
A: 600299
Z2.0O

T,- EFE:OF 07.-*. L BODY ON.ADIATIDN 0:, D]JN;ODGIZ
TOLERANCE OF BONE MARROW AND HOMOGRAFTS OF

OT{ER LIVING TISSUE

-ll I A GOVERNMENT RESEARCH REPORT

t4 a U.S. DEPARTMENT OF COMMERCE

OFFICE OF TECHNICAL SERVICES

distributes this and thousands of similar reports in the interest of
science, industry, and the public-for which research and new
products mean better health, better living, and c, stronger economy.

HOW TO GET OTHER REPORTS

The Office of Technical Servces ij the Nation's clearingtNxise for
reporte of research supporied bv the Army. 1'avv. Air Iorve. Atomic

"U • •;Energy .umniiasaun. and other governm eni agcncieh
Abstracts of new reports available are published twice a month in

U. S. GOVERNMENT RESF.AR¢31 REPORTS ($15 a year domestic).
Selected Reports of particular interest ,o small busaines are de.

scribed monthly in TIECH1NICAL. REPORTS Nh-WSI.I.lT ($S a year
domestic).

Troslattons of foreign technical material are also available from
(the Office of Technical Services and other sorces These are listed

or abstracied serurmonthly in TEDINICAI. TRANSLATIONS ($12 u
year domestic).

The above periodicals may be ordered from Supenntendent of Lkcu-
ments, U. S. ;overnment Printing Office, Washington, [) C 211402. or
through a U. S. Department of Commerce Field (Xfirv.

inutdrncs about the availability of reports and translatirmm on any
particular sub)ect may be directeld toUffceof'lectuucal •ervicen. 0. S
L)eparutient of Commerce. Washlngton. Z.C.. )2:kJ, tot t) any (om,
merce field office.

Reports and translation• are published by the Office of T"ecbnical
Services for use by the public. Itua, you may use the krnow-how or
reprint the information therein except that where patent questions ap-
pear to be involved the usual preliminary search Is advised, ad where
copyrighted material is used permission should be obtained for its
further pubLIcaUon.

l•he~v dscuments are reprinit-l ihv OTS Irom the Ihet avtalathle ecqi



Nuclear Weapons Effects Research No. 03.011

Sub-task Title: The Effect of Total Body Irradiation on Immunologic
,/ Tolerance of Bone Marrow and Homografts of

Other Living Tissue

Service Project No.: DA-49-146-XZ-032
"Modification No. 3

AI / I-o -

-IN

Dfrecting Agency: DASA-- C

Contractor: Baylor University College of Medicine
Houston, Texas

Project Officer: CDR. R. L. Gade
Biomedical Division
Headquarters, DASA
Washington Z5, D.C.

Project Coordinator and
Principal Investigator: Vincent P. Collins, M.D.

Professor of Radiology
Baylor University College of Medicine
Houston, Texas

Classification: Unclassified

V'Report Period: Feb. 1, 1963 - Jan. 31, 1964
Final Report

(Reproduction in whole or in part is permitted for any purpose of the
United States Government)

A



m-1

Investigations in the effect of total body irradiation have been carried

out in this department for more than 10 years and this final report is based

on data collected during this time. The project was initiated when com-

parison of response of patients receiving therapeutic total body irradiation
with that of patients receiving chemotherapy indicated that, in the dose

range used, total body raidation was well tolerated and could be used as as

adjunct to treatment of disseminated cancer (i, Z). Intensive studies on

response of erythropoie.'is we--e undertaken (3) and findings gave new
directions for further study so that, in the final years, the protocol included

a large series of clinical, hematologic, biochemical and physiological tests

(4) as well as studies in protection. The investigation includes observations
on 112 patients receiving therapeutic total body irradiation; pilot and
parallel studies were carried out on experimental animals.

The fundamental problem has been to define effect of irradiation and
quantitate effect with amount of radiation exposure. Since quantitation is
possible only to the degree that measurement of both effect and amount of
radiation is possible, it was necessary to consider all the variables that
would influence measurement.

Comprehension of the problem begins with the recognition that a simple
numerical expression cannot define dose of irradiation. The physical
characteristics of irradiation require that dose be described not only by
the nunber of units (roentgens, rads, etc.) but also by distribution and
intensity in a given volume of tissue, and time or duration of exposure.
For each irradiation procedure planned, dosimetry studies were carried
out so that uniform distribution of irradiation could be achieved. Several
methods, and types of dos'meters, were used for comparison, and for
accurate measurement of dose to specific anatomical sites. These methods
assured even distribution of radiation and produced comparable data on
radiation exposure throughout the entire study.

Similar dosimetry studies were carried out for animal experiments.
Protocols required animals of similar age, weight and physical structure
so that volume irradiated and response comkd be eompared. All animals
received immunization vaccine, were quaralitined for two weeks, and all
were well nourished and in good health prior to experimental work.

Although variables associated with patients requiring therapeutic total
body irradiation are present, certain aspects were comparable. All patients
were adults suffering from disseminated cancer, all received evenly
distributed exposures of irradiation and, except when reaction was severe,
none received supportive treatment that would mask effect of irradiation.
Since prediction of effect is the basis of radiotherapy, experience in this
field is helpful in evaluating response to treatment and in estimating
response to heavy exposures by txtrapolation of data obtained with thera-
peutic exposures. -



Theraveutic Total Body Irradiation

Examinations and laboratory tests Were done on all patients prior to
therapeutic total body irradiation to obtain a base line for comparison
with tests made during and following treatment. Records of all clinical
findings, results of all tests, factors, technique and dose of irradiation
were maintained. Follow-up continued as long as the patient survived
and, when possible, autopsy was obtained to determine whether or not there
was evidence of radiation change. These records formed the basis for
analyses of changes by various parameters as presented in annual progress
reports.

The patients were divided into 3 groups according to duration (elapsed
time) of radiation exposure. These are defined as: I - Single Exposure,
UI - Protracted Irradiation (given within a period of 2 months), and III -
Repeated courses (period ranging from 3 months to 3Vz years). Because
tolerance to radiation increases with protraction of time, there is a
tendency to emphasize protraction while overlooking the amount that can
be given safely in a single exposure. When nearing the terminal stage of
disease, few patients are likely to survive a protracted course of therapy
and dose, which is necessarily low for each treatment of a protracted
course, is not likely to prove beneficial in the brief time available for
therapeutic effect. Thus, the majority of patients (71/11Z - 63%) in this
series received single exposures. It seemed piossible that response in
this group might be compared with data obtained from study of accident
victims and exposed Japanese populations who received single exposures.

Group II is composed of 34 (30%) patients receiving protracted
irradiation. These were selected because of generalized disease that
might be expected to respond to small repeated exposures. It •s expected
that study of this group would provide information concerning response
that might be useful among military personnel when occupying a radioactive
area.

The third group is composed of 7 patients who had received either
single or protracted exposures and who, after months or years of remission
of disease, developed recurrent symptoms requiring further treatment by
total body irradiation. These 7 patients received a total of 16 separate
courses of treatment or 9 studies in addition to the 112 patients. The
number of patients, amount and range of irradiation exposure, and
elapsed time, is summarized in Table L.

Table 1
Category Patients Range of Exposure and Time

I. 71 (63%) ZSr - 250r/l day

II. 34 (31%) Z5r/4 days - 400r/32 days
III. 7 (6%) 50r-Z50r/5 mos. - 2 courses

SOr-200r/Ah/ yrs. - 4 courses
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Table 2 summarizes the number of patients receiving total body
irradiation in a single exposure. Amount of exposure ranged from 25r
to 250r, depending upon the therapeutic indications for treatment.

Table 2

No. of Patients Total Body Irradiation
(single exposure)

6 25r
20 50r

5 75r
8 lOOr
1 125 r
7 150r

22 ZOOr
1 215r
1 250r

Table 3 summarizes the number of patients receiving therapeutic
total body irradiation, protracted over periods ranging from 2 to 33 days.

Table 3

No. of Patients Amount of Irradiation Elapsed Time

I 25r 4 days
2 50r 2 - 5 days
2 lOOr 7 - 28 days
9 150r 3 - 18 days
I 185r 7 days
4 200r 6 - 19 days
1 215r 21 days
6 250r 7 - 17 days
4 300r 6 - 33 days
2 350r 2Z days
1 400r 23 days
1 545r 18 days

Table 4 outlines the amount of radiation vith duration of exposure
and time lapse between each course for the 7 patients receiving repeated
courses of therapeutic total body irradiation.
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Table 4

Patients Time Lapse Total Time Amount of Radiation

M.M. 0 125r/62 days
8 mos. 50r/11 days

17 rnos. 25 mos. 282r/113 days

F.M. 0 ZOOr/l day
5 mos. 5 mos. Z00r/1 day

I.S. 0 90r/35 days
3 mos. 30r/16 days
1 Mo. 4 mos. 50r/63 days

ER. 0 100r/35 days
4 mos. 50r/14 days
9 mos. 150r/1 day

29 mos. 42 mos. ZOOr/9 days

M.B. 0 150r/1 day
10 mos. lOOr/1 day

7 mos. 17 mos. 50r/l day

J.B. 0 Z50r/58 days
5 mos. 5 mos. 50r/l day

J.T. 0 100r/7 days
25 mos. 25 mos. 100r/6 days

Systemic reaction following therapeutic total body irradiation is
difficult to evaluate because of the influence of disease, medication, and
psychogenic factors. Malaise following irradiation was recognized and
reported as early as 1897 but the train of symptoms, in 191Z termed
"Rontgenkater" (roentgen-hangover), for a given amount of radiation
varies widely. Ellinger summarized a series of biochemical changes (5)
which he believed accounted for "radiation sickness." Since symptoms may
appear following exposures too light to produce detectable biochemical
changes, and may not develop following marked changes, other factors must
be considered.

For evaluation of the present series, symptoms vre graded according
to severity: 0 = no symptoms, I a anorexia only, 2 w nausea only, 3 =
nausea and vomiting one day, and 4 = nausea and vomiting more than one
day. Two patients are excluded from this study; one, terminal at the time
of treatment, died vithin Z4 hours, and one, an out-patient with concurrent
tuberculosis, was lost to follow-up. Table 5 summarizes the severity of
symptoms according to single, protracted and repeated coursts of exposure
among 110 patients.
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Table 5

Radiation Exposure No. of Symptoms (grades)
Patients 0 1 2 3 4

I-Single exposure 69 54 4 3* 8* .0

lI-Protracted exposures 34 29 2 2 1 0

III-Repeated courses 7 6 0 0 0 1

Total 110 89 6 5 9 1

*One patient with Grade 2 and one patient with Grade 3 symptoms

had nausea and vomiting prior to irradiation.

A total of 21 patients (19%) developed reactions varying from mild
to severe but this cannot be accepted as an indication of incidence that
might occur in an exposed population. In this group any or all symptoms
could be due to disease (Z patients had symptoms prior to treatment), but
there is no clue to explain why 8'9 patients (81%) developed no symptoms
at all.

In evaluating radiation sickness according to amount of irradiation,
patients receiving single exposures are studied because response is easily
recognized and is not complicated by cumulative effect of repeated
exposures. Table 6 shows the reaction of 69 patients receiving single
exposures of therapeutic total body irradiation

Table 6

Amount of No. of Symptoms (grades)
Irradiation Patients 0 1 2 3 4

Z5r 5 5 0 0 0 0
50r 20 15 0 2 3 0
75r 5 5 0 0 0 0

lOOr 8 8 0 0 0 0
125r 1 1 0 0 0 0
150r 7 5 Z 0 0 0
ZOOr Z1 15 Z 1 3* 0
Z15r 1 0 0 0 1 0
250r 1 0 0 0 1* 0

Total 69 54 4 3 8 0
*One patient receiving ZOOr and one receiving 250r

had nausea and vomiting prior to irradiation.

Study of the table shows the incidence of symptomatic response to
total body irradiation is practically the same for patients receiving 50r
as for those receiving 200r, but 14 patients receiving 75 to 125r failed
to develop complaints. Review of the clinical histories of the 5 pati, nts
with symptoms following 35r reveals that 4 were occupants of the same
ward at the same time. The subject of radiation sickness had been
publicized in th• popular press, was discussed by all occupants of the
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ward and anticipated by the 4 scheduled for treatment. The 5th patient,
terminal at the time of treatment, was receiving heavy doses of narcotics
for pain from widespread involvement of disease from primary breast
cancer; in this case, symptoms could have been caused by disease,
medication, motion and manipulation, or a combination of these factors.

A careful study of all patients who developed symptoms following
therapeutic total body irradiation indicates that. for levels up to ZOOr
in single or protracted exposures, radiation sickness may be avoided by
proper management. The attitude and experience of professional personnel,
the intentions of personal acquaintances in contact with the patient, the
reliability of information in the popular press, and the stability of the
patient,---ll these enter into the problem of mot :.._'on or sugg-..stion.
It is probable that, with correct information and proper preparation,
normal healthy individuals could tolerate even higher exposures without
undue incapacitation.

The goal of treatment by total body irradiation for patients with dis-
seminated cancer is relief of symptoms. Depsite the fact that many
patients were approaching the terminal stage vkhen referred for treatment,
therapeutic response was evident in many by decrease in size of nodes,
relief of impending obstruction and by decreased narcotic requirements
subsequent to relief of pain. In some instances, response was dramatic; a
few completely bedridden patients became ambulatory and several experienced
long term remissions. Among the lZ patients there were more than 30
different types of cancer; since total body irradiation was given only for
generalized disease, a survival of one year or even temporary remission
was gratifying. In Table 7, the diagnoses are show in 17 related groups
with the number of patients in each group.

Table 7
Diagnosis No. of Patients

Leukemia (chronic & acute) 14
Lymphosarcoma Z3
Lung cancer 12
Hodgkin's disease 6
Multiple myeloma 9
Head & Neck (larynx, tongue, etc.) 7
Testicular cancer
Breast cancer 3
G,I. tract (stomach, pancreas) 4
Gynecological cancer 2
Mycosis fungoides 2
Ewing's sarcoma
Carcinomatosis (primary unknovn) 5
Miscellaneous cancer (paraganglioma, cancer of

liver, kidney, prostate, & malignant melanoma) 14
Total Ila
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Among patients with far advanced cancer, effect of treatment cannot
be measured in terms of survival but survivals, through the expected
period of depression and recovery, provide informatior, on immediate
biologic and physiologic response to total body irradiation. Table 8
summarizes the survival of all patients in the study.

Table 8

Survival Tirra, Number of Patients
Died Lost to F.U. Living

0 - 3 mos. 47 6 0
3 - 6 mo. Zl 0 0
6 - 1Z mos. 10 0 0
1 - Z yrs. 11 0 0
Z - 3 yrs. 4 0 0
3 - 4 yrs. 0 1 1
4 - 5 yrs. 0 0 0
5 - 6 yrs. 0 1 1
6 - 7 yrs. I Z 0
7 - 8 yrs. 1 1 3
8 - 9 yrs. 0 0 0
9 - 10 yrs. 0 0 0

10 - 11 yrs. 0 0 Z
95 10 7

Of the 95 patients known to have died, 93 died of disease within 3 years
following treatment. Ten patients (9%) were lost to follow-up but 4 of
these were observed for periods ranging from 3 to 7 hears before they were
lost. Seven patients are living vith survival ranging from 3 to 104 years.

Although patients with disseminated disease from many types of
cancer received therapeutic total body ir -adiation (see Table 7), greatest
benefit is derived by those vith lymphoma, manifested chiefly in enlarged
lymph nodes without marked bone marrow involvement. Over the past
10 years, the increasing activities of the Chemotherapeutic Trials Committee
have reduced the number of referrals of such patients for radiotherapy to
practically zero. Thus, the majority of patients are those who failed to
respond to chemotherapy or those who vre refused chemotherapy because
of anemia and poor general condition. Among cancer patients, anemia may
be caused by infiltration of cancer cells in bone marrow with replacement
of normal pre-cursor cells and by shortened red cell survival (6). With
videspread cancer, anemia, vyhether frank or subclinical, is present and
death within a short time is inevitable. When patients are referred as a
"last resort," the radiotherapist does not wish to withhold treatment that
may offer possible benefit but he cannot be certain that the benefit will
outweigh the risk. The risk is not that the patient will die but that the
undesirable effects of radiation will appear more severe in the terminal
cancer patient and that the time of death may be destined to coincide with
the undesirable effects of radiation. Supportive treatment, even though
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it may not influence the course of disease, must be included in the plan of
treatment for such patients. The followAng case history illustrates some
of the problems involved.

A.S. This 73 year old lawyer was admitted with history of hacking,
productive cough, left chest pain, fever 1020 and generalized
lymphadenopathy of 7 weeks duration.

Date -Day
2/20/63 On admission, examination revealed bilateral cervical,

supraclavicular, axillary & inguinal nodes 1 - 70 cm.
in diameter; liver 4 cm. and spleen 3 cm. below the
costal margin. Chest x-ray - enlarged hilar nodes;
lymphangiogram demonstrated enlarged pelvic nodes,
bilateral, with filling defects & replacement of normal
architecture by tumor. Urine & sputum culture -
positive; tetracycline 250 mg. q.i.d.
Biopsy - lymphosarcoma, lymphocytic cell type.
Bone marrow: diagnosis - diffusely involved by tumor,
275 cc. stored. Hgb. 9.2; WBC 4,500.

3/15/63 Antibiotics continued with little benefit; nodes in-
creasing in size. Hgb. 6.8; WBC 4,100: Plts. 192,000

3/16/63 0 Total body irradiation 185r/6 days. 2 m v
No nausea or vomiting

3/21/63 5 Hgb. 6.8; WBC 2,500. Transfusion 500 cc. whole
blood to combat infection; 50% regression in size of
nodes and masses.

4/2/63 17 Hgb. 8.8; WBC 1,100; Pits. 190,000
4/6/63 21 Sputum still positive; Rx colymycin, isolation
4/8/63 23 Re-infusion of marrow not feasible

Transfusion - 1000 cc. whole blood
4/12/63 27 Hgb. 11.2; WBC 177; Plts. Z8,000
4/14/63 29 Expired.

Comment. Anemia and infection vwre present on admission and treat-
ment was delayed for nearly a month %hile an attempt was made to
improve the patient's general condition. During this time, nodes and
masses continued to enlarge, anemia progressed, anc it was evident
that there vas no chance for improvement unless treatment for
lymphosarcoma was offered. Marked regression of nodes indicated
good therapeutic response but this vas overshadowed by bone marrowv
depression in the presence of extensive bone marrow involvement
and infection. Figure 1 shows response of white blood cell count
compared with response of total circitlating granulocytes.

Although 68 patients died of disease within 6 months follo%%ing therapeutic
total body irradiation, many of these experienced temporary remission and
contributed valuable information to the study. The following case history
is an example of good therapeutic effect providing opportunity to observe
response through the period of bone mjrrow depression and recovery.
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J.C. This 37 year old man was admitted complaining of epigastric
pain with hematemesis of 5 years duration; jaundice with enlarged
liver (7 cm. below costal margin) and retroperitoneal mass
(6 x 8 cm.) Aith Widespread lymphadenopathy had been present for

3 months. Biopsy of cervical node revealed lymphosarcoma.

Day Course

-6 Hgb. 8.8 gmn; WBC 4.500
Radiotherapy to abdomen (100r/1 day) Z m v

-3 Patient very ill, bedridden, requiring heavy narcotics

Bone marrow aspiration (320 cc. stored)

0 Total body irradiation Z00r/7 days (100r x 2) 2 mn v

11 Regression of all nodes and masses, jaundice cleared

28 Hematopoietic depression; Hgb. 6.8; WBC. 866; Pits. 14,000
Re-infusion of bone marrow

39 Continued depression- Hgb. 6.8; WBC 431; Plts 54,000

45 Beginning recovery; WBC 2,138; Plts. 90,000

68 Remarkable improvement; patient ambulatory
Hgb. 11.2; WBC 3,900; Plts. 212,000

90 Remission continues; WBC 6,200

103 Recurrence of symptoms, developing lymphadenopathy
Hgb. 12.1; WBC 2,880; Plts. 130,000

115 Radiotherapy to enlarging abdominal mass (150r/1 day)
Moderate relief

151 Hgb. 8.1; WBC 1.710; Pits. 96,000. Expired.

Comment. Survival of 5 mcnths post irradiation permitted obser-
vations throughout the depression and recovery period accompanied
by remission lasting nearly 3 months and eventual recurrence of
symptoms. During this time, multipe hematologic and biochemistry
studies were performed. In evaluating effect of radiation, the
marked anemia associated with the disease must be considered.
Severe anemia was present on admission and, although blood count
was normal following recovery from total body irradiation, anemia
recurred with exacerbation of symptoms. Thus, total body irradiation
was not solely responsible for the severe bone marrow depression
following treatment but probably was responsible for improvement
in the blood picture occurring 3 months post treatment by virtue of
improvement in general condition. Figure 2 shows response of
white blood cell count and total circulating granulocytes.

Among humans exposed to irradiation, the development of leukemia
(7, 8. 9), sterilization, and changes associated with premature aging have
been attributed to latent effect of irradiation, and practically all congenital
anomalies are consiered mutations arising from effect of radiation of
progenitors (10, 11). While genetic effects require generations to become
evident, and the amount of total body irradiation required for sterilization
far exceeds the levels used for therapeutic purposes, delayed effects
might be observed in patients with prolonged survival.
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As uith immediate radiation change, the reliability of evaluation
of latent effects must depend upon the accuracy of measurement of
irradiation, time lapse between exposure and observed change, and
measurement of change. In accidental exposure, or exposure associated
with occupatient (medical or industrial), the amount of radiation can
only be estimated while, in occupational exposure, both amount of
radiation and time lapse are difficult to a;certain. In any type of
exposure, latent changes due solely to irradiation are influenced by
mechanisms of continuous wear, aging arid repair. In this series, 9
patients were followed from 6 to 10A years and vmre observed for
possible late changes. These patients are particularly apprbpriate for
this study because amount of radiation is known and time lapse to last
observation has been established. Effect of radiation must be evaluated
on the basis of changes that: 1) are known to result from radiation,
Z) are not compatible with age or disease, and 3) ca inot be accounted
for by heredity or chance. Table 9 summarizes amount of radiation
exposure and present status with elapsed time for the 9 long-term
survivors.

Table 9
Patient Age Irradiation Present Status & F.U. Blood Count
1. J.R. S3 545r/16 days Died - HCVD 6 yrs. Post Rx. Age 89

Hgb. 13.5, WBC 9,000
2. S.P. 70 1Z5r/1 day Died - HCVD 7 yrs. Post Rx. Age 77

Hgb. 13.2, WBC 6,400
3. C.W. 64 75r/1 day Lost - 7 yrs. Post Rx. Age 70

Hgb. 13.0, WBC 6,400
4. B.J. 27 200r/1 day Lost - 7 yrs. Post Rx. Age 34

On parole from penitentiary., no final WBC
5. G.M. 24 50r/1 day Living - 7¼ yrs. Post Rx. Age 31

Hgb. 12.8, WBC 7,200
6. RP. Z8 25r/4 days Living - 714 yrs. Post Rx. Age 35

two children - ages 5 & 3 yrs.
Hgb. 15.2, WBC 7,500

7. A.B. 54 50r/1 day Living - 7V yrs. Post Rx. Age 61
Hgb. 13.8, WBC 7,500

8. A.H. 60 50r/l day LivinR - 10k yrs. Post Rx. Age 70
Hgb. 13.0, WBC 6.200

9. I.G. 75 100r/1 day Living 10¼V yrs. Post Rx. Age 86
Feeble, in nursing home
Hgb. 10.0, WBC 4,400
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The minimum amount of radiation causing specific delayed changes
that can be noted clinically in humans cannot be determined; it may exceed
the level of therapeutic exposures used, or more time may be required for
change to become evident. In this group, no changes were noted that could
be attributed to radiation exposure. J.R. (No. 1) received an exposure
which, of the entire group, would be most likely to produce latent effect.
Since Zhe practice of radiotherapy must balance competing risks of disease

with risks of treatment, this patient's age, history of bilateral orchiectomy

and generalized disease were weighed against the possibility of radiation
change. Tolerance %as improved by p rotraction of radiation and there was
excellent therapeutic response. The history of this patient warrants
reporting.

J.R. This 83 year old man was admitted with signs and symptoms
of a testicular tumor. Bilateral orchiectomy vas carried out and
pathology report was lymphoma. Six months later, he developed
difficulty in sallowing and examination revealed a firm lesion on

posterior tongue with enlarged right mandibular nodes. Biospy
again revealed malignant lyrnphoma.
Day Course

0 Hgb. 14.1; WBC 8,000; Plts. 196,000
Total body irradiation 545r/16 days
Malaise toward end of course with some nausea & vomiting

35 Mass at base of tongue decreased in size; mandibular nodes
disappeared. Lovyest point of hematopoietic depression
Hgb. 1Z.8; WBC 3,000; Plts. 54,000

67 Recovery well under way. Lesion of tongue disappeared.
Hgb. 13.0; WBC 4,000; Plts. 117,900

355 Approx. 1 year post irradiation. Feeling well
Hgb. 13.4; WBC 5,500; Plts. 180,000
Normal activities

5 yrs. No complaints, no evidence of disease
Hgb. 1Z.9; WBC 5,700; Plts. 170,000

ZZ20 6 yrs. + 1 mo. Cerebral accident.
Hgb. 13.5; WBC 9,000

ZZ2Z Expired.

Comment. Because of the likelihood of recurrent disease, this
elderly patient was seen frequently for the first 2 or 3 years post
irradiation and at 6 month interval thereafter. Five years
following treatment, he was normalRy active, required glasses only
for reading, and had no complaints. Blood count Z days before
death was normal and there was no evidence of radiation change.
He died following a cerebral accident at the are of 89 years.
Comparison of response of granulocytes with total white blood
cell count is shown in figure 3.
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During the past few years, the protocol of procedures for patients under -

going therapeutic total body irradiation was extended to include some 30
biochemistry tests, and physiology studies including grosg body compostion
and monitoring of vital functions. The protocol required that baseline
studies he obtained prior to irradiation with all tests repeated at specific
intervals following treatment. No conclusions on this aspect of the ,york
could be drawn because: 1) a large number of patients would be required
to provide a standard baseline for cancer patients and to observe changes
that might be correlated with amount of radiation, Z) many patientswere
unable to tolerate multiple tests because of poor general condition, and 3)
several patients died before the series could be completed. The complete
protocol would have value if it could be applied to all patients receiving
therapeutic total body irradiation in several centers throughout the country.
This %oald provide an adequate number of patients for study with opportunity
for proper evaluation. However, in the biochemistry studies, results indicate
that several tests, namely urea nitrogen, glucose (fasting), serum amylase and
serum lipase, merit further investigation.

In body composition studies (described in detail in the Progress Report
for period ending 1/31/63), increase in extracellular water and decrease
in intracellular water were thought to be due to stress of total body
irradiation but changes in lean body weight and fat content could be
attributed to weight loss associated with the course of the disease or to
total body irradiation. The considerable variation in changes in blood
volume led to an intensive study to develop suitable techniques for
measuring blood volume and the application of these techniques to changes
following other forms of stress.

Monitoring of vital functions with the 6-channel physiograph was
carried out on several patients before, during and after irradiation. Con-
stand recording of respiration (rate and depth), blood pressure, electro-
cardiogram, electroencephalogram and cardiotach failed to reveal definit
changes in function except for deceleration of heart rate which coincided
with a feeling of nausea in two patients. Both of these patients received
partial body irradiation, one to a large abdominal field and one to entire
brain. The amount of irradiation to these areas exceeded the level used
fir therapeutic total body irradiation which may account for the changes
noted. In animals, marked changes in vital function were noted following
massive radiation exposures (see progress report submitted Jan. 31, 1963).

Animal Experimernj

Studies in the latent and genetic effects of total body irradiation have
been carried out in animals (usually rats, mice or rabbits)- by means of
biochemical tests and histologic examination of specific tissues (13, 14,
15, 16, 17). Some investigators have reported both histological and bio-
chemical changes in specific tissues, particularly testis, liver and thymus
(see Literature Review). These have contributed little information because:
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1) experiments produce different results in the hands of different investi-
gators, 2) in some experiments, the amount of radiation used to induce
change causes death, preventing long term observations. 3) such changes
are the direct effect of radiation and cannot be construed to reflect
genetic effects if the animals had survived, 4) techniques of exposure in
experimental work are apt to pr'oduce disproportionate absorbed dose, i.e.,
tor a given amount of radiation the per cent fall-off in the middle of a
small animal would be much less than for a large animal or for a human,
and 5) the response of rats, mice and rabbits to irradiation differs con-
siderably from that of mart and the findings cannot be applied to humans.
For these reasons, it is felt that studies on higher animals might be useful
in determining effects that might be expected in humar~s, and all animals
receiving sub-lethal exposures for various purposes throughout the study
were retained for observation.

In the course of a study undertaken to investigate the role of bone
marrow in recovery from heavy exposures of total body irradiation in dogs,
a group of animals have survived from 9 months to 4 years. These animals
provide opportunity for long term observations following moderate to heavy
exposures ranging from 300r total body irradiation to 1Z00r total body
irradiation with shielding of iliac marrow. In the latter F'!-up, four animals
received 10OOr to the previously protected iliac marrow. Tables 10 and 11
show the amount of irradiation, protection of iliac marrow, course, and
survival time.

Table 10

Total Body Irradiation - Experimental Animals (Dogs)
with Shielding of Iliac Marrow

No. Sex T.B.I. iAth Iliac Marrow Survival
shield Irradiation

57A F 10OOr 10OOr f 9 mos. 3 yrs. 11 1 doing well

15A* F 700r none 4 yrs. doing well

13A F IZOOr 10OOr • 9 mos. 3 yrs. 11 moo doing well
9A F 600rxZ/3 days none 3 yrs. 4 mos. doing well

16A M IZ00r with
hydrocortisone none 3 yrs. 3 mos. paralysis

hind quarters
31A M 10OOr 10OOr P 14 ays 3 yrs. 3 rnms. doing well

14A M 10OOr none 3 yrs. I mo. doing well

18A F 10OOr 10OOr P 14 days 3 yrs. doing well
*Animal bred 2 months post irradiation with unirradiated male, offspring

(not included in table) 6ZA female, and 63A female, both normal.
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Table 11

Total Body Irradiation - Fxperimental Animals (Dogs)
with Bone Marrow Transplants

No. Sex T.B.I. Bone Marrow Survival
Transplant

36B M 300r Autologous 9 mos. Doing well

47A F 300r none 9 mos. Doing %well
35B M 300r Isologous 10 mos. Doing well
48A F 400r none 11 mos. Doing well

Moderate to severe bone marrow depression developed in all sur-
viving animals but, with recovery, all blood counts returned to normal.
Except for one dog (No. 16A), all animals are healthy and frisky; there
is no evidence of cataract or other damage to lens, and no evidence of
anemia or other blood dyscrasia. No. 16A developed paralysis of hind-
quarter ZM years post irradiation. X-rays reveal no abnormality and
the animal's blood count is normal; further investigation is being under-
taken. In appearance, animals with light-colored coats are unchanged.
One black-coated dog is completely gray and the black area of one
black and white dog is gray.

One animal, not included in the tables, received 1400r total body
irradiation with iliac marrow shielded. This dog recovered but died of
distemper 37 days post irradiation. At the time of death, there was no
clinical evidence of radiation injury; his white blood cell count was 8,150
and platelets were 70,000. Autopsy showed normal activity of marrow of
iliac crest with many mitoses in marrow of long bones.

In this laboratory, proper preparation of animals and studies in
dosimetry to deliver an even distribution of radiation have made it possible
to establish the LD-100 for dogs at 700r total body irradiation. One
animal (15A), receiving 700r with shielding of iliac marrow was bred to
months post irradiation. This dog has now survived 4 years. The offspring
(62A and 63A) were healthy, normal puppies, developed normally and are
now adult animals. If these first generation post irradiation animals
could be maintained and bred with other animals surviving moderately
heavy exposures with and without shields, and with unirradiated controls,
they would represent the origin of possible mutations in future generations.
A breeding schedule,designed to demonstrate transferable effects of
radiation, has been prepared but it is recognized that such a pro ject is
impractical because of the many nerations required to produce observable
genetic effects, V

Apart from the possible origin of genetic effects, continued observation
on all surviving animals for latent radiation effects is of considerable
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interest. If the amount of radiation exposure received by these animals
is sufficient ta cause delayed effects, then the development of anemia,
leukemia or other malignant process, and acceleration of the aging process
(other than graying coat) might be expected. Since the time for delayed
effect to become evident varies (7, 8, 9, 13), only continued observation
offers the possibility of relating amount of radiation, time and radiation
change. A review of reports of animal experiments dealing with total
body irradiation by other investigators indicates that no other series
receiving near lethal exposures has been maintained long enough to
make these observations.

Granglocyte Proliferation Study

The peripheral blood count has always been considered the best index
of radiation change but the nature and shape of dose response curves of
major classes of cells do not fully explain the role of bone marrowin
recovery from total body irradiation. Bone marrow depression is reflected
in peripheral blood cells originating in bone marrow, i.e., red blood
cells, platelets and granulocytes. The time at which changes in these
elements vill become e'ident is a function of the rate of production and
the survival time. Granulocytes, having the shortest life span (up to
4 days), are the first to reflect radiation change. Among animals receiving
lethal exposures of total body irradiation with a portion of iliac marrow
shielded, it was possible to study production of granulocytes by bone
marrow examinations and by peripheral blood counts.

The compartments or stages of development of the precursor granu-
locytic elements found in bone marrow have been described in terms of
number of cells and time spent in each compartment (18, 19, Z0). Using
information obtained from the literature and observations from our own
experiments, a model of granulocyte proliferation vyas constructed for
humans and for dogs. The proliferation pathway for each is the same
excep, that time spend in each stage of development in the dog is shorter
than that in man.

This is a self-perpetuating system at the stem cell level. As the
result of a single division in a 48 hour period, two daughter cells are
produced. One retains the characteristics of the parent cells and divides
again in 48 hours: the other goes through transformation to a myeloblast.
This is followed by successive divisions in promyelocyte and Renerative
myelocyte stages with transformation through the other stages. A single
stem cell will release 16 mature segmented neutrophils into circulation
every other day. There is another group v~hich releases mature segmented
cells into circulation on alternate days. In the steady state, self-perpetuation
is the result of self duplication at the stem celll level. To obtain an in-
crease in stem cells proportional to the rate of recovery followinR total
body irradiation, these cells need only to reduplicate one additional time.
The result is 4 stem cells, two return through division the same as the
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original parent stem cell of the steady state cycle. The result of this
altered stem cell cycle is the creation of a steady state cycle every other
day. As each myeloblast results in 8 mature granulocytes in -. rculation.
the ratio of cells being added to the peripheral circulation can be determined.

Utilizing this modification, the recovery rate in terms of circulating
granulocytes can be determined with indications to the apparent stage
of development in marrow at the time of irradiation. Calculations indicate
that the number of cells in each compartment of development surviving
'the direct effect of radiation can be evaluated quantitatively and correlated
with amount of radiation.

In the application of this aspect of granulocyte proliferation to humans
receiving therapeutic total body irradiation, a quantitative estimate of cells
ray be compared to the observed peripheral granulocyte count. In a patient
receiving ZOOr therapeutic total body irradiation, comparison led to the
following conclusions.
1. Cells present in peripheral circulation at the time of exposure are not
destroyed by this amount of radiation; survival time in circulation is equal
to the pre-irradiation value.
2. Cells which are in the transformation compartment continue on to
maturigy.
3. All cells in the dividing-transformation stages are lost.
4. Approximately Z0Y% of stem cells in the pre-myeloblast stage are lost;
the remainder continue to normal maturity.
5. 50% of parent stem cells are lost; 7 % are altered to form the non-
steady state recovery cycle. The remaining 43% continue division according
to the steady state cycle but only until the 11th or 1Zth day. These cells
are apparently unable to continue division and are lost.
6. Only those cells produced by the altered cycle are capable of continued
division, leading to eventual recovery.

A quantitative analysis of the number of stem cells destroyed by irra-
diation can be determined by the 14th day ',ost irradiation. Plotting the
number of destroyed stem cells against increasing air dose, the resulting
sigmoid curve closely resembles the LD values determined for dogs and
postulated for humans by Cronkite (Z1). By extrapolation from estimates
obtained by vork on experimental animals, effect of higher doses of radiation
in humans may be estimated. In both animals and humans, calculations
indicate that repopulation of depleted marrow can be accomplished if as
little as 6% of stem cells survive. A comparison of granulocyte co'*nt with
total white blood cell count following total body irradiation is shown in
figures 1, 2, and 3.

Studies in Rranulocyte proliferation have particular application in
bone marrow replacement for depression following total body irradiation.
If each transplanted stem cell is established in marrow sites on the day of
infusion and maintains its ability to divide and progress through the steps
of maturation, progeny cells would appear in circulation about the 10th day
post infusion. Following single exposures of therapeutic total body
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irradiation, the time of greatest depression occurs Z5 to 30 days post
treatment. Thus, if calculations are correct and bone marrow replacement
is an effective treatment, severe bone marrow depression might be
avoided if transplantation is carried out prior to the 10th day post
irradiation.

Work so far indicates that cells of the granulocyte series may offer
advantages as a biologic index of radiation and, by comparison, may permrit
estimation of amount of irradiation received, as in cases of accidental
exposure. The study also provides a'basis for estimating: 1) the amount
of radiation that would cause death by bone marrow depression. 2) the
amount of marrow that must be protected or transplanted to sustain life
following exposure and 3) the time vkhen transplanted marrow would be of
greatest benefit.

Bone Marrow Bank

Developed first in animals, techniques of aspiration, processing,
storage and re-infusion of bone marrow were quickly extended to humans.
Since that time there has been no lack of clinical material for bone marrow
studies. Marrow is aspirated and stored at. -800 C. for all patients
receiving therapeutic total body irradiation, for many patients receiving
chemotherapy, and it has been recommended that patients in remission
from disease have marrow stored against the time when exacerbation of
symptoms causes severe blood dyscrasia. Autologous bone marrowhas
been re-infused in humans, and autologous and homologous marrowhas
been transplanted in animals.

Samples of marrow are tested for viability at the time of a qpiration.
at intervals during storage, and prior to re-infusion. In some instances.
the amount of marrow obtained was small and the entire amount has been
used for repeated viability tests. Among the patients whose marrow is
presently in storage, the majority have died but marrnw i-i saved to check
decreasing viability with increasing time in storage. Table 13 qummarizes
the activities and present status of the bone marrow batik.

Table 13

Bone Marrow Bank

Patients
Marrow aspirated, processed and stored
Marrow re-infused 10
All stored marrow used for viability studies 16
Marrow now in storage 44

Animals
Marrow aspirated, processed anti stored
Marrow re-infused or transplanted t2
Marrow in storage 10
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Using standard tests, viability of marrow at the time of re-infusion
has been approximately 90% but, clinically, this has been difficult to con-
firm. Among the patients and animals studied, marrow cells surviving
the direct effect of radiation may be responsible for recovery and, except
in cases where exposure is of the order of LD- 100, survival itself is not
proof of viability of re-constituted marrow. Presently. there is no satis-
factory way of determining viability and, if viability were certain prior to
re-infusion, there are still problems of determining whether viable marrow
;Clls find their way to marrow cavities and proliferate, and whether pro-
liferation is sustained to contribute to recovery of bone marrow depression.
Experiments have been designed to overcome these difficulties by in-vivo
labeling of marrow cells with tritiated thymidine in experimental animals.

Observations on the effect of total body irradiation in humans and
animals have given rise to problems require basic investigation and each
year experiments have been conducted to provide the needed information.
These have dealt with the role of total body irradiation in suppressing
immunologic response to transplants of organs and tissues (3Z. Z4.) and
with experiments designed to confirm the work of other investigators.
During the past year. an experiment was undertaken to determine lethality
in mice following total body irradiation; results are summarized in Table 14.

Table 14
Lethality of Mice Following Total Body Irradiation (UZ0 Kv.}

Exposure 650r 700r 750r 800r
No. of animals V7 30 30 50

LD-50 15 days 10 days 8 days 7 days
LD-65 Z01t days 16W days 9 days 8 days
LD-75 0* 23 days 11Y days 84 days
LD-100 0* 0"* 14 days 13 days

*35% survivals: ** Z5% survivals.

The survivinR animals have been follovwd for more than 8 weeks
with no further deaths.

Although it is recognized that lethality curves for mice (or rats) cannot
be extrapolated to humans, experiments with small animaln demonstrating
good correlation between amount of radiation and response are deceptively
simple. In 1950 Hennessy ani Huff reported distinct correlation betiven
radiation exposures ranging from Sr to ZSr and erythrocyte depression as
determined by iron turnover studies in rats (22). The experiment was
repeated in this laboratory, using identical methods, materials and exposures
but no correlation betweei% dose and response could be established. In both
clinical work and research dealing with total body radiation, experience
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indicates that exposures of 5r to 25r are not likely to produce changes in
the hematopoietic system that can be detected by any parameter available
for measurement.

Literature Revytw and_ BLbliograrhv

Because of the apparent gap betmeen basic investigation and clinical
observations on total body irradiation, a review of articles and reports
dealing with this subject vas undertaken. The material, covering a 15 year
period (1947 - 1962), necessarily included related publications concerning
detection, dosimetry, hazards and protection. Among those dealing with
protection, a considerable number were devoted to anti- radiation drugs.

Of more than 600 reports, 78 were selected because: 1) they were
representative of all studies concerned with biologic and physiologic
response to radiation, 2) results were recorded, 3) results were supported
or contradicted by different invectigators. In the entire nurvey. only 10
reports concerned total body irradiation in humans and these are included
in the 78 selected. Reports concerning accidental exposure were omitted
because amount of exposure was uncertain. Among the 10 concerned Vith
humans, four dealt with continuous low-level exposures of medical and
industrial personnel (presumably exposures did not exceed the maximum
permissible dose). One (Cronk;te - No. 22) discussed clinical response
following heavy accidental exposure (i.e., nausea, vomiting, loss of con-
sciousness, etc), three dealt with studies in renal function, one mith renal
and liver function and one (Nickson - No. 59) emphasized hematology with
one of two patients showing electroencephalogram changes following
irradiation to the head. Reports on individual cases of accidental exposure
were omitted because amount of radiation was uncertain.

Since work in this laboratory on humans has provided ample infor-
mation on response of the hematopoietic system to irradiation, no effort
%as made to compile similar data on small animals. No reports mere
available on the possible application of granulocyte response as a biologic
index of radiation exposure.

The 78 reports are listed with name of investigator, reference, amount
of irradiation, species and results (pages ZI-33) and results have been
summarized according to organ or tiscue studied, type of test, amount of
radiation,species and reference (pages 34-37). A diagram has been
prepared shoving studies designed to demonstrate changes at the molecular
level, biologic effects, metabolic disturbances, morphology, and recovery
or death (figure 4).

Among the 68 reports representinr many types of Rrolt and histologic
examinations and biochemistry studies in animals, in vivo and in vitro,
results vary considerable, with frank contradiction in some cases (see
increase vs. decrease of weight of testis, Nos. 9, 3, 77, 78: increase v%.
decrease in survival with increasing energy Nos. 26 and 31). \'ariationn
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may be due to differences in species, size of animals, amount and quality
of irradiation, uneven distribution of radiation, and single or protracted
exposures. Approximatly one-half of the investigations were carried out

on rats and mice while the remainder included rabbit-%, guinea pigs, ducks

chickens, dogs. monkeys and in vitro studies.

Since it is not possible to investigate changes due to moderately heavy

radiation exposures in normal humans, investigators must study animals

with a view to comparing and extrapolating response to that which might

be expected in humans. However, the value of animal experiments for
this purpose is questionable when exposures exceed the LD-100 for humans.
Follo%4ng exposures of 10.000r, 30,000r or 750,000r. it seems likely that

any looked-for change could be noted and that any stress of comparable

severity, such as boiling in oil, would be equally effective. In the maze
of incomparable material, comparison of results is not possible and
extrapolation of results to that wkhich might be expected in humans would
not be meaningful. Yet. the survey has value in pointing out the many
approaches to the problem while indicating the areas of need. These
areas include:
I. Despite all the data available on hematologic studies, a definite
quantitative relationship between amount of radiation and response has
not been recognized.
2. Information concerning response to irradiation in humans by means
of biochemistry studies is incomplete.
3. There are no reports dealing with physiological studies of total body

composition and vital function changes following irradiation.
4. The contribution to the effect of total body irradiation of uther stress
or injury that might be encountered has not been explored.
5. Results of numerous, independent investigations cannot be evaluated
because of diversity of materials, methods and aims.
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Figure 4.

EFFECT OF IONIZING RADIATION ON LIVING TISSUE

Summary of Investigations

Disturbance at the Molecular Level
I. Sulfhydryl compounds
2. Splitting of HZO to form

dioxides, peroxides, etc.

Inorganic Radicals (short lived)

Organic Radicals

Damage to Biological Structure
R.B.C. Fragility
Thiamine Absorption

Preprophase Arrest
1. (HW) thymidine
z. (P37) incorporation I. Enzymes IV. Proteins

3. WFe 5 9) uptake Compound F T. Nitrogen

4. Chollnesterase Transaminase A/G ratio
RNAase Lipoproteins
ATPa.e Mucopolysaccharieds

Cell Division DNAaqe B-globulins
Mitotic Index Catala se Immunochemistry

S-cholinesterase Protoporphrin metabolisr

I1. Amino acids, Amines, V. Steroids
Nucleic acids 17 keto - 17 hydroxy

Metabolic Disturbances B-aminobutyric acid
Creatine, creatinine VI. Others

Biogenic amines Carbohydrate metabolism
Z-amino ethanol Glycogen
Deoxycytidine Glucose

Genetic RNA 1 DNA Chole-tterol
unbalance Bilirubenia Renal function

111. Mineral metabolism Kunkel zinc sulfate
Sodium Sublimate turbidity

Potassium BSP
Chlorides etc.

Iron
Iodine

Mutation Morphological Change Partial or complete recovery
Chromosome Cataract Bone marrow depression

abberation Vascular collapse G.I. tract injury

Sterilization Differentiation

I. Ratio of cell types
2. Rebuck test

Death
I. Single cell type - hematopoietic ,ystem, testis, intestinal mucota
Z. Organ . systemic effects, necrosis, RISA absorption, etc.
3. Organism . survival time, increased aging
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It is possible that the areas of need (outlined on page 20) may be
fulfilled by means of an over-all, coordinated program with all parti-
cipants using a common, comprehensive protocol of procedure. Such
a protocol would include dosimetry studies to achieve uniform distribution
of irradiation, hematology, biochemistry, and physiology tests, and
observations on subjective response. With the accumulation of sufficient
material, all data might be evaluated by computer methods to assure
reliability of analysis.

If a well coordinated program failed to provide the needed information,
then it seems likely that only relative quantitation is possible. While
prediction of effect of radiation in a small volume of tissue is possible,
prediction becomes more difficult as volume of tissue increases. Measure-
ment of change and function of complex biologic systems presents many
problems even under normal conditions so it is not surprising that
effect of total body irradiation, which involves all tissues, organs and
systems undergoing constant changes of wear and repair, would present
inexplicable problems in measurement. If effect of total body irradiation
is non-specific because of the many factors involved, then evaluation
of the organism as a whole may provide information overlooked in the
search for a specific biologic index. Evaluation of the whole individual
would relate amount of total body irradiation with performance, degree
of incapacitation and survival. Based on clinical observations that take
into account biologic and physiologic responses, it would permit pre-
diction of effect of exposures ranging to the LD- 100. Such a prediction
was presented as an addendum to the progress report of January 31, 1963.
This prediction may not be the final ansvwr but, because it represents
the "best" answer that can be given from an appraisal of presently
available data, it is included in its entirety in this final report.
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A PREICTION OF THE EFFECT OF TOTAL BODY IRRADIATION
BASED ON CLINICAL OBSERVATIONS

The essential problem posed by the possibility of massive irradiation
of the human is to predict the lethal dose, the dose at which immediate
but temporary incapacity will occur, and the dose at which delayed but
significant injury will occur. The possiblx: ansmers proliferate as
probable qualifying factors are introduced, e.g.,
I. Unless there is a uniform concept of dose and dosimetric procedures,

gross discrepancies in estimates of dose-effect are to be expected.
Z. The effects of irradiation are not specific and are apt to be confused

with other types of injury.- -mental, physical or blocherrical.
3. The effect of the accidental or catastrophic irradiation exposure will

vary with the geographic, geometric and anatomic relations that may
be unsuspected or, at least, difficult to reconstruct.

4. Age, general health and competing eisease v4ll modify the response
of the individual. Prediction of dose-effect is possible for individuals
or for uniform groups of individuals but a very wide rante of dose-
effects is to be expected in the general population.

5. Prediction of dose-effect in humans must be based upon the controlled
circumstances of clinical use of radiotherapy where uniformity of
radiation throughout the body may be sought although this is unlikely
ever to be achieved in accidental or catastrophic exposure.

6. Morbidity and mortality will clearly depend upon medical assistance
whether this be merely supportive or actually specific.

Nevertheless, some simple expression of the hazard of radiation is
necessary and a prediction can be offered if an allowance of t 3 d B is
granted.

The following predictions are based on a hypothetical group of adult
males between 30 and 50 years of age, with training or education to permit
a basic understanding of radiation and biology, physically and mentally
conditioned to work in the field of radiation hazards and free of any
previous physical or chemical trauma likely to impair tolerance to
radiation. The dose is expressed as the amount of radiation measured
in air at the site where the individual is exposed. The geometry of
exposure and quality of irradiation is assumed to be such as to produce
a uniform distribution through the entire body.

"Acute incapacity" means uncertain ability to carry out crucial
mental or physical tasks.

"Partial disability" mears ability to carry out mental tasks and
sedentary work but vulnerable to stress, e.g., severe physical exertion,
infection or further irradiation.

The problems of single brief exposure and of protracted exposures
are dealt with separately.
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Table 15

Predicted Effect

of

Single Exposures of Total Body Irradiation

Amount of Acute Partial Blood Counts
Irradiation Incapacitation Disability (76 of normal) Time to

Recovery

50r 0 0

1OOr 0 0 75% 60 days

ZOOr 0 0 50% 60 days

300r I - 6 hrs. 0 Z5%1, 60 days
(minor)

500r I - 12 hrs. 2 - 3 mos. 5% 90 days
(no deaths anti-
cipated below
this level)

700r I - 72 hrs. 6 mos. 17. 120 days
(LD-50 range)

900r 2 mos. IZ mos. 1/% 1 year
(LD- 100 range) (if any survivors) (if any survivorst

The prediction of the effects of protracted total body irradiation is
less readily described in simple numerical values for dose and time.

The rule to be anticipate is that, taking values for single exposures
of the order of one hour as a standard, the effect of protraction will be
(A) to obscure the time of onset of signs or symptoms due to delayed
and insidious development , and (B) to prolong the recovery period due
to: 1) increased time required for accumulation of an effective amount
uf irradiation, 2) inhibition of the repairative response, 3) vulnerability
to infection and other forms of stress during the period when repairative
response is impaired.

It is evident that at some low level of protracted exposure, no
detectable effect will occur and at some high level of protraction falling
short of lethality, the above description will be clearly applicable.
Intermediate exposures will be difficult to define with precision.
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Table 16

Predicted Effect
of

Protracted Total Body Irradiation

Amount of Radiation Symptoms Blood Counts
and Acute Partial Is of Recovery

Duration of Exposure Incapacitation Disability normal time

lOOr in I wk. 0 0 90%
in I mo. 0 0 90%
in I yr. 0 0 0

ZOOr in 1 wk. 0 0 75%'f
in I mo. 0 0 50%
in I yr. 0 0 0

300r in I wk. 0 Day 15-50 50% 3 mos.
in I Mo. 0 Day 30-90 25% 4 mos.
in l yr. 0 0 0

SOOr in I wk. Day 7-10 Day 10-90 z0% 4 mos.
(MLD range) in 1 mo. Day Z5-35 Day 35-150 1% 6 mos.

In I yr. 0 Mos. 10-Z4 50%16 4 mos.

700r in I wk. Day 5-30 Day 30-150 I% 6 ios.
(LD-50 range) in I rnv. Day 15-50 Day 50-200 41% IZ mos.

in I yr. 0 Mos. 10-24 Z5%/6 4 mos.

900r in I wk. Day 4-30 Mos. 1-6 1% 1 yr.
(LD-90 range) in I mo. Day 10-50 Mos. 2-12 41% i yrs.

in 1 yr. 0 Mos. 8-Z4 10% 1 yr.

The above values are predictions, not conclusions.

They are offered as "best answers" to current conjecture based on

total experience in clinical radiotherapy.

The values below 300r are firm estimates.

The values below 500r are safe estimates.

The reason for continued clinical investigation is to accumulate
further observations and develop more reliable tests to confirm or
alter the impressions in high dose ranges.
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