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T HE 13131EDI.~TE and late effects of ionizing radiation are generally con-
sidered as a component part of atomic warfare. With the exception of the lab-

oratories devoted in part to the studies of the harmful effects of radiation, ~
there is little interest on the part of physicians in our country. The average
physician and hematologist t,hooses to ignore the problem because the n~ag-
nitudc of medical problems associated with atomic warfare makes the problems
seem insuperable. In addition, there is a strong feeling on the part of many that
nothing can be done for radiation injury anyway. However, this is not true as
w-ill be pointed out. In addition, the gro~ving awareness of the public to the
hazards of radiation behooves us as physicians to be able to advise learnedly on
the hazards and to be prepared to cope with injuries that will inevitably result
as the industrial uses of radiation spread and as atomic power plantst become
commonplace. Man’s machines are only as safe as the men who operate them.
Since hemopoietic dysfunction occupies a key role in both the acute and long-
term picture, hematologists will be called upon more and more to advise labor
and management on the hazards: their prevention, cent rol and treatment.

Radiation injury is both dose- and time-dependent in mammals. .kfter very
high doses of radiation ca. 10,000 r., death occurs with symptoms related to the
nervous system (CA’S) syndrome. These deaths occur within a matter of hours.
With lower doses ca. 800–10,000 r., deaths occur 3–6 days after exposure with
symptoms related to the gastrointestinal (GI) tract. This was observed in ,Japan
and reported by Kikuchi and Wakisaka.1 With lower doses 200–800 r., hemo-
poietic deaths occur (sequelae of pancytopenia, infection, hemorrhage, and
anemia) 8–60 days after exposure.

There is no treatment for the CN”S syndrome. If there were, one would still
have to face the GI syndrome, and if one were brought through this phase, one
would still have to face the hemopoietic syndrome. In fact, this has been shown
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experimentally in dogs by Conard et al.z that large-scale replacement of fluids,
plasma and electrolytes will get dogs over the GI syndrome permitting the gas-
trointestinal mucosa to regenerate. Then the animals later experience the hemo-
poietic syndrome and die with the characteristic sequelae of pancytopenia. The
hemopoietic syndrome can be significantly altered by various procedures, a sub-
ject that is covered in the panel on restoration of hemopoietic tissues elsewhere
in these proceedings and will not be considered in length here. I shall concentrate
largely on human radiation injury in man. The description of radiation injury
goes back to the turn of the century. Heinecke3, 4 described the atrophy of
radiosensitive organs. In more recent years, the dynamics of proliferating tis-
sues, has been better appreciated and was recently reviewed by Leblond and
Walker.5 In reality, the dose and time dependence of the radiation syndromes
are, in part, a manifestation of the degree of disturbance in the tissues that
normally are highly proliferative and in a state of dynamic equilibrium. Itera-
tions in the granulocytes were considered in detail by Cronkite and Brecher. G
Radiation disturbs the equilibrium by depressing the production of new cells and
possibly may affect life span. The steady state equilibrium can be expressed in a
simple equation as suggested by Quastler:

where F =
till =

F P
tl~+tl=~

(Number being born) (Number dying)
the number of primitive progenitors
motitic time
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‘I = interphase time
P = number of mature cells
tP = life span of the specific cell.

In this expression, it is assumed that one daughter cell matures and one remains
behind to divide again. In the case of the intestinal mucosa, this appears to be
the case. In the ease of hemopoiesis, particularly erythropoiesis, such a simple
situat ion does not exist. It appears that mitosis and maturation occur sinlul-
taneously. In theory, one can establish the following model consisting of at least
four compartments feeding from the first to the last compartment. In some in-
stances there is reutilization of constituents of the dying cells for new cell pro-
duction.

In the first compartment, primitive progenitors are dividing, feeding one
daughter cell into the multiplication and maturation (Mill) compartment, and
one remaining behind to divide again, thus maintaining the progenitor pool. The
number enterin~ the MM compartment is

In the MM compartment, the cells started down one lineage divide an unknown
number of tililes (n). Hence, the number produced in this compartment is

When division is no longer possible, cells are retained for an unknown period of
time in the maturation and storage compartment. Thus, one can express the
steady state from compartment II (MM) to compartment III {MS) to com-
partment IV (Pi?) in the following equation

(Xumber being born) (Number dying)

Certain corrections are necessary to correct for death in mitosis and loss in MS
compartment. These losses are probably very small normally, but following
irradiation may be very large. * In the case of the red cell, one can balance the
right side of the equation and it may be possible to calculate the unknowns on
the left side from existing data, or determine experimentally the missing values.

It can easily be seen that the dynamic equilibrium can be upset by changes in
the mitotic cycle, in the size of either proliferative compartment (RP UC or MM),
by increased losses in these compartments or in MS compartment or changes in
life span. This hypothetical model may be helpful in designing experiments.

Radiation is known to affect the more radiosensitive of the population of
formative cells and to increase the length of the intermitotic duration. If the
formative population is eradicated, total aplasia will result. If the system is

* ,i more det aileci discussion of hemopoietic model will be the subject of a later report.
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essential for life, then death will inevitably ensue. .ks the dose of radiation varies,
the degree of hypoplasia varies. The rate of change in the concentration of the
mtture element is a function of the life span of the cell. The new steady state
level is a function of the number of remaining formative cells. Space does not
allow a more rigorous treatment of the dynamic equilibrium of proliferative
tissues.

Spcxific information On human ~lation injury comes from various sources.
The largest single experience is that of the Japanese at Hiroshima and X“aga-
salii, reported on by Tsuzuki et al.,T Kikuchi and ViJakisaka,’ and Liebow, l}Tar-
ren and DC Coursey.8 llore recent studies are those of Tsuzuki, g ancl Kikuchl,10
on the ,Japalmse fishermen, and of ourselvesll, 12 on the Jrarshallese and hlt?ri-

cans exposed to radioactive fallout. Reactor accidents hare contributed signifi-
~alltly.lj. It lror practical considerations of sorting out casualties, one can divide

exposed human beings into three categories in which survival is, respectively,
improbable, possible and probable.

1. Surrital improbable. If vomiting occurs promptly or within a few hours and
continues and is follon-ed in rapid succession by prostration, diarrhea, anorexia
and fever, the prognosis is grave; death will almost definitely occur in 100 per
cent of the individuals within the fimtweek irrespective of what the dose esti-
mate may be. There is no known specific therapy for these people; accordingly
in a catastrophe, attention will be devoted to others for whom there is some hope.

2. S~wtiual possible. ~Tomiting may occur early but will be of relatively short
duration, followed by a period of well-being. During this period, marked changes
we takil~g place in the hemopoietic tissues. Lymphocytes are down within hours
and remain depressed for months. The neutrophil count is depressed to low
levels, the degree and time of maximum depression depending upon the dose.
At the end of the latent period, signs of infection may be seen when the neutro-
phil count has reached virtually zero 7–9 days or later. Frank purpura, epila-
tion, breakdown of wounds or burns may be seen.

3. Survival probable. This group consists of individuals who may or may not
had transient nausea, vomiting and diarrhea. Other symptomatology is absent.
Blood changes are dependent on dose of radiation and time after exposure.

Since there is today no known way of increasing the survival rate of patients
in category 1, our attention will be directed to categories 2 and 3. Category 2
was seen in large numbers in Hiroshima and Nagasaki and the excellent descrip-
tions of Tsuzuki~ and Kikuchi and Wakkaka,l are expanded upon by the more
extensive reports of the ,Joint Commission,’5 and Le Roy.ls, 17Suffice it to say
that the salient clinical points are the common sequelae of pancytopenia.ls

The susceptibility to infection is well established and revieweds, 19-21and the
pathogenesis involves:

(a) Decrease in number of granuloeytes.s
(b) Impaired function of the remaining granulocytes.
(c) The reticulo-endothelial system phagocytizes bacteria but does not kill

them as readily.
(d) Acquired antibody production is diminished.

!501’ivwi
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(e) Natural antibody (properdin) titers decrease.
(f) The connective tissue of the skin is altered.
There is little wonder that infection occurs with almost. all of the defenses inl-

paired. In fact, infections are generally produced by commensal organisms in
addition to pathogens if present in endemic or epidemic states.

The susceptibility to bleeding is well correlated with the platelet depression.
Ho\vever, additional factors may be involved such as lipid antithromboplastins.~~
The earlier concept of .Mlen et al.23that heparinemia is a major cause of bleeding
is no longer tenable.z4 Anemia may become severe and appears to be the cause of
death in the germ-free animals.” In a general sense in animals and in the .Jap-
ancse, death in category 2 could be well correlated with overwhelming infec-
tion, exsanguirlating hemorrhage, hemorrhage into vital organs and severe ane-
mia. It is generally believed that correction or treatment of these defects during
the first few weeks may permit sumival in some individuals who might have
otherwise died. This concept of total body irradiation as primarily a pancyto-
penic state, while very useful, may be an oversimplification. It is simply not
known whether correction of the pancytopenic state by adequate transfusion of
all formed elements would permit individuals to live indefinitely or whether they
would die from some other as yet illdefined metabolic defect. In fact, spleen
shielding, homogenates and bone marrow does not save 100 per cent. Some
animals die with regenerating marrow. In addition, many Japanese died with a
rapidly regenerating marrow in whom the cause of death was not clear.

From the prognostic standpoint, a re-analysis of the relationship of leukocyte
counts to survival in the Japanese at Hiroshima and Nagasaki by Jacobs, Lynch
and Cronkitezh has yielded interesting data. In table 1 correlation between low
counts and increasing mortality is evident. In further study, Jacobs et al.*B
studied the leukocyte count in the third, fourth and fifth weeks after exposure
and its correlation with ultimate survival. It appears that low Ieukocyt e counts
are tolerated better as time goes on, suggesting that other defenses against in-
fection are recovering more rapidly than the granulocyte production.

From the preceding data, it is quite evident that a correlation between leuko-
cyte depression and mortality exists. Since serial counts were not performed on
large numbers of human beings in Japan nor on similar groups at the same time
interval, it is not possible to establish as elegant a relationship for man as was
done by Smith et al.z7for mice. However, the category 3 type casualty was stud-

TABLE 2.

LowestWBC in first35 days Total No. of people Died by 9thweek Per centmortality

o 80 68 85
501 92 51 55

1001 48 16 33
1501 76 12 16
2001 42 13 31
2501 40 1 2
3001 ‘2393 22 1
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ied systematically by Cronkite et al.’1’ lZ and will be summarized briefly. h

addition to the whole-body radiation of about 175 r., extensive skin contamina-
tion resulted in beta burns of the skin.

Details on the blood changes are reported elsewhere.11~‘2 Suffice it to say that
lymphocytes decreased promptly and were at their lowest level when studied
the first four days after exposure. N’eutrophils oscillated around the normal
for a few weeks and then commenced to decrease, attaining minimum values
about w days after exposure. Platelets were depressed below controls when first
studied on the 10th day and continued to decrease, reaching lowest values. No
external bleeding was seen. Pregnancy continued. Menses were excessive in four
women. .jfter hizher doses, lower counts will be seen earlier for both the leuko-
cytes and platelets.

Infections of a bacterial nature did not develop although granulocyte counts
as 1OW-as 8.50 were observed. In view of the previous relationship hetlveen leuko-
cyte count and mortality, it is quite evident that these people received a dose of
radiation that is close to the lower limits of the lethal range. These people were
under daily medical supervision. They were examined daily and serial blood
counts ~vere performed. No prophylactic therapy of transfusions were given nor
were antibiotics or other drugs used unless there was a specific clinical indication.
In a general sense, the Marshallese received about the same amount of whole-
body radiation and internally deposited radionuclides as the Japanese fishermen.
However, the .Japanese fishermen apparently received more severe skin burns,
N-one of the Marshallese nor the less severely exposed Americans developed any
sign of hepatitis ~vhereas 18 of 23 of the Japanese fishermen did. Accordingly it
is our contention that the most likely explanation for the hepatitis in the ,Jap-
anese is that it was serum hepatitis induced by repeated blood transfusions and
not a radiation-induced hepatitis because this has not been observed in experi-
mental animals with comparable and greater doses, nor was it seen after Hiro-
shima and Xagasaki, nor was it seen in the Marshallese, nor following any of the
reactor accidents. The liver can and has been injured in animals by massi~e
doses of radiation, but there is no evidence that liver dysfunction is induced by
doses in the lethal range, i.e., less than 800 r.

Before concluding, I want to summarize the preferable treatment of radiation
injury of man.

First, on the basis of the Marshallese experience, it can be concluded that no
proph~lactic therapy is needed for this degree of radiation injury. Careful ob-
servation, good nursing care, and treatment on an individual basis of any condi-
tion that may arise are of cardinal importance. .4ntibiotics, in general, should
not be gi~’en prophylactically, and should be administered only if infectious
processes develop that would be treated with antibiotics in the absence of any
hktory of overexposure to radiation.

Admittedly there is a point where one will wish to consider the prophylactic
use of antibiotics. When one studies the data on correlation of leukocytes with
mortality, one will seriously consider antibiotics when leukocytes fall below
1000’mm3. How-ever, it is still desirable to withhold as long as possible because
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bacteria may become resistant to the drugs, thus depriving the individuals of
the possible later benefit of these agents. Under conditions of a major catast-
rophe where careful continuous observation is not possible, a better case exists
fw the widespread empirical use of antibiotics, particularly in individuals \vith
burns (beta or thermal), wounds or other trauma. In this situation, the oral anti-
biotics appear to have first call. Wide spectrum agents such as tetracycline, oYy-
tetracyclinc and chlortetracycline are available. Tetracycline is the probable
drug of choice \vith full therapeutic doses from 14 to 30 days ~vhen most of the
infectious deaths were observed.

Blood obviously has a role. It should never be given prophylactically but only
when indicated by clearcut clinical and laboratory findings. Fresh whole blood
by direct silicone multiple syringe technique without anticoagulant or collected
in plastic bags \vith EDT.A or platelet transfusions may be of some value in con-
trolling purpura and spontaneous bleeding for a limited period of time. The use
of drugs without clear indication is discouraged because of the unknown and
possibly- harmful effects on the irradiated individual whose metabolism is de-
ranged. M present there are no specific prophylactic or therapeutic agents that
should be stockpiled for use in the hematological depression and the resulting
disease state following exposure to total-body irradiation. However, laboratory
data on animals clearly indicate that radiation-induced hemopoietic depression
can be influenced in several ways:

a. .iccelerated restoration of aplastic tissue by transplantation of genetically
acceptable totipotential cells with substantial increase in survival,

b. .Ilteration of the blood picture by “triggering” known physiologic stimllli
for hematopoiesis with slight increase in survival.

c. Substitution therapy (WBC and platelet transfusion) altered the clinical
picture but did not significantly increase sum-ival as yet.

d. Restoration of antibody production by non-cellular factors in which the
influence upon survival is not yet recorded.

REFERENCES

1. KIKUCHI, T., ASD W~KISAKA, G.: Hematological investigations of the atomic bomb
sufferers. .~cta Schol. Med. Univ. Kyoto 90: 1–33, 1952.

2. COSARD, R. -A., CRONKITE, E. P., BRECHER, G., AND STROME, C. P. .4.: Experimental
therapy of the gastrointestinal syndrome produced by lethal doses of ionizing radia-
tion. J. .4ppl. Physiol. (To be published. )

3. HEINEKE, H.: Experimentally Untersuchungen ueber die Einverkung der Roentgen-
strahlen auf das Knochenmark. Deutsch Ztschr f. Chir. 78: 196–230, 1905.

-1. — Ueber die Ein\verkung der Roentgenstrahlen auf Tiere. Munchen. med. Wchschr. I:
2090-2092, 1903.

.5. LEBLOXD, C. P., AND WALKER, B. E.: Renewal of cell populations. Physiol. Rev. .!36:
255-276, 1956.

6. CROXKITE, E. P., mm BRECHER, G.: The protective effect of granulocytes in radiation
injury, Ann. >’. Y. Acad. Sci. 59:815-833, 1955.

7. Medical Report on Atomic Bomb Effects. N’ational Research Council of Japan, 1953.
8. LIEBOW, A. A., WARREN, S., AND DE COURSEY, E.: Pathology in atomic bomb casual-

ties. Am. J. Path. 25:853-1027, 1949.



272 NUCLEONICS

9. TSUZUKI, M.: Erfahrungen uber radioactive Schadigung der Japanischen Fischer
durch Bikini-Asche. Munchen. med. Wchschr .97: 988-994, 1955.

10. Supplement on radioactive dust from the nuclear detonation. Bull. Inst, Chem. Res.
Kyoto Univ., Japan, Nov. 1954.

11. CROSKITE, E. P., Box~, V. P., CONARD, R. .4., SHULMAN, N. R., FARR. R. S., COHN,
S, H,, DUXHAM, C. L., ANn BROWNING, L. E.: Response of human beings accidentally
exl)osed to significant fallout radiation. J..!.M.A. 169:430444, 1955,

12. —, —, ANn DUNHAM, C. L., Eds. : Response of Human Beings to Radiation: A
Report on the Marshallese. Washington, D. C., U. S. Government Printing office,
1956.

13. HEMPSELMAN)L. H., LISCO, H., AND HOF~MAXj J. G.: The acute radiation syndrome:
.i study of nine cases. Ann. Int. Med. 36:279, 1952.

14. HAST~RLIK, R. J.: Clinical report of four individuals accidentally exposed to gamma
radiation and neutrons, Argonne National Lab., Chicago, 1953.

15. OVGHTERSEN, .\. W., LE ROY, G. V., HAMMOND, A. A., BARXETT, H. I,., ROSEXBACM,
J. D,, .4~D SCHNEIDER, B, A.: lMedical effects of the atomic homt]s. Joint Commission
Report. U.S. .4,E.C. Documents XP-3038 (vol. 3), NP.3040 (vol. 5), and NP.3041
(VO]. 6), 1951.

16. I,E ROY) G. V.: Medical sequelae of the atomic bomb explosion. J. A. M..4. 13.4: 1143-
114s, 1947.

17. —: Hematology of the atomic bomb casualties. .4rcb. Int. Med. 86:691-710, 1950.
18. Pathologic Effects of Atomic Radiation. National Acad. Sci .—National Research

Council. Publ. No. 452, 1956.
19. Bos~, V. P., AND SKLVERMAN,M. S.: Pathogenesis and pathology of post-irradiation

infection. Radiol. Res. 1: 389–399, 1954.
20. C’RONKITE, E. P.: Treatment of radiation injuries. Mil. Med. 118:328-334, 1956.
21. —--- AND BOND, V. P.: Effects of radiation on mammals. Ann. Rev. Physiol. 18: 483–

526, 1956.
22. TOCAXTINS, L. M.: Antithromboplastins in plasma of irradiated dogs in Tr, 5th Ann.

C’onf. Blood Coag. New York, Josiah hfacy Foundation, 1952.
23. .4LLEX, S. G., ET AL.: Heparinemia (?) An anticoagulant found in the blood of dogs

with hemorrhagic tendency after total body exposure to x-rays. J. Exper. Med. 87:
71, 1948.

24. CROXKXTE, E. P., .mn BRECHER, G.: Defects in hemostatic produced by wholebody
irradiation. Tr. 5th Ann. Conf. Blood Coag. >Tew York, Josiah Macy Foundation,
1952.

25. REYNIERS, A. J.: Univ. of Notre Dame. Unpublished data.
26. JACOBS, G. J., LYINCH, F. X., AND CRONKITE, E. P,: National .4cademy of Sciences,

1957 (To be published).
27. SMITH, W. W., GONSHERRY, L., ALDERMAK, I., AXD CORNFIELD, J.: Effect of granulocyte

count and litter on survival of irradiated mice. Am. J. Physiol. 178: 474-!76, 1954.

.,.


