The-curves for victims who re-~
fcoVer raproduce the dashed portions of Fig 6 extending beyond the

50/60 line.. At doqes above a few hundred rads, the manifest-illness

5;;pnriod clearly degteaSes with dose The straight 45 deg lines through
N”ftbe logarichmic plots indicate Lhat trend.v Those lines fit the data
'Vfaip;y!wexl,Afurther precision is impossible.

(‘Weyeséume that a hyposensitive victim would, if subjected to a

. lethal dose, experience a manifest-illness period longer than the median

ﬂbefore duathu Similarly, a hypersensitive person would die sooner than

the median time after receiving a lethal dose. The normosensitive curve

=corresponds to' the median.

" The substancial overldap in the two sets of curves reflects the un-

certainty of the data regarding the boundary between recovery and death

as releted to dose.

For each response group, the duration of the manifest-illness
period endiﬁg in death MDD (days) as a fuaction of dose D (rads) can be

obtained as follows:

MDDhyper == 6,650/D days. D = 100 rads

MLD. = 12,000/D days, D = 150 rads
normo

MDDhypo = 20,000/ days, D = 200 rads

Entire Response
Using the information in Figs. 3 through 7, we plotted the rela-

tionship of all temporal aspects »f the acute radiation response to

" absorbed dose. Figure 8 shows the normosensitive curve and identi.fies

each time or period depicted along its length, as follows:
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Figure 7. Manifest-illness period for all victims.
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t, = onset time of initial symptoms (IOT)
T, = initial period (IPD)
T_. = latent period (MOT - IOT)
t, = onset time of manifest illness (MOT)
T = manifest-illness period ending in recovery (MDR)

T = manifest-illness period ending in death (MDD)

As Fig. 8 shows, the initial period lasting 3 to 48 hr after ex-

posure is followed by a period of remission (TR) that increases as the

10,000
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Figure 8. Entire acute radiation response: relation of time
and dose for normosensitives.
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dose becomes smaller, for doses under 1700 rads. The remission period
is formed by the boundaries and intersection of the ti and t, curves i

for t2

rectly from data. The sharp corners in the plot are simply a conse-

> ti, so its duration is determined indirectly rather than di-

quence of combining the individual time relationships; such abrupt
discontinuities would not be expected in a thorough statistical analysis.

Figure 9 shows the curves for all three response groups for compar-
ison. There are substantial differences in all times and periods, al-
though the log-log plot somewhat obscures the differences in the times

of death and recovery.
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Figure 9. Entire acute radiation response: relation of time
and dose for all response groups.
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Severity of symptoms

RESPONSE SEVERITY VERSUS TIME

For tactical plam.ing, we need to estimate how long after a nuclear
attack how many military personnel will be able to perform which battle-
field tasks. It is thus important to link the information presented
above on the temporal occurrence of radiation sickness symptoms with
the distribution of their severity. The literature provides no specific
evidence for a time-severity response profile. It does, however, offer
general guidance for developing such a profile for the 'typical person"
[Gerstner, 1958, 1960], which is depicted in Fig. 10.

The existence of separate prodromal and manifest-illness periods
is well supported for doses of more than 100 to several thousand rads
[Brown, 1953; Miller et al., 1953; Thoma and Wald, 1959; Wald and Thoma,

[] t 1 ) 1 I 1 T R t 1 ] t i R 1 |}
f (o) = Kt%eot

- Prodromal period >|< Manifest-iliness period >

Peak: 5-8 hr

Onset: 1-2 hr Days

Time after exposure

Figure 10. “Typical" (normosensitive) time-severity response
profile (dose, ~ICO to 400 rads).
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1961; and Lushbaugh, 1967, 1969].* At lower doses of ~100 to 400 rads,
represented in Fig. 10, prodromal symptoms begin ~1 to 2 hr after ex-
posure, peak 5 to 8 hr postexposure, and subside about 2 to 3 days
postexposure.

For low doses (~100 to 135 rads), Miller et al. [1958] place the
manifest-illness period at 3 to 4 weeks postexposure, when hemopoietic
depression characterized by bleeding, infection, and pancytopenia be-
comes clinically significant. Based on reactions to therapeutic doses
of 300 rads after about 15 min, Rider and Hasselback [1968] estimate
the time of maximum hemopoietic .depression at 25 to 30 days postexpo-
sure. Gerstner's time-severigy ﬁrofiles [1958] resemble those in Fig.
10 in suggesting that symptdm; are more severe in the manifest~illness
period than in the prodromgi period. It is not clear, however, whether
Gerstner is comparing a siﬁgle symptom or the overall illness reflected
by a number of symptoms in the two periods.

The profile in Fig. 10 can be conveniently expressed by the
relationship

£(t; a) = Kkt& &%,

where K is a peak normalizing constant and o is the shape parameter.

K adjusts the response amplitude, i.e., percentage of exposed popula-
tion, and o determines the peak position. Insofar as the peak can

shift with dose, a can be shown as a function of dose. Figure 11 illus-
trates the peak shift. Assuming that initial symptoms subside to 1/10
of thelr peak value (by an assumed measure) 48 hr after exposure, we
estimate a time tl/lO of 48 hr for the abatement of symptoms. Figure
11 determines o for the prodromal period depicted in Fig. 10 by select-

ing the appropriate ratio of t to tmax’ the time initial symptoms

1/10

*However, as noted earlier, the prodromal period may blend into
the manifest-illness period for victims exposed to doses greater than
1000 rads. Prodromal symptoms may begin as early as 5 to 15 min post-
exposure [Lushbaugh, 1969; Langham (ed.), 1967], peak in intensity
after about 30 min, and persist for several days, gradually merging
with a fatal vascular or gastrointestinal syndrome.
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Figure 11. Shape parameter for peaking and abatement of symptoms.

peak. For illustration, three different tmax values are assumed (re-
flecting three doses): 4, 6, and 8 hr. A time-intensity response pro-
file can be similarly developed for the manifest-illness period.

Figure 12 adds the dimension of symptom severity to the dose and
time relationships plotted earlier. The shaded areas indicate the
onset, peak, and abatement of symptoms in the prodromal and manifest-
{llness periods. The wide shaded arca at the highest doses depicts
the profile for victims whose prodromal period merges into a fatal
manifest-illness period.

To summarize the results of this section so far, Fig. 13 shows a
contour plot of the normosensitive response to radiation relating dose,

time, and symptom severity. Here symptom severity refers to the
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combination of symptoms reflecting radiation sickness, not a single
symptom. Analogous contours could be developed for particular symptoms
or syndromes such as nausea, vomiting, fatigue, diarrhea, and hemopoietic
depression, as described by Brucer (comp.) [1959]. The ultimate goal,

of course, is to develop a set of contours to project performance impair-

ment for a given radiation dose.

POPULATION RESPONSE

We now consider the prodromal response in a large population ex-
posed to varying doses of ionizing radiation. Figure 14 plots, by dose,
rough percentages of the population whc might (1) experience naucea and
vomiting and (2) fall in each response group classified by severity of
symptoms. For a given dose, the couiponent response groups add up to
the total population (100 percent). The curves are only suggestive;
the lack of data, especially for doses above a few hundred rads, makes
anything approaching statistical significance impossible.*

Based on a study of 100 cases (93 therapy patients and 7 accident
victims), Lushbaugh et al. [1967] relate clinical responses to TBI doses
in a probit analysis of effective doses needed to produce gastrointes-
tinal and other systemic responses. They develop probit relationships
for anorexia, nausea, vomiting, fatigue, diarrhea, and death--two sets
each, assuming normal and log-normal distributions of the data. We
used the relationships for nausea and vomiting assuming a normal

distribution:

Nausea: p(D) = 0.008D + 3.837 ,

Vomiting: p(D) = 0.008D + 3.588 ,

where D is the dose in rads and the numbers represent probit units.

Obtaining cumulative distributions with the logistic formula

*

The contents of Fig. 14 and our discussion rely heavily on Gerstner
[1958, 1960, 1970], Lushbaugh et al. [1967], Lushbaugh [1969], Langham
et al. [1965]), and Langham (ed.) [1967].
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1
1+ exp {- [p(D) - 5]} °

p(D) =

we plotted the curves for nausea and vomiting in Fig. 14. The p(D)
function is of a sigmoid form and nearly indistinguishable from a cum-
ulative normal distribution [Kruskal and Tanure (eds.), 1978}. For a
dose 6f 100 rads, the cumulative values for nausea and vomiting are
Ai and 35 percent, respective’y; the corresponding values assuming a
log-normal distribution--49 and 42 percent for nausea and vomiting,
respectively--do not differ greatly, considering the imprecision of
the data.
Gerstner [1960] estimates that about 50 percent of the exposed

pépulation would be affected by a midline absorbed dose of ~100 rads.
-Since he is judging from the experience of therapy patients, who were
alréady ill, we think that estimate is slightly high for the general
‘population._ We estimate that 40 percent of the population would bg
‘:affecfed at iOO radsl At that dose Fig. 14 classifies all responses

és mild, so the remaining.GO percent of the population would be un-
':fhffeéfed;'lThe.peaking.ofvthe mild response'curve_at about 100 rads

cannot be specifically verified. However, Gerstner asserts that close

© - to.the threshnold dose of 70 rads .the initial reaction, if any, takes

-thé'milé farm of brief spells of fatigue, énoréxia, and ruusea. Glas-
_stone and Doldn [1977] also doubt that clear-cut pfodfomal reactions
would show up in a population exposed to less than around 70 rads.

In the dose rate of 130 to 200 rads, Gerstner {1960] uses thérapy
data to estimate the following response pattern: 'unaffecfed, 20 per-
cent; mildly affected, 20 percent; moderately affected, 30 percent; and
severely affected, 10 percent [Miller et al., 1958; Levin et al., 1959].
Figure 14 feflects that distribution pattern at a dose of 200 rads.
Gerstnar further asserts, drawing on Brucer (comp.) [1959] and Thomas

et al. [1959], that the response pattern persists at higher doses,

* .
This and similar dose figures are not precise but are the midline-
dose equivalents of round-number free-in-air doses.
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perhaps up to 540 rads: each person displays the severity of reaction
peculiar to his response group. ;
Later, however, Gerstner [1970] proposes a different response
pattern in which hyposensitives (~20 percent of the exposed population)
experience the severest symptoms after doses of about 350 rads; normo-
sensitives (60 percent of the population) experience the severest symp-
" toms after about 340 rads; and hypersensitives (20 percent) exﬁerience N Q
full severity after about 300 rads. Gerstner's suggestion of an appér-
ént plateau in response severity above doses of 300 to 350 rads is not
. specifically supported by the rest of the literature we examined. On
the contrary, the popular view is that severity increases with dose
until a point of total incapacitation at doses of several hundred to
a few thousand rads {[Shelberg and Ulberg, 1967; Glasstone and Dolan,
1977; NCRP, 1974]. 1In the dose range of 1000 to 10,000 rads, it is
difficult to infer any precise trend regarding symptom severity from
the data, primarily accident data [Hemplemann et al., 1952; Thoma and
Wald, 1959; Karas and Stanbury, 1965 Fanger and’ Lushbaugh, 1967
Lushbaugh, l969, Hubner anq Fry ‘(eds.), l980]. The recent study by

Cairnig and Robitaille [1989] points out the same difficulty.

Afthough Gerstner himself did not make the_connéction [1970°, the
fresponse pattern in Fig. 14Vis c&néistent with Gerstner's percéntages\
for hypo-, hyper—, and normosensitives above if we assume that at doses
of 300 to' 350 rads, hyposensitives include ‘both the unaffected and
mildly affected, the normosensitives include the moderately affected,
\and:the hypersensitives include the severely affected.

Figure 14 shows that the perceﬁtages of anaffected, mildiy affected,

'\:and moderately affected droﬁ'above a certain dose, while the percentage
of severely cffected risés cnrrespondingly. Over the 100 to 350 rad
range, the percentage of the moderately affected rises. The pattern thus
presumes that individuals in an exposed pepulation shift to increasingly

savere response categories witli dose, as illustrated below:

;ehf;mm-. AR, SIS J.n?l)\i‘r..}“.-:mnﬂ.ﬂm"\i




Again, no precise empirical evidence exists to verify the sequence -

fg_reasonable that above a certain dose (here assumed to be 3000 rads)

'(hypo-, nypet-, normosensicive)

resembles plots for nausea and v0niting in Lushbaugh et al. {196/]

:{TNDIVIDUAL-POPULATION RESPONSE MOD”L

for hyper-, normo-, and hyposensitives with the population responses

- empirical data. The dimensions of dose and symptom severity are re-
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above, let alone the sequence related to dose. Howevef, it'seems -

essentially all persons in an exposed population will be severely

affected by radiation, regardless of ‘their seqsitivicy claesification : ‘-

Do e kb

'The response distribution at the highest doses in Flg. 14 seems
ro be borne out by specific accident accounts A‘victim exposed to
1200 rads [hubner and - Fry, 1980 91- 104] showed more than a mild re— A
sponse [Hemplemann et al., 1952], as did two otherﬂ who received doses
nf - 4500 rads - [Fanger and Lushhaugh, 1967] and 8800 rads [Karaq and
Stanbury, 1965] Assigning a specific sensiLivitj clas¢if1cation to
any of those victims is of course impossible. : , ' ‘

The combined plot for severely and moderate,y effecced in Fig 14

Thus we surmiee that the mildly affecred would prabably expe*ience

)|
' nausea but no& severe vomiting. - . .. . ' i
1

Here we attempt to link the individue; responses described above

described for the unaffacted through severely affected groups. A i

beuxistic approach is necessary to compensate for deficiencies in the

lated only for the initial period as a whole; the variable time dimen-

sion ls omitted hecause of ingufficient data.
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. Eerlier in this section we postulated the dosages at which each
gensitivity group begiﬁs to respond to radiation: hypersensitives,
100 rads (dose Dl); normocensitives, 150 rads (Dz); and hyposensitives,
200 rads (D3). Figure 15 extends the responses presented earlier for
individuals in those groups, expressing sach group's response in terms
of the percentage'of incapacitation as a fuhction of dose above the

- threshold. Each curve depicts a cumulative increase, reaching total
incapacitation at doses DJ, bé. and D! for hyper-, normo-, and hypo-

, 1 3
sensitives, respectively. The exa:zt form of the cumulative function is

“unknown; variations in response for each sensitivity group might be

nornally or log-normally'distributed‘with respect to dose. Moreover,

100

Severely affected

Moderately affected

M:ldly affected

Unaffected
T 1,
D2 D3

D,
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individuals in any group might well respond differently from the group
norm. The curves slope more gently as sensitivity decreases, suggesting
greater respouse variance with dose. That pattern is consistent with
nonradiation types of insults [Lushbaugh, 1981].

We have divided the vertical scale representing degree of inca-
pacitation into four regions corresponding to the population response
groups: unaffected, and mildly, moderately, and severely affected.

The somewhat arbitrary regional division is based on the following

assumptions:

Population Degree of
Response Group Incapacitation (%)
Unaffected 0-10
Mildly affected 10-30
Moderately affected 30-60
Severely affected 60-100

Further investigation of incapacitation--perhaps applying a modified
version of the Karnofsky scale*—-should enable better estimates of
physical and mental impairment.

Figure 16 uses the assumptions in Fig. 15 to relate individual
sensitivity with population group response as a function of dose. The
plots 1llustrate our basic presumptions: that the dose required to
produce the severest symptoms and maximum incapacitation increases with
decreasing individual sensitivity, and that an exposed population be-
comes increasingly incapacitated the higher the dose. The curves are
not intended to express a'quantitative assessment but to depict our

modeling concept linking individual and population responses.

*
A scale in increments of 10 percentage points for gauging the
"performance status' of persons with illnesses such as cancer.

+Appendix C presenttc basic algebraic relationships underlying
Figs. 15 and 16 that need to be established in order to develop the
model in greater detail.

-56-~

¥ e W E-w I




100

Population affected (%)

Mildly affected Moderately affected

Severely affected

D1 Dy D3 D Dj

Figure 16, Population response in initial period.

-57~

AN AR A

S — W T BLVA W B WD TRAL TR WL Wl WASUNE. LR




WAL Y e WIE. VIS, S Wi TS W

Y . —-

SECTION 4

CONCLUSIONS AND RECOMMENDATIONS

n The limited data permit the following general conzlusions:

1. Fairly specific radiation sickness symptcms can be related to

absorbed dose and time after exposure for healthy adults.

e i+ e o ot

2. It is reasonable to divide an exposed population into the
following response groups, based on their sensitivity to
radiation: hyposensitives, normosensitives, and hyper-
sensitives.

3. It is reasonable to divide an exposed population into the
following groups, based on the severity of their symptoms:
unaffected, mildly affected, moderately affected, and

severely affected.

We derive a hypothetical model that portrays radiation response
along the dimensions of dose, time, and severity of symptoms. The model
takes account of individual sensitivity to radiation and illustrates the
onset and duration of both initial (prodromal) and manifest-illness
periods for any given dose. We also suggest a model that links indi-
vidual and population responses in the initial period as a function of
dose.

To develop the models further, we need a much better understanding

of the relation between radiatior exposure and subsequent illness as a

function of time. We need more data from noninvasive clinical studies

on how therapeutic radiation affects patients' minds and bodies. Any
new accident data should be carefully studied. It may be possible to
make better use of data on irradiated animals, and to clarify the rela-
tion of animal behavior after irradiation to human behavior under
similar conditions. It has been suggested that other animals respond

more like humaus in the initial postexposure period than the Rhesus

~58~
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monkeys frequently used in experiments. Reexamination of the Japanese
data on atomic bomb survivors may be worthwhile; the questionnaires
they completed contain much detail.

Once the connection between radiation exposure and sickness 1is suf-
ficiently well understood, it should be possible to make more definitive
statements about how human performance will be affected by radiation.

The role of such factors as psychological state, age, and training should
also be considered. A study of specific military tasks and analysis of
the human effort required would help correlate radiation sickness with
combat performance.

Even when performance impairment is correlated with radiation expo-
sure for tndividuals, however, questions will remain about the effective-
ness of units in accomplishing their combat missions. For investigating
how individual performance impairment influences unit effectiveness,
several computerized models of military unit performance could be adapted
to simulate the incapacitation effects of nuclear radiation. We recom-
mend that such parametric studies be done, with the object of assessing
the combat effectiveness of military units that have been at least par-
tially exposed to doses greater than 100 rads. Models of small units
(tank crews, artillery batteries, and the like) are needed for evaluating
the speed, accuracy, and endurance with which crew members perform their
assigned tasks. 7Then, links tan be made to the activities of larger

units such as battalions, divisions, and regiments.
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REVIEW OF JAPANESE ATOM BOMB DATA
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heless, datazon exposure 1eve1s and symptoms constitute a potentially

oo

;%[f’ia';ﬁf" _; valuable sburce to. be taoped in developing our response model. - fﬁﬂ;gLTa§7L?
g ‘ S e are primarlly interested in correlating the doses ‘that victims .

'“reciived with the nature and temporal occurrence of their prodromal ¢;i:;lp D jQFi

symptoms. On the face of it, the Japanese data ‘appear- of little use

- <
1g‘h.":ﬁ,;’f‘_ ‘to that purpose._ In both Japanese cities, radiation levels attenuated
'3ﬁ~ j”fkl: greatly with distance.; In each annulus of area from the blast center,

- symptomat1c responses werc not differentiated but doses dlffered markedly.

|
big : :
mh . - L{ Thus the data would not permlt correlations of symptoms with dose as

precise as''those: petmitted by the therapy and-accident data.

The temporal correlations possible are similarly imprecise. Data
AU v were. collected from v1ctims ‘no sooner than 20 days after the bombings.
SR By that time, survivors recollected the occurrence of their symptoms in:

terms of days, not hours and minutés, as with the therapy and accident

kk;ﬂ_a data\ For this study we needed response information in terms ot houts
' o :l_ ' for the firsr three d<ys ‘postexposure. (At least the Japanese data were
v };L‘ .‘ '} not inconsistent with therapy and accident data: Oughterson ct al.
[1955] reported that in ‘both vities atout 70 percent of the exposed
. population vomited-on:the_day of the bomb, and 11.5 percent vomited
="3_:.L within the next 4 days.) _
t. [RE ';Wn,'. Despite those obvious limitations, we examined the Japanzse data

\ i

v _— . to see if they could mako aay contribution to our response model. This

appendix describes how we evaluated the data and why we ultimately ex-
¢ ¢luded them. . ‘ ‘

LEVELS OF_ RADIATION EXPOSURE
rigures Al and A2 nlot ‘the doses to which victims were exposed

at 1ncreasing distancea fton the blast center in Hiroshima and Nagasaki,
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o J; freBﬁéétiVelv. Each area s’ divided into rings boauded ty concentric

' circles extes ding to aoOut 3 km from the denter. The graphs were drawn

fﬂaftom rev1sions of the orig tndl dnee. estimates. IuOéW° and. Mendels sohn, -
1980 Mende;oohn 1981] The revised estinates begin at 600 m from

ground zero we extrapolated lesser values to the origin.

L termine the avarage dose per ring. The following pages- descr{be how we’
uffused the ¢ata in- Figs. A.l and A.2 to calculate those averagcs (the
-factual results are presented later in the appendix).

S Avm;r~lép‘j,-. . '
'Avgtaéejﬁoee“tet Ring--Hiroshima
 ¥ For radial distances 0<sr< 1 km, either the neutron or gamma dose
;relatiouship D(r) can‘be approximated by the form )

:\'_. B (\

D(r) = —A

, , ' vads , (A.1)
B+ ekr . A o
 ‘,@yhegé;the constant velues are es'follows:
A ' .. 40,984 rads . - 19,100 rads
o B . 3857 Coz.ssL
L K 6.78 kL 3.9% kn ™t

The average neutron or gamma dose for a radial distance 0 € r <

'kﬁr "i.e., ring 1, is- giveu by

R} o le) |
1 A dr A _ B +e
| P " W IR f profr B RGR -RyT (4.2)
(N (
|
i : )
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‘ B aad{gamma doécﬂ far ri1g 1 where Rb « 0 ‘and R = 1 km aﬁd added them':

to,obtaih the average total dose- (D)1

')

<b)1  garma (D)l neutron’ . - et
< 3 km,_the total ({.e., neutron and f - o

gamma combineﬁ) ddé~ qﬁlationship D(r) may be. apprqximated by che rorm ;j
. nwitl S v - . o

' v Y

- . ¢ . :
© D(r I ‘ ‘ .
.ﬂi‘* A

i IIHER RS , ‘ .
R o 'z AT o vy .
[ . A . o RE '
Average total doses fo ‘'t 2 1°kmy i.e., rings 2 through 5, are
D o I‘ ! , i3 N ’ T '

{‘given by

K i 1+ .
, Ri . ]
R ’ ’ : ' R . I&
oy = C Rl) [exp (— R ) ~ exp (- aRi+l) Q:raﬁsl, ‘~(A;§):T‘ g
T - f ) M o . .. V': R ‘ B i ;

' . : ’

- 'x'i;; T whetél i -’ ring indew,.r'x o “f"ii'.""‘ o - - -ﬁ

,1141 ‘ stanceslfrOm bldst centgr.’ 

«

; ;Avetage Doga per Ring~-Nagasaki : .
S L,"Qf . . ¥or .radial distances 0 < r=1 km,»rhe combined reutron and gamma
Ay ;fv" ',.1“_.dca: :sn;tionship D(r) nay be ﬂppraximated by the form

D(r o rads ,

B+ e

where the constant values are A = 41,893 rads, B = 0.862, and k =

4,107 km 1¢
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P T Us;ﬁéiEQQ~{§,2: with those constants, R, = 0, and R, = 1 km, we

. 1l
obtditied the total average dose for ring 1.

L..; Io:“tadial diétances r 2 1 km, the total (combined neutron and

gamma) dose relationship is given by

. D(r) = Ai exp (- u*r) rads ,

o ﬁuwhéréifﬁé‘féllowing'values obtain:

, E -1
" Ring, i Distance (km) Ay(Tads) o, (km ™)

2 1.52r=1 38,819 4.045
3 2 =2r=21.5 23,892 3.721 ‘
B 4 2.52r =22 8,750 3.219
?f 5 3 =2r22.5 4,377 2.942 ;
6 3.52r =23 4,377 2.942

- Average’ total doses for rings 2 through 6 are given by

Ay
141

Ply4i = a (R - Ri—)[exP (- agRy) - exp (- °‘1R1+1)] ' !

- where ' i = ring index,

Ri’Ri+l = distances from blast center

~ PRODROMAL SYMPTOMS
We used the per-ring average doses to classify by distance the
incidence of nausea and vomiting as representative symptoms of prodromal
radiation sickness. Table A.l presents the results. The symptomatic
data pertain to day 1 but were gathered by American physicians from
survivors 20 days after the bombings [Oughterson et al., 1955]. The

number of cases in each ring ensures that the responding percentages

are reasonably precise. The pattern of vomiting here appears consistent
with that observed among therapy patients and accident victims,

Figure A.3 displays the incidence of symptoms by dose, plotting
the data in Table A.l1 and adding data from therapy patients and accident
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Table A.1l. Nausea and vomiting among survivors of Hiroshima

and Nagasaki bombings. ;
. Vomiting Nausea
Percent Percent ;
Distance from Average Total of of ‘
Blast Center Dose Popu- Number Popu- Number Popu- i
Ring (km) (rads) lation Affected 1lation Affected lation ‘ }
%;-: ' Hiroshima
1 0-1 4945 749 264 35.2 269 35.9
2 1.1-1.5 175 1125 290 25.8 321 28.5
3 1.6-2.0 25 1824 178 9.8 214 11.7
4 2.1-2.5 3.5 1450 106 7.3 148 10.8
| 5 2.6-3.0 47 700 40 5.7 53 7.6
' Nagasaki
1 0-1 7190 789 213 27.0 223 28.5
: 2 1.1-1.5 292 1882 508 27.0 537 28.5
L 3 1.6-2.0 41 1034 163 15.8 164 15.9
I 4 2.1-2.5 7 672 62 9.2 73 10.9
5 2.6-3.0 1.5 644 44 6.8 54 8.4
6 3.1-4.0 .21 1141 55 4.8 58 5.1

victims for comparison [Langham (ed.), 1967]. The Langham data derive
from probit analyses, assuming either a normal or log-normal distribu-
tion.* At the low-dose end, Langham found a much better fit when a log-
pormal distribution was assumed; at the high-dose end the fit was better
assuming a normal distribution. In Fig. A.3, accordingly, the Langham
data are represented by two curves. The curve between 10 and 100 rads
is based on a log-normal distribution, and the curve beginning at
40 rads is based on a normal distribution. The values at 70 rads in
both curves are essentially equivalent.

The incidence of nausea and vomiting as a function ¢f average dose
was quite similar in the two Japanese cities. This suggests :.at despite
the likely differences in radiation characteristics, relative biological

effectiveness (RBE) in the two sites was similar for prodromal symptoms.

*
Lushbaugh et al. [1967] obtained similar data from probit analyses.
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Figure A.3. Nausea and vomiting in atom b'omb survivors (Hiroshima, Nagasaki)
versus therapy patients and accident victims (Langham).

But the Japanese data differ markedly from the Langham data. At higher
doses (more than 100 rads), the therapy and accidert data suggest a
more severe response than do the Japanese data; at lower doses the
therapy and accident data suggest a lighter response. Since our in-
vestigation focuses on doses over 100 rads, how might we account for
the differences in the two data sources at the higher doses?

One could hypothesize that the Japanese response appears lighter
because most victims in rings 1 and 2 (blast center to 1.5 km) were
exposed to the lowest doses recorded for the ring. Such an occurrence
would lower the averages on which Fig. A.3 is based. However, Fig. A.l
suggests that for Hiroshima the lowest dose in ring 1 was ~400 rads,
and that in ring 2 was ~50 rads. In Nagasaki, Fig. A.2, the correspond-
ing lower limius were ~650 rads (ring 1) and ~90 rads (ring 2). Those
doses are high enough to expect the Japanese responses to be much

closer to those shown in the therapy and accident data.
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Another possible explanation might be that many Japanese victims
were shielded from the full effects of the free-in-air doses shown in
Figs. A.1l and A.2. However, Oughterson et al. [1955] report that only
21 out of 1874 persons in Hiroshima, rings 1 and 2, were in bomb shelters
or tunnels (in Nagasaki, 145 out of 2671). The rest in both cities were
either outdoors or in Japanese types of structure, which afford rela-
tively poor radiation shielding [Auxier, 1977].

It might also be postulated that those who gathered the Japanese
data were dealing with a biased sample. Persons surviving after 20 days
could represent the "healthier'" or hyposensitive portion of the popula~-
tion; the majority might have been too sick to give an account of their
illness and were overlooked in the study. The material reviewed offers
nc means of investigating that hypothesis.

The uncertainties surrounding the discrepancies manifested in
Fig. A.3, plus more fundamental questions recently raised about the
accuracy of the radiation levels particularly in Hiroshima [Marshall,
1981] persuaded us to exclude the Japanese atom bomb data from consider-

ation in our Sec. 3 response model.
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Aprpendix B ' _ . ;

SIDE EFFECTS OF TOTAL-BODY IRRADIATION IN TBERAPY PATIENTS

H. Rodney Withers o .
Department of Radiation Oncology |
Center for Health Sciences i
‘University of California at Los Angcles '

= Physicians and ‘inedical rasentchers have been less interested in the ,‘%
side effects of therapeutic total—body irradiation'(TBT) than in its
effects on the disease itself. As a result, rhere is a dearth of pub- :3
lished data on the manifestations and 1nterpretation of acute radiotox— 1
icity. To improve our understanding of symptomatic responses for the
present investigation, I have gatheted what is known about the subject
from publishei sources and from my own and colleagues observations.

In the past decade at least 15G0 patients have been *reated with

TBI, mainly for leukemia but also for aplastic anemia and other diseases.
A substantial number of patients have been treated with half-body ir-
radiation, where either one-half of the body is irrediated or both halves
are irradiated sequentially, with an interval of 6 to 8 weeks between
treatments to allow for repopulation of irradiated bore marrow from the
other half of the body. Some patients with chronic lymphatic loukemia
or lymphoma have been treated with multiple small dose increments (e.g.,
10 rads) adding to low total doses (e.g., 120 to 20U rads). .Finally, a

group of patients with mycosis fungoides have been treated over theit ’ q

total skin surface using electrons that penetrate only zhout 1 ca. ]

IRRADIATION METHORS AND DOSIMETRY

The dosimetry has not always been optimal, but most specified doses
have probably been accurate to *1G percent. The doses have usually been
specified at mid-body; therefore, near the body surface and in thianer
regions such as the head, neck, and limbs doses have been higher by up
to 15 percent. The radiation has always been in the million-electron-
volt range, usually from a cobalt 60 source but sometimes using linear

accelerators producing up to 25 MeV.
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The radiation methods can be grouped as follows:

1. TBI, sinzle eiposure. low dose rate: & to 12 rads/min, total
: . dose, 800 to 1200 rads.
'ﬁﬁj“li'- e 2. TBI, single uxposure, high dose rate: 20 to 25 rads/min,
A total dose, 7530 rads.
3. T31, up'to 6 or 8 exposures, high dose rate: 200 rads/day,
A several hours apart, total dose, 1200 to 1600 rads. |
LY TBI, multiple small exposures, . high dose rate: 10 rad expo-
sure, total dose, 120 to 20D rads. ~
~ 5. TBI of skin using 2.5 MeV electrons: fractional dose, =200
rads, total dose, 800 to 4000 rads.
6. Half-body radiation or sequential half-body radiation at high
dose rate using total doses of 600 to\1000 rads.

, The remainder of this appendix focuses on responses to methods
-1 through 3, which most closely resemble'high-dose~rate single exposures
of 75¢ to l0U0 r-ds.

FACTORS MODIFYING IRRADIATION RESPONSE (750 to 1000 RAD DOSE EQUIVALENTS)
"xll patlents had a life-threatening disease although some were in
>reasonably good condition. many were young.
Patients were not stressed Most were treated with extreme care,
and many were_plach in:"life islands" where conditions were maximally

favorable to asepsis. To counter the ill effects of radiation exposure,

all paticnts were given sedaéives, antiemetics, steroids, and intra-

venous fluids before their treatments.

Before undergoing TBT, most patients had received large doses of
chemotherapy. That treatment could have coutributed to the severity of
| the postirradiation skin and mucosal reactions and pertaps to sequelae
| in other organs. The depletion of normal bone marrow .-alls resulting
from chemotherapy probably did not significantly alter patients' ini-
tial radiation responses such as nausea and vomiting. (Longer-term

hemopoietic effects of radiation exposure would have been altered,
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howaver; because all patients undergoing TBI received bone marrow grafts
after irradiation.)

ACUTE SEQUELAE (750 TO 1000 RAD DOSE EQUIVALENTS)

' Shortly after exposure, most patients experienced nausea, emesis,
chills, and fover. Those symptoms usually subsided within about 10 hr
and disappeared within 24 hr except for mnausea and anorexia, which could
persist for days. Emesis was aggravated by movement and often occurred
with little warning. |

In the first few hours after exposure, some patients experienced
decreased blood pressure and increased pulse rate due to circulatory hypo-
volemia. There were reports of acute myocardial insufficiency and death
in patients with a history of myocardial disease.

- A painful mumps-like swelling of the parotid giasd developed within
a few hours of exposure. The pain usnally suhsided within 2 days; the
swelling sometimes persisted for several days. Xerostomia (dry mouth)
sometimes 1asted‘a week or more. Dufing that time the saliva was re-
duced in volume, was thicker, and felt ropey. ‘A metallic taste could
persist as long as the mouth remained dry. Reduced salivary secretion
added to patients’ dlsincerest-.in food.

About 10 percent of the patients developed diarrheaz soon after
irradiation. More developed diarrhea 1 to 7 days after exposure.

The cropharyngeal mucosae became reddened and sore 1 to 3 days
after exposure and subsequently ulcerated. The condition took about
3 weeks tu disappear. About 75 percent of the patients developed oral
infections, owing not only to the ulcerated mucosae but alsc to leu-
kocytopenia and immunosuppression. These infections became apparent
as soon as 3 days after irradiation. The most common were fungal
(thrush), but bacterial and herpes infections were also seen.

A generalized c¢rythoma appeared as soon as 1 day after irradiation
though usually later. It persisted for as long as 2 weeks and was some-
times asscciated with perineal irritation and itchiness. Beginning
7 to 10 days after exposure there was a temporary incomplete loss of kair.

Sweating appeared to decrease in some patients, but that phenomenon has

not been adequately investigated.
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Bone marrow surpression was indicated by increased susceptibility
to infections and bleeding (e.g., of the gums) several days after expo-
sure. If the patient had a preexisting infection, however, TBI was
usually fatal, sometimes during the first postexposure week. Bone
marrow grafts did not mitigate that result.

RESPONSE TO HIGHER SKIN DOSES

When doses of electrons equivalent to a single exposure of 1000
to 2000 rads were given to the skin, the incidence and severity of re-
sponses described above increased. The most impoftant seemed to be
decreased sweating associated with a generalized burning sensation and
a low tolerance to exercise or heat with consequent high risk of hyper-
thermia. That phenomenon has been little investigated in patients
treated with electrons that penetrated about 1 ch below the skin. In
X- or gamma-ray treatments, the energy of the beams was high enough to
"gpare" the skin. The electron treatments, with doses that produced
only partial epilation and decreased sweating, also resulted in a loss
of fingernalls; how soon after exposure was not indicated. (In current
skin treatments with electrons, fingernails are protected by lead
sh;é;ds.)
Ny

PROBLEMS IN ASSESSING SIDE EFFECTS

Little Data on Effects of TBI at Less Than 750 Rads

- Very few patients (e.g., about 20) recelved 300 rad doses of TBI;
- data on the side effects they experienced have not been published.

i Continuing attempts to optimize and individualize dose regimens may

permit a better assessment of dose-response relationships.

Muitiple Variables

The premedication and management of patients receiving TBI is im-
proving. Acute side effects have been alleviated by premedication with
antiemetics, steroids, and intravenous fluids. Infections have been

reduced by preradiation decontamination and by not treating patients
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_having evidence of infection. It would be useful to try to reconstruct _
what the results of treatment would have been without such sophisticated !

measures for reducing morbldity.

Importance of Inhibition of Sweating Unlinown

Inhibition of sweating is not a problem in usual clinical radio-

therapy because ._y small surface areas are irradiated. It could be

lethal if large single doses are delivered from sources that do not

spare the skin. Sweating was studied in patients receiving a series of

small doses over a 6 week period. It is difficult to estimate the
single dose equivalent from the published data, but it is less than
2000 rads and perhaps about 1500 rads. 1

PROSPECTIVE STUDIES
In the effort to pursue a careful, comprehensive, and quantitative

examination of TBI effects on normal tissue, we need to know more about
postexposure fatigability and sweating patterns. Only one report has

‘ mentioned fatigability. Twenty-seven patients were treated with only
10 reds per day, three or five times per week, for total doses of 120
to » J rads. Even at such low doses, two patients complained early of
fatigability, and '"'most" complained of it 2 weeks to 4 months after the %
completion of treatment. Evidence of fatigability is not usually sought
in patients treated with high doses of TBI because they are sicker and
have more restricted mobility than patients receiving small fractional

doses. But fatigability would be a significant factor in considering

r radiatior effects in otherwise healthy adults. Sweating patterns could
be ‘nvestigat-d in patients receiving high doses of radiation to the

skin, as for skin or breast cancer.
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;A, a function of dose.

Appendix C

FORMULAS UNDERLYING THE RESPONSE MODEL

At the end of Sec. 3, we set forth the basic concepts of a model
linking individual and population responses in the initial period as
The model was illustrated in Figs. 15 and 16.
This appendix presents algebraic formulas that explain how values for

the curves in Figs. 15 and 16 could be derived. If these functiomal

relationships can be established, it will be possible to add the time

dimension, now omitted, to Figs. 15 and 16.
We assume that the following are known:

Xy
Xy
¥qs
Dl’
D2’
D3,

percentage of hypersensitives in population (~15 to 25)

percentage of normosensitives in population (~50 to 70)

percentage of hyposensitives in population (~l5 to 25)

threshold response dose for hypersensitives (100 rads)

threshold response dose for normosensitives (150 rads)

threshold response dose for hyposensitives (200 rads).

We also presume the following:

Yar
yb'

Yoo

Yd’

Di,

maximum incapacitation
maximum incapacitation
maximum incapacitation
maximum incapacitation
dose producing maximum
(few hundred rads)

dose prouducing maximum
(several hundred rads)

dose producing maximum

(few thousand rads).

for unaffected (10 percent)

for mildly affected (30 percent)
for moderately affected (60 percent
for severely affected (100 percent)

incapacitation in hypersensitives
incapacitation in normosensitives

incapacitation in hyposensitives
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We define the portion of the population by symptom severity as

fun’ percentage unaffected ]

fmild’ percentagz mildly affected
fmod’ percentage moderately affected

sey® Percentage severely affected.

We require that

£t fmild + fmod tE T X ER, F Xy = 100 . (C.1)

The two response-group classifications can be linked by considering

an arbitrary dose designated D. Thus, the percentage of hypersensitives
. that are severely affected is

y -y
= 1l,sev c < 1
.fl,sev < Vg = Ve ‘> X Yo < Yi,sev = Yq ° (C.2)

Since at D the cumulative response function Y1, sev exists somewhere
between the upper limits of the moderately and severely affected
boundaries, for simplicity we assign all other hypersensitives to the
next lower severity catagory. The percentage of hypersensitives that

are moderately affected is then

y -y
£ a1 ~lasev ‘c) (C.3)
1,mod yd =Y. 1

Similarly, the percentage of normosensitives that are moderately affacted
is

y -y
- 2,mod b
£2,mod <__—yc - ““—yb > Xg s Yp = Y2, mod = Ve ° (C.4)
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and the percentage that are mildly affected is

y £
2, mod b
= -
fz,mil\l <1 yc - yb )xz ¢ (C-s)

._The percentage of hyposensitives that are mildly affected is

y -y 5

3,mod a ;

- —_— e —— ]
£4,mild ( vy - Y, > X3 Ya 2 Y3,m0d =V ° (c.6)

Then at dose D the population response distribution (Fig. 16) is

Severely affected: f = f ’ (c.72) - 1

sev 1l,sev .
Moderately affected: f  , = fl,mod + fz,mod s (c.8)
Mildly affected: f .., = f2,mild + f3,mild R (C.9)
Unaffected: f =100 - (f_  + for t fmild) . (c.10)

Some boundary relationships can now be readily established. In
addition to requiring Eq. (C.l1l) above, we set the boundary conditions

listed below. Numbers 1 and 2 are external, 3 through 6 are internal.

1. At Dlt fun = 100, fmild = fmod = fsev =0 . (c.11)
LI = =

2. At D3. fooy =% t % X, 100 , (C.12)

fun = fmild = fmod =0. (C.13)
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3, For D= D2' fun fmild o, (C.14) j
fsev =X + X, + f3,sev , (€.15) ‘
fmod = 100 - fsev . (C.16)
y -y ?
where f3 sev = _L_g_e%__c Xq |
»$ Yq = Y.
Ve Y3,sev Yq (€.17)
L =
4. At Dl' fSev xl + f2,sev , (c.18)
fmod = f2,mod + f3,mod ’ (C.19)
Fat1d = f3,mi1q ° (€.20)
f“m =0, (C.21)
y -y
where f2 -( 2,sev C) Xy »
) yd yc
Ye < y2,sev = Yq (.22)
y =Yy
2,sev c
= - — e &
2,mod 1 v - . ) Xy » (C.23)
- y3,mod - yb) X
3,mod yC - yb 3
Yy < 73, mod S S (C.24)
y -y
3, nod b
= -t
fq,mild < v~y >x3' (€.25)
c b
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5. At Dz: fSev = fmod =0, (C.26)

f (C.27)

mild =~ f1,mi14 °

+£f__), (C.28)

fun = 100 - (fmild + fmod sev

u

1
) S
Ya €Y1 ,mizd =V - (C.29) p
6. At D3: fmild = fl,mild s (C.30)
= f =0 , (C.31)
sev mod
fon = 100 - (fng1a ¥ fmoa fsev) ’ (C.32)
where f = yl,mild " Ya X
1,mild Y, - v, 1
Ya Y1 ,mila = Vp (€.33)

-85-

a

R R N R T A T T L e eyt ‘"i
WLHEN AT ER TGN U S AT AR U PR e Ay



T T TNETNET A SRR TR VA VR TAGEE Y L RTINSO RO

{ .
g
|
|
-86-

N N e A N A O E L NI L it R *.‘Chﬁ.(\u.u.ﬁ.\j



TN AP WA WS SO NY. W @R oW TR R W VL Y E RS YRR

DISTRIBUTION LIST

" DEPARTMENT OF DEFENSE DEPARTMENT OF DEFENSE (Continued)

Armed Forces Radiobiology Rsch Institute Joint Chiefs of Staff
o - ATTN: Dir ATIN: J-5, Nuc/Cham Policy Br, J. Steckler
T : ATTN: DD ATIN: SAGA/SSD
) T ATIN: SD ATTN: SAGA/SFD

ATTN: J-3

armed Forces Staff College ATTN: J-5, Strat Div, M. McClain
~ ATIN: Library ATTN:  J-5, Muc Div/Strat Div

Assistant to the Secretary of Defense Joint Strat Tgt Planning Staff

Aiomic Energy ATIN: JPPF
N ATTN: N1 Appl, W. Xahn ATTN: JP, SIOP Dir
D ATTN: JLTW

Cosmand 3 Control Tech Ctr ATTN: JL, Nat Strat Tgt List Dir

ATTN: (C-312, R. Mason
National Defense University

Defense Advanced Rsch Proj Agency ATTN: MCLB-CR
ATIN: TTO i
Program Analysis & Evaluation !
Defense Communications Agency ATTN: Strategic Programs
ATTN: Code J30C, M. Scher ATTN: S. Johnson
Defense Intelligence Agency US Readiness Command
ATTN: DB-4C, P. Johnson ATIN: J-3

ATTN: DB8-4C, J. Burfening
Under Secretary of Defense for Policy

Defense Nuclear Agency ATIN: F. Ikle
“ATTN: STMA ATTN: Dir Plng & Requirements, M. Sheridan
ATIN: STRA ATTN: Dir Strategic Policy, C. Estes
ATTN: NASD ATTN: Dir Negotiations Policy, S. Buckley
ATIN: STBE
ATTN: NAFD Under Secretary of Defense for Rsch & Engrg
¢ & cy ATTN: TITL ATTN: Strat & Space Sys (OS) C. Knowles
ATIN: Strat & Arms Control, L. Menichiello
Defense Tech Info Ctr ATTN: K. Hinman
12 cy ATTN: DD ATTN: R. Delauer
"Deputy Under Secretary of Defense, SATNF DEPARTMENT OF THE ARMY
ATIN: T. Jones
Deputy Chief of Staff for Ops & Plans
Field Command ATTN: DAMG-RQS
Defense Muclear Agency, Det 1 ATTN: DAMO-NCN
Lawrence Livermore Lab ATTN: Tech Advisor
ATIN: FC-l ATTN: DAMO-SSM, Pol-Mil Div
/ ATTN: DAMO-RQA, Firepower Div
Field Command S5 cy ATTN: DAMO-NC, Nuc Chem Dir
Defense Huclear Agency, Det 2
Los Alamos National Lab/DST Harry Diamond Labs
ATTN: MS-635, FC-2 ATTN: DELHD-NP
ATTN: 00100, Conmander/Tech Dir/Div Dir
DNA PACOM Liaison Office ATTN: DELHD-DE, 30000
ATTN: J. Bartlett ATTN: DELMD-TD, 00102, Tech Dir

ATTN: DELHC-NW-P, 20240
Field Command

Defense Nuclear Agency US Army Armament Rsch Dev & Cmd

ATTN: FCPRK, R. Wells ATTN: DRDAR-LCN-E

ATIN: FCPR

ATIN: FCTT, S. Humphries US Army Ballistic Rsch Labs

ATTN: FCTT, G. Ganong ATTN: R. Reisler

ATTIN: FCTXE ATTN: DRDAR-BLV

ATTN: FCTT, W. Summa ATTN: DRDAR-BLA-S
Interservice Nuclear Weapons School US Army Chemical School

ATTN: Doc Con ATTN: ATZN-CM-CC
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DEPARTMENT OF THE ARMY (Continued)
US Army Comd & Genaral Staff College
ATTN: DTAC

3 cy ATIN: Combined Arms Rsch Library
3 cy ATIN: ATZZL-CAD-WN

US Army Concepts Amalysis Agency
ATTN: CSSA-ADL

US Army Engr School
ATTN: Library

us Amy Engr Waterwys Exper Station
“ATTN: J. Houston

US Army Europe and Seventh Ammy
ATTN: AEAGD-MM, DCSLOG, Mun & Msi Div
ATIN: AEAGC-0-W

3 cy ATTN: DCSI-AEAGB-PDN

US Army Forces Commnd
ATTN:  AF-OPTS

US Army Foreign Science & Tech Ctr
ATTN: DRXST-SD-1

US Army Infantry Ctr & School
ATTN: ATSH-CD-CSO

US Army Intel Threat Analysis Det
ATTN: IAX-ADT

us Amy Intelligence Ctr & School
ATTN: ATSI-CD-CS

US Army Logistics Ctr
ATTN: ATCL-0SS, S. Cockrell

US Army Materiel Dev 3 Readiness Cmd
ATTN: DRCDHE-D

US Army Materiel Sys Analysis Actvy
ATTN: X5, W3JCAA

US Army Mobility Equip R4D Cnd
ATTN: DRDME-RT, K. Oscar
ATTN: DRDME-NC, Tech Library, Vault

US Army Nuc & Chem Agency
ATTN: Library
ATTN: NONA-QPS, B. Thomas
ATTN: MNOMA-0PS, J. Ratwy
ATTN: MONA-OPS

US Army TRADOC Sys Analysis Actvy
ATIN: ATAA-TAC

US Army Training and Doctrine Comd
ATTN: ATCD-FA

US Army War College

ATTN: ANCAC, F. Braden, Dept of Tactics-

ATTN: Library
ATIN: War Gaming Facility

USA Military Academy
ATTN: Doc Library
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DEPARTMENT OF .THE ARMY (Continued)

USA Missile Command
ATTN: DRSMI-YDR
ATTN: DRSMI-RH

USAFACFS
ATTN: ATZR-MG

Y. Corps
ATTN: Commander
ATIN: 6-2
ATTN: 6-3

VII Corps
ATTN: 6-2
ATTN: 6-3
ATTN: Commander

DEPARTMENT OF THE NAVY

Joint Cruise Missiles Project Ofc
ATTN: JCNG-707

Marine Corps
ATTN: Code 0T00-31
ATTN: DCS, (P30), Strategic Plans Div
ATTN: DCS, (P80), Requirements Div

Marine Corps Dev A Education Cmd
ATTN: Commander

Headquarters

Naval Material Cmd
ATTN: MAT-046
ATTN: MAT-00

Naval Ocean .vctems Cte
ATTN: . Hammond
ATTN: J. Hooper

Naval Postgraduate School
ATTN: Code 56PR
ATTN: Code 1424, Library

Naval Rsch Lab
ATTN: Code 2627

Naval Sea Systems Command
ATIN: SEA-406
ATTN: SEA-06H2
2 cy ATTN: SEA-6431G, M. Seguine

Naval Surface Force
US Atlantic Fleet
AlLIN:  Commander

Naval Surface Force
US Pacific Fleet
ATTN: Commander

Naval Surface Weapons Ctr
ATTN: Code R14
ATTN: Code F31
ATIN: Code U4l
ATTN: Code F30
ATTN: Code R44, H. Glaz
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) OEPARTMENT OF THE NAVY (Continued)

Naval Surface Weapons Ctr
ATTN: Code DG-502, E. Freiling

Naval Var College :
ATTN: Code E-11, Tech Svc

% MNaval Weapons Ctr
ATTN: Code 32607, L. Thompson

Naval Weapons Evaluation Facility
ATTN: H. Struve
ATTN: Tech Dir
ATTN: 6. Binns

] Naval Underwater Systems Ctr
E ATTN: K. Walsh

Nuclear Weapons Tng Group, Atlantic
ATTN: MNuclear Warfare Dept

Nuciear Weapons Tng Group, Pacific
ATTN: Neclear Warfare Dept

Office of the Deputy Chief of Naval Ops
ATTN: NOP 098, Ofc Res-Dev-Test & Eval
ATTN: NOP 950, Force Level Plns Div

- Office of Naval Rsch
ATTN: Code 200
ATTN: Code 431

Oftice of the Chief of Naval Operations
] ATTN: OP-00K

Surface Warfare Development Group
ATTN: Commander

Surface Warfare Officers School Cmd
ATTM: Combat Systems Dept

US Naval Air Forces, Pacific Fleet
ATTN: Commander

US Naval Forces, Europe
ATTN: NS4

DEPARTMENT OF THE AIR FORCE

Air Force Test & Evaluation Ctr
ATTN: J. Hoge
ATTN: OA

Air Force Weapons Lab
ATTN: NTYC, J. Burgio
ATTN: SUL
ATTN: NTES, R. Guice

Air University Library
ATTN: AUL-LSE

Rssistant Chief of Staff, Studies & Analjses
ATTN: AF/SAGF
2 cy ATTN: AF/SAMI, Tech Info Div

Ballistic Missile Office
ATTN: ENMP
ATTN: ENMP, D. Van Gari
2 cy ATTN: ENSN
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DEPARTMENT OF THE AIR FORCE (Continued)

Deputy Chief of Staff
Rsch, Dev & Acq
ATTN: AFRDQA
ATTN: AFRDQI
4 cy ATTN: AFRD-M, Spec Asst for MX

Deputy Chief of Stafy

Plans and Operations
ATTN: AFXOOR, Opns, Opnl Spt
ATTN: AFXOXFM, Plus, frc Dev Mur Pins
ATTN: Dir of Plans, AFXOX

Pacific Air Forces
ATTN: IR
ATTN: X0

Strategic Air (md
ATTN: SAC/IN

Tactical Air Command
ATTN: TAC/DO
ATTN: TAC/DR
ATTN: TAC/INO
ATTN:  TAC/SMO-G
ATTN: TAC/XPS

US Air Force Academy Library
DFSEL
ATTN: Library

US Air Force Scientific Advisory Bd
ATTN: AF/NB

OTHER GOVERNMENT AGENCIES

Central Intelligence Agency
ATTN: OSWR/NED
ATTN: OSR/SE/F

Federal Emergency Management Agency
ATTN: Office of Rsch/NP, D. Bensen
ATTN: Asst Assac Dir for Rsch, J. Kerr

National Security Council
ATIN: R. Linhard
ATTN: M. Guhin
ATIN: H. Nau
ATTN: G. Kemp
ATTN: R. McFarland
ATTN: A. Myer
ATTN: M. Clark

Headquarters
ATTN: JSYS, F. Smith

Office of Technology Assessment
ATTN: M. Harris

US Arms Control & Disarmament Agcy
ATTN: A. Lieberman

US Department of State
ATTN: PN
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DEPARTMENT GF, ENERGY_SONTRACTORS

University of Caltfornic

Lawrence Livermore National Lab
ATTN: L-21, N. Gustavson
ATTN: L-8, F. Barrish
ATTN: L-389, R. Andrews
ATTN: L-35, J. Immele
ATTN: P. Colella

Los Alamos Matiomal Lad
ATTN: R. Stolpe
ATTN: W/S5634, T. Dowler
ATTN: R. Sandoval

Sandfa National labs
ATTN: 8324, ). Struve

Sandia Matiomal Labs

ATTN: 5612, J. Keizur
ATTN: Tech Library, 3141
ATTN: 5613, R. Stratton

DEPARTMENT OF DEFENSE CONTRACTORS

66th NI Group
ATIN: K. Noran

Institute for Defense Amalyses
ATTN: Nood

H . y
ATTR: Classified Library
ATTN: V. Utgoff

JAYCOR
ATTN: E. Almquist

Kaman Tempo
ATTIN: C. Anderson
ATTN: DASIAC
ATTN: K. Schwartz

faman Tempo
ATTN: R, Miller

Kaman Tempo
ATTN: DASIAC

Pacific-Sierra Rsch Corp
TIN: S. Finn
ATTN: 6. lLan

9
cy ATTR: H. Brode, Chairman SAGE

4
4 cy ATTN: 6. Anno
4 cy ATTN: R. Washton-Brown
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DEPARTNENT OF DEFENSE CONTRACTORS (Continued)

Pacific-Slerra Rsch Corp
ATIN: €. Noe
ATIN: D. Gormley

R&D Associates
ATIN: J. Lewis
ATTN: F. Field
ATTN: J. Marcum
ATTN: R. Montgomery
ATIN: P. Hass

RID Associates
ATTN: H. Polk
ATTN: J. Thompson

Rand Corp
ATTN: P. Davis
ATTN: T. Parker
ATTN: Library
ATTN: J. Digby

Rand Corp
ATIN: B. Bennett

Science Applications, Inc
ATTN: J. Martin
ATIN: M. Drake
ATTN: C. Burgart

Science Applications, Inc
ATIN: B. Dial

Science Applications, Inc
+ J. Goldstein
ATTR: W. Zimmerman
ATTN: M. Layson
ATTN: P. Setty
ATIN: J. McGahan

System Planning Corp
ATIN: J. Jones
ATTN: 6. Parks
ATTN: S, Shrier

Systems Rsch & Applications Corp
ATTN: S. Greenstein

T. N. Dupuy Associates, Inc
ATIN: T. Dupuy

Titan Systems, Inc
ATTN: C. Albo
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