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__.-1 INTRODUCTION

Until recently it has been generally assumed that injury to the skin

from ionizing radiation was not a serious hasard associated with the detona-

tion of nuclear devices. However, in 1954 the importance of this hazard be-

came apparent when widespread radiation lesions of the skin developed in a

large group of people accidentally exposed to fallout radiation in the Marshall

Islands following the experimental detonation of a large muclear device. In

addition to exposure of some 239 Marshallese people and 28 Americans, there

were 23 Japanese fishermen exposed on their fishing boat. The radiation ef-

fects and skin lesions in this latter group have been described by Koyama et

al. and others, Prior to that time, a limited mmber of skin lesions on the

backs of cattle (Bird; Paysinger gt al.) and horses (Atomic Energy Commission

Report) has been noted from fallout following experimental detanations. In

addition, exposure of the hands of several individuals who had carelessly

handled fission product samples from a detonation resulted in the development

of severe lesions (Knowlton gt al.). Other cases of beta lesions in human

beings ofaccidental or experimental nature have been described by Robbins

et al.; Crawford; Low-Beer; Wirth and Raper; Conard and Tessmers; Kepp; Griffith

get al. and Kepp, Miller and Reich; Nodles and Witten et al. Some of the rather

mumerocus studies on the effects of beta radiation on animal skin are reported

by Henshaw; Raper and Barnes; Snider and Raper; Lushbeugh; Moritz and Henriques;

Paysinger ot al.3; Bruess Cloudman et al.; Glucksmann; Kharchenko and Venolurov;

Koletsky et al.; Minisovs Passonneeu and Hamilton; Smmbik et gl. and Unger et al.

The recent accident in the Marshall Islands affords the first example of

large mimbers of lesions of the skin in human beings from fallout. Studies of
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these lesions in the Marshallese and Americans exposed have been documented

(Gonard et al.) and will be referred to frequently in thie chapter.

Lesions of the skin induced by fallout are primarily due to the beta ra-

Gliation from the fission products adhering to the fallout material and are,

therefore, frequently referred to as beta burns. So-called beta burns of the

skin may also result from accidental exposure to, or contamination with, radio-

isotopes used in science and industry. The possibility of such accidents mst

be considered seriously in view of the increasingly widespread use of radio-

isotopes.

—_ 2 FALLOUT SITUATIONS RESULTING IN SKIN DAMAGE.

With detonation of molear devices, serious radiation injury to the skin

is only associated with fallout situations where the radioactive material is

sufficiently concentrated. Such concentrations are most likely to occur with

close-in fallout, 1.¢., fallout that occurs within several hundred miles of

the detonation. It seems probable that the fallout will be visible if serious

acute skin damage ia to result; however, this cannot be stated with certainty.

In the Marshall Island accident, the extent and severity of the skin lesions

were directly correlated with the amount of visible fallout. On the most dis-

tant of the contaminated islands, some 200 miles from the site of detonation,

the fallout was not visible and no beta lesions of the akin developed among

the inhabitants.

The world-wide deposit of fallout which occurs slowly from the troposphere

or stratosphere does not result in skin injury since in this situation the fall-

out material is greatly diluted and reduced in amount,

Demage to the skin such as that seen with beta radiation does not result

from the immediate penetrating gamma or neutron radiation associated with detona-

4on of moclear devices since the dose of such radiations necessary to severely



damage the skin results in early deatha from damage to the bons marrow and the

deep organs, Thus the skin burns observed in the Japaneses casualties from the

Hiroshima and Nagasaki bombs were not the result of ionising radiation and were

caused chiefly by thermal radiation. Fallout radiation associated with these

bursts was insignificant.

2 CHARACTERISTICS OF FALLOUT MATERIAL.

The chemical and physical make-up of fallout will vary according to the

type of terrain or soil over which the detonation occurs. 411 fallout is par-

ticulate in nature, but the size of the particles will depend to some extent

on the physical and chemical characteristics of the soil. The fallout assooia-

ted with the Castle detonation, March 1, 1954, waa a white, powiery matorial

largely composed of incinerated coral. Aside from the radioactive component,

the calcium oxide of the material was in itself irritating to the skin due to

its caustic nature. Moreover, it was probably pertly dissolved in the perspira-

tion on the skin, thus increasing its irritating eaétion. This alac may have

enbanced the radiation to the akin by bringing the radioactive materials in

closer contact with the skin, The presence of irritating chemicals on the skin

ia known to enhance the radiation effect (MacKee, Cipolarro and Montgomery).

Fallout produced from other types of soil, not predominantly coral, might vary

considerably in chemical and physical make-up and ability to irritate the skin.

Color and particle size would also vary, Yor instance, siliceous type soila

would probably form mich less irritating fallout.

The particulate nature of the material results in a spotty distribution

of lesicns on the body. The Marshallese claimed that the material adhered

closely to the skin and was difficult to brush off. This was borne out by

the difficulties encountered in decontaminating the skin of the exposed indi-

vidualS.«



_-4 SOURCES OF RADIATION FROM FALLOUT.

Fig. 1 is a rough diagramatic sketch showing the relatively uniform dis-

tribution of fallout on the ground, buildings, trees and personnel. The pene-

trating gamma radiation which is represented by the wavy, shaded areas pene-

trates many yards in air before it 1s attemiated appreciably, while the beta

radiation represented by the stippling is completely attermated in several feet.

Damage to tha skin results largely from the beta component of the fallout in

view of the fact that all of the beta radiation entering the skin 1s absorbed

in the skin and because of the high beta to gamma ratio. Estimates of this

rationvary widely up to 1/150, depending on the exposure conditions, The skin

does receive some radiation from penetrating and soft gamma radiation, but hy

far the greater part of the dose is contributed by the bata radiation. Alpha

emitters are usually not present in fallout to any great extent and due to their

very weak penetrating ability, they are not likely to add significantly to the

akin damage.

The skin dose results from two sources of beta radiations the fallout

material in direat contact with the skin (contact hazard) contributes by fer

the largeat part of the dose to the skin, and the material on the ground (beta

bath hazard) contributes a mich smaller amount. The fallout in contact with

the skin will usually be spotty in distribution and due to the particulate

nature will result in miltiple point sources of radiation on the skin, Trough

radiation from these sources is largely from the skin surface, it is possible

that some deeper radiation may result from percutaneous absorption as well as

penetration inte the dermal region via hair shafts, sebaceous and sweat glands.

Some of the fission products are water soluble, and it is possible that some

are lipid soluble, which would enhance this effect. ‘iitten et al. have shown
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that thorium-x applied to the skin results in some percutaneous absorption and

entry into the hair shafts and glands.

Beta dose to the skin from fallout on the ground will be lergely confined

to the lower parts of the body, partioularly the feet and legs, since the beta

particles are completely stopped in approximately two meters of air.

_..-5 ESTIMATION OF SKIN DOSE

Measurement of beta doses to the akin from fallout is an exceedingly dif-

ficult problem due to the complicated apectrum of different energy beta emitters

esent, the nomniform distribution on the sin, and the fact that practical

dose meters have not yet been perfected which will adequately discriminate be-

tween the beta radiation and the contaminating gamma component.

The penetration of beta particles into the skin depends, of course, on

the beta energies of the component isotopes. Each radioisotope has its own

characteristic spectrum of beta energies up to a maximum energy. Relatively

few particles are of the maximum energy, however, and the average energy (roughl

one-third of the maximum energy) and the 50 per cent attenuation thickness of

tissue are more meaningful in estimating skin effects. Thus an isotope emit-

ting low energy radiation, confined largely to the dead, horny layer of skin,

would be relatively ineffective; more energetic radiation, penetrating through

the epidermis could result in transepidermal necrosis; and deeper penetration

into the dermis could result in more severe ulcerating lesions. Fig. 2 shows

roughly the tissue depth necessary to produce 50 per cent attermation of the

beta particles from several isotopes.

In Table 1 data from animal studies from several investigators show the

evergy dependence of beta particles from various isotopes in producing recor~

nizable skin reactions. Note that the surface dosea for threshold reaction

(erythema, epidermal atrophy) are fairly dependent on the energy of the beta



particles of the various isotopes. Thus it tekes 20,000 ~ 30,0C0 rep from

Ss’? (ave. energy 0.05 mev.) to produce a reaction, while it takes only 1,500 ~

2,C00 rep of sr”? or r? (av. evergy 0.3, 0.7 mev.) to produce the same reaction.

The degree of skin damage therefore is dependent on the absorbed dose at a

certain critical depth in the skin. Moritz and Henriques found that the dose

at 0.09 millimeters depth of te pig skin (estimated to be the epidermal thick-

ness) was constant within several hundred rep to produce transepidermal injury.

Wilhelmy has also noted that it takes roughly the same dose of electrons and |

soft X rays at the level of the subpapillary layer to produce erythema. On

this basis, Parker has advocated the use of beta~detecting instruments with

chamber walls corresponding in milligrams per square centimeter to the thick-

ness of the relatively inert epidermal layer. Thus in expressing dkin dosage,

it is probably more informative to use the depth dose at a level corresponding

to the basal cell layer of the epidermis.

Table 1 also indicates the species difference in skin sensitivity to beta

radiation, Rabbits and sheep required larger doses than mice to produce the

same effect with roughly the same energy beta. Porcine skin, which is re-

putedly more like human skin than other animals, apparently is more sensitive

than the rabbit or sheep skin. Some of these differences, aside from species

differences, may be due to variation in thickness of the epidermis of different

species and differences in techniques used.

Table 2 shows beta dosage data from some iuman experiments and accidents

found to produce various effects on the skin. These data mst be interpreted

with great caution due to differences in experimental techniques and dosimetry.

The authors have taken the liberty of interpreting the severity of the skin re-

actions given by these investigators in degrees. A first degree reaction im-

plies erythema and/or dry desquamation; a second degree, transepidermal necrosi
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with ulceration; and third degree, lesions which show deeper dermal involvement

with breakdown and the development of chronic radiation dermatitis. It can be

eeen that there is a considerable variation in dose reported to produce the

various reactions.

In the Marshallese the dose to the skin oould not be calculated with any

degree of accuracy due to the aforementioned reasons. The majority of the beta

radiation was of low energy (average 0.1 mev, Sondhaus et al.) and accounted

for the fact that most of the legions were superficial in nature. However, ©

there was sufficient penetration of more energetic components at the level of

the hair follicles to result in temporary epilation. Due to the rapid attema-

tion of beta particlsas in tissue, the skin surface dose may have been quite

high. The contribution of beta radiation to the skin of the Marshallese from

the ground haa been estimated by Sondhaus gt al. to have been about 2,000 rep

to the feet, 600 rep at hip level and 300 rep to the head, These doses vere

insufficient in themselves tc produce detectable lesions, though they probably

contributed significantly to the severity of the foot lesions that occurred.

__-© EFFECTS OF FALLOUT RADIATION ON THE SKIN,

0-1 ACUTE EFFECTS. In general beta radiation effects on the skin

are similar to effects produced by more penetrating radiation such as gamma

or x-radiation (Low-Beer; MacKee, Cipollaro and Montgomery; Warren; Nodl; and

Walbach), However, the less penetrating beta radiation produces more super~

ficial lesions with less damage to the dermis. The lesions are more like those

produced by grenz-rays and ultra-violet rays (MacKee, Cipollaro and Montgomery;

Ellinger). Consequently, they are usually leas painful and heal more rapidly.

The time sequence of beta lesions varies considerably with the dose to the skiz

A general description of the sequence of changes is presented below.

w+ G+l.1 EARLY EFFECTS. During the first 24-48 hours after exrosure,
my ps
mot

VU ETSY itching, burning, or tingling sensations of the skin are usually experienced.



These symptoms may also involve the eyes with accompanying lachrymation. As

pointed out earlier, fallout of an alkaline nature may contribute to this symto-

matclogy. The above symptoms occurred in many of the Marshallese, In more

aeverely damaged skin, erythema, edema and areas of blanching may be noted.

Erythema was not observed in the Marshallese, perhaps due to the dark color

of the skin.

_.O+l.,2 LATENT PERIOD, The early signs and symptoms usually disappear

within a few days and a relatively asymptomatic latent period ensues. The

length of this latent period may vary from a few days to several weeks and is

relatec to the dose to the skin; the higher the dose, the shorter the latent

period. In the Marshallese, the more heavily exposed group developed lesions

about two weeks after exposure, a week earlier than the less heavily exposed

groups.

~_..0.1.3 DEVELOPMENT OF GROSS LESIONS. Following the latent period the

evidence of skin damage becomes apparent with intensification of signs and symp-

toma. A secondary wave of erythema may be seen along with gross changes in the

skin. Such changes may be in the form of simple tanning or more marked pignen-

tation with the formation of macules, papules, or raised plaques of thickened

pigmented skin. Mild lesions may cause only sligit itching and burning and

superficial desquamation from the center of the lesion outward, leaving depig-

mented thinned areas of epidermis whic!. gradually repigment and heal the follow-

ing week or so. In the more heavily exposed Marshallese group of 64 people,

about 90 per cent developed miltiple, spotty, pigmented lesions on exposed

parts of the body. Most of these lesions were superficial in nature (see

Wigs. 3, 4, and 5}. More severe exposure to the skin results in vesiculation

and ulceration, Such lesions may be quite painful and secondary infection may

eceur. They require longer to heal and may result in some degree of atrophy



-5-

and scarring of the skin. Repigmentation may be long delayed or may never be

complete. Only about 20 per cent of the Marshallesegroup referred to devel-

oped ulcerating lesions and secondary infection occurred in a few cases. Le-

sions on the dorsum of the feet were generally the most severe, showing bullae

formation followed by ulceration (Fig. 6). At three years after exposure some

of these lesions sontime to show incomplete repigmentation of the skin with

atrophy or scarring in some casea (see Fig. 7).

Epilation may ocour along with the development of the skin lesions. The

head region is more sensitive to epilation than the axillary, pubic, or eyebrow

regions. If the radiation dose to the follicles has not been too high, re-

growth of hair commences in several months. Permanent epilation may result

4f the skin dose is high. Usually by five or six months, regrowth of hair is

complete. In the Marshallese group, spotty epllation of varying degrees oc-

curred in 90 per cent of the children and about 30 per cent of the adults (Fig.&).

Regrowth of hair commenced in all cases about 3 months post-exposure and by 6

months, hair was of normal color, texture and abundance (Pig. 9). Though change

of color of hair from black to gray has been frequently observed in animals

(Hance and Murphy; Chase), regrowth is usually of normal color in the human

being. However, Conard and Tessmer have reported a case in which ragrowth of

the hair of the eyebrows (previously black) regrew white in a lesion presumably

due to fission product contamination.

6.2 CHRONIC EFFECTS, CARCINOGENESIS. Following large doses of beta

radiation, imperfect healing may result. Damage to the vessels of the dermis

may result in sufficient impairment of circulation to cause cycles of break~

down and repair of the epidermis or chronic, indolent ulcers may result. Also

commonly seen are atrophy, scarring, keratosis and telangiectatic vessels. The

hair follicles, sweat and sebaceous glands may be injured sufficiently to result
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in permanent epilation and dryness of the skin. Such lesions are fertile

cround for the later development of malignant chanze. Lesions of the skin

resulting from beta radiation are less likely to result in chronic radia~

tion dermatitis than are the lesions produced by more penetrating radiation

such ag are sometimes seen following Xeray or radium therapy.

Malignant chanzes in the skin have “een reported in animals following

beta radiation (Raper et al. Brues, Glucksman, Kolotsky, Shubik), but so

far as the authors are aware, such chanses have not been reported in the

human being. Though malignancy usually develops at the site of chronic

gadiation dermatitis, as a resuit of repeated exposures to radiation, it

may develop as a sequel to mild exposures with little chronic changes in

the skin. It has been reported to occur in animals following a gingle exe

posure to beta radiation with little or no chronic change in the skin.

(Raper et al.)

In view of the auperficial nature of most of the Marshallese lesions

and the lew evidence of chronic effects in the skin, the likelihood cf skin

cancer in this group seems diminished.

Od HI@T PATHCLOGY CF BETA LESIONS. B8y and large, the histopatho-

logical changes in the skin pnroduced by beta radiation are much the same

as those preduced by gamma or X rays. Since histological changes induced

by the latter radiations have been well documented (MacKee, Cipollaro and

Montgomery; Warren; Bloom and Bioom; and Walbach, etc.), a detailed descrip-

tion of the changes induced by beta radiation will not be presented. A

limited number of studies cf the histological changes in the skin of animals

(Snider anc Raper; Moritz and Henriques) and in man (Lowe-Beer) frcem beta

radiation have been rescrted.

In general the chances produced by beta radiation are more superficial

than those produced by more penetrating radiations with relatively much

wreater damage to the epidermis toan to tit dermis. With fallout radiation
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the damaze is spotty in character with areag of damage surrounded by rela~

tively ncrmal tissue.

The histcpathological changes induced in the skin by faliout in the

Marshallese lesions were studied in section of a number of biopsies taken

during the first 7 weeks, at 6 months and at 2 years. Details of these

changes can be found elsewhere (Conard et al.). Some of the major chanjes

seen are summarized below. During the early,acute period of the lesions,

the epidermis showed marked damage characterized by atrophy and flattening

cf the rete pegs with disorganization of malpigian and basal layers and

marked cellular changes (pleomorphic nuclei, pyknosis and cytoplasmic halos).

Additional features were atrophy or absence of the stratum granulosun, im

perfect keratinization, and loose fibrillation and hyperkeratosis of the

stratum corneum. Celis laden with pigment were frequently present through~

out the epidermis. In the dermis the changes were largely confined to the

upper part with edema, telangiectasis of vessels with perivascular infile

tration of lymphocytes. Chromatophores filled with melanin were prominent.

Fig. 10 shows scme of these changes in a pigmented legion biopsied 3 weeka

after exposure.

By six months there was ccnsiderable improvement in the histological

appearance of the lesions. The following changes were found to persist

in virying degrees: focal atrophy of the stratum granulosum, slight focai

pigmentary disturbances in cells of the basal layer, and slight disturbances

in polarity of the epithelial cells in basal papiliary projections. In the

dermis, telangiectasis of slight to moderate degree persisted.

At two years, biopsies at sites of persistent gross abnormalities re=-

vealed that none of the lesions were neoplastic or showed alterations sug-

gestive of a precancerous condition, In scme sections, acanthosis, absence
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of pigment in the basal layer and atrephy and benigndyskeratosis were noted

in the malpigian layer of the epidermis. In the dernis degenerative changes

in the colla en were noted frequently, and capillary dilation persisted.

Some of these features may be seen in Fig. 11, which is a section taken at

two years of a lesion on the back of the neck which showed gross pigment changes.

_.°? THBRAPY CF BETA LESIONS

The treatment of beta lesions during the acute stage is very similar

to the treatment of thermal burns. Mild lesions will only require daily

cleansing and application of bland antipruritic lotions and ointments. Cala-

mine lotion with 1 per cent phenol is soothing. Analgesic and anesthetic

ointments are helpful in allaying more painful symptoms and in keeping the

skin soft in lesions that are dry and thickened. Antibiotics applied locally

and/or parenterally should be used in seccndary infection occurs, or prophy-

lactically if the lesicn is associated with severe leukopoenia from whole

body radiation. The above treatment proved quite adequate with the Marshallese

iesicns.

In severe lesicns with the development of necrotic tissue, surgical

debridement should be carried out. Use of pressure dressings, splinting and

elevation of affected parts may be necessary. Early skin grafting should be

considered in cases developing painful or progressive chronic radiation der-

matitis (Brown et al.). Por more detailed therapy of radiation lesions, the

reader is referred to standard textbooks on the subject such ag that cf MacKee,

C4pollaro and Montgomery. °

Several agents have been reported in reccnt years to be beneficial in

the treatment of radiaticn lesicns of the skin. Among these are prepara=

ticns of the Aloe Vera plant (Lushbough; MacKee, Cipollaro and Montzomery).

The use of vitamins such as A and D are advocated by some investigators in

the acute stages. The use of triiodothyronine preparations in such lesions

‘
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appears to be beneficial from results of preliminary work (Nickson). Prece

nisone injections have been reported to reduce posteirradiation inflammation

(Matthewson). Further clinical experience with these agents is necessary

before they: can be recommended for general use in the treatment of beta

burns.

___.»8+1FACTORS INFLUENCING SEVERITY OF SKIN LESIONS PROM PALLOUT

_.-8-1 PHYSICAL FACTORS. Usually fallout material must be in contact

with the bare skin to result in significant skin damage. Most of the lesions

in the Marshallese occurred on exposed parta of the body, and protection was |

afforded by clothing, even a single layer of cotton material, Since clothing

would probably not result in more than about 25 per cent attenuation of the

beta particles, additional protection must have been afforded by the fact

that the loosely-fitted clothing tended to hold the radioactive material away

from the skin. Avoidance of skin contamination by taking shelter offers al-

most complete protection. No lesiong developed in those Marshallese who re-

mained in their housea during the fallout.

The ultimate dose to the akin depends on the radiation characteristics

of the fallout material, the time after detonation that the fallout occurs,

and the length of time that the material is in contact with the skin before

céntamination {gs eccomplished. Due to the process of radioactive decay

which is quite fast during the first few hours, the earlier the time of the

fallout, the greater is the dose rate from a given sample. This fact empha-

sizes the importance of early decontamination of the skin, particularly if

contamination takes place during the first day after detonation. The fact

that thorough decontamination of the Marshallese was not accomplished until

their evacuation scme two days after the accident, resulted in an appreciable

increase of their skin dose. Those individuals that bathed or went swimming

during the early pericd developed few lesions.
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G2 BIOLOGICAL PACTORS. There are certain biological factors known

to influence the sensitivity of the skin to radiation. In addition to species

differences referred to, it is known that the skin of certain parts of the

body is more sensitive to radiation than that of others. In ceneral, the

thinnereskinned flexor surfaces of the body are more sensitive than the thicker-

skinned extenscr surfaces GiacKee, ‘ipolarro and Montgomery). This was found

to be true in the Marshallese. Lesions were more prevalent on the front and

sides cf the neck, axilla and antecubital fossae. Another factor is associa=

ted with pigmentation of the skin. Darker-skinned people, brunettes, arc

known to be less sensitive to radiation than blondes or people with ruddy

complexions, and Negro skin is the most resistant (MacKee, Cipollaro and

Montgomery; Bloom and Bloom).

Areas of the body where perspiration is more profuse, such as the folds

of the neck, axillae, and antecubital fossae tend tc cause the fallout to

atick and collect. It was found that skin lesions in these areas were more

abundant in the Marshallese. This effect is increased in a warm, humid cli»

mate, such as in the Marshall Islands.

2? CONCLUDING REMARKS

As a reault of the Marshallese accident, the potentialities of serious

injury to the skin from fallout associated with the detonation of large me

clear devices are apparent. Of concern also ig the occurrence of similar

radiation injuries to the skin from accidental exposure to radioisotopes which

are being used increasingly.

The skin hazards associated with fiallout can be sreatly reduced by take

ing simple precautionary measures. Much was learned from the Marshallese exe

perience in this regard. This group of people was not aware of the hazards

of fallout and only minimal, if any, efforts were made tc protect themselves.

ea 4
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This situation represents an extreme example, and the extensiveness of the

skin effects could have been greatly reduced had proper measures been taken.

Based on the experiences of these people during the critical fallout period

and the skin legions that developed on an individual basis, the following facts

emerge!

i.

2.

4.

Se

Avoidance cf contact of fallout material on the skin by taking shelter

or covering the body with clothing virtually eliminates the possibility

of skin effects.

Prompt, thorough decontamination of the askin and hair is of utmost

importance. Repeated scrubbing with soap or detergent and water

may be necessary. If contamination of the heir is severe, it may

be advisable to Clip the hair close or shave the head,

Areas of the body where perspiration is more profuse tend to cause

the fallout material tc collect. Such areas should be carefully

checked for contamination. A warm, bumid climate will naturally

aggravate this effect.

Moderately severe beta lesions of the skin and epilation may result

from fallout situations in which the whole body penetrating dose of

radiation ig sublethal. With such doses, the skin lesions do not

appear to complicate the radiation syndrome.

In situations where skin lesions are associated with larger doses

of whole body radiation with marked leukopoenia, such lesions might

become secondarily infected more easily and afford portals of entry

leading to bacteremia or septicemia.

Severe skin irradiation with minimal whole body irradiation might

result in fallout situations where prempt evacuation from the cone

taminated area occurred, but skin decontamination was delayed.
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Early skin and eye symptoms might be mildly disabling during the

first day or two after exposure to fallout and later symptoms asso=

ciated with full-blown lesions misht be quite disabling. Late ef-

fects on the skin in the form of chronic radiation dermatitis and

walignancy are possible complications.
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LEGENDS

Figure 1. Diagramatic sketch showing distribution of fallout. Gamma radiation

represented by wavy shaded areas, beta radiation by stippiing.

Figure 2. 50% attenuation in akin of various isotopes.

Pigure 3. Barly hyperpigmented moculopopular neck lesions at 15 days. Case 39,

age 15, F.

Figure 4. Extensive lesiong in 13-year old boy at 46 days post exposure. Case 26.

Figure 5. Same case as in figure 4 six months after exposure showing healed

lesions anid regrowth of hair.

Figure 6. Hyperpigmented saised plagues and bullae on dorsum of feet at 28 days

after exposure: One lesion on left foot shows deeper involvement. Feet were

painful at this time.

Figure 7. Same case as in figure 6 six months ister. Foot lesions have healed

with repigwentation, except depigmented spots persist in small areas where

deeper lesions were.

Figure 8. Bpilation in 7-year o14 girl at 28 days after exposure. Case 72.

Figure 9. Same girl as in figure 8 six months after exposure showing complete

regrowth of normal hair.

Figure 10. Section from beta lesion of neck at 3 weeks after exposure to fallout.

(X 100) Bpidermis: extensive transepidermal dauwage (with slightly less involved

gones on either side). Loose lamination of atratum corneum, absence of stratun

gtanulosum. Parakeratinization with exfoliation of pigment containing cells.

Disorganization of thea malpigean layer. Dermis: mild edema of pars papiliaris

with indistinct capillary loops. Pesivascular cellular infiltrate (lymphocytes

and sonomnclear phogocytes), in superficial corius with telangiectasis. Case 26.

Figure 11. Section (512 x) from lesion on back of neck at two years after expos-

ure to fallout. Lesion showed mottled pigmentation and depigmentation grossly.

Section shows some loss of pigment in the basal layers of the epidermis and

telangietasis in the dermis. Case 39.



 

Surface Doses Required to Produce Recognizeable Epidermal Injury
 

Ave. Energy Surface Dose

 

 

Investigator Animal Isotope (mev.) | (rep)

Henshaw,et al. Rats p32 0.5 1,500-4000
Snider and Raper Mice " " 2,500

Raper and Barnes Rabbits " " 5,000

Lushbaugh Sheep S29 0.3 2,500-5000
Moritz and Henriques | Pigs g35 0.05  |20,000-30,000

0 " Ca? 0.1 4,000-5,000
" " cs!37 0.2 2,000-3, 000
" " sr 79 0.3 1,500-2,000
" " y7l 0.5 1,500-2,000
" " x79 0.7 1,500-2,000     
 

PLEOSE REFER NNti,



 

Human Exposure to Beta Radiation
 

 

Investigator Radiation Est. Dose (rep) Reaction

Wirth and Raper pie 635 lst. degree (threshold)
" " 1180 2nd degree (threshold)

Low -Beer " 143% lst. degree (threshold)
" " 7-17,000 «| end degree

Robbins et. al. Cathode rays 1-2000 3rd. degree
(1200 Kv)

Knowltonet. al. Fission Products 3-4000 2nd. degree

" (1 Mev. Ave. Energy) 5-10,000 3rd. degree

" " 5-10,000 3rd. degree

" " 8-16,000 3rd. degree     * Estimated dose in lst. mm. layer.
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Wll-

the damaze is spotty in character with areas of damage surrounded by rela~

tively ncrmal tisaue.

The histcpathological changes induced in the skin by faliout in the

Marshallese lesions were studied in section of a number of biopsies taken

during the first 7 weeks, at 6 months and at 2 years. Details of these

changes can be found elsewhere (Conard et ai.). Some of the major chanzes

seen are summarized below. During the early,acute period of the lesions,

the epidermis showed marked damage characterized by atrophy and flattening

of the rete pegs with disorganization of mailpigian and basal layers and

marked cellular changes (pleomorphic nuclei, pyknosig and cytoplasmic halos).

Additional features were atrophy or absence of the stratum granulosum, im

perfect keratinization, and loose fibrillation and hyperkeratosis of the

stratum corneum. Celis laden with pigment were frequently present through~

out the epidermis. In the dermis the changes were largely confined to the

upper part with edema, telangiectasisof vessels with perivascular infile

tration of lymphocytes. Chromatophores filled with melanin were prominent.

Fig. 10 shows scme of these changes in a pigmented lesion biopsied 3 weeks

after exposure.

By six months there was ccnsiderable improvement in the histological

appearance of the lesions. The following changes were found to persist

in v.rying degrees: focal atrophy of the stratum granulosum, slight focal

pigmentary disturbances in cells of the basal layer, and slight disturbances

in polarity of the epithelial cells in basal papiliary projections. In the

dermis, telangiectasia of slight to moderate degree persisted.

At two years, biopsies at sites of persistent gross abnormalities re~

vealed that none of the Jesions were necplastic or showed alterations sug-

gestive of a precancerous condition. In scme sections, acanthosis, absence
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8.1 Scope and Status.

The advent of the atomic cra has boson a great stimulus to research in

the field of hematolecy. This dis quite undesstandable because changes in the

blood and blood-forming organs, imperfect indices thoush they may be, still remain

the moct sensitive biological evidences for excessive exposure to penetrating

zonizine radiations. With this chapter will be considered the more comuon changes

that are induced within blood and blood-forming organs by acute and chronic expos-

ure to ionising radiations.

8.1.1. Early Reports. These chanzcs nuove been studied extensively since the

a diverse mass of data exists in tke-early part of this century. Despite this

literature, arising prinarily from the inability of the carly investigators to

onising radiation; accordingly,eydescribe and measure adequately the doszse of

there are many conflicting reports. Mowover, the osiginal rcports of Meinecke,

1905-5, remain qualitatively corrects as docs the excellent report on blood chenges

in paticnts undergoing therapeutic isradiation (Minot and Spurlinc). An excclient

analytic review up to 1942 is that of Dumlan in Warsen’s general review. Since

then there have been various generci dissertctioas on the relation of hematopoiesis

to the effects of ionizing radiation (Lawrence, et al., and Osgood).

8.2 Cause of Discrepancies in Data. .

In addition to the disccepancies ia dosage measurements, the differences

in specics sensitivity and sesponse were not cyopreciated until the last two decades.

a +
Of particular importance is the fact that many investisators were notaware of thoP ? ’ o au

weedifferonce between the pictures produced by unifera tetalebody exposure, unequal”

Complete orAedestotal-body exposure, and that produced by paortiaiebody exposure.
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partial shicldins of a postion of the body will greatly increase the emount of

radiation that can be tolerated. Many of the phenomena that have been deseribed

for irradiation of portions of the body can be produced only by amounts of radia-

tion that are greatly in excess of the amount of radiation that will ki11 one

hundred per cent of the animals. For example, many of the characteristic histo-

logic Lesions of the gastrointestinal tract produced by local irradiation do not

develop with amounts of radinticn that produce a 100% mortality when the entire

body is uniformly and sinultaoncously irradiated. The response of the peripheral

blood is particularly altered. In oa general sense, 300 r in a sinsle dose to the

entire body will give the same henatolecic response as more than 600 r to the

entire skeletal ascas when the abdomen ia shicided. These preliminary rccmarks

express the opinion of the authors in emphasizing the futility of comparing hemae

tologic responses unless the dcosese factors, Location end amount of tissue injured

are accurately knowa, Total absorption of radiation energy as measured by the

groan, roentgen is not satisfactory cithor, because the distribution of the absorbed

energy throughout the body, in part, determines the response to the total energy

aboorbed (see chapter by Bond et al.). Therefore, the remarks in this chapter will

be largely limited to the effects on the blood produced by evenly distributed,

penetrating, ionizing radiations of the same type to the whole body of animals.

This type of experiment can bercntity duplicated. However, it must be appreciated

that these conditions may not approximate the conditions of radiation during an

atenic bomb explosion. For example, there may be considerable shielding. of various

portions of the body by concrete and structural steel after detonatica of an atomic

bozb over an urban crea. Regardless of that fact, this type of laboratory study

affords a starting point for study ef radiation phenomena of the whole animal that

whl serve as a point from which one can begin to extrapolate to man. This dis-

cussion further will be generally limited to the sublethal and zero to 100 per cent

lethal range.



Since one purpose of presenting this material is to provide a more complete

background by which one might bettor uncssstcand and prophesy from animal data

wast changes may be anticipated in the blood of man after an atomic bomb explosion,

it would be desirable if the radiation from atomic bombs were uniform and mono-

chromatic. Unfortunately, diverse says of varicus energies and uncqual shiciding

by buildings, heavy machinery and miscclianecous intervening objects in an urban

areca will produce a shadowing effect ond uncaucl depth coses in the body of man

and give, in mony instances, uncqual toval-body exposure to the spectrum of ionize

ing radiation produced by an atomic explosion. In addition, the energy of the

scattered radiation will be a function of the scattering medium,

8.3 Mechanism of Injury.

The mechanism by which the collular choazes tcke place has been the

source of considerable research. Chanses in the hematopoietic system are obvious

ly a response to the basic effects of ionizing sodiation upon protoplasm in gencre

al. These effects are considered in separate chapters (see Chapters VI and VII).

The problem of radiosensitivity of blood cells in the pesipheoral blood in contrast

to celis in the hematopoictic organs, particularly the stem ccolls, has been inves=

tigated at lensth. At the present tine there is no good evidence thet the mature

ceiis in the peripheral blood are significantly affected by amounts of radiation

in the acthal and 0-209 per cont tethol range (roughly 0-1000 © will cover ali

mannalion species), with the probable exception of lymphocytes. All the evidence

indicates that changes in the periuheral biesd are the discct ond indisect result

of injusy to the formative ¢cclis in $ho ho:matopoictic organs. In the higher dose

kanges, hematopoiesis is stopped, at icast temporarily. From about the LDsg (that

dose which kitis £9 per cent within a civen time linit) down, hematopoiesis is im-

paired for a variable tine.
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8.3.1 Direct and Abscopal Effects. The problem of direct versus indirect

(abscopal) injury of tha hematopoietic organs has interested many workers and as

yet has not beca satisfactorily answered. Kornblum, Hoermer and Henderson state

that postial body radiation, as in therapy, has both a direct and an indiscet

effect upon the peripheral bicod and organs of hematopoiesis. The indirect effect

upon non-irrcdiated parts is presumably mediated through circulating toxic pro-

Cucts. Similar indirect effects have been alluded to by many other workers.

Osgood, by virtue of a bone marrow cultuse technique, concluded that there were

no indizsect effects. Barnes and Furth, using parabiotic animals, concluded that

there was a slight but definite indiscct effect on the none-irradiated rat of the

parabiotic pairs. Lawrence end associates, in a complete analysis of the probien,

reviewed the existing literatuze and presented evidence, based on cross-circulationa

experinents, that led then to believe that there is no good evidence for the pres-

ence of circulating toxins that sicnificantiy affect the peripheral blood. It is

the opinion of these writers that the subject is not settled but the weicsht of the

evidence todsy strongly suggests that there is no circulating "Leukotozin"™ that acts

in a destructive mannes on the blood and organs of hematopoiesis or other tissues.

The use of the term “indirect” by biologists has been questioned by Mole since

chemists have pziority on its use in a manner distinctly different from the way in

which it hes been used by bioloszists. Chemists use it to describe the effects of

radiation mediated by the products of isradiation of water (the chemical effects of

free cadiccais, peronides, e¢c.}. Accordinsly, Mole hss coincd the tern “abscopal"

to desezibe effects tozing place renotcly from the site of irradiation. The prob-

lem of cbscopal effects has been investigated by Raventos and Lond et al. The

latter srcup concluded that abscopcl effects, such as spleen, thymus and adrenal

weight chanses, develop only if and when the irradiation given imposed a severe

stress on the animal as indicated by gross iiiness. Under such conditioas, chonges

in spleen, thymus ond adrenal weights are characteristic of the stress syndzoze.

mos \ 4 5 7
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Edelman et al. hove renorted evidence for the existence of a radiotoxin in

irradiated animals. Similcer experiments were repeated by Campo et al.and no

evidence was found for existence of a toxic effect in serum fron irradiated ani-

mais a3 measured by mortality or splenic thymic weight dececase in animals

transfuced with serum obtained from irrccdinted animals. These experiments do

not support the concept but nesative expesimcents do not eliminate the possibiii-

ty of a radiotozxin. ~

3.4 Rate of Chance in Pericherct Counts.

The rate of chan3e of various elements in the peripheral biood is re=

lated to the usual life span.of the blood cell. Henec, the rate of chanse in

t.e level of the pacticular celts in the peripheral blood following radiation

injusy, when production is impaired, or ceases, is the resuit of the balance bee

tween the cate of wiilisation end rate of procuction. Ina the case of the red

blood cell of man, which has a Life suan of cbout 125 dayse-a much lonser life

Span than all of the other formed elements==chanzes in the red bleod cell level

take place at a much slower rate than white colls or piatcicts. Ia man, if all

sede-celi formation were to cease, there would be a daily deficit of about 0.33

per cent of the total red-cell mann (VWintrobo). The tucnover of piatciects,

granulocytes and lymphocytes is not tinovm with certcinty. Piatelets are reported

to bave a 1ife span of perhacs 4 to 5 days (Lowsence and Valentine). Gzranulocytes

reputedly have a life span of 3 to 5 cays (Adous, Saunders and Lawzence). Lympho-

cytcs ere reported to be extremely short lived, with a life measured in hours

(Lowrence, Ervin and Wetrick). Hesilton and Csgood, however, report a life span

for some lymphatic celis of the ozcer of 100 csys which is not widely accepted,

Except in the high-dose ranges, where cil ko=mntopoictic activity stops, th2 rate

of disapoearance os decrease in the munber of white cells will be slower than the

theoretic rate of utilication. This ictter wilt be true only if the rate of

utitisation is normal ofters irradiation in the Jcthol range. Irradiation in the
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Acthal raonse may either directly or indirectly incrcase the rate of utilization.

Por example, ¢he animals become susceptible to infection, and the development of

infections will definitely ineczcase ¢he rate of utilication. Thus the rates of

utizication that are mcasured in an irradiated animal may at times give valucs

3that ase greater than the normal utidication, In the case of piatelets, this

doses not secn to be the case.

8.5 Sensitivity Factor.

Taere is considerable difference in the radiosensitivity of the stem

cells. recursoss of erythrocytes (Dicom and Bloom) and lymphocytes (\iarrcn) are

extremely sensitive to joaicing scdiction. The precursors of the granulocytic

serics ase apparently less radiosensitive. Megataryecytes appear relatively une

diminished in nunber in the bone marrow of dors exposed to Lethal amounts of

rodiation for a period of 3 to 4 days after irradiation. In fact, mesasaryocytes

are still seen on the third day in the bone mesrow of docs exposed to 3009 r of

2.0 mev total body xeray, an aexsunt of radiction that is about seven tines the:

hundred pes cent icthal dose for dogs. In general, the immature and proliferating

bicod cells are more sensitive to irsadiation than the adult biood celis. However,

tne reticuloencothelist celi, the comzen ancestor for all biocod cells, is remarke

ably radioresistant. In other words, radiosensitivity of the blood-forming coll

seems to co throush a masimun in the course of maturation (fig. 1). Under normal

conditions, the actively prolifcratinz cclls are the more radiosensitive. This

Last statement anparentiy does not hold for 241 conditions, Investigations by

Jacobson et ai. have shown that emtrcmely hyperplastic erythroid tissue is markedly

radiocesistant. In addition, Tuiiis has presented histologic evidence that there

axe exceptions to the iaw of Bergonié ond Tribondeau. It seems that the radio-

resistance of the reticulcendothelict cell and of hyperplastic erythroid tissus

chaiilenses in part the classical law of Beegenié and Tribondeau. This law states,



"The biological action of roentsen rays is greater the higher the reproductive ace

tivity of the cell, the ldonses the period of its mitosis, and the less the degree

of differantiation of the cell in respect to its morphology and function."

Recovery of the stem cclis, thois reproductive sate, tha rcicase fron the

Lomarrow ond the cate of destruction dotermine the reappearance rate of the peri-

pheral elements. it may take many months for the nuuber of cells in the peripheral

blood to return to poeedizradiation levels (fics. 2 and 3). Why the peripheral

level of leutocytes is semetines set ato a Lewes level for a icng period is not

Known. Perhaps the release mechanism is altered. In this respect, Brecher et al.

have shown that the level of blood ccolis in the pesipherad bicod of the mouse re

covering from radiation injury is not a geod inde: of the activity of the henato-

poictic organs. For exanpic, there may be emstremoaly active kenatopoicsis with per=-

sistent low levels of leukocytes in the peripheral blood. Residual injury of the

formative cells may be manifested by the late copearance of blood dyscrasias.

Similar delay in recovery was seen in the Marshalicse (sce section 8.6.5).

8.6 Variations in Number and Mospholozy of Diced Cells.

Specific chanres in the morpholesy and nuxber of coils in the periphol

blood have been extensively studied. Pasticular attention has teen paid to the

relationship of doscce to the magnitude and cate of changes in the blood. The

chances that take place after a single exposure to ionizing radiation will be con-

Sidered first. Jacobson and associates have studied extensively the effect of

single doses of different magnitude upoa the bicod of rabbits. Ali manmais scem

to follow the same general pattern, except for some differcneos in the rate of

Lonoy has desecibed the hematologic changes tact were observed in the Japan-

ese caosucities at Hicoshima and Nasacati. These chonses will not be discussed in



comparable to that in laboratory aninais in most respects, with the exception that

the temporal relationships appear different. It seems that it took a lonscr time

for the Japanese casualties to reach the minimum neutrophile and platclet levels

than it does in icaboratory aninalis. ae render is seferred to tha study of the

henatology of atomic bomb casuaitics by LeRoy, and to the report of the hematolo-

ical findines in the Marshallese exposed to fallout radiation (Bond ct al.).

8.6.1 Lymphocytes. Lyrcphocytes are particularly sensitive to radiation.

in vitro studies by Schrek show that there is an increased rate of destruction of

normal lymphocytes after exposure to as little as 50 r. One of five suspensions

of lymphocytic leukemic cclis was rclatively insensitive to x-ray. Schrek, in

further studies, decided that, "u-rays accelerate a normal metabolic process in

lymphocytes. Thk2 degeneration of irradiated and non-irradiated cells results from

the devclonoment of sinsie or multiple focal intranuclear areas of hydration.”

Tae lymphocyte levels in the blood begin to decrease immediatcly after expos-

ure. The magnitude and the rate of chanse are closely rclated to the amount of

sadiation received, particutacly in the sub-lethal dose range. In the higher dose

ronges the rate of discppearance of lymphocytes probably approaches the rate of

utilication because production has been completely stopped; or disappearance may ..

exceed the normal rate of utilization becouse thediffuse cellular injusy mcy in-

crease the demand for lymphocytes and their metabolic end productions. Thus it is

© understand why changes in the lymphocyte levels can only be used in esti-Q f> u s *

mating subeicthal exposure. Once oli hematopoietic activity is stopped, changes

become in pact a function of normal utilizatien except when the dosaze is so great

that the cells cre destroyed disectly in the peripheral cizculatica. In rcebdits

(Jacobson et a2.) a manimum decrease of about 25% in the lymphocyte count is de-

tected 24 houss after exposure to 25 r. Recovery appears within two days. The

greater the docase, the greater the depressicn in tha lymphocytes. At ccO r, a

depression of 90% occurs in tke ficst 24 hours. At a dosese of 800 s (DegA309)

sp071b1



Qa

imals within 30 days), recovery in theQ f f
e
e(that dose which kills 50 per cent of th

raboit takes about 50 days from the tine of the exposure. Between the 3rd and the

Sth days after exposure, there is a temporary tendency for the Lymphocytes to ine

ezeese in nunber. This is follewsd by a deezcase to almost the maximum depression

that wes present 24 to 72 hours after es:yosure (fig. 2). This type of recovery

followed by a wave of destruction, is, in general, characteristic of all blood

celis and tissues (Jacobson et al,, Dicom). Similar changes were observed in swine

exposed to 1000 kvp x-ray in various docozes, and in dovs after 2000 kvp x-ray

(Cronkite et al.).

8.6.2 Gronulocytes. In vitro studies on gscnulocytes have demonstrated that

both the normal granulocytes and nyclozenous leukemic celis ere resistant to x-ray

after doses of 1000 r (Schrek).

Changes in the numbers of granulocytes in the peripheral blood follow a differ

ent course (fig. 3). In generci, all animals respond with a period of granulocy=

tosis predominately neutsophitic om hetesophitic (rabbits) during the first 24 to

48 hours after essposure to amounts of rcadiavica in the subd-Aethal and Iicthal range.

This granulocytosis appears as two peaks in the rabbit at about 12 ond 18 hours

after exposure. The first peak may repzesent mobilisatien of granulocytes through-

out the body. The second peak may be cue to accelerated Liberation of ceils froa

ot Last for more than 24 hours"the tone marre.;.. The granulocytosis usuciiy doses

but may last lonser in some species and under certain conditions. A definite granu-

ing the first 24 hours in the dog but the biphasiclocytosis, however, appears du

response of the rabbit was not observed. Generally, the manisum depression of the

gronulocytes is cttained by 72 to 96 kourss afters exposure. Recovery of the granulo-

cyte Levels besins by 10 to 15 days after exposure, or sooner with smeil doses. In

genesal, if cronulocyte icvels co not inczease or semain constant, even though at a

low level, by the ASth day, death usucltly ensues (Czenkitc}). As a cule, there are

one or more abortive rises in the granulocytes that appear between the third ond

l2th days after exposure, depending oa the animal species and the dose of radiation.
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This abortive rise is faisly consistent and apparently has little prosnostic value.

It may last for only 24 hours. The cause of this abortive rise in leutocytes is

not well understood. It may be cormpccrablie to the waves of reccnezation and des=

truction that have been described for other organs (Bloom). It has not been seen

above LDcp in docs and swine. Various explenstions have been offercd. Somatic

mutations of precursors that result in abnormal progeny have been ccnsidered (Bloom)

and Jacotson). These progeny or theic precursors may have shorter life spans.

There is no satisfactory explanation tc date for this phenomenon.

8.6.3 Erythrocytes. Chanses in the level of the red biood celis are much

less striking in the early period after irradiation in the mid-lethai dose range.

There is little increase during the first few days. In animals thet survive radia-

tion in tke 0 to 100% lethal ronse there is a definite decrease in the levels of

the red celi count, hematocrit readinss and hemoglobins between the 10th and 30th

days after exposure. The mosinun dezsee of anemia is usually reached azound the

15th to 20th days in the survivors. In the animals which do not survive, there is

usually a marked decrease in the red ccld Levecis a day or so before death. The deo

crease in the red cells are duc to three factors: (1) decrease or cessation of pro=-

duction of red celis; (2) incezecased destruction; (3) rehace (Jacobson et al.;

Cronkite, Sciwess ect al.; Davis et ai.}. The occasional macrocytosis thzt is scen

in swine and other gnimals about 10 to 20 days ofter exposuse to a low lcthal dose

is due to a concomitant reticulocytosis occuring es a scesult of recencsation of the

bone moerow with release of large numbers of reticulocytes in the peripheral bicod

(Cronkite).

An increase in the number of the ced celis is uncommon except in the high dose

range, cs was seen at Dikini during the atomic bomd test. There were some anixmals

that develoned a marched hemoconcentsction within a few dsys of the exposure (fig. 4).>? ¥ =D &

The hematocrit of one coat attained a vaine of almost 80%. This hemoccncentratioa

tion resulting fron cnoreria, diarzhea, etc.p
>
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8.6.4 Platelets. Platelets docrcased at a rate between that of the red cells

ar leukocytes. Perhaps platelets are as sensitive an index to expos-fi.and the crani

ure to acute irradiation as the greanutocytes in the rabbit (Jacobson et al.). In

swine, goats and dogs, tha decscase in pintelets is definitely less rapid than that

of the granular leukocytes (Crontiite). Frequently the platelets trend upwards for

4-5 days aftcr issadiation following which there is a decrease until platelets dis-

appear or become constant at a lewer level. Above doses of radiation that produce

a 90% mortality, the response of the platelcts is maximal with platelets disappear-

ing from the circulation by the lith day. With lesser doses of radiction, the |

platelcts do not completely discopear but become constent at a lower level, This

level is apparently a function of the dose of radiation received. This nev,

relatively constent level may be maintained for 2-3 weeks.

Tie xclative response of granulocytes and plateicts at diffcrent per cent

mortolitics is iliustrated in figures 6 ond 7, With a 10% mortality the platecicts

approach zero but ere maintained constant at about 5% of the normal ronce. At this

doce the granulocytopenia is oaly moderate and infections were not prominent clini~

cally. In contrast to this at CO% and 100% mortality, the platelets and the gronu-

lecytes rcach zero and infections ond hemorrhace are obviously present before death.

The foresoing statements cover the general picture of what occurs to the peri-

pheral blood clements after a single intense exposure to ionizing radiation. How

ever, this docs not give a sufficiently complete picture of various facts and ob-

servations about the response of the bicod to total body or to rather large seqmene

Ta om, detat exposure as scen in therapeutic irradiation of some malignancies, or to what

misht be anticipated followings exposure to mined radiations of differcnt penetra=

bilitics.

8.6.5 Honstotopicet Findinss in the Marshallese Exposed to Fallout Radiations.

In Norch 1954, sroups of Marshanitese and Amesicans were accidentally ezposed to

Q afallout gama and beta radisticns fron a megateon dovice. The groups wore observ

cQy Libs
wv



carefully after ¢he exposure, and detoiis of clinics’ and laboratory findincs

have been published (Crontiite, Cond and Dunhax). The most heavily exposed group

wag composed of 64 Marshailese located on Nenseiap atoll at the tine of the acci=

dent, and the findings in this group wlll be dealt with most extensively here.

None of those exposed diced as a sesult of the isradiation. The Rengsclap people

received an estimated dose of 175 © cf pounce sadintion (adr dose), sufficient beta

radiation dose from adherent matericl to scsuit in icsions in some exposed areas

of skin (chapter by Conard et al.), end minincl internal contamination with radlo-

nuclides (chapter by Robertson cand Cohn). Consicercbiec uncertainty exists in the

magnitude of doses seccived; however, the Rongelap group con be considered to

reprcscat the hich sublethal exposure range. Hoamtological depression was cone

Sidered to have resulted fron the gamma cxsposuze with Little or no contribution

from the surface beta or internal enitters.

Sesicol hematological determinations including total white count, differential,

platctet count end hematocrit were made on exch exposed individual over tha initial

observaticn period of 72 days, ond repeat acterninations have been made at 6 months,

and then at yearly intervals following the exyvosure (Conard et at.}. Details of

methods and initial. findings keve beca scported (Lond ¢t al.}. Unessposed groups

for comparison were ebserved initicify and et the tince of follow-up studics;

however, variactions in findines in contsol groups keve psesoented difficultics in

precise interpretation, as in the Jaranese ctsposed ct Elroshima and Nasasaxki.

The avesase leuzocyte ond ploteles counts ase sham grophically in figures

8, 9 end 20. The first counts on the Reneclco srsup wore dome on posteesposure day

3, et which tine a drop in total white count wos evident (the ccposed Americans

bowed a vise in total waite ccunt in the first 43 hours, cs has been reported

a > oO —
> "4 0 a fC i) eS o % > ie a o
s > + 0 p
e f a f4
.

oO ts Gopreviouciy?. The count thea fauctuated, peshap

with mo sevese depression over the fics

cussed, reaching minimun Levels at 6 weeks. The counts approached the levels of



the unomposed populations by 2 years. The time course of neutrophil count changes

foliowed clescly that of the total white count. Lyapkocyte depressioa was early

and profound (fig. 9) with craducl retucn tewaecd nozmal. The counts remained below

that of the umemposed groups as 3 years. The ‘platelet count reached a low at

approzinately 4 weeks (fig. 10) with faisly rapid initial recovery follLowed by a

seconcary depression and slow return towards noemal. At three years the moan

platcliet counts were stiii slishtiy celow the mean of the unexpoced populaticn.

Tanz hematocrits at no tine wore remeochably different from the unexposed levels.

As the tines of peak depression, some individuals had neutrophil counts belew

CS0/am> and pistelet counts. beloy 75,000fan. No infections attributable to the

neutzopenia were observed, however, ond an epidemic of upper sespirctozy Iintectica

at eppromimately the time cf maximum neutrophil depression was cquaiiy severe in the

scavily and mildly exposed groups. No hemorzshacic phenomena could be attributed to

the platelet depression. Ail individuals were ambulatory throughout, and no therapy

Cother than for the skin Lesicns) beyond that routinely required for any lazge

groups of individuals was necessasy or administered becouse of the radiation expos-

ure.

The £3indings aticu accurate documentation of the response of the huran being

to total-body gamma exposure in the bish subicthal ranse, not possible in the

Japanese exposed at Hiroshima and Nesecsati. The time course differs in important

aspects from that scen in nm Inborstory animals, The total white count shows aa

early rise, vith only minimel Acvering mtit masimum depression occurs at apnromd-

mately 6 wees. A simiZas trend is secon with tha neutrophil count. The droy inoO

ymohocytes is carly and severe. The platelet count fatis in a secuins fashion,

seaching a Low at approwinately 53 days. The rate of recovery is considerably

siewer than would be anticipated fren laboratory animal data and is incempicte atwm

3 years. These findings ore consistent with the incomplete data available on the



apa etapanese exposcd at iliroshima and Nazaschi, ond with the findincss on the human
o
c

q
q

cings exposed in reactor accidents (sce Lond et cl.). They are also consistent

with laters findings in patients emposed thagancuticatly eithes to total-body

mecadiation (Miller, Pletchss ond Gerstner; Nickson and Dene), or to internaliy=

adnuinistesed radicnuclides (Wolins).

8.6.6 Splenic, Thymic Weight Docsense. Caster et al. had previously dcnone

steated a very close corrclation between the cose of radiction and the decrease in

the splenic ond thymic weights on tho Stn dey after exposure to radiation. These

observations made it possible to use the decrease in splenic thymic weight for

mammalian dosimctry and in studying the effccts of substances that may primarily

neutralize the effect of radiation. Tris type of study has been extended by Kalle

man and Kohn. In their studics the time of minimum woicht and dose sesponse did

not follow a simple relationship. The data behave as if there are two independent

cell populations with different sensitivities. Mowover, thymic. weight § days

after iscadistion was a Lincar function of the lozasitha of the radiation dose, as

show by Carter et al. egrdicr, In theiz boncs the system was very useful as a

biolosical dosimeter. Another caseful mathomatical analysis of the weight loss of

the thymus and spicca was that of Stroud et al. who are essentially in agreement

with Carter, Kallcan and Zohn on the basic sclationship and the usefulness of the

pzocedurc:,.

8.6.7 Miscclicncous Studies. Warren has exphasiced the great instabitity of

c
Pthe bone marrow in some people who nave been es:posed to small amcun

(less than 50 r). Noenshaw, Goodfellow ond Wassen hove 212 romasked upon the sreat

differences in stecin, species, ond individuant ia response to aporomimately the

same dose. Losenz has domonstrated ¢he creates sensitivity and the more nniforn

respoase of the inb=sced animals to chronic empocuse to cadictioa. Goodfellow has

shown ¢hat humans under treatment for cancer with xadiun, in such a manner that a

large volune of tissue is exposed, respond with an initial leukocytosis. His

SOC 41s



graph3 demonstrate the phenomenon called "coastinse” in which the white biood count

py dis discontinued. Mayncord has shown that re-

gated small exposures to x-ray may couse more complete end long-lasting damage to

tha bona masrow than a sincle exposure.

Tae ¢ehanges induced by chronic low intensity exposure to ionising radiation

will be considered in the section on ¢he detection of exposure to ionising radia-

tion.

8.6.3 Mozpholosy of Bileod Celis. Morphologic changes in tha leukocytes are

varicd. Dagenerating Iymphocytes arc secon in the circulation, Lymphocytic nuciei

may be fragmented, pybnotic, clover-shcoped or only the usual nuclear pattern may

be altered. Nucileoli may become very prominent, presenting the picture of "cwl's

eye nucleoli" (Wasson). Large phasocytic mononuclear cells may be seen containing ©

nucieas masses ond occasionai red celis., The cytoplasm of the mononuclenrs may be

excessively basophilic. YVacuoles may appear. Inmature celis may be prescat. Dee

generating granulocytes may be seen in the peripheral blood. Toxic granulation,

vacuoles and basophilia may be obsexved. Piateicts show some chances along with a

seduction in number. Giant hyperechronstic pintelets are usually present. Mesa-

kozyocytes kave been reposted as aopecring in the blood, but were not seen in the

bicod smears of the Dikind animeis. Supravitel stcins with Jenus gecen and neutral

red are reported cs demonstrating alterations in the mitochondria and neutral red

bodies. Dickie and Hompetmann have shovm that there is an increase in the nunbder

of refractitle acutsal red bodics of the lymphocytes of persons acutely and chroni-

cally exposed to ionising radiation. These bodies are seen only in suproavitcl

preparation, asc not specific for sadintion, and were also seen in the lymphocytes

of persons working with toxic choamiccts. Bilobed lymphocytes have been reported in

the blood of human beings chrenicaily exposed to rediation and of humsn beinss

working around cycictrons (Ingram). Eypersegmented neutrophils have ciso been

eccn.
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Was lost. This group studied ritonuctcic acid (RNA) and desoxyribonucicic acid

Cin) dn thyzic colts of thigh ehiolded and nonshicided irradiated mice. It was

found that the EM levels pes thynie ccli do not vary with ace or treatment

croup and that RNA remains constant with time in the control group, but WIA in-

ca wita a prompt return to normai in the thichf-
t>ezcases 2 to 5 days after isradiat

shieclccd group. Tx2 RAA per coll ond RAA/ONA catio remain markedly clevated over

the entire course of treatment in the unshielded irradiated group. These authors

Sugcest that the sustained clevation of RUA may ce related to tumor incuction,

Since shicidinsg prevents induction ond sesults in a rapid return of RNA to normal.

it is quite evicent that leutonoyencsis by ionizing radiation and the inter-

actions between norms’ and irradiated hemopoietic tissues and endocrincs, which

are proved to infivence induction, are most intricate. Oa the basis of the reports

to date, it is not possible to determine whether tha non-irradinted hemopoietic

tissues supply @ celiuice os humoral factor that inhibits the induction. There is

evidence for both views. I¢ is also conceivable that the normal tissues may be

capable of neutralising acter Iibersted fron the irredigted tissucs, The nature

£ the interactions between irradiated and normal tissues and the infiuence of endo=

erines on issadisted tissues remain obscure, but the existence of these physiological

interactions that influence leuicnoscenesis is umyquestioned.

The unquestioned, harmful Inte effects of ionising radistion on hematopoiesis

losicatiy leads to a discussica on the value of a study of the bleod in protecting

acainst excessive exposure to ionising radiation.

8.3 Factors Influencing the ifect of Ionising Radiation.

rotective facters are discussed in detail im Chapter 10, section

shoush preprotective agents may protect all celiutas systexs into which the

semicnl substances con penetrate, tho most striking effects are seen in the blood-
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Needless to say, the detection of minor decrees of lymphopenia necessitates

*a knowledge of normal lymphocyte levels of the person coneerned. Under conditions

i
sof aa atomic catastrophe, this information will probably not be svailabic, nor

wiil it be feasible with present techniques to perform intensive blood studics.

Other means of detecting exposure to ionising radiation are:

a. the synptomatolosy

b. personnel radiation dosimeters and

c. the distance from the exploding bemb

These will be discussed in Chaptos on Dia-nosis and Therapy.

The satisfactery development of cood electronic blood~counting devices greatly

simplifies the logistics of performing enormous numbers of blood counts in a

catastrophe.

&.9.2 Repeated Small Exposuze. The detection of repeated suall cunulative

exposures by hematolosic studies poses an entirely different problem and losically

becomes part of a broad health protection program. Observations on the blood of

moan chronically exposed to radiation are lepion, Leukocytosis, lymphocytosis,

leukemoid reactions, lentocytic leuhconias, erythrocytosis, reticulocytosis, lerto-

penia, thrombopenic purpura, aplastic anemia, icukopenic Leuzenia, refractive acu-=

tral red bodies in the lymphocytes and changes in the blood coagulation heave been

described as occurring after chronic exposure to ionizing radiations. From a ree

view of the literatuze, the following hematologic observations can be considered

Ss presumptive criteria of excessive exposure to ionizing radiation or other toxic

a5ent

*lL. Persistent leukopenia (WDC below 40T0/c.na.).

2. Persistent leusocytosis with an absolute lynphocytosis (HDC above

215,009).

3. A macrocytesis (mean corpuscuics volunxe increased, a shift to the

right in the Price-Jones curve, oz an increased mean corpuscular

a
n



4. Reticulocytosis (reticulocytes above 2 per cent).

5. Usythrocytosis (ROC over 5.6 million per c.rma. or hemoglobin over

13.0 52./103 cc. blood).

Wilidams has anlyzed the value of biood studics and protection against radiag

tion injury and has concluded that numcsous routine counts are unnecessary where

good control of all circumstonces is maointaincd. Nowever, in radiation areas,

more hishly controlled henatolosic studics arc needed in order to obtain more in-

formation on the threshold and pesmissabie values. Kolde cnd Wahlbers have

analysed the lowering of the Lcubkecyte count in human beinss produced by minute

amounts of whole-body radiation. They have utilised a statistical analysis. Al-

though the mean Iecurocyte count 35 unchanged, the dispersion around the mean is

considerably deczcased by low exposure to izvadictien, thus making it possible to

use this statistical paranctes as on indicatica of izrzadiatica moosure.

A complicating obsorvatieon is that of Wald ct al. who bas observed in the

control populaticn in Japan that was not exposed to cadiation of the atomic bonbs

that there has been a procressive decrease in the Leukocyte count over a period

of the dest ten years. The scasons for this change ase obscure but obviously con=

plicate the analysis of chronically exsesed popuiations.

8.230 Evaluation of Diced Chances.

The above criteria cesult fron cithor a depression of of on inereased

lability of hematopoiesis. The estebiishzuent of the presence of these criteria

con be sscatly assisted by performing paraiiel studies on comparable groups o

vumaa beings who ace tmown not to bo ettposed to radiation or any other toxic asent.

Statistical comparison of the potentintiy exposed control group will heip to deter-

ca. In a similar manner the pre-e:posure

counts of the suspected srcup or incivicual con bea compared to the post-es:posure

counts. If there is a sicnificent chance in the Aattes, one can state with some

certsinty that there kas been emcessive omposure to some tomic agent. A good

soo 111d



criterion of exccssive exzgosure of a group to radiation is a significcnt decrease

in the grou, average Leukocyte count below the pre-exposure level or below the

¢ of the controi croup. As scon as any of the above criteria have been

dononstrated, tha individusls must be rcmoved from any possible contact with

:
adiation and the following studics should be performed in order to dotermine ifwn

radiation injuzy is the cause of the abnormality. In principle, the use of a

group as its ou pre-exposure control sounds secure, but admittedly the observa-

ticas of Wald ct al. indicate the potential unreliability of this appzoach.

Accordingly, whenever possible, a comoarable population of unexposed people stould

also be followed.

2. Endeavor to eliminate ail other causes of temporary hematologic ab-

normatities, such es infectious mononucleosis, infectious lyapho-

cytosis, infectious hepatitis, virus diseases, benzol and heavy metal

poisonins.

2. Study the excreta and expired ais for the possible presence of ion-

sadiation to help determine the type and degree of ternal exe

posure to radioactive isotopes.

3. Study the blood at weehly intervals to detect further changes and to

search for the presence of refractive, neutral red bodies in the

lynaphocytes.

In this discussion of the sole of hematology in the detection of chronic

radiation injury, 3 is eppropriste to state the changes discussed appear gener=

aliy cftes the domase has beon sustained. The main protection against ionizing

radictica injury must be on accurate physical control of the radiation intensi-

ties to which personnel asc exposed.

In concluding this section, tno seader is referred to the work of Knowlton

and Cartes in which a croup of ton individuals were carefully followed over a long

soguii



period of time while they were beins chroniccily exposed to radiation. The

hematologic studics sugsest that dofinite chanses were induced. The article

Gemonstzates the difficuitics and the potcntiatities of this type of analysis.

8.11 The lMomorshagic Syndrome of Radiation Iliness.

In previous ecitions of this book, a long detailed discissuion of the

various facets believed to contribute to hemorzhaze were discussed. Much of. the

coatsoversy has been resolved. Historically (Fornau, Schzanck and Zarzychki;

Fabricius-Mollcer; Lacassague, Lattes and Lavedan; Shouse; Warren and Whipple)

ebserved hemorrhage. The most critical observaticns on pathogenesis were made

by Pabricius-Molier who corrselated platcict Levels with bleeding and noted that

lead shieiding of a leg during ircadiation proavented Later bleeding and the

thrombopenia wes much less marked. (See Chepter 10 for detailed discussion of

chicidins.) Alien ond associates cisined thet hepasinemia was a major cause of

bleeding in addition te the thrembopenia in izraediated docs, and that the thronbo-

penia actually sensitizes to heparin. Of the Latter there is little doubt. The

concept of increased amounts of circulntins heparin was readily accepted, probably

because positive treatment by antihepasin could, in large part, control the biced-

apasinenia concent has, inry wo a

gencral, been refuted (Jackson et ai.}. The psos cnd cons are discussed in previ-

ous editicns of this book end in a review by Cronhite and Brecher.

ne following defects in hemostasis that lead to bleeding scem to be well

documented. <A progressive thrombopenia develops that is timce and dose-dependent.

The thrombopenia leads to a quantitative deficiency in clot cetsaction, pro-

thrombin utitication and capiilary intesrity. Lastly, at very low platclet levels

with virtually no prothrombin ccnycssien, the whole blood-clotting time becomes

remazi:ably prolenced. Uicerations, trauma and infections inczease the bleeding

tendency (Cronkite; Croniite and Srecheos, Jackoona et al., and LeRoy).

The most dizsect evidence cn the sole of the platclct has been the proof that

| | Qactetes transfusions wiil prevent bicecing or stop biceding that has albready
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commenced (Czrcenhite et al., Woods ct al., and Atien). The control of the bleeding

cid not ancrease the survival rate at the LD-y devel or above.

Taz platelet Level at which biceding may occur spontancously was studied by

Lamezton ct al. in eats. At paatalet lovels above 40 ,000/mmn® , blecdins and

anemia did not occur. Simiiasly in hezan beings exposed to fallout with platelet

counts es low as 3$,CCO/am, biceding was not observed (see section..3.6.6),

Lostly, there isa zeal species difference inthe rate of fall of platclets in man

and other mammals (sce section 3.6.6).

8.12 Value of Homstolocic Studics in Prognosis of Acute Radiation Injury. -

From the serial studics of the bicod that bave been discussed, it be-

comes apparent that there are certrin hematologic simns that can be used as prog-

nostic guides. None ofthese prognostic guides is absolute, The value of hemato-

logic studies in radiation injury may te summarized as follows:

a. A favorscble prognosis is sugsested by an early reticulocytosis, a re-

turn of platelets, a granulocyte count greater than 1500 per cubic mn.

oO
. ? f oO R 4 |

~
<
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)
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Ss a! =) ©f the lysaphocyte.

b. An unfavorable proznosis is suszgested by a complete disappecsrance of

the lymphocytes, granvlocytes oad platelets, and an increase in the

clotting time with the development of puspura and particulacly when

accompanied by fever. In cninsis, at least, if the favorable prog-

nostic signs listed above do not appear by the 15th to 20th day ofter

empesurce, death is usuci. The enperiences of the Japanese physicians

poerciicl the above observations, except that recovery occurred more

slowly. Poor nutrition may bave altescd the natural course of the

disease in the Japanese. Unfortunately, exceptions occur and itis

impossible to prognosticate accusately the outcome of radictioa illness

on the basis of hemcatolosic signs.



8.13 Retationship of the Honatoyoietic System to Survival in Radiation Injury.

This subject is extensively ciscussed in Chapter 10, section 10.

cow ——Suffice it to say kere thet 232 pos c
o-radiction protective measures studied in anie#

mals appear to either accclcrata the cecencration of hematopoietic tissues or to

incsease the survival time (antibiotics) by contsol of infection to give moze time

for the spontancous regenration of the injuscd hemopoietic tissues.
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Fig. 8. Serial Mean Total Leukocyte and Neutrophile Counts in the

Rongelzp People Exposed to Fallout Radiations
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