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ABSTRACT

The rate of Induction of chromosonie aberrations in pig lymphocytes

following 100, 200, JOO and ̂ 00 rads of fission neutjrons administered

in vivo and in vitro was determined. The data from each exposure method

were tested for goodness of fit of linear and quadratic models. Numbers

of acentric fragments, numbers of rings plus numbers of dicentrics, and

the sum of the frequencies of aberration types were well explained by a

linear model of the form Y = a + bD + e, where D = dose, a = Y-intercept,

b — slope and e = random deviation from the least-squares fitted regres

sion.

A statistical coBq)arison between exposure methods, using doses mea

sured in air, indicated a significantly (P < .01) higher aberration index

was found following an in vitro exposure of the animal*s blood than was

produced by exposing the entire animal. Equations were developed which

permitted the prediction of in vivo damage from the in vitro aberration

coefficient.

Dose attenuation and differences in the relative contribution of the

neutron and gamma coaponents reaching the target cells were recognized

as factors influencing the biologically effective dose received from

the two exposure methods. The average body dose was calculated from

measiirements made across the width of a tissue-equivalent phantom. From

these calculations, it was determined that approximately 56^ of the dose

measured in air at the animal* s midline was actually received by the blood

cells in vivo. When the in vitro aberration data were corrected to the

average body dose, aberrations were still present in greater numbers fol

lowing in vitro than in vivo irradiation. The possibility that in vivo
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mechanisms exist for the preferential removal of damaged lymphocytes was

proposed as a plausible explanation for this observation.

When the neutron-to-gamma ratios for the two exposure conditions and

the relative biological effectiveness of the neutron component were con

sidered, the level of acentric fragments was conrparable between exposure

methods. Rings plus dicentrics were, however, still more abundant follow

ing in vitro exposures, sxiggesting that an inherent difference exists

between in vivo and in vitro irradiation in rate of induction and repair

or that heavily damaged cells are more rapidly removed from the peripheral

system. These data cast some doubt also on the validity of assuming that

comparable chromosomal damage will be found following in vivo and in vitro

irradiation.

Ry sampling peripheral blood at various postexposure intervals, the

response of the aberration level as a function of timie was studied. A

rapid decrease in the proportion of cells containing aberrations was

noted as early as 2^ hours postexposure. This initial loss coincided

with a decrease in lymphocyte number and continued until the recovery of

lymphocyte numbers began at 2 days following irradiation. Subsequent

losses were less dramiatic, and numbers of acentric fragments reached

preirradiation levels in the lower-dose groups by 56 days postexposiirej

numbers of rings plus dicentrics persisted throughout the duration of

the study. Statistical analyses of the data demonstrated the variability

of the aberration coefficient with time postirradiation. Mathematical

models are presented which describe the predicted yield of numbers of

aberrations as a function of time after irradiation.
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The hematological data are examined for their possible relation to

postirradiation aberration levels. The fate of aberrant lymphocytes fol

lowing irradiation is discussed in relation to the kinetics of the reticu-

loendothelial system. Selective removal of damaged ceLLs from the peripheral

system is suggested.

It is concluded that different aberration coefficients will be found

in blood sampled from pigs at different postexposure intervals. The

kinetics of aberration persistence should therefore be considered when

lymphocyte aberrations are employed as biological dosimeters.
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CHAPTER I

INTRODUCTION

The characteristic morphology of normal and aberrant chromosomes is

amenable to qualitative and quantitative study by means of light micros-

coi?y. This affords the cytogeneticist an avenue for evalxxating the effects

of many physical, chemiced. and biological agents on the genetic ccm^jlement.

Frequently these agents induce chromosome aberrations and aneuploidy at

levels far exceeding those occurring spontaneously.

The fact that irradiation induces chromosome rearrangements, as well

as the feasibility of obtaining peripheral blood, has led to many inves

tigations concerning the radiosensitivity of leukocytes. Much of this

work has been directed toward obtaining the dose response kinetics of

human leukocyte chromosomes irradiated in vitro. These data have been

extrapolated to in vivo situations on the assun^jtion that differences in

radiosensitivity, i.e., in aberration coefficients were negligible. Since

in vivo exposures of humans for the purposes of testing such assumptions

are unreaJ-istic, it is desirable to utilize other mammals which are phys

ically and physiologically conparable to man. The present investigation

was designed to determine the relationship between in vivo and in vitro

exposures in pigs by means of cytogenetic analyses.

The use of chromosome-aberration data for the estimation of dose

received during an accidental h\aman exposure has been advocated. In

most instances, it has been assumed that aberration coefficients will

not vary among samples taken within the first week post irradiation.

Although the kinetics of aberration persistence as a function of time
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postexposure is not easily cunenable to study in humans^ such data axe

readily obtained from other species. It is obvious that if significant

variation is fo\ind to exist between aberration coefficients obtained

from blood san^jled at different intervals following irradiation, this

will affect estimates of radiation dose received in human accidental

ejq>osure.

Iyii5>hocyte chromosomes of pigs exposed to fission neutrons were

utilized to study the relationship between in vivo and in vitro expo-

sures as well as to determine the kinetics of aberration persistence

postirradiation. Fission neutrons were utilized in order to simulate

nuclear explosions.



CHAPTER II

REVIEH OF LITERATURE

A. Persistence of Chromosome Aberrations

Types of aberrations. It is generally recognized that aberrations

fall into two categories; aberrations of chrcmosomes and aberrations

of chromatids. CHronosoiae-type aberrations axe induced prior to UNA syn-

thesis> while chromatid-type aberrations occur during the S and Gg phases

of the cell cycle (7, 10, k^). A third type (subchroaatid) may be pro

duced while cells are in early prophase of mitosis or meiosis (^5). With

in each of these categories, aberrations may be classified also into

symmetrical, which involves the interaction of centromeric chromosome

portions with acentric fragments, and asymmetrical., vdiich result from

centric to centric or acentric to acentric interactions.

The particular type of aberration occurring will directly influence

its persistence or lifespan since the probability of elimination at cell

division depends upon the aberration type (5^, 57> 7^* 85). Asymmetrical

chromosome aberrations (acentric fragments, rings, and dicentrics) are

more readily lost than symmetrical aberrations and are the ones usually

eval\iated in cytogenetic analyses (62, 69, 76, 71, 82). Of these, acen

tric fragments or deletions disappear most rapidly as a result of mitosis

because they lack a spindle fiber attachment and will usually fail to be

included in either of the daughter cells. Thus, after a cell has under

gone one or more intervenixig mitoses, the proportion of cells containing

acentric fragments would be decreased.

5
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Acentric fragiaents vere tbooight to be eliBinated at the first cell

division following therapeutic irradiation of husens (T'*'). Karyotype

analyses performed on lymphocytes obtained frcni men involved in an irra

diation accident were in accord with the presdse that the deletion fre

quency decreases with time as more and more of the cells in the original

population are replaced by cell division (1^). This replacement of

cells containing fragments by karyotypically normal cells may connote

stem-cell proliferation. The aberrations may be induced in the stem

cells present at the tine of exposure and the eventual distribution of

aberrant cells in the peripheral blood will depend largely upon the prob

ability of loss during subsequent cell division. This probability is

approximately O.T for acentric fragments in human leukocytes during in

vitro cxilture (83).

The ultimate resxilt of loss of chromosome fragments is a deficiency

of genetic material in one or both daughter cells, depending upon whether

a chrostatid or chromosome deletion occxirred in the progenitor cell (7).

This loss of chrcsnatin will be cell lethal if the genetic material is

essentieuL for cellular integrity. The eventual biological effect of

such an event may be influenced by the developmentaJL stage of the organ

ism. Loss of genetic material in a zygote may result in lethality,

idiereas in a more differentiated system the deletion may have less

dramatic effects.

Asymmetricail-exchange aberrations include rings auid dicentrics

but not acentric fragments. .The acentric fragment that is produced as a

result of the formation of a ring or dicentric is not designated as a

separate entity but as part of the asymmetriccQ.-exchange aberration.

Rings and dicentrics may also be removed from the cell population
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d\irliig mitosis, but the relative rate of disappeaxance is e:q>ected to be

less than that for acentric fragments since the latter lack a spindle-

fiber attachment (23, 7^}. The probability that a given asymmetrical-

exchange aberration would survive either the first or second in vitro

division has been estimated for human peripheral blood cells (83). The

number of dicentrics per cell decreased from 1.2 at the first metaphase

to 0.6 at the second and 0.3 at the third. Clearly, the probability is

close to 0.5 that a dicentric will survive either the first or second

in vitro division, and about 0.23 of surviving both divisions.

Since asymmetrical-exchanges possess centromeres, movement to the

spindle poles is possible. Such aberrations, however, have a certain

probability of bridge formation at anaphase which will cause restricted

movement to the poles and may result in an abnormal coo^lement of chroma-

tin in daughter cells, polyploidy, or cell death (7, kl, 58). Since «n

of the asymmetricsLl-exchange aberrations do not res\ilt in bridges or inter

locking rings, the chromatids may assort normally to the respective poles

(29). fhctors such as intercentromeric distance and chromatid exchange

influence the probability of bridge formation (7).

Although not routinely evaluated in somatic chromosomes analyses,

symmetrical exchanges (translocations and inversions) rearrange the normal

position of genetic material. This alteration may lead to abnormal cell

physiology or even cell death. The relative stability of these aberrations

has been supported by the observation that the frequency of lyn^hocytes

containing symmetrical-exchange aberrations in patients receiving thera

peutic irradiation does not change significantly for many years following

treatment (3^^). Peripheral blood saaqsles obtained from immediately

following X-ray therapy for ankylosing spondylitis contained approximately
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10^ symnetrlcal exchanges^ cuid this level vas maintained during the 10

years over vhich the men were studied. Asysmetrical exchanges, on the

other hand, decreased considerably during the first 3 years and continued

to disappear after this time but at a slower rate. They did not, how

ever, reach control levels even after 10 years following irradiation (34).

Other data from human peripheral blood exposed in vitro indicate that

symmetrical exchanges have about a 0.9 probability of surviving either

of the first two cell divisions (83).

Extensive reports have indicated that the type of aberration per

sisting in the peripheral blood may be related to the age of the subject

at the time of exposure. Individuals mder 30 ye«u:s of age at the time

of the atomic bonjbings in Hiroshima and Nagasedel contained fewer lyaqpho-

cytes with treuislocations and inversions than did con^arable persons

over 30 yeeirs of age. Apart from the possible age effect, it was pro

posed that the predominance of symmetrical-exchange aberrations (6l^

of the exposed individuals) in older subjects indicated that most per

sistent radiation-induced aberrations resulted in no significant loss

of genetic material (I6, 17).

Although it appears that a large proportion of aberrations are

eliminated during mitosis, other phenomena such as interphase cell

death and phago(^osis of aberzant (damaged) cells also may contribute

to the disappearance rate of aberration-containing cells. A severe

decrease in both absolute lymphocyte counts and the percentage of

aberrant lynqphocytes occurred in monkeys and pigs exposed to X-irradia-

tion. This reduction aroused the s\:iggestion that radiation-induced

death or damage of a high proportion of circulating lyiiQ>hocytes had

occurred, which resulted in their subsequent removal from the periph

eral blood by the reticulo-endcthelial system (95). These authors
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proposed also tbat an absence of long-lived, non-dividing lymphocytes in

some species mi^t explain the rapid loss of aberrant cells after irradi

ation.

The fact that aberration type plays a role in aberration persistence

due to differences in the probability of loss at cell division has been

demonstrated. Also, cell death and preferential removal of cells contain

ing aberrations may account for the decrease in lymphocyte numiber follow

ing irradiation. Such mechanisms have been supported but the postirradia-

tion persistence level of induced aberrations will, of necessity, depend

upon the particular cell system under investigation.

Types of tissue. The differences in aberration persistence actually

observed astong different cell types tend to be influenced by variations

in the mitotic rate of the cells samples (21). In manmnals, peripheral

blood lymphocytes and marrow cells have been investigated most exten

sively. Cells from the liver, spleen, kidney, thymus, and lymph nodes,

as well as cell strains originating from diverse sources also have been

studied. From a genetic viewpoint, however, the most widely utilized

cell has been the spermatocyte which is derived from spermatogonia.

The initial aberration-induction rate per se among cells in various

tissues may not be as different as coefficients calculated from a single

cell type after various intervals of time postirradiation. The possi

bility that inherent differences in radiosensitivity exist among cell

types also shoxild be recognized. This latter consideration may be

especially important regarding chemical mutagens which may require cer

tain cellular functions for an effect to be manifested (57).
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1. S'^tlc tissues. The majority of the reported vorhs pertaining

to aberration-InductIon rates and to the persistence of aberrations have

utilized somatic cells. Classical studies on plants first demonstrated

that acentric fragments, dlcentrlcs, and rings disappear after relatively

few cell divisions (^8, 62). It appears that asymmetrlccLL aberrations

also are readily lost from rapidly dividing mawmallan systems. Cultured

mammalian cells contained stem lines with symmetrical-exchange abberatlons,

but asymmetrical-exchange aberrations disappeared rapidly following Irra

diation (69, 82). Similarly, In Irradiated mice, asymmetrlcsU. aberrations

are eliminated, whereas symmetrical exchanges persist In rapidly dividing

marrow cells (76, 77).

In cells which do not undergo division, aberrations would be expected

to persist for the llfespan of the cell. This expectation Is supported

by the finding of high frequencies of anaphase bridges and asymmetrlcaJ.

exchanges In mouse liver cells Induced to divide by carbon tetrachlorlde

months after X-lrradiatlon (1, 50, 78). In phytohemagglutlnln (PHA,)-

stlmulated lyiiq)hocytes from the spleen and lysph nodes of Irradiated

monkeys, between 2 emd 7^ of the dividing cells contained asymmetrical,

aberrations 225 days after radiation exposure (95).

2. fw>nniTia.i tlssues. The persistence of aberrations In somatic

cells of adults may be of relatively minor practical Importance, except

Insofeo* as they might be correlated with damage to germinal tissue or

clinical syndromes. VThlle a relatively laxge body of Information exists

cQinpaxlng somatic chromosome aberrations with time postlrradlatlon,

si mi lax Information on germinal cells Is rather scarce. Germinal cell

studies largely have Involved aberration Induction In spermatogonla as

demonstrated by translocatlons In spermatocytes of Melosls I.
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Cytologleal exaudnatlon of spexmtogonla in mice up to 600 days

foUoving a 600-Roentgen8 (R) exposure to X rays revealed that the yield

of translocations increased from 8.^^ vhen first examined at 60 days to

12.6^ at 100 days postexposure. Although a decrease in translocatlcsa

configurations vas found at 2^0 days post treatment, the persistence of

approximately 7^ aberrant cells after 600 days suggested that cells con

taining translocations vere not selectively eliminated (60). These valuea

are in accord vith another study (^9) idiich indicated that an average of

10^ translocations persisted in mouse spermatocytes 8asq;»led 10 veeks

after exposure to 600 R of X rays. Other observations (2, 88) on the

persistence of translocations in mouse spermatogcnia also confirm that

these abnormalities may be evident for considerable periods of time fol

lowing ejq>osure.

Although chromosome aberrations have been induced in cells obtained

from different tissues and organs, the persistence of aberrations appears

to depend upon the relative mitotic rate plus the specific aberrations

formed in the cells saBQ)led. It becomes evident, therefore, that both

somatic and germinal tissues can harbor aberrant cells for quite long

periods of time following induction.

Cloning of aberrations. Clones of aberrant cells especially would

be ejqpected with i^rmmetrical-exchaxige aberrations because their loss due

to cell division is rather uncommon (69, 77, 8?). Observations on

many cell types from various species coincide quite well with this e]q>ec-

tation (6, 7, ^8, 7^). Cells containing chromosome markers repre

sented approximately 1^^ of all dividing cells in the marrow of irradiated

mice. Similar cloning of aberrant cells was observed also in the sjileen,

lymph node, and thymus of these same mice following X-irradiati(xi (48).
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Several studies have denonstrated the presence of vhat appears to be

the same aberration in a higher than expected proportion of the peripheral

blood lyngphocytes from irradiated humans. Cloning of symmetrical-exchange

aberrations was stiggested also from karyotype analysis of leukocytes from

men involved in a radiation accident (1^). Survivors of the atomic bomb

blasts in Nagasaki and Hiroshima were evaluated in several studies for

leukocyte chromosome aberrations. Leukocytes from heavily irradiated

survivors were thought to represent clones of cells containing transloca-

ti(»is (1^, 16, 17). Groups of three or jm>re cells in each of these four

individuals carried what appeared to be the same translocated chromatin

material. However, these cult\ires were incubated for 3 days, and it has

been shown by others (27, 8^) that leukocytes are capable of undergoing

up to three in vitro cell divisions during this culture period. Conse

quently, leukocytes with symmetrical-exchange abeirrations may have several

identical copies present in a three-day cvilture. It is also possible to

find identical copies of asyxometrical aberrations but the probability of

occurrence is less than that for symmetriccd. exchanges.

Other investigators studied the frequency of cloning in patients

e:qx>sed to either acute X rays or chronic radiation from retained thorium.

Peripheral blood leukocytes were Harvested after 40 to 50 hours in culture

when all dividing cells are considered to be in their first in vitro divi

sion. Two or more apparently identical cells with symmetrical-exchange

aberrations were found in l6 of the 153 patients studied. Such cells

have been confirmed in subsequent sasqples from four of these individuals

(33). Aberration clones require cellular divisions which in turn influ

ence the types of aberrations encountered in such clones.
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lOTiphocyte llfeypn. The fact that human peripheral leukocytes con

tain asymaetriccLL aberrations years after ejq>o8ure has been taken as evi

dence that these cells have not undergone cell division in vivo (3^),

This persistence of cells irith asymmetrical aberrations has been uti

lized in determining average lyiig)hocyte lifespan, although others (83)

have shown that these aberrations may survive cellular division. A study

Txtilizing peripheral blood lymphocytes from voaen receiving radiation

therapy for cervical cancer indicated that the decrease with time in the

frequency of cells containing acentric fraigments or one dicentric could

be represented by an ejgponential function. The calculated average iyipho-

cyte lifespan was 330 ± 6k days for cells with acentric fragments and

7B8 ± 98 days for cells containing a single dicentric. Regardless of

the function used, it is evident that aberrations decreased vith time

and that the rate of decrease dei>ended upon whether the aberration con

tained a centromere (7^). These authors concluded that the variation in

lifespan of the various aberrations could be attributed to their differ

ential elimination at cell division.

In similar studies of men receiving X-ray treatment for ankylos-

ing spondylitis, the mean lymphocyte lifespan was calculated on only

those observations made after recoveiy of the lyiiq)hocyte count (l,kOO

days posttreatment). It was assumed that this recovery ijiq>lied that

the lymphopoietic system had returned to equilibrium. This method of

determining average lifespan may have resulted in an overestimate because

populations of short-lived lyiphocytes were neglected. When the percent

age of first-division cells containing asymmetrical-exchange aberrations

was plotted logarithmically as a function of time posttreatment, an e3q>o-

nential decline was found. This 1inp1i.es that a constant proportion of
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the remaining aberrant cells vere being lost per unit of time. An esti

mated mean llfespan of 1,57^ days vlth 9^% confidence limits of 891 and

6^ 7^3 days was obtedJied. The authors reported that this figure corres

ponded with a half-life of approximately 3 Tsars, and that, of the

lymphocytes present In vivo at any tiaie, about l^t will have existed for

20 yeajTS (23). The preceding discrepancy among values for average lyipho-

cyte llfespan (23, T^) nay be partially e:q>lalned by differences In cul

ture time, areas e^^sed to radiation, sampling times, and the fact that

a certain proportion of asymmetrical aberrations may not be lost during

mitosis.

Evidence has been presented that some small lysphocytes are long-

lived cells with an Immunologlcal role (46, 47). It has been estab

lished also that these cells respond to FHA. by proliferation and that

they can remain In a nondlvldlng state for several years until stimulated

to divide (28, 31> 61). The fact that asymmetrical aberrations (accom^

panled by an acentric fragment) have been found In peripheral blood

leukocytes Indicated that most of these cells were In their first divi

sion after exposure to radiation. Bat thoracic duct lymphocytes change

rapidly Into dividing cells when Involved In an Immune response (52, 53)>

and In vitro studies have demonstrated that small lymphocytes respond by

proliferation when exposed to antigens to which the donor was previously

sensitized (76, 79).

It has been postulated that lymphocytes recirculate between the

peripheral blood and lymphopoietic centers In a nonprollferatlng state

If not exposed to the antigen to which they are committed (46, 47).

Upon e^qmsure to such an antigen, these small lymphocytes rapidly trans

form Into large proliferating cells which are capable of antibody formation.
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The fact that asymaetrlcal-ezchaiige aberratloois and fragments are found

in cells years after exposure to a mutagen liqplies that the inminologic-

ally conmited small lyiqphocyte may persist in vivo until such time as it

encounters an antigen capable of inducing its proliferation and subsequent

division. The lifespan of immunologically committed small lymphocytes

vill therefore depend upon the frequency vith vhich they encounter the

antigen to which they are committed. Consequently, any estimate of the

mean lifespan of small lyi]Q)hocytes may have United value since such esti

mates are derived from a heterogeneous population of cells with different

lifespans.

Other studies have been conducted in an attenpt to test the theory

that small lynphocytes proliferate when reejq>osed to specific antigens

(73> 76). The persistence of dicentrics, rings, and acentric fragments

was determined in peripheral blood lymphocytes of patients undergoing

partial-bO(3y therapeutic irradiation. Acentric fragments and asymsMtri-

cal interchanges Sere found at all postirradiation sampling times in FHA-

stimulated cultures, whereas tuberculin-stimulated c\iltvires exhibited a

sharp decrease at six Euid one-half months after exposure. Although such

studies imply different subpopulations of lyxphocytes, the use of dif

ferent patients vith varying symptoms, different doses, different sites

of irradiation, and varying sampling times may have influenced the ob

served differences. Also, abnormal blood cells may have been sanpled

since half of these patients had been diagnosed as having lymphosarccsaa

or chronic iyn^hocytic leuTremia.

A more recent report (76) ailso indicates subpopulations of lyuqtho-

cytes based upon antigenic response. Blood samples were obtained at

one month and ̂  months postexposvire from patients receiving therapeutic
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Irradiatlaa. In each of the two patients the percentage of acentric

fragments, rings, and dicentrics was lower in cultures stimulated with

tuberculin or smekllpox antigens than in similar cultures eiqplaying PHA.

It was estimated that all cultures were sampled in their first in vitro

division, although FHA cultures were harvested several days earlier than

antigen-stimulated cultures. Additional data (72) were acciuaulated from

patients undergoing radiation therapy for cervical cancer and lung cancer.

In first division FHA or poheweed mitogen (Hm)-stimulated blood ciiltures,

the frequency of cells with asymmetrical exchanges and acentric fragments

was 15 to 20^ throughout the 3-month period of study. In tubercnilin-

stimulated cultiires, however, cells with similar aberrations fell from

13^ to less than 5^ within 3 weeks after irradiation. These results do

not definitely test the idea of specific subpopulations of immunologic-

ally committed Iyiiq)hocytes, but they do suggest marked differences be

tween antigen-stimulated and FHA-stimulated cultures from irradiated

humans. Such differences might be explained if those cells responding

to antigens in vitro had been \mdergoing division in the body with re

sultant loss of aberrations. The authors s\;iggested also that both com

mitted and uncommited lyiiq)hocytes may respond to FHA and that perhaps

imcommitted cells are the long-lived, nondivldlng lyn^hocytes in the

body (76). It would therefore appear that FHA is capable of stimulating

a large battery of smal 1 lyiigjhocytes committed to different antigens.

That is, FHA is a nonspecific, wide-range factor capable of stimulating

lynphocyte proliferation in cells committed to different antigens or

perhaps even in uncommitted cells.
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In calculating values of average lyaphocyte lifetliae from the per

sistence of "marker cells", it vas assumed that these cells have not

undergone mitosis during the period under consideration. The variation

among the reported values (23, 7^) reflects differences in cell popula

tions saiqpled as veil as the types of aberrations eiqplcyed in

such calculations.

Species variation. The disappearance rate of aberrations may differ

among species due to inherent vsuriations in their ability to repair

lesions as veil as to remove damaged cells. Variables such as toteil

dose, dose rate, fractionation of dose, sampling times, cell cycle times,

and methods of e3q>osure should be considered vithin and among species in

experiments designed to differentiate among species.

1. Aberration persistence in man. Various reports have confirmed

that cells containing aberrant chromosomes may persist for years in

individuals previously ejqwsed to radiation (15, l6, 17, 23, 49,

74). AccidentsLl vhole-body exposures to mixed gamaa ray and fission

neutron radiation resulted in the presence of asymmetrical exchauages and

minutes (interstitial deletions) in the blood at 29 and 42 months post-

exposure. Differences in aberration percentages at the tvo sawipl i ng

times indicated that aberrations vere being eliminated, and that pre-

irrauliation aberration levels might eventually be reached in the per

ipheral leukocytes. Karyotype euialysis of i^mmetrical exchanges indicated

that these aberrations may be retained indefinitely (11, 13).

Other resxilts from peripheral lexikocytes of men involved in a

criticality accident, demonstrated a rapid loss of aberrations begin

ning at 6 veeks following irradiation. The data for the first several
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postirradlatlon periods eure compatible with the idea that the "half-life"

for replacement by cell division of the leukocyte population studied

(those which divide in culture) is of the order of many weeks (l4).

Recent data from an accidental whole-body exposure to cobalt-60 g«™na

rays indicate that the yield of centric rings plus dicentrics does not

vary significantly over the first 52 days following expos\ire. A con

sistent decrease in the number of rings plus dicentrics was noted after

about 59 days, which closely paralleled the onset of total leukocyte

recovery (20). Another study also has shown that the aberration yield

measured in the peripheral blood of patients given whole-body X-radiation

does not change appreciably during the first 2k hours after exposure (25).

Other data, however, demonstrate that lynphocyte aberrations begin

to decrease shortly after exposiire. An exponential decline of asymmetri

cal exchanges and deletions in lynphocytes began within one to three

weeks following therapeutic irradiation for aniylosing spondylitis.

Thereafter, approximately 5.5^ of aberrant cells disappeared each month

until a rather steady level was attained after 5 years {2k). Other

studies from similar patients indicate that the function relating the

ntuuber of asymmetrical exchanges and fragments to time after expos\ire

contains a rapid and a slow aberration-loss conponent. These conponents

are tho\;ight to reflect two populations of lymphocytes differing in their

relative lifespeua or, alternatively, a single population with a more

rapid initial loss due to dilution as the lyaphocyte population recov

ered following irradiation (25, 5^).

In lyinphocytes from tumor patients receiving radium therapy, an

initial value of 5^.9^ of all analyzed cells had structural chromosome

aberrations. Within 5.5 yeaxs the number of aberrant cells decreased to
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8.7?^» and during the following 2 years further significant decreases

could not be observed (8^^). Information obtained from humans reveals

differences in aberration persistence between marrow cells and peripheral

leukocytes. Dicentric and ring chromosomes were found in leukocytes but

not in direct marrow cultures 7 years following accidental exposure to

mixed fast neutrons and gamma rays. Chromosomal fragments, however,

were found in both types of cultiires (^9). Various aberration types

have persisted for at least 20 years in the leukocytes of humans exposed

to the Hiroshima and Nagasaki bombings (l6, 17).

2. Aberration persistence in other mammals. In a study of aber

ration persistence among various animal species, it was found that the

highest incidence (26^) of asymmetrical aberrations in le\ikocytes from

monkeys occurred in the initial (30 min.) blood sauries following partial-

body X-irradiation. Samples obtained l8 hours later contained signifi

cantly fewer (9.5^) aberrations. When the study was terminated at 258

days postexposure asymmetrical aberrations persisted in the peripheral

leukocytes of the two animals at 0.5 and 8^ (95). this same study,

a more dramatic decline in the proportion of pig leukocytes containing

asymmetrical aberrations was reported. The highest incidence of aber

rant cells was observed when c\iltures were first established 50 minutes

following partial-body irradiation. Within 2k hours after e:q)osure,

however, cells containing aberrations had essentially disappeared from

the blood of all animals and did not reappear in significant numbers

during the 50-day period of study. This rapid decrease in number of

asymmetrical aberrations in both monkeys and pigs suggests the occurence

of radiation-induced death or damage in a high proportion of circulating
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lyiiQ>hocyte8 and their removal by the reticuloendotheliail system. Prac

tically no aberrations vere found in peripheral blood cultures obtained

from irradiated guinea pigs, rats, cmd rabbits. This response in the

latter species was attributed to technical difficvilties as well as to

the possibility of the absence of long-lived lyirg)hocytes (95).

When primary cultures were prepared from rat embryos irradiated

in utero with varying acute doses of X rays, the number of cells with

chromosome aberrations declined to 20^ of the initial values within the

first 12 hours following exposure. As time progressed, the number of

aberrations approached control values (40). This observation agrees

with an earlier study (92) in which chromosome aberrations in rat endjryos

declined rapidly within the first 2k hours following expos\ire to ̂ 00 R of

X rays and returned to nearly normal values within several days. The

death of damaged cells smd chromosome repair were advanced as possible

causes of the disappearance of chromosomal aberrations. It appears that

chromosome repair, as reported (92), would include the disappearance of

aberrations via cell division.

It has been demonstrated also that marrow cells from Chinese hamsters

irradiated in vivo with 100 R of X rays contained a maximum number (^0.0^)

of chromatid breaks 2 hours after exposure, and that these aberrations

dropped rapidly to ̂ .1^ within 2k ho\irs (lO). This rapid decrease of

number of aberrations in dividing cells would be expected smd has been

verified by more recent data \diich showed that chromatid aberrations in

both marrow and testicular cells of the Chinese hamster were drastically

decreased by 12 hoxirs following 100 R of gamma radiation (21). The

possibility of a dose-rate effect upon aberration persistence in mice

marrow cells has been reported. X rays given at 30 R per minute resulted
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in increased aberration persistence when conqpared with gamma radiation

given at a dose rate of 1.^5 R per minute (77). Unfortunately, sampling

time was inconsistent among the animal groups.

Since peripheral lyn^hocytes rarely undergo mitosis in vivo, higher

aberration persistence levels would be expected than in rapidly dividing

cells. Mechanisms such as the selective elimination of dama.ged cells or

interphase death and the possibility of an absence of a long-lived popula

tion of lymphocytes will increase the rate of aberration loss. Identical

aberration yields were found in blood cells sampled immediately and 2k

hours after whole-body irradiation of marmosets (Saguinus fuscicollis)

with gamma rays at 5.7 R per minute (l8). Results presented in this

report are inconsistent with those of a recent study utilizing pigs (66).

lymphocytes were sampled within 20 minutes following whole-body, bilaterauL

exposures to ®°Co gamma rays at 50 R per minute. Subsequent samples were

obtained periodically up to 20 weeks postirradiation. Within 2k hours

after exposure approximately ^9% of the cells containing acentric frag

ments and 22^ of those harboring rings or dicentrics had disappeared

from the periphered. blood. It was found that the number of aberrations

per cell as well as lymphocyte number fell very sharply during the first

k8 hours postexposvire. This suggested a preferential removal, of aber

rant cells from the peripheral system. Variation in dose rate also may

contribute, in part, to the observed differences, in that mmny aberra

tions may have been lost by selective elimination during prolonged expo

sures. It appears, however, that whole-body irradiation of primates (l8)

and of humans (1^4-, 20, 25) results in similar aberration persistence

kinetics when blood is sampled shortly after exposure.



20

From the reported data, it appears that the rapid loss of aberrant

cells following irradiation is manifested more pronouncedly in non-human

mammals than in humans. Determination as to whether real differences

act\ially exist must await experiments designed to adequately test the

aberration loss rate among different species. The early, rapid loss of

aberrant cells in some species indicates that postirradlation sampling

time and the type of cells sampled have important iaqjlications concern

ing the utilization of chromosome aberrations as a biological dosimeter.

Data on lymphocyte kinetics following extracorporeal irradiation of

blood (ECIB) in humans revealed that peripheral blood lymphocytes, sampled

from the exit side of the coil immediately after the start of irradiation,

contained 0.8? dicentrics per cell after an estimated dose of 520 rads.

Subsequent samples were obtained from the entrance side of the coil at

various intervals during an 8-houj?-per day,8-day treatment regime. The

number of aberrations decreased to a low of 0.057 dicentrics per cell

after 1.5 hours of continuous treatment and increased to 0.50 dicentrics

per cell after 64 hours of intermittent treatment (90, 9l). Variability

in the aberration level during treatment was attributed to dose accumula

tion as well as lymphocyte exchange between the extracorporeal shunt, the

peripheral system, and the readily-exchangeable extravascular pools.

Mere recent data on lymphocyte kinetics in nonleukemic patients

receiving ECIB for immunosuppressive purposes support the hypothesis of

selective removal of aberrant cells (45). During ECIB there was a pro

gressive accumulation of cells containing aberrations which rose to a

value of 4.5^ after 8 hours. Immediately upon cessation of treatment

there was a rapid decline to a lower level, which was maintained for 2-1/2
treatment-free days at a mean value of 1.1^ for five consecutive samples.
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These data Indicate that damaged cells (as determined hy dicentric induc

tion) axe removed from the i)eripheral blood by the reticuloendothelial

system both during ECIB and after treatment. These damaged cells were

replaced by cells from the extravasc\ilax pools.

The population of circ\ilating blood lymphocytes in cattle dropped to

a constant low level of between 700 and 2,000 cells per mm® after 12 hours

of ECIB. This level was maintained during the ̂ 4-8 hours of treatment. The

lymphoreticulax tissues, on the other hand, continued to lose lynqphocytes

between the twelfth and forty-eighth hours of ECIB. These workers sug

gested that the apparent steady-state lymphocyte level in the peripheral

blood is maintained by a nonsteady-state process in the lynphoreticulax

organs wherein the new production of lymphocytes is insufficient to re

place the cells leaving these tissues. It was noted also that the cell

ular debris caused by ECIB was harbored within the spleen, lung, liver,

and lynph nodes in this order of relative concentration (52).

A correlation may exist between the decrease in number of circula

ting lynphocytes and the acoumulation of celltalar debris. This cellulax

debris may have implications concerning the fate of damaged (aberration

containing) lymphocytes. Other workers reported a maximal lyraphocyto-

penia in calves during 12 hours of ECIB. The blood lymphocyte count was

reduced to 17^ of the level at the beginning of irradiation. These data

indicated that the duration of the postirradiation lymphocytopenia in

calves was correlated with the total number of lymphocytes killed, and,

in some instances, it was loany weeks before numbers of peripheral blood

lymphocytes returned to preirradiation levels (55# 56).

The notable decrease in aberration rates following periods of ECIB

treatment may be explained in part by the loss of aberrant cells as
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demonstrated by the accumulation of cellular debris in lymphoreticular

organs and by cell mixing of lyn^jhocytes in lyn5)hqpoietic centers with

those in the peripheral blood. The dose rate and degree of dose frac-

tionation also would be expected to influence the rate of dicentric induc

tion per se (J, k^, 58).

Flasma factors. It has been demonstrated that when normal human

peripheral blood lyinphocytes are cultured in media containing plasma

obtained from irradiated individuals^ significeuitly more chromosomal

aberrations 6u:e foimd than when lymphocytes axe grown in nonirradiated

plasma (50, 5^). Such results have led to the suggestion that after in

vivo irradiation a fraction of the aberrations in sinan lyB5>hocytes are

produced indirectly by some factor in the plasma of the irradiated indi

vidual and not directly by the radiation per se (49, 50). This "plasma

factor" has been reported to be active for as long as 7 yeeurs after whole-

body irradiation of humans (49). The identity of the factor, however, has

not been verified and the possibility that it is a radiation-activated

latent virus in the body has been suggested (50, 54). Ifcre recent infor

mation has shown that a lymphocyte-chromosome-breaking factor can be

induced in the plasma of blood irradiated in vitro as well as in vivo.

These aberrations were interpreted as being induced at the chromatid

level (85).

The existence of plasma factors capable of inducing certain kinds

of chromosomal aberrations appears well established and may well influence

the persistence of specific aberrations following irradiation. Attempts

to isolate and identify such factors axe relevant, especially since

these agents may predispose individuals to aberration-correlated syndromes.
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Lymphocyte kinetics. The postirradiation fate of peripheral blood

lyn5>hocytes and their precursors will influence aberration indexes cal

culated from them. An extensive study involving men undergoing thera

peutic X-irradiation for ankylosing spondylitis demonstrated that the

mean IyiiQ)hocyte count was 2,282 cells per mm^ prior to radiation and fell

rapidly to its lowest value of 539 cells per mm^ within a few days after

exposure. Lyjqphocyte recovery was inconplete until nearly k years after

treatment (23). Other investigators have stated that peripheral lynpho-

cyte counts made at intervsLLs up to 2k hours and again at 6k ho\irs after

ECIB treatment of humans varied little from initial values (90, 91).

These data were obtained from two patients with reticulum-cell sarcoma

and Hodgkin's disease, respectively, and may well have involved abnormal

cell populations. This may explain the apparent discrepancy with other

data (32) which indicated a decrease in periphereil blood lynphocytes

following ECIB in normal calves. It shovild be eaphasized also that

inherent species variation may exist.

Data obtained from monkeys receiving partial-body X-irradlation

showed a rapid decline in the absolute lynphocyte count during the first

l8 hours following e:3q)08ure. These values gradually increased and re

turned to normal levels at about 223 days postirradiation (95). In this

same study, hematological data from pigs showed the expected decrease in

absolute lynphocyte counts following partial-body X-irradiation. In all

irradiated pigs the lowest level was attained within 2k hours, and then

the counts quickly returned to normal levels. From these data on monkeys

and pigs, it was noted that the severe decline in absolute lynphocyte

coiuits coincided with a rapid decrease in number of asymmetrical aberra

tions in the lynphocyte popxilation. Conparable information concerning
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symmetrical aberrations was not reported. More recent data demonstrate

that pig peripheral blood lya^jhocyte counts also dropped drasticeLLly fol

lowing a bilateral exposiire to fission neutrons (average energy = 1.2

MbV). Approximately a ten-fold decrease in lyn^jhocyte counts occurred

at 2 8uid 4 days following exposure to 850 and to 550 rads, respectively

(22). It has been reported also that peripheral blood lyngjhocytes from

pigs are rapidly eliminated during the l.O-to-1.5 hour interval between

the beginning of exposure to lU MeV neutrons and the obtaining of the

postirradiation blood san^jles. Following varying in vivo doses (I87 to

587 rads), reductions in total leukocyte counts ranged from essentially

none at the lower exposures to an average of 53^ at the higher doses.

This same study revealed that the proportion of lyn^jhocytes was reduced

by nearly 50^ at 1 dose levels when blood was sampled between 1.0 and

1.5 hours after the beginning of irradiation (64-).

The observation that absolute lymphocyte counts decrease following

in vivo irradiation appears to be consistent for most species, but the

relative loss and recovery rates of the lymphocyte population may vary

among species. Further evidence concerning the fate of these cells may

shed light on the rapid decrease in number of aberreuit cells in some

species following irradiation.

B. Neutron-induced Aberrations in Mammals

Several workers have investigated chromosome aberration induction

in peripheral blood leukocytes following exposure to fast neutrons of

various energies. Relative biologiced. effectiveness (RBE) values for

acentric fragments in human leukocytes were reported to be 2.6 for l^i-.l

MeV neutrons and about k,3 for 2.5 IfeV neutrons when conqsared with X rays.
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all irradiations being given in vitro (8, 51). Such con^axisons are Justi

fied since acentric fragments display essentially linear dose kinetics

for both low and high linear energy transfer (LET) radiation (4-1, 58).

An effect of neutron energy upon the kinetics of ring and dicentric

induction was suggested (8, 51)* The expected linear dose effect was

foimd for 2.5 tfeV neutrons, but rings and dicentrics showed equally
I

good fit to linear and dose-square models for l4.1 MeV neutrons. Other

data from a criticality accident involving fission-spectrum neutrons in

human leukocytes yielded sui RBE of approximately 4.5 for chromosome dele

tions or acentric fragments. The effectiveness of fission neutrons is

displayed by the fact that the ring and dicentric data fit a linear

model with a slope greater than that for their induction by 2.5 MeV

neutrons (14). Similar estimates of fission neutron RBE for peripheral

leukocytes irradiated in vivo ranged from 2.5 to 10.2 for three subjects

accidentally exposed. It was concluded that the true RBE for in vivo

irradiation is probably near 5 or 6 for deletions (51).

Human peripheral leukocytes were exposed in vitro to fission neu

trons at 5.41 or 6.75 rads per hour (86, 87). No dose-rate effect was

found, and an RBE value of approximately 4.5 was calculated for rings

plus dicentrics. From previous studies (42, 86), these workers had

reported essentieully linear dose-effect kinetics for these aberrations

with 250 kVp X rays, thus allowing straight-forward calculation of RBE

values.

Ifacertainty exists regaxding the kinetics of ring and dicentric

induction during irradiation with neutrons of various energies, and

recent data (64) have not clarified the situation. It was foxind that

the ring and dicentric data from in vivo exposures of pigs to l4 MeV
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neutrons were best fitted by a cxirvilinear dose response function. It

was suggested that the in vitro results also would have tended toward

the curvilineaj: had higher dose levels been utilized.

The induction of translocations has been studied in mice by the

cytologiceil examination of spermatocytes fo3_Lowing either chronic or

acute exposure to fission neutrons (89). The yield of translocations

increased linearly up to about 100 rads of acute exposure but decreased

with higher doses due to cell killing. On the other hand, 12-week chronic

exposures gave no indication of decreased yields at higher doses. RBE

values of about 3.7 were obtained for acute exposures below 100 rads,

whereas values between 20 and 25 were reported for chronic exposures at

similax doses.

Anaphase chromosome aberrations have been evaluated in the regen

erating livers of mice previously irradiated with fission neutrons (30,

58, 39). It was reported that neutrons were more efficient than X rays

in producing these abnormalities and that their frequency was relatively

independent of the time intervening between radiation and chromosome

examination. Aberration yields induced by X rays, however, decreased

with increasing time following exposure. Italike the case for X-radiation,

chronic or fractionated neutron exposures were just as effective as

acute ones. Another study (78), however, has indicated an apparent

dose-rate effect for neutron-induced chromosomal aberrations in regen

erating mouse liver, lower dose rates resulting in lower aberration

frequencies. Such apparent dose-rate effects may actually have resulted

from the different average energies of the neutrons used for the acute

and the chronic exposures (30).
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C. In Vlvo-In Vitro Radiation Rest)onse

Due to the feasibility of utilizing chromosome aberration data for

estimates of biological dose following accidental exposure, many workers

have studied, the response of human lyii5)hocyte chromosomes to in vitro

irradiation (5, 7, 9, 12, l8, 19, ̂ 2, kk, 71, 72). The results of

such studies have not always agreed, and this may be a reflection of

technical variations rather than inherent cellular differences. An

assun^ytion made in such investigations is that lyngyhocytes ejqyosed. while

in the peripheral blood will display a similar radiation response when

irradiated in vitro.

Comparative data on rings and dicentrics following exposvire to 2

MeV X rays indicate that at low doses (under 50 R) peripheral blood from

an individual gives essentially the same results after in vivo or in

vitro radiation (26). Extrapolation of the in vivo data to doses higher

than 50 R on the basis of the available in vitro data appear uncertain.

Agreement between in vivo and in vitro aberration data in humans is en

hanced by the finding that an estimated ECIB dose of 520 rads induced

0.87 dicentrics per cell, whereas O.85 dicentrics per cell resulted from

500 rads in vitro (90, 91).

Recent data (6k) involving in vivo exposxire of pigs to Ik MeV neu

trons and of their blood in vitro demonstrate higher aberration rates

in vitro. The possibility of a protective mechanism capable of remov

ing damaged cells in vivo following irradiation was suggested. These

authors studied elso the effects of gamma irradiation in this same

system (66). Acentric fragments were produced in vivo at 78^ of the

in vitro rate while the value for rings plus dicentrics was 66^ follow

ing gamma irradiation. It was concluded that the amount of dose-attenuation
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afforded the circulating blood by the body is of primary importance in the

final evaluation of observed differences between in vivo and in vitro

aberration rates. That is, the damage sustained by leukocytes irradiated

in vitro is not different from that induced by an equivalent dose deliv

ered to cells in vivo. Other data from marmosets (Sttguinus fusicollis)

exposed to gamma rays at a dose rate of 3.7 R per minute and whole blood

irradiated in the same manner indicated identical aberration yields (l8).

Factors such as radiation quality, sampling time, and dose attenua

tion appear to influence in vivo-in vitro congjarisons. The possibility

of actual species differences also should be considered. Until aberra

tion-induction kinetics are established for in vivo and in vitro irradi

ation for various species, extrapolation between the irradiation modes

seems unjustified. Inherent in any practical utilization of chromosome-

aberration data is their kinetics over time postexposure.

The practical importance of utilizing chromosome-aberration coef

ficients obtained from human lymphocytes as an indicator of the radiation

dose actually received following accidental exposure to fission neutrons

has been ajiply doc\unented. Although it is possible to determine the aber

ration coefficient in human lymphocytes exposed in vitro, it is not per

missible to acquire in vivo data. It is essential, therefore, to establish

the relationship between the level of aberrations induced in vitro with

those produced after in vivo exposures. This relationship can readily

be established in the domestic pig which is physically and physiologic

ally comparable to man. Should significant differences be fo\md between

the aberration levels in pig lymphocytes irradiated in vivo or in vitro,

the factors responsible for the variability can be evaluated in terms of

accidentEil hiiman exposures. The resulting data will also afford an
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insiglit into explaining the apparent differences between the results

obtained from other studies involving in vivo and in vitro aberration

data.

Another possible source of variation in the calculated aberration

coefficient is that due to the time interval between irradiation and

obtaining the postexposure blood sajnple. Saag)les of peripheral blood

can be easily drawn from pigs at successive intervals after irradiation.

This will permit an evalviation of the change in the aberration index as

a function of time postexposvire. The post irradiation response of the

number of peripheral blood cells can be correlated also with changes in

the level of aberrations.



CHAPTER III

EXPERIMENTAL PROCEDURES

A. Irradiation Facility

The Heeath Physics Research Reactor (HPRR) of the Oak Ridge National

Laboratoiy was employed for irradiation of all animals. The HPRR is a

Godiva-type reactor designed for use as a neutron radiation facility for

research in health physics and related fields. This reactor is em unmod-

erated assembly which utilizes highly enriched uraniiim alloyed with 10^,

by weight, of molybdenum as the fuel material. It can be operated either

in the steady-state mode or with pulses up to lO^''^ fissions per pxilse.

The neutron:gamma ratio is approximately 6:1, and the neutron spectrum

under these conditions is slightly softer than a fission spectrum

with average energy of about 1.2 MeV. The peak of the fluence-versus-

energy curve is at 0.6 MeV while the gamma ray spectrum from the HPRR has

an average energy of about 2 MeV (22). Other reports (3, 68) have deeuLt

with the various facets of the reactor and its associated equipment.

B. Dosimetry

Dosimetiy was based upon well established techniques of measuring

dose from coexistent neutron and gamma radiation fields. Four separate

detection systems, two for neutrons and two for gamma radiation, were

utilized. For each radiation (neutron or gamma) both a passive and an

active system were employed. The active systems were the Hirst fast

neutron counter for measurement of fast neutron dose and the "phil"

dosimeter for measurement of gamma dose. The Hurst system eiiq>loys a

50
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poXyetbylene-walled, cyclopropane-filled proportional, counter and associ

ated equipment for the measurement of fast neutron dose from neutrons with

energies above approximately l60 keV (55> 95). The passive systems enqtloyed

were the Hurst threshold detector system for the measurement of fast neutron

dose and a radiophotoluminescence technique for measurement of gamma dose

(81).

For the present study, the reactor was operated in a steady state at

a power level of 2 kW. Exposure duration varied fJrom 7 minutes (100 rads)

to 28 minutes (400 rads) and was given at a constant dose rate of Ik,^

rads per minute.

Exposures were expressed as the dose measured in air at the animal's

midline. Since the neutron:gamma ratio was about 6:1, a total midline

dose (in air) of 100 rads consisted of 100 rads of fast neutrons plus

about 17 rads of gamma rays.

The problem of calculating an average tissue dose is conpllcated by

the facts that the peripheral blood cells are constantly in motion during

the course of irradiation and that certain body regions contain consider

ably more blood volxune than others. From a biological viewpoint, calcula

tion of an integrated dose across the width of an animal would not consider

the transitory nature of the cells evaluated. Also, a more exact calcula

tion of tissue dose becomes especially conplicated when the rotation to

which the animals were subjected is considered. Consequently, the mid-

line neutron dose (measured in air) was used as the index of e3q>osure.

Admittedly, this is not ideal, but sources of error from its use were less

than for other expressions. In order to obtain estimates of the radiation

dose actually received by the blood cells in vivo, further calculations
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were performed (8o). Factors such as dose attenuation, radiation hack-

scatter, and the distance from the side of the ftn-imni to the reactor were

considered.

Two methods of calculating the dose received by the blood cells were

en5>loyed and their agreement was approximately 92^. The first method was

based upon unilateral dose distribution measurements at various depths in

tissue-eqviivalent phantoms exposed to fission neutrons at the HEEffi. From

these data, average whole-body dose estimates were conputed for bilateraJL

exposxires (method 1). A second method considered the partitioning of a

5^ cm diameter cylinder (average body width of the animals used) into

concentric circles. The neutron and gamma doses were weighted according

to the volume in each of the cylindrical rings. These values were summed

in order to obtain a volume average whole-body dose (method 2).

C. In Vivo and In Vitro Irradiation

Eight purebred ftiroc sows of compsuable age and weight were utilized

(Table l). Two animals were exposed at each of the following doses; 100,

200, 500, and 400 rads. Approximately 50 minutes prior to irradiation,

heparinized blood samples were obtained from each pigj half of each

sanple was irradiated in vitro while the other half furnished blood for

control cultures.

Aluminxan cages, containing the experimental. animsLLs were positioned

in a semi-circle so that the midline (saggital. plane) of the a-ninwi was

5 meters from the reactor. The height of the reactor was 1.7 meters

above the floor level which provided a horizontal plane with the midpoint

of the animal's body. Halfway thro\igh the exposure, electric tvimtables

rotated the cages I80 degrees without interruption of reactor operation.
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TABLE 1. Body measurements of pigs at time of irradiation

Animal
ntunber

Body
weight
(kg)

Body
depth^
(cm)

Body
width'

(cm)

60-5 166.5 ^7.5 52.^

5^-9 175.5 51.0 51.8

61-5 176.5 ^8.5 50.0

62-k 201.6 51.5 5^.1

5J+-I 171.0 51.0 55.8

57-10 182.5 55.5 56.5

5k-k 205.1 51.5 58.7

JO-k 218.0 51.5 54.8

Average 187.0 50.7 5^.0

^Measured at midpoint between fore- and bind quarters.

^Avereige of measiirements taken across the neck, shoulder,
behind last rib, loin, and ham.
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This facilitated bilateral ejqxjsxire of the entire animal and req,\iired

approximately 30 seconds to con^lete.

In vitro ejqwsxures of sauries of whole blood from each nTiiTiia,1 were

performed simultaneously with in vivo irradiation. Approximately 7 nil

of hepaxinized whole blood was placed in plastic tubes and positioned

3 meters from the reactor and at a height eq,uivalent to the vertical

midpoint of the animal. All in vitro blood san^iles therefore received

the same dose as that measured in air at the animal's midline.

D. Blood Sampling

Peripheral blood samples were obtained from the jugular vein.

Prior to venipuncture, the local skin area was swabbed with 70^ alcohol.

The inside of a 20 ml syringe was coated with heparin^ prior to obtain

ing approximately 1^ ml of blood. Before the blood was ejqjelled into a

sterile, plastic tube, the needle was removed in order to prevent cellu

lar damage in the blood san^jle. All blood samples were inoculated into

culture media within 2 hours from the time blood was drawn from the

animal. Sauiples of peripheral blood were secured from each animal 30

minutes prior to exposure and at the follcwing postexposure intervals:

30 minutes, 2k hours, 48 hours, 1 week, 2 weeks, k weeks, 8 weeks, and 12

weeks.

E. Blood Culture and Cell Harvesting

Routine differential leukocyte determinations were performed on

1 blood samples, and total leukocyte counts were determined by auto

mated instrumentation. One ml of whole blood and 10 ml of complete

^Heparin Sodium - 1,000 U.S.P. units per ml. Fellows Testagax,
Detroit, Michigan.
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cxilture medium^ were incubated in a 3-ounce prescription bottle at

58.5° C. This incubation teaperatvire corresponds with the normal

pig's body ten?)erature. Colchicine (final concentration, 10"®M) was

added after 4b hours of incubation, and harvesting of cultures began

4 hours later.

The harvesting procedure was as follows:

1. Cultures were mixed gently until the cells detached from the
culture bottles and were in suspension.

2. The entire cellular suspension was povired into a graduated
15 ml centrifuge tube and centrifuged at 700 g for 10 minutes.

5. The supernatant was carefully removed down to the 1 ml mark
and the remaining cell suspension was mixed gently but
thoroughly.

4. The entire contents were drawn into a Pasteur pipette and
3 ml of warm (37° C) distilled water was added to the tube.
The cellular suspension was then gently mixed with the water.

5. After 10 minutes in a 37° C water bath the tubes were centri
fuged at 375 g for 5 minutes.

b. The supernatant was gently agitated while caution was exercised
not to disturb the cellular pellet.

7. Six ml of fixative (3 parts methanolrl part glacieLL acetic
acid) was added, and cells were suspended by constant agitation
with a Pasteur pipette imtil all cell clunqjs were eliminated.

8. Tubes were centrifuged at 375 g for 5 minutes, and the fixative
was poured off.

^Complete Culture Medium Quantity (ml)

TC Medium 199* 7.00
Fetal Calf Seruitt»

(inactivated, 56° C for 30 min) 2.50
Phytohemagglutinin** O.50
Penicillin (200 U/ml)-Streptonycin
(200 mcg/ml) 0.20

NaHCOa (4^) O.I3
*

Grand Island BiologicsLl Company, Grand Island, New York

**Laboratoiy prepared.
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9. Steps 7 aad 8 were repeated twice, using 4 ml of fixative each
time.

10. Four ml of fixative (l part methanol:l part glacial acetic acid)
was then added, and the cells were suspended gently with a Basteiar
pipette. The pipette and centrifuge tube walls were rinsed with
fixative to remove adherent cells.

11. Tubes were centrifuged at 575 g for 5 minutes, and the fixative
was decanted.

12. After a repetition of steps 10 and 11, the cells were resuspended
in a small amount of 1;1 fixative.

13« With a Pasteur pipette, a drop of cellular suspension was dropped
onto clean slides which had been dipped in distilled water.

l4. Slides were air dried before staining in Orcein^ for approximately
1 hour. They were then rinsed with tertiary butyl alcohol and
moxinted with Diaphane.'*

It has been found that the above technique provides repeatable

resxilts and well-spread chromosomes suitable for analysis (i|-, 65).

F. Chromosome Analysis

Slides were evaluated by systematically scanning coded slides at

200 X magnification until metaphase figures suitable for scoring were

encountered. Upon the location of such metaphases, the centromeric

number was determined at 1250 X magnification. Only those metaphases

with the modal centromere n\imber (2n =38) and those with 2n - 1 were

selected for critical, evaluation. All visible anomalies were recorded,

but only chromosome-type acentric fragments, minute deletions, centric

and acentric rings, and dicentrics were included in the reported data.

Acentric rings were differentiated from minute deletions on the basis of

^Gurrs orcein, synthetic (Lapine Scientific, Chicago, 111.)
1^ solution in solvent consisting of: ̂ 4-2.5 ml glacial acetic acid

42.5 ml lactic acid
25.0 ml distilled water

'twill Scientific, Inc., New York, N. Y.
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relative size. VHien the diameter of the acentric aberration was greater

than that of a chromatid in the same metaphase, an acentric ring was

recorded. Acentric fragments were determined by excluding those normally

expected to acconpany a ring or dicentric in the same metaphase.

In order to study aberration persistence as a function of time post-

irradiation, we attenpted to evalxiate 100 metaphase cells from each animal

at each of the nine sampling periods, representing a potential of 7,200

cells. However, due to technical difficTilties, somewhat fewer than 100

scorable cells were analyzed from some of the cultures. This was especi

ally evident in the sasples obtained 2 days postirradiation due to unfavor

able cellxilar growth in vitro. In order to reduce random error, the

aberration data from the 2-day sanples were not included in the statisti

cal analysis.

G. Statistical Procedures

Data analyses were facilitated through the use of the StatisticeLl

Analysis System (SAS) developed at North Carolina State Itoiversity.

The mathematical model used in the analysis of variance for aberra

tion data was:

"ijkl = « ̂  + Aj/i + \
where, ~ aberration, ith dose, Jth an1ina.1 within the ith

dose, kth postirradiation time .

u = an effect common to all aberrations (mean) .

Djj^ = effect due to the ith dose .

Ajy^ = effect due to the jth animal in the ith dose .

Tj^ = effect due to the kth postirradiation time .
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(nr)ij^ = effect due to the interaction between the ith dose and

the kth postirradiation time ̂

(AT)j/ik = effect due to the interaction between the Jth an-itnai
within the ith dose and the kth postirradiation time .

= random error .

This model was deemed appropriate for aberration data obtained prior to

lynphocyte recovery (50 minutes and 2k- hours postexposure) as well as

those data collected during the period of lymphocyte recovery (l through

12 weeks postirradiation).

The appropriate error term for testing the effect due to the inter

action between the jth animal within the ith dose and the kth postirradia

tion time was obtained by utilizing the meEun square (random error) due

to replicate observations within each animai at each dose and postirra

diation time. All other F ratios, except that for the ith dose, were

obtained by dividing the respective mean sqxiares by the variation due to

the interaction between the Jth animal within the ith dose emd the kth

postirradiation time. The F value for the ith dose was calciaated by

dividing its mean square by the variation due to the Jth wnimfti in the

ith dose.

A cubic polynomial was fitted to each class of aberrations (acentric

fragments, rings, dicentrics, rings plus dicentrics, acentric fragments

plus rings plus dicentrics within a dose from l-to-12 weeks postirradiation.

The sum of squares due to linear regression, quadratic after linear, as well

as cubic after linear and quadratic effects were calcvilated and evaluated

for their influence on number of aberrations per cell. If either of

the terms did not contribute significantly to the explanation of observed

variation, they were deleted from the model and the data were
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reanalyzed according to the most descriptive expression. Prediction

eq\iations containing the remaining components vere utilized to calculate

the expected aberration yield at a given postirradiation time.

The dose-response relationship of each aberration class for in vivo

and in vitro exposures was determined by regressing aberrations per cell

on a quadratic polynomial. S\im of squares due to linear regression and

to quadratic after linear effects were determined and studied for their

significance with respect to variaticxi in n\unber of aberrations per cell.

The data were reanalyzed according to the model best describing the dose

response. Utilizing the resulting components, equations were constructed

that allowed the prediction of aberration yield as a function of dose as

measured in air at the euaimal's midline. Such dosimetry enabled the

least-squares regression line to be based upon actual dose measvirements

and not estimated values. This also facilitated the prediction of aber

ration yield from one exposure method to another.

In order to determine whether statistically significant differences

existed between number of aberrations induced in vivo suid in vitro, the

respective regression coefficients were conpared by an appropriate

test.^

It is especially desirable to predict the in vivo aberration level

from conparable in vitro data. A high correlation between the exposiire

methods enhances the acc\iracy of such predictions. Consequently, the

regression of the number of aberrations per cell from in vivo exposures

on in vitro values and the reciprocal regressions were considered.

^"Statistical Analysis", Aiigust 1968, page 62, Olivetti lAiderwood,
Programma 101.
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Hematological data were evaluated by analysis of variance. The

following mathematical model was deemed appropriate:

^ijhl = H \ + Aj/i + Tk +

where, = "the 1th hematological observation, ith dose, jth

animal within the ith dose, kth postirradiation time

ft = an effect common to all observations (mean)

= effect due to the ith dose

= effect due to the jth animal in the ith dose

= effect due to the kth postirradiation time

(nr)ij^ = effect due to the interaction between the ith dose

and the kth postirradiation time

E. , = random error
ijkl

All F values, except that for the ith dose, were csilculated by

dividing the respective meeui squares by the variation due to the inter

action between the Jth animal within the ith dose and the kth postirradi

ation time. The F value for the ith dose was obtained by dividing its

mean square by the mean square associated with the Jth animal in the

ith dose.



CHAPTER IV

RESULTS

I. HEMATOLOGICAL CHANGES FOLLOWING IRRADIATION

A. Total. Leukocytes

The results of the total leukocyte counts at each postirradiation

san^jling time are presented in Table 2. These data are also graphically

depicted in Figure 1 as the average percent change in total levikocytes

from the preexposure values. It is evident that total levikocytes de

creased rapidly between 50 minutes and 2k hours postexposure at «"i i dose

levels. Subsequent losses of leukocytes occxirred until 7 days following

irradiation in all dose levels except 100 rads. The leukocyte counts in

euiimals receiving 100 rads began to recover at 2 days postexposure,

whereas higher doses effectively postponed total leukocyte recovery until

after l4 days postirradiation.

Dose effects were more pronounced from e^^sures above 100 rads in

that greater losses of leukocytes occiirred with the higher doses. By

84 days, total leukocytes had recovered to preirradiation values follow

ing 100 or 200 rads, whereas recovery was incomplete in the higher-dose

groups.

The analysis of variance of total leukocyte counts revealed highly

significant (P < .01) effects of animals and sampling time, as well as

an interaction between dose and sampling time. This interaction is

illustrated by the inconsistency of dose effects over time postirradiation.
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B. Lymphocyte Number

The values for percent l^raphocytes as determined by differential

cell analyses are given in Table 2.

The percent decrease, from preirradiation vfilues, in lyii5>hocyte

number was plotted as a function of time postirradiation (Figure 2). It

is evident that lyii5)hocytes were rapidiy disappearing from the peripheral

system within 30 minutes following ezposxire. Subsequent sanding demon

strated that lymphocytes were still being removed throvigh the second day

and that the percent decrease was associated with dose when meas\ired at

2 days postexposure. At all dose levels the nadir for lymphocyte number

occiirred at 2 days following irradiation. Recovery in the number of

lymphocytes was evident beyond this time but was still inconplete at

days postirradiation.

Statistical analysis revealed that lymphocyte nusiber was signifi

cantly influenced (P < ,01) by variation due to animals, sanpling time,

and the interaction between dose and sanpling time. Dose effects were

nonsignificant. The degree of relationship between lynphocyte number

and the independent variables was 0.939. This indicates that the compo

nents of the mathematical model accounted for a large proportion of the

variation in lymphocyte number.

C. Neutrophil Humber

The data for percent neutrophils observed at the various sampling

times are presented in Table 2 and are plotted in Figure 3 as the per

cent change from preexposure values. At 30 minutes postirradiation an

increase in neutrophil number had occurred which appeared to be influ

enced by dose. This increase probably accovmted for the elevated total.
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leTikocyte counts in the JO-mlnute saa^iles foUoiring 200 and 400 rads.

Subsequently, the neutrophil number decreased to a nadir at 7 days for

all dose levels. They began to increase thereafter and exceeded pre-

irradiation levels by 28 days poste^wsure except in animals receiving

400 rads. At 8'»- days the latter group remained approximately below

their preirradiation values.

Variation in neutrophil number was significantly influenced (P <

.01) by animals, sampling time and an interaction between dose and

sampling time. These results are si milar to those obtained for total

leukocytes and lymphocyte nuinber as was the finding of a nonsignificant

dose effect. Also, a high degree (0.895) of association was noted between

the independent variables and neutrophil number.

Since the effects of dose were statistically nonsignificant in w.i 1

cases for the various hematological classes, the data from «ii doses

were averaged in order to describe the relative change in peripheral,

blood cells as a function of time postirradiation. It is evident in

Figure k that irradiation caused decreases in the numbers in various

classes of leukocytes which later recovered at different rates. Irradia

tion caused a marked reduction in lyi^jhocyte numbers by 50 minutes post-

exposure, whereas the nvimber of neutrophils responded with a sharp increase

during this same period. The net result of these changes was a slight

elevation in the total number of leukocytes during this time period.

The nadirs for both total, leukocytes and neutrophil number occurred at

7 days postexposure, whereas lymphocytes reached their lowest value at

2 days following irradiation. Complete recovery of neutrophil n\ambers

to the preirradiation value took place between 1 and weeks postexpo-

sure in all. dose levels except 400 rads. Althoiigh recovery of lynphocyte
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nvunbers began somewhat earlier, the numbers had not returned to normal

levels by days. It is obvious from Figure h that irradiation had a

long-term suppressive effect on the number of lyngjhocytes but not on the

number of neutrophils.

II. IN VIVO - IN VITBO ABEREATION RAIES

A. Comparison for Banal Air Doses

In vivo dose response data were obtained from blood samples dravn

approximately 50 minutes postexposure, whereas the in vitro data were

secured from preirradiation blood sanples which had been exposed to

coBDparable doses as measured in air at the animal's midline. In order

to determine the dose response kinetics for aberrations induced by each

exposure method, the data were tested for goodness of fit of both linear

and quadratic models.

The aberration coefficients from the two animals at each dose were

pooled when calculating the least-sqxiares regression lines. This was

Justified by the fact that the variation in aberrations per cell among

the animals at each dose was not significantly (P > .05) different from

the variation within replicate sanples from the same animal.

Since the preirradiation or spontaneous aberration coefficients were

not included in the regression analyses, no inference is made regarding

the prediction of aberration yields for doses lower than 100 or higher

than ̂ 00 rads (air-dose). The points at which the regression lines

transected the ordinates in the prediction equations is merely an extrap

olation of the least-sqviares regression lines between 100 and 400 rads

based upon a linear response. The analyses revealed, however, that the

caJ.culated Y-intercepts did not differ statistically (P > .05) from zero.
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This in^lies that a significant difference could not be detected between

the calculated Y-intercepts and the aberration levels found in the preirra-

diation samples.

The statistical analyses and the comparisons between exposure methods

were based upon dose measurements made in air above the animetl's midline.

This allowed the calculations to be derived from actiial dose measurements

which can be easily reproduced. Estimates of the average body dose are

discussed later and would allow a more accurate determination of the dose

actually received by the blood cells. The use of the average body dose

estimates in order to calculate exjsressions for aberration dose response

would require, however, that the statistical analyses be based upon esti

mated values rather than actual dose measurements. Consequently, it is

believed that the con^arisons between exposure methods are more meaning

ful and more readily extrapolated to other data when derived from expo

sures meas\ired in air.

Acentric Fragments

A linear response was found for both types of e^qjosures when acen

tric fragments per cell were plotted over varying dose levels (Figure 5).

The equations which best describe this response are ̂  = 17.5 x 10~®

+ 1.50 X 10"® (d) for in vivo and, ̂  = -60.0 x 10~® + 5.72 x 10"® (d)

for in vitro exposures. Table 5 contains the aberration levels actually

observed under both conditions of irradiation and the predicted estimates

obtained by incorporating the administered dose levels into the above

formulas. The preirradiation level of acentric fragments remged from

2 X 10"® to 4 X 10"® per cell and was not significantly different (P >

.05) from the predicted values at zero dose for both types of exposiire.
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Relatively high correlation coefficients of O.929 and O.971 were

obtained for in vivo and in vitro exposures with dose, respectively.

Con5)arisons between the different modes of irradiation were therefore

justified. This was accomplished by statistically evaluating whether

differences existed between the regression coefficients. Analysis re

vealed that a statisticeOly significant (P < .01) difference existed

between in vivo and in vitro exposures. Such differences were probably

influenced by dose attenuation and the relative biological effectiveness

of the neutron canponent of fission neutrons between ejqposure methods.

It was highly desirable to be able to obtain estimates of the in

vivo response based upon a knowledge of the in vitro aberration coef

ficients. The correlation coefficient of O.89 between in vivo and in

vitro expos\ires for acentric fragments indicated a high degree of reli

ability in the prediction of the response to either type of irradiation

when the response to the other was known (Table 4). The expression for

predicting the in vivo aberration yield (^) based upon a known in vitro

response (X) is Y = 5.65 x lO"^ + 2k.55 x 10'^ (X). On the other hand,

em estimate of the in vitro aberration coefficient can be obtained from

in vivo data by substituting the in vivo response for (x) in ̂  = 8.59 x

10 ̂  + 326.85 X 10~^ (x). It was obvious that the regression coefficient

for the in vitro exposures was greater than that for in vivo irradiation.

This difference was statistically significant (P < .01). Reliability in

the prediction of these values is most effective when both types of expo

sures are performed on each animal in a randomly selected group.
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Rings Plus Dicentrlcs

The response of ring plus dicentric induction over dose levels was

linear for both in vivo and in vitro irradiation (Figure 6). A nine-fold

difference was evident between exposure regimes with higher aberration

levels being found following in vitro exposures. None of this class of

aberrations were observed in the preirradiation blood sanples.

The calculated "best fit" expression for rings and dicentidcs in

duced in vivo was ̂  = 2.50 x 10'® + 1.06 x 10'® (d), whereas that for the

in vitro response was ̂  = 85.0 x lO'® + 9.29 x 10'® (d) (Figure 6). The

point at which the least-sqxiares regression line transected the ordinate

was not significsmtly different (P > .05) from zero for both methods of

exposure. The slopes of these regression lines were statistically dif

ferent (P < .01). Table 5 contains the observed and predicted (y) aber

ration coefficients for each type of exposure at all dose levels as cal

culated from the above equations.

A correlation coefficient of O.90 was obtained between rings and

dicentrics induced in vivo and in vitro (Table it-). Coefficients of this

magnitude enhance the validity of prediction equations between the dif

ferent types of exposure. The predicted response of rings and dicentrics

in vivo derived from a knowledge of the in vitro response is Y = -0.52 x

10"^ + 11,30 X 10'^ (X), where X is the in vitro aberration coefficient.

Estimates of the in vitro aberration level based upon in vivo data were

calculated by substituting the in vivo results into Y = ̂ 6.35 x 10'^ +

722.88 X 10'^ (x) and solving for % (Table 4). The two regression

coefficients differed statistically from each other (P < .01).
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Total Aberrations

This categoiy consisted of the additive effects of acentric fragments,

rings and dicentrics. Since each of the aberration types included in the

group displayed a linear dose response, their values were pooled in order

to obtain equations which describe the change in the number of total-

scorable asymmetrical aberrations as a function of dose. Figure 7 dis

plays the kinetics of total aberrations as a function of neutron dose. A

linear response for both in vivo and in vitro data was obtained from the

regression analyses. Following in vivo exposures, total aberrations in

creased as 1? = 20.0 X 10'® + 2.56 X 10~® (d) where D represents the dose

measxired in air at the animad's midline. With in vitro irradiation they

increased as Y = 25.0 x 10"® + 15.0 x 10~® (d). The rate of aberration

change was statistically different (P < .01) between the different meth

ods of exposure. Table 5# page 55> contains the observed and predicted

(y) total aberrations per cell for the vajrious doses.

Calculation of the in vivo aberration level from in vitro data fol

lowed the form of Y = 2.88 x 10"^ + 16.75 x 10~® (x) where X is the in

vitro aberration coefficient (Table ̂ ). Similarly, the predicted in

vitro response was found by If = 20.95 x 10"^ + 559.24 x 10'^ (x) if

the in vivo data were substituted for (x). The degree of relationship

between the in vivo and in vitro exposures was O.95, and the regression

coefficients differed significantly (P < .01).

It was evident that the in vitro exposures resxilted in a higher rate

of aberration induction when conpared with similar doses of in vivo irra

diation. Since the dose was expressed as energy deposited in air at the

animal's midline, dose attenuation and tissue interaction of neutrons

wo\ild have accoxinted for a large proportion of the differences observed.



6
.
0

U
l
o t
r
U
J
Q
.

C
O

o

5
.
2

4
.
4

3
6

o
o

I
N
 
V
I
V
O

I
N
 
V
I
T
R
O

IN
 V

I 
TR
0(
ad
ju
8t
ed
 t

o 
ov
er
ag
e 

bo
dy

 d
os
e)

IN
 
V 

I T
R
 0
 (a
dj

us
te

d 
to
 R
B
E
 o
ve

ra
ge

 
bo

dy
 d
os
e)

Y=
 2
5.

0x
10

"'
 ♦
iS
.O
x 
IO

"'
(D

)
R
«
0
.
9
9
3

< q
:

q
:

k
J

ff
i

<

2
.
8
 -

2
.
0

1
.
2
 -

0
.
4
 -

1
0
0

Y-
 2
 0.

Ox
 1

0"
'♦

 2
.5

6 
X 1

0*
' (

D)
R

«
0
.9

6
3
 

"o
~

O -g
-

2
0
0

4
0

0
3

0
0

D
O

S
E

 
(r

o
d

s
)

Fi
gu

re
 7

. 
Do

se
-re

sp
on

se
 c

ur
ve

s 
fo

r 
to

ta
l 

ab
er

ra
tio

ns
 a

mo
ng

 p
ig

 le
uk

oc
yt

es
 a

fte
r

or
 i

n 
vi

tr
o
 e

xp
os

ur
e 

to
 f

is
si

on
 n

eu
tro

ns
 (

90
^ 

C
.L

.).
in

 
v
iv

o
O

n
O



6l

B. Est.-i'wft-t-.inn of Actual Tissue Dose and Subsequent In Vivo - In Vitro

Compaxlson

Information on the average body dose following in vivo exposures

wotild allow more precise estimates of the dose actually received by the

leukocytes. In an attempt to correct for this tissue-interaction effect,

estimates of the mean dose actually received by the leukocytes ;mder in

vivo conditions were made. The mean tissue dose calculated for a bilat

eral expos\ire to fission neutrons was based upon unilateral dose distri

butions measured at 2-cm depth intervals within a tissue-equivalent

phantom. The dose determinations at various tissue depths for the neutron

and gamma energy components of the fission-spectrum reactor axe presented

in Table 5. Since the doses had been measured at the animal's midline,

it was necessary to calculate, by inverse square, the dose at the body

surface so that tissue depth-dose calculations could be made. For a

100-rad midline fission neutron exposure, these surface doses were 112

rads of neutrons and 19 rads of gamma radiation.

Since there was a relatively large contribution due to gamma rays

in the average whole-body dose (Table 5), it would be ejq)ected that the

in vivo dose-response kinetics for rings plus dicentrics would have a

cvirvilinear component (7, ̂ 5). Although a q\iadratic component was foxmd

in the present data, it was statistically nonsignificant (P > .05). The

second method for estimating whole-body dose was expressed as the volume

average dose for a 100-rad fission neutron exposure measured in air at

the animal's midline (Table 6). The volume average whole-body dose of

60.89 rads was obtained by summing the volume average dose in each of

the seventeen concentric circles within a 5^-cm diameter cylinder.
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The estimates of whole-body dose obtained by considering the dose

measured at various intervals within a phantom (method l) and that deter

mined by paxtitioning a ̂ -cm diameter cylinder into concentric cylinders

and weighting the dose by the volume of the cylindrical rings (method 2)

agreed well (Table 7). The average of both methods, indicated that

approximately 58^ of that dose meastired in air at the midline of the

an-imfti vas an-hnaiiy received by the average blood cell in the animal

(Table T).

Since the in vitro blood samples were positioned so that they would

receive a dose equivalent to that measxired in air at the animal's mid-

line, it would be expected from method 1 that the average dose received

by the leiikocytes in vivo was approximately ^6% of that received in

vitro. Should the disparity between the aberration coefficients obtained

from the different methods of exposure be due entirely to variation in

energy deposited throughout the body, correction for these considera

tions should produce similar biological responses. This, however, was

not the situation with respect to lynphocyte chromosome aberrations

(Figures page 52i 6, page 58i T> page 60). The expected number of

in vitro aberrations was obtained by reducing the predicted in vitro

value by 56%. The in vitro aberration data was adjusted rather than

the in vivo data because several assvmptions wovild be required had the

in vivo aberration levels been expressed as a function of the average

whole-body dose. The first assumption being that the aberration levels

of each of the exposure methods could be adequately compared at different

doses and secondly, that the dose response below 100 rads is linear.

When these expected in vitro vsilues were conpared with the in vivo

levels, fewer aberrations were still found with in vivo exposures
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TABLE 7« Estimates of vLole-tody dose at various exposures^

Method I Method II
Fission

neutron

dose

(rad)®

Aversige whole-
body neutron
dose (rad)

Average whole-
body gamma
dose (rad)

TotsLL average
whole-body
dose (rad)

Volume average
whole-body
dose (rad)

100 26 30 56 61

200 55 59 112 122

500 79 89 168 185

1^00 105 118 225 2kk

^Data from J. W. Baston.

^Midline exposure measured in air.
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(Figures 5, 6, 7). This indicated that variation in dose was not the

only factor influencing these data. Other mechanisms must be so\ight to

acco\mt for such differences. The dose considerations discussed so far

fail to take into account the relative biological effectiveness (RBE) of

the neutron and gamma ray congjonents of the fission-neutron spectrum.

Based ujwn other data (50, 85, 86), an RBE of four for chromosome aber

rations vas used to adjust the neutron coiiQ)onent. Shoiild the actual

RBE be as high as 20, the ratio of in vivo to in vitro dose would be

0.28. This demonstrates that the use of different RBE values woxild not

materially affect the estimated average body doses. This was accom

plished by multiplying the average whole-body neutron dose (method 1,

Table 7) by four and then adding the average whole-body gamma dose.

When this was dcaie for both in vivo and in vitro exjKJSures, approxi

mately 52^ of the in vitro dose was estimated to be the amovint actually

received by the animal's blood cells. The predicted in vitro aberration

dose response data was therefore reduced by 52^6 and plotted in Figures

5, 6, 7.

It was found that the acentric- fragment data agreed q\iite well

between exposure methods when the RBE of the neutron component of fis

sion neutrons was considered (Figure 5). The proportion of rings plus

dicentricB per cell, however, was still higher following in vitro irra

diation (Figure 6). The fact that a nine-fold difference existed between

e^qxjsure methods for rings plus dicentrics and about a three eund one-half-

fold difference for acentric fragments is a result which explains the

dissimilarity between irradiation methods with respect to total aberra

tions (Figure 7).
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III. CHROMDSOME ABERRATION PERSISTENCE AS A

FUNCTION OF TIME POSTIRRADIATION

Since aberrations were being studied in peripheral blood lympho

cytes, it is necessary to consider whether the origin of the cells scored

might have an influence on the observed aberration levels. Different

lynphocyte populations coexist in the peripheral system following irra

diation. The rapid elimination of lymphocytes presumably represents

cells which were damaged by irradiation in the peripheral system, where

as the recovery of lymphocyte niambers must be due to cells which were in

lymphopoietic centers at the time of exposure. The transition between

the decrease and subsequent increase in lynphocyte number occurred be

tween 2 and 7 days postirradiation, and it was believed that this marked

the time at which the second population began to exert an influence on

the aberration levels obtained. Consequently, the aberration data were

anaJLyzed separately according to whether the samples were taJten prior to

or during lyiiq>hocyte recovery.

Althoiigh the 2-day sanples were of particular interest, they could

not be included in the final analysis due to poor culture growth and

low lymphocyte numbers (Figure 2, page ^6 ). This resulted in insuffi

cient numbers of metaphases being available for analysis and inclusion

of the available data would have resulted in biased estimates of statis

tical parameters.

A. Aberration Losses Prior to Recovery of Lymphocyte Number

Blood san^jles obtained 50 minutes postexposure contained a signifi

cantly (P < .01) higher proportion of cells with acentric fragments
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than did sanrples 8ec\ixed 24 hours foUcnfing irradiation (Table 8). The

analysis of variance reveeLLed significant (P < .01) dose effects as well

as significant (P < .05) variation among animals^ while interaction

effects were nonsignificant. A multiple correlation coefficient of

0.966 is an indication of the adeqiiacy of the mathematical model in

describing the variation in acentric fragments.

Although more acentric fragments were induced by the higher dose

levels, their rate of disappearance from the peripheral blood was lower

than that noted for the 100-rad exposure. This may be explained, in

part, by the more rapid rate of loss in lymphocyte number at 100 rads

(Figure 2, page 46).

The level of rings plus dicentrics scored in the 50-minute san^jles

ranged from 0.II5 per cell at 100 rads to 0.455 per cell at 400 rads.

These aberrations also decreased more rapidly in the 100 rad saii5>les

than at higher doses (Table 8).

An analysis of variance indicated that rings and dicentrics were

significantly (P < .01) influenced by both dose and san^jling time. The

observed variation was not significantly influenced by animal or inter

action effects. A high degree of association (R = 0.955) existed between

rings plus dicentrics and the independent variables.

If the aberration data were plotted as a function of dose, different

kinetics would be observed, depending upon whether the 30-minute or the

24-hour saa^jling times were utilized. The data from the earlier sanqples

demonstrated lineeir kinetics, whereas a non-linear dose response was

noted from sajigjles obtained 24 hours postexposxire. Such variation indi

cated that aberration coefficients and dose response kinetics were influ

enced by sanpling time postirradiation.



69

TABLE 8. Aberration yields in pig leukocytes prior to
recovery of lyn^jhocyte number

Time post-
irradiaticai

Acentric fragments per 100 metaphases
Dose (rads)

100 200 500 400

30 min

24 hr

18.5^

6.0

31.5

16.0

42.0

19.0

65.0

52.0

decrease 68.0 49.0 55.0 20.0

Time post-
irradiation

Rings plus dicentrics per 100 metaphases
Dose (rads)

100 200 400

30 min 11.5 21.0 31.5 43.5

24 hr 2.0 14.0 18.0 21.5

^ decrease 83.0 33.0 43.0 50.0

^Each entry is an avereige of the values from two animals and
represents 200 metaphases.
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B. Aberration Losses During Recovery of Lymphocyte HinnT^er

In order to obtain a reliable picture of aberiation persistence

Jcinetics from l-to-12 weeks postirradiation, the data from each dose

were subjected to regression analyses. The response of the aberration

level as a function of time poste:q)osure was tested for "goodness of fit"

of the following models:

Y = a + bX + e

Y = a + bX + cX® + e

Y = a + bX + cX^ + dX^ + e

where Y = the predicted aberration coefficient.

a = the aberration coefficient at 1 week postirradiation,

b, c, d = the calculated aberration coefficients for linear,

quadratic, and cubic con^wnents, respectively.

X = time postirradiation.

e = random error.

After the expression which best described the response was obteiined, the

data were reanalyzed according to this model and the resxilting coefficients

were utilized in the form of regression equations. This aJJ.owed the de

velopment of formulas for the prediction of aberration yield (1?) for a

given postirradiation time (x).

Acentric Fragments

The least-squares equations which best described the response of

acentric fragments from l-to-12 weeks postexposure were:

100 rads: ? = 68.21 x lO'^ - 4.58 x 10"^ (X).

200 rads: f = 119.61 x 10"^ . 8.08 x 10'^ (x).

500 rads: Y" = 249.40 x 10"® - 47.56 x 10"® (X) + 2.89 x 10~® (X)®.
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400 rads: f= 527.57 x lO'^ _ 55.02 x 10"^ (X) + 5.20 x 10'^ (x)^

where X is weeks postirradiation.

Tables 9-12 contain the components of the various models tested as

well as the results of significance tests for each dose level. Predicted

,A,

aberration yields (Y) axe congjared to those actually observed for the

various doses in Tables 15-16.

When the number of acentric fragments per cell was subjected to an

analysis of variance, it was foiind that both dose and san5)ling time had a

significant (P < .01) effect upon these aberrations as did the interaction

between dose and time (P < .05). Other vaxiables were statistically non

significant, and the degree of relationship between acentric fragments

and the independent components of the model was 0.915.

It was noted that as dose increased, a more prominent quadratic com

ponent appeared in the descriptive eqiiations. This resulted from an

increasing number of Iyn5)hocytes containing acentric fragments appearing

in the peripheral blood between 56 and 84 days postexposure. Such lympho

cytes were probably derived from mature cells which were in lymphoreticu-

lar organs and were Just then being released into the peripheral system.

Figure 2, page 46, shows that lyn^jhocyte numbers were generally higher

in the last two sampling periods as conQ)ared with earlier postirradiation

intervals.

Rings Plus Dicentrics

The ring-plus-dicentric data from 100 and 200 rads failed to fit

either of the three models tested as determined by an F test (Tables 9

and 10). This failure could have been due to a greater sampling error

resulting from the relatively low nxombers of these aberrations at these



T
A
B
L
E
 9
> 

R
e
g
r
e
s
s
i
o
n
 a
n
a
l
y
s
e
s
 o
f
 c
h
r
o
m
o
s
o
m
e
 a
b
e
r
r
a
t
i
o
n
s
 i
n
 p
e
r
i
p
h
e
r
a
l
 b
l
o
o
d
 o
f
 p
i
g
s

f
r
o
m
 1
-
1
2
 v
e
e
k
s
 
a
f
t
e
r
 
1
0
0
 r
a
d
s
 
o
f
 f
i
s
s
i
o
n
 
n
e
u
t
r
o
n
s

S
o
u
r
c
e

P
 o
f
 >
 F

a
 (
x
 1
0
"
^
)
 

b
 (
x
 1
0
"
^
)

t
 f
o
r
 t
e
s
t
i
n
g

H
o
 
;
 
b
 
=
 
o

P
 o
f 
>l

tl

L
i
n
e
a
r

9
.
5
^

0
.
0
0
7
0

L
i
n
e
a
r

Q
u
a
d
r
a
t
i
c

9
.
0
5

0
.
1
4

0
.
0
0
8
7

0
.
7
1
1
1

L
i
n
e
a
r

Q
u
a
d
r
a
t
i
c

C
u
b
i
c

8
.
4
5

0
.
1
5

0
.
0
5

0
.
0
1
1
2

0
.
7
1
9
9

0
.
8
6
5
1

L
i
n
e
a
r

0
.
0
6

0
.
8
0
2
6

L
i
n
e
a
r

Q
u
a
d
r
a
t
i
c

0
.
0
6

0
.
8
5

0
.
8
0
5
6

0
.
6
2
4
6

L
i
n
e
a
r

Q
u
a
d
r
a
t
i
c

C
u
b
i
c

0
.
0
6

0
.
8
5

0
.
6
9

0
.
8
0
5
7

0
.
6
1
8
4

0
.
5
7
4
5

0
.
6
1
2

0
,
6
l
6

0
.
6
1
6

0
.
0
6
1

0
.
2
5
9

0
.
5
1
8

A
c
e
n
t
r
i
c
 f
r
a
g
m
e
n
t
s

6
8
.
2
1

7
2
.
1
0

4

6
9
.
0
6

R
i
n
g
s
 +
 
d
i
c
e
n
t
r
i
c
s

1
8
.
8
1

2
5
.
5
0

1
^
.
9
7

.
5
8

-
 3
.
0
9

0
.
0
0
7
0

6
.
5
5

-
 1
.
1
1

0
.
2
8
5
7

0
.
1
8

0
.
5
8

0
.
7
1
1
1

5
.
8
4

-
 0
.
2
2

0
.
8
2
2
8

0
.
5
5

-
 0
.
1
1

0
.
9
1
1
9

0
.
0
5

0
.
1
6

0
.
8
6
5
1

0
.
2
5

0
.
2
5

0
.
8
0
2
6

5
.
4
8

-
 0
.
8
5

0
.
5
7
5
8

0
.
5
1

0
.
9
2

0
.
6
2
4
6

5
.
8
9

0
.
4
9

0
.
6
5
7
3

1
.
5
1

-
 0
.
6
8

0
.
5
1
2
9

0
.
0
9

0
.
8
5

0
.
5
7
4
3



T
A
B
L
E
 9
 (
c
o
n
t
i
n
u
e
d
)

S
o
u
r
c
e

P
 o
f
 >
 F

a
 (
x
 1
0
"
^
)
 

b
 (
x
 1
0
"
^
)

t
 f
o
r
 t
e
s
t
i
n
g

li
o 
:
 b
 =
 
o

P
 o
f
 >
lt

l

A
c
e
n
t
r
i
c
 f
r
a
g
m
e
n
t
s
 +
 r
i
n
g
s
 +
 d
i
c
e
n
t
r
i
c
s

L
i
n
e
a
r

0
.
0
4
9
1

0
.
4
5
6

8
7
.
0
2

-
 4
.
1
2

-
 2
.
1
0

0
.
0
4
9
1

L
i
n
e
a
r

4
.
5
1

0
.
0
5
5
0

0
.
4
9
6

9
7
.
6
0

-
1
0
.
0
2

-
 1
.
2
4

0
.
2
5
1
1

Q
u
a
d
r
a
t
i
c

0
.
5
7

0
.
5
5
2
5

0
.
4
8

0
.
7
5

0
.
5
5
2
5

L
i
n
e
a
r

4
.
1
1

0
.
0
5
9
5

2
.
0
5

0
.
0
9

0
.
9
2
9
4

Q
u
a
d
r
a
t
i
c

0
.
5
4

0
.
5
2
0
9

0
.
5
1
1

8
4
.
0
2

-
 1
.
8
6

-
 0
.
4
5

0
.
6
7
6
8

C
u
b
i
c

0
.
5
0

0
.
5
9
8
0

0
.
1
2

0
.
5
5

0
,
5
9
8
0

V
>
l



TA
BL
E 
10
. 

Re
gr

es
si

on
 a
na

ly
se

s 
of
 c
hr

om
os

on
ie

 a
be
rr
at
io
ns
 i
n 
pe
ri
ph
er
al
 b
lo
od
 o
f 
pi

gs
f
r
o
m
 1
-
1
2
 w
e
e
k
s
 a
f
t
e
r
 2
0
0
 r
a
d
s
 o
f
 f
i
s
s
i
o
n
 n
e
u
t
r
o
n
s

S
o
v
i
r
c
e

P
 o
f
 >
 F

a
 (
x
 1
0
"
^
)
 

b
 (
x
 l
O"

'^
)

t
 f
o
r
 t
e
s
t
i
n
g

H
o
 !
 b
 
=
 
o

P
 o
f
 >
 1
1

A
c
e
n
t
r
i
c
 f
r
a
g
m
e
n
t
s

L
i
n
e
a
r

1
4
.
6
0

0
.
0
0
1
5

0
.
6
6
9

1
1
9
.
6
1

8
.
0
8

-
 3
.
8
2

0
.
0
0
1
5

L
i
n
e
a
r

Q
u
a
d
r
a
t
i
c

1
6
.
0
7

2
.
8
1

0
.
0
0
1
2

0
.
1
0
8
7

0
.
7
2
5

1
4
7
.
8
2

2
3
.
2
5

1
.
1
7

-
 2
.
5
1

1
.
6
8

0
.
0
2
1
4

0
.
1
0
8
7

L
i
n
e
a
r

Q
u
a
d
r
a
t
i
c

C
u
b
i
c

1
5
.
5
0

2
.
7
1

0
.
4
0

0
.
0
0
1
5

0
.
1
1
5
9

0
.
5
4
0
9

0
.
7
3
4

1
2
8
.
8
5

6
.
4
5

2
.
0
6

0
.
1
6

-
 0
.
2
3

-
 0
.
4
0

0
.
6
3

0
.
8
1
5
8

0
.
6
9
5
4

0
.
5
4
0
9

L
i
n
e
a
r

0
.
6
0

0
.
5
4
5
5

0
.
1
8
0

2
8
.
5
5

1
.
0
5

0
.
7
7

0
.
5
4
5
5

L
i
n
e
a
r

Q
u
a
d
r
a
t
i
c

0
.
5
8

0
.
2
8

0
.
5
3
5
7

0
.
6
1
1
9

0
.
2
1
8

3
4
.
3
9

2
.
2
0

0
.
2
5

-
 0
.
3
5

0
.
5
3

0
.
7
3
1
8

0
.
6
1
1
9

L
i
n
e
a
r

Q
u
a
d
r
a
t
i
c

C
u
b
i
c

0
.
6
6

0
.
3
2

3
.
5
3

0
.
5
6
6
9

0
.
5
8
7
4

0
.
0
7
5
6

0
.
4
6
9

6
9
.
5
9

3
3
.
3
6

6
.
2
6

0
.
3
1

-
 1
.
8
9

1
.
9
3

-
 1
.
8
8

0
.
0
7
3
4

0
.
0
6
7
6

0
.
0
7
5
6



 

  

TA
BL

E 
1
0
 (
co

nt
in

ue
d)

S
o
u
r
c
e

F
P
 o
f
 >
 F

R
a
 (
x
 1
0
"
®
)

b
 (
x
 1
0
~
®

t
 f
o
r
 t
e
s
t
i
n
g

)
H
o
 :
 b
 =
 0

P
 o
f 
>
 1
11

A
c
e
n
t
r
i
c
 f
r
a
g
m
e
n
t
s
+
 r
i
n
g
s
 +

d
i
c
e
n
t
r
i
c
s

L
i
n
e
a
r

9
.
5
1

0
.
0
0
6
4

0
.
5
8
8

1
4
7
.
9
7

-
7
.
0
5

-
 5
.
0
8

0
.
0
0
6
4

L
i
n
e
a
r

Q
u
a
d
r
a
t
i
c

1
0
.
9
5

3
.
7
5

0
.
0
0
4
5

0
.
0
6
7
6

0
.
6
8
0

1
8
2
.
2
2

-
 2
5
.
4
5

1
.
4
2

-
 2
.
6
0

1
.
9
3

0
.
0
1
7
7

0
.
0
6
7
6

L
i
n
e
a
r

Q
u
a
d
r
a
t
i
c

C
u
b
i
c

1
0
.
^
7

3
.
5
6

0
.
2
6

0
.
0
0
5
3

0
.
0
7
4
4

0
.
6
2
0
4

0
.
6
8
7

1
9
8
.
4
5

-
 3
9
.
8
1

4
.
1
9

-
0
.
1
4

-
 1
.
3
4

0
.
7
7

-
 0
.
5
1

0
.
1
9
7
3

0
.
5
4
0
8

0
.
6
2
0
4

v
n



  

T
A
B
L
E
 1
1
.
 
R
e
g
r
e
s
s
i
o
n
 a
n
a
l
y
s
e
s
 o
f
 c
h
r
o
m
o
s
o
m
e
 a
b
e
r
r
a
t
i
o
n
s
 i
n
 p
e
r
i
p
h
e
r
a
l
 b
l
o
o
d
 o
f
 p
i
g
s

f
r
o
m
 1
-
1
2
 w
e
e
k
s
 a
f
t
e
r
 5
0
0
 r
a
d
s
 o
f
 f
i
s
s
i
o
n
 n
e
u
t
r
o
n
s

t
 f
o
r
 t
e
s
t
i
n
g

P
 o
f 
>
 I

tl
S
o
u
r
c
e

F
P
 o
f
 >
 F

R
a
 (
x
 1
0
'
3
)

b
 (
x
 1
0
"
3
)

H
o
 :
 b
 
=
 0

L
i
n
e
a
r

9
.
7
8

0
.
0
0
5
9

0
.
5
9
3

1
7
9
.
8
4

-
 1
0
.
1
6

-
 5
.
1
3

0
.
0
0
5
9

L
i
n
e
a
r

1
4
.
5
6

0
.
0
0
1
7

0
.
7
6
8

2
4
9
.
4
0

-
 4
7
.
5
6

-
 3
.
8
8

0
.
0
0
1
5

Q
u
a
d
r
a
t
i
c

9
.
8
0

0
.
0
0
6
1

2
.
8
9

3
.
1
3

0
.
0
0
6
1

L
i
n
e
e
o
*

1
4
.
5
5

0
.
0
0
1
8

-
 8
1
.
5
1

-
 2
.
2
5

0
.
0
5
8
6

Q
u
a
d
r
a
t
i
c

9
.
7
8

0
.
0
0
6
5

0
.
7
8
2

2
8
7
.
5
2

9
.
4
0

1
.
4
0

0
.
1
7
6
6

C
u
b
i
c

0
.
9
6

0
.
6
5
7
6

-
0
.
5
5

-
 0
.
9
8

0
.
6
5
7
6

L
i
n
e
a
r

1
0
.
1
2

0
.
0
0
5
5

0
.
5
9
9

1
5
6
.
2
1

-
 1
2
.
6
5

-
 5
.
1
8

0
.
0
0
5
3

L
i
n
e
s
u
'

1
4
.
4
0

0
.
0
0
1
7

0
.
7
5
8

2
1
7
.
7
2

-
 5
6
.
4
6

-
 3
.
6
9

0
.
0
0
2
1

Q
u
a
d
r
a
t
i
c

8
.
6
0

0
.
0
0
9
1

3
.
3
9

2
.
9
3

0
.
0
0
9
1

L
i
n
e
a
x

2
0
.
4
8

0
.
0
0
0
6

-
 1
5
9
.
4
5

-
 4
.
1
7

0
.
0
0
0
1

Q
u
a
d
r
a
t
i
c

1
2
.
2
5

0
.
0
0
5
2

0
.
8
4
8

3
5
4
.
0
5

2
5
.
2
4

3
.
3
2

0
.
0
0
4
5

C
u
b
i
c

8
.
1
8

0
.
0
1
1
0

-
1
.
0
1

-
 2
.
8
6

0
.
0
1
1
0

O
N



 

T
A
B
L
E
 1
1
 (
c
o
n
t
i
n
u
e
d
)

S
o
u
r
c
e

P
 o
f
 >
 F

t
 f
o
r
 t
e
s
t
i
n
g

a 
(x

 1
0"
^)
 

b 
(x

 1
0"
^)
 

Ho
 ;
 b
 =
 o
 

P
 o
f 
>
 I

t I

A
c
e
n
t
r
i
c
 f
r
a
g
m
e
n
t
s
 +
 r
i
n
g
s
 +
 d
i
c
e
n
t
r
i
c
s

L
i
n
e
s
u
*

1
5
.
9
5

0
.
0
0
1
8

0
.
6
6
0

5
1
6
.
0
6

-
 2
2
.
7
9

-
 5
.
7
5

0
.
0
0
1
8

L
i
n
e
a
r

2
5
.
6
9

0
.
0
0
0
2

0
.
8
4
3

4
6
7
.
1
5

-
 1
0
4
.
0
1

-
 5
.
0
3

0
.
0
0
0
2

Q
^
a
d
r
a
t
i
c

1
6
.
1
8

0
.
0
0
1
2

6
.
2
8

4
.
0
2

0
.
0
0
1
2

L
i
n
e
a
r

5
5
.
8
8

0
.
0
0
0
1

-
 2
4
0
.
7
6

-
 4
.
6
2

0
.
0
0
0
5

Q
u
a
d
r
a
t
i
c

2
2
.
6
1

0
.
0
0
0
4

0
.
8
9
7

6
2
1
.
5
7

5
2
.
6
3

3
.
4
2

0
.
0
0
3
7

C
u
b
i
c

7
.
7
6

0
.
0
1
2
7

-
1
.
5
5

-
 2
.
7
9

0
.
0
1
2
7

-
Q



   

TA
BL
E 
12
. 

Re
gr

es
si

on
 a
na

ly
se

s 
of
 c
hr
om
os
om
e 
ab

er
ra

ti
on

s 
in

 p
er
ip
he
ra
l 
bl
oo
d 
of
 p
ig
s

f
r
o
m
 1
-
1
2
 w
e
e
k
s
 a
f
t
e
r
 ̂
0
0
 r
a
d
s
 o
f
 f
i
s
s
i
o
n
 n
e
u
t
r
o
n
s

t
 f
o
r
 t
e
s
t
i
n
g

P
 o
f
 >
 I

t 
1

S
o
u
r
c
e

F
P
 o
f
 >
 F

R
a
 (
x
 1
0
'
3
)

b
 (
x
 1
0
~
®
)

H
o
 :
 b
 
=
 
0

L
i
n
e
a
r

1
5
.
5
6

0
.
0
0
2
0

0
.
6
5
5

2
5
0
.
2
8

-
 1
5
.
5
7

-
 3
.
6
8

0
.
0
0
2
0

L
i
n
e
a
r

1
9
.
6
7

0
.
0
0
0
6

0
.
7
9
5

5
2
7
.
5
7

-
 
5
5
.
0
2

-
 3
.
9
1

0
.
0
0
1
4

Q
u
a
d
r
a
t
i
c

9
.
1
0

0
.
0
0
7
7

5
.
2
0

3
.
0
2

0
.
0
0
7
7

L
i
n
e
a
r

2
0
.
9
3

0
.
0
0
0
5

5
8
9
.
9
0

-
 1
1
0
.
3
9

-
 2
.
7
2

0
.
0
1
4
6

Q
u
a
d
r
a
t
i
c

9
.
6
9

0
.
0
0
6
7

0
.
8
1
9

1
3
.
8
8

1
.
8
6

0
.
0
7
7
9

C
u
b
i
c

2
.
0
9

0
.
1
6
4
4

-
0
.
5
4

-
 1
.
4
5

0
.
1
6
4
4

L
i
n
e
a
r

7
.
5
7

0
.
0
1
5
6

0
.
5
5
9

1
3
0
.
2
4

-
7
.
4
5

-
 2
.
7
2

0
.
0
1
3
6

L
i
n
e
a
r

8
.
7
1

0
.
0
0
8
7

0
.
6
5
8

1
7
5
.
8
2

-
 3
0
.
8
8

-
 2
.
6
6

0
.
0
1
5
8

Q
u
a
d
r
a
t
i
c

4
.
2
7

0
.
0
5
1
8

1
.
8
1

2
.
0
7

0
.
0
5
1
8

L
i
n
e
a
i
r

1
9
.
9
5

0
.
0
0
0
6

-
 1
5
5
.
8
9

-
 5
.
8
6

0
.
0
0
0
1

Q
u
a
d
r
a
t
i
c

9
.
7
7

0
.
0
0
6
5

0
.
8
7
5

2
9
0
.
1
6

2
1
.
6
6

5
.
1
7

0
.
0
0
0
2

C
u
b
i
c

2
2
.
8
8

0
.
0
0
0
4

-
1
.
0
1

-
 4
.
7
8

0
.
0
0
0
4

0
0



 

T
A
B
L
E
 1
2
 (
c
o
n
t
i
n
u
e
d
)

S
o
u
r
c
e

P
 o
f
 >
 F

t
 f
o
r
 t
e
s
t
i
n
g

a
 (
x
 1
0
"
^
)
 

b
 (
x
 1
0
"
^
)
 

Ho
 !
 b
 =
 o

P
o
f
 >
 |
tt

A
c
e
n
t
r
i
c
 f
r
a
g
m
e
n
t
s
 +
 r
i
n
g
s
 +
 d
i
c
e
n
t
r
i
c
s

L
i
n
e
a
r

0
.
0
0
1
5

0
.
6
7
1

3
8
0
.
5
2

-
 2
1
.
0
2

-
 3
.
8
4

0
.
0
0
1
5

L
i
n
e
a
r

2
2
.
7
2

0
.
0
0
0
3

0
.
8
l
4

5
0
1
.
1
9

-
 8
5
.
9
0

-
 4
.
2
3

0
.
0
0
0
8

Q
u
a
d
r
a
t
i
c

1
0
.
7
^

0
.
0
0
4
6

5
.
0
1

3
.
2
8

0
.
0
0
4
6

L
i
n
e
e
u
:

3
9
.
2
9

0
.
0
0
0
1

-
 2
4
4
.
2
8

-
 5
.
3
2

0
.
0
0
0
2

Q
u
a
d
r
a
t
i
c

1
8
.
5
7

0
.
0
0
0
8

0
.
9
0
3

6
8
0
.
0
7

3
5
.
5
4

4
.
2
2

0
.
0
0
0
9

C
u
b
i
c

1
3
.
^
0

0
.
0
0
2
4

-
1
.
5
6

-
 3
.
6
6

0
.
0
0
2
4

v
o



8o

TABLE 13. Observed and predicted (^) chromosome aberrations in
leukocytes of pigs exposed to 100 rads of fission neutrons^

Acentric

Time

po st irradiat ion
(veeks)

Rings +
dicentrics

Acentric fragments
+ rings

+ dicentrics

Animal number

60-3 54.9 60-3 54-9 60-3 54-9

0.10 0.08 0.04 0.00 0.14 0.08
0.04 0.04 0.00 0.02 0.04 0.06

0.065 0.015 0.080
0.064 0.019 0.083

0.08 0.04 0.02 0.04 0.10 0.08
0.08 0.04 0.02 0.04 0.10 0.08

0.060 0.030 0.080
0.059 0.021 0.079

0.08 0.04 0.02 0.00 0.10 0.04
0.04 0.04 0.02 0.02 0.06 0.06

0.045 0.015 0.065
0.051 0.020 O.OTl

0.06 0.00 0.02 0.00 0.08 0.00
0.02 0.04 0.00 0.04 0.02 0.08

0.030 0.015 0.045
0.033 0.012 0.054

2 0.02 0 wm 0.02 0.04
— 0.02 0.04

— 0.06

0.020 0.030 0.050
0.015 0.024 0.038

8

12

X

X

X

X

X

^Each entry represents the aberrations per cell in 50 metaphases.

®San5)le lost in preparation.
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TABLE 14. Observed and predicted (f) chromosome aberrations in
leukocytes of pigs exposed to 200 rads of fission neutrons^

Acentric Rings +
Acentric fragments

Time fraiOBents dicentrics + dicentrics

postirradiation Animal nuniber
(weeks] 61-^ 62-4 61-5 62-4 61-5 62-4

1 0.08
0,16

0.12

0.12
0.04
0.04

0.04
0.06

0.12

0.20
0.16
0.18

X = 0.120

0.112
0.045
0.042

0.165
0.158

2 0.16
0.12

0.04
0.12

0.00

0.04
0.04
0.00

0.16
0.16

0.08
0.12

X =

t =
0.110

0.105
0.020

0.025
0.150

0.157

k 0.12

0.12
0.02

0.06
0.00

0.04
0.00

0.04
0.12

0.16
0.02

0.10

X =

^ =
0.080
0.087

0.020

0.017
0.100

0.105

8 0.00
0.04

0.04
0.04

0.08
0.06

0.00

0.04
0.08
0.10

0.04
0.08

X = 0.050

0.055
0.045
0.045

0.075
0.070

12 0.00

0.04
0.08
0.04

0.02

0.06
0.02

0.06
0.02

0.10

0.10

0.10

X =

4 =
o.o4o
0.022

o.o4o

0.055
0.080
0.081

^Each entry represents the aberrations per cell in 50 metaphases.
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TABLE 13. Observed and predicted (y) chromosome aberrations in
leukocytes of pigs exposed to 300 rads of fission neutrons^

Time

postirradiation
(veeks)

Acentric

fragments

57-0

Rings +
dicentrics

An-inwi number

5^-1 57-0

Acentric fragments
+ rings

+ dicentrics

^T-0

1 0.16 0.26 0.20 0.10 0.36 0.36
0.28 0.14 0.34 0.22 0.62 0.36

X = 0.210 0.215 0.425
0.205 0.197 0.412

2 0.2lf 0.20 0.08 0.04 0.32 0.24
0.12 0.12 0.08 0.06 0.20 0.18

X = 0.170 0.065 0.235
^ = 0.166 0.100 0.260

k 0.04 0.12 0.02 0.00 0.06 0.12

0.12 0.06 0.04 0.04 0.16 0.10

X = 0.085 0.025 0.110

0.105 0.003 0.094

8 0.04 0.12 0.00 0.00 0.04 0.12

0.04 0.08 0.04 0.02 0.08 0.10

X = 0.070 0.015 0.085
= 0.054 0.028 0.093

12 0.12 0.08 0.00 0.02 0.12 0.10

0.06 0.10 0.02 0.02 0.08 0.12

X = 0.090 0.015 0.105
^ = 0.095 0.021 0.098

^Each entry represents the aberrations per cell in 30 metaphases.
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/.A,
TABLE 16. Observed and predicted (Y) chromosome aberrations in
leukocytes of pigs exposed to 400 rads of fission neutrons^

Acentric Rings +
dicentrics

Acentric fragments
+ rings

+ dicentrics
Time

postirradiation Animal n\UQber

(weeks) 5k.k 70-k 5k.k 70-k 5k-k 70-k

1 0.22 0.52 0.2k 0.16 0.k6 0.k8
0.50 0.28 0.16 0.16 0.k6 O.kk

X = 0.280 0.180 0.k60
? = 0.276 0.177 0.k70

2 0.32 0.28 0.10 0.08 0.k2 0.56
0.20 0.18 0.06 0.1k 0.26 0.52

X = 0.2k5 0.095 0.5^0
0.250 0.101 0.521

k 0.08 0.16 0.02 0.0k 0.10 0.20

0,12 0.12 0.06 0.0k 0.18 0.16

X = 0.120 o.oko 0.160
t = 0.159 0.057 0.172

8 0.0l^ 0.20 0.0k 0.12 0.08 0.52
0.12 0.12 0.10 0.08 0.22 0.20

X = 0.120 0.085 0.205
= 0.092 0.088 0.202

12 0.1k 0.10 0.08 0.06 0.22 0.16
0.06 0.18 0.0k 0.02 0.10 0.20

X = 0.120 0.050 0.170
0.128 0.057 0.171

^Each entry represents the aberrations per cell in 50 metaphases.
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dose levels. Consequently, the response of rings plus dicentrics per

cell at either 100 or 200 rads covild not be adequately described by the

equations utilized. It appeju-ed, however, that the response at these

doses best fit a cubic polynomial as evaliiated by the F test and the

larger coefficient of multiple correlation (R) (Tables 9 and 10). The

predicted values ($) found in Tables 15 and l4 have therefore been cal

culated on the basis of a cubic expression, given linear and quadratic

effects, but no inference is made regarding their v€d.idity.

The failure of these aberrations to be described by the equations

used was certainly influenced by the fact that the majority of rings and

dicentrics disappeared within the first week poste3q>osure and sanipling

error distorted the biologicail picture with respect to those remaining.

The increase in these aberrations noted at 12 weeks after 100 rads and

the rise at 8 and 12 weeks following 200 rads may be the result of aber

rant cells originating from lymphopoietic stem-cells appearing in the

peripheral blood.

Regression analyses on data from the 500-aiid 400-rad exposures

definitely fit the cubic polynomiatl (Table 11, page 76, and Table 12,

page T8). These data could have been described also by the linear or

quadratic expressions, but the closest relationship, as indicated by the

coefficient of multiple correlation (R), was attributed to the cubic

polynomial given linear and quadratic conponents. Consequently, the

calculation of the predicted values for rings plus dicentrics per cell

(Table 15 and l6) was based upon the following expressions;

500 rads: Y = 55^^.05 x 10"® - 159.^5 x 10"® (x)

+ 25.24 X 10"® (X)^ - 1.01 X 10"® (X)®.
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400 rads: ^ = 290.16 x 10"® - 155.89 x 10'® (X)

+ 21.66 X 10'® (X)® - 1.01 X 10'® (X)®.

The analysis of variance for rings pins dicentrics per cell indi

cated that dose, sampling time, and the interaction between dose and

sampUng time were all statistically significant (P < .01). Effects

attributable to animals and the interaction between euilmal and sampling

time were nonsignificant at the 5^t level of probability of chance occur

rence. A multiple correlation coefficient of 0.950 was obtained.

Total Aberrations

Total aberrations were defined as the sxm of the acentric fragments,

rings, and dicentrics. A high degree of association (R = O.950) was

found among total aberrations emd the independent conponents incorpor

ated into the model subjected to an analysis of variance. Significant

(P < .01) effects upon total aberrations coxild be attributed to dose,

sampling time, and interaction between dose and sampling time.

At the lower doses (100 and 200 rads) total aberrations over time

postexposure were best described as a linear function. Although the

correlation coefficient was slightly larger for the higher order expres

sions, the F tests exceeded (P > .05) for the quadratic and cubic conpo-

nents (Table 9* page 72 and Table 10, page 74). Consequently, the follow

ing eqiiations were believed to best describe the kinetics of total

aberrations from l-to-12 weeks postexposure for the two lower doses;

100 rads: f= 87.02 x 10'® - 4.12 x 10'® (x).

200 rads: 147.97 x 10'® - 7.05 x 10'® (x).

Use was made of these linear models to predict the total aberrations to be

expected at various postirradiation sampling times (Tables 15 and l4,

pages 80 and 81).
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Higher order equations most adequately described total aberration

persistence at both the 300-and ̂ 00-rad expos\ire levels (Tables 11 and

12f pages 76 and 78). The foUcwing expressions vere obtained based upon

F tests and the comparatively high multiple correlation coefficients:

500 rads: Y = 621.57 x lO'® - 2lf0.76 x 10'® (x)

+ 52.65 X 10"® (X)2 - 1.55 X 10"® (X)®.

400 rads: "y = 68O.O7 x 10"® - 244.28 x 10"® (X)

+ 55.54 X 10"® (X)^ - 1.56 X 10"® (X)®.

Tables 15 and I6 contain the predicted (x) and observed values for total

aberrations at various postirradiation saoipling times for 500 and 400

rads, respectively.

These data indicated that the kinetics of acentric fragment loss from

l-to-12 weeks postirradiation was lineajr at 100 euad 200 rads but followed

a quadratic response at 500 and 400 rads. This difference in kinetics

may be attributed i)artialiy to an increased number of lynq)hocytes appear

ing in the peripheral blood at 12 weeks post expo sure in the 50O- and 400-

rad sanqoles (Figure 2, page 46). if these lynqjhocytes were present at

irradiation and contained acentric fragments, their later release into

the peripheral blood would elevate the proportion of observed aberrations.

Tables 15 and I6 show that an increased proportion of acentric fragments

was observed when blood was sampled 12 weeks postexpostire.

The inclusion of rings plus dicentrics into an analysis of aberra

tion persistence necessitated higher order (cubic) equations in order to

explain their response postexposure. Such expressions probably consider

the interplay of lymphopoietic centers as demonstrated by their ability

to release aberrant cells into the peripheral blood following irradiation.

These cells, if they have undergone mitosis, may contain rings or dicen

trics without fragments.
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The variation in dicentrics without fragments as a function of post-

irradiation tine is fo\ind in Figure 8. An abrupt rise in the ntunber of

cells containing dicentrics without fragments occurred at 28 days post-

exposure. This coincided with the increased number of lynphocytes found

at this gwTnp time and s^lggested that these cells were the daxighters result

ing from mitoses in lynphopoietic centers. The decrease foxmd at 56 and

days postirradiation was attributable to sanpling error.
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CHAPTER V

DISCUSSION

It has been ai:^ly doctimented tbat small peripheral lymphocytes

respond to phytohemagglutinin (PHA.) by proliferation and subsequent

division during in vitro culture (28, 51» 52, 53* 6l, 70, 76). Conse

quently, it is these cells that are evalxiated for chromosome abnormali

ties when peripheral blood is cultivated. Since peripheral

lysqdaocytes rarely \indergo mitoses in vivo (2d, 51* 6l) vinless antigen-

ically stimulated (46, 47), chromosome aberrations would be ejected to

persist for the lifespan of such cells. Upon this premise, estimates of

IyiiQ)hocyte lifespan have been calculated for humans (23, 74). Altho\igh

chromosome aberrations have been utilized as indicators of average lympho-

cyte lifespan, they have been extensively investigated also as a basis

for a biologic radiation dosimetzy system. Several reviews on the radio-

sensitivity of lyinphocyte chromosomes and their use as biological dosim

eters have been published (7, 4l, 43).

Following accidental radiation exposure of humans, it is highly

desirable to obtain adequate estimates of the biological injury received.

In order to do this, a system is needed that will be representative of

the total body and one which is readily accessible. Chromosome analyses

of peripheral lymphocytes have been used for this purpose with reliable

results (5, 13, l4, 20, 25, 72). In many of these and similar studies,

it has been assumed that the aberration coefficients do not vary appre

ciably within the first weeh or so following exposure. Also, in follow

ing the practice of irradiating human blood in vitro in order to

89
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extrapolate to the in vivo conditioE^ researchers have often neglected to

consider the basic aws that may affect the response of cells

Tinder these two conditions and that these may influence the observed

aberration levels. A knowledge of the response of lyiaphocyte aberrations

as a function of time postirradiation is required in order to derive accu

rate dose estimates from aberration coefficients. Also, in order to pre

dict accurately the in vivo radiation damage from in vitro data, the

biologicaJ. relationship of these two types of effects must be established.

This relationship is most readily established by simultaneous exposures

of animals along with a sanqile of their blood. The accumulation of such

data is not feasible in hTimans except in cases of therapeutic whole-body

exposures. Consequently, we must rely heavily on data obtained from

animals which are physically and physiologically con^axable to man.

The fact that a linear model best described all types of aberrations

studied as a function of dose was in keeping with the high probability of

inducing more than one lesion by a single high-energy particle. The find

ing of statistically nonsignificant quadratic components in the dose-

response models is probably a reflection of the larger biological effec

tiveness of the neutron conq>onent as compared to the contribution from

gamma rays. Earlier studies also have demonstrated linear dose-response

kinetics for human leTikocytes ejqjosed to fission neutrons (l4, 86, 87).

This type of function indicates that dose rate will have little, if any,

influence on the aberration coefficients and the dose-response kinetics

obtained with such relatively high-linear energy transfer (LET) irradia

tion.

Direct comparisons between the aberraticai coefficients obtained from

fiwrnpi fts irradiated in vivo and those obtained from samples irradiated in
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vitro indicated significantly more aberrations in the in vitro saji5)les

when the dose was measxired in air at the tmimal' s midline. Such results

agree with other data from pigs exposed to l4 MeV neutrons (6U) or ®°Co

gamma rays (65)> but differ from the identical aberration yields from in

vivo and in vitro irradiation reported for marmosets exposed to gamma

rays (I8). These differences may be resolved by the fact that dose

attenuation is a major factor in large animals but of relatively minor

significance in smaller animals such as the marmoset. Also^ the existence

of inherent differences in radiosensitivity and aberration persistence

must not be overlooked. Since it is obvious that the radiation dose to

the blood cells in the pig will differ from that received in vitro due

to the effects of tissue interaction and inverse-square dose relations,

conparisons between exposure methods become more meaningful when these

factors are considered.

In a large animal such as the pig, dose attenuation within the body

is obviously a primary factor (22), and this necessitated the calcvilation

of an average body dose. However, even when average body dose was con

sidered each of the aberration classes was still smaller in the in vivo

samples than in the in vitro sajnples. Assuming the method of expressing

the average in vivo dose to be adequate, one is left with the conclusion

that aberrations were removed from the peripheral system rather rapidly

before the first postexposixre sampling, or, alternatively, that

chromosome repair mechanisms had become more efficient in vivo. Other

workers have proposed that aberreuat lymphocytes are selectively eliminated

from the peripheral blood following exposure (45, 64, 66, 95). Another

factor that must be considered in assessing the results is the larger

neutron-to-gamma ratio that existed for the in vitro exposures. Since
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the relative biological effectiveness (BEE) for fission neutrons is

approximately four (l4, 51> 86, 87), it woiild be expected that more

aberrations would be induced following in vitro exposures because the

neutron con^onent was rapidly attenuated in vivo. That both of these

explanations may be valid was borne out by the observation that the level

of acentric fragments but not that of rings and dicentrics was quite

similar between exposure methods if the RBE of the neutron coBq>onent

was considered. Others have shown the i]iq)ortance of RBE considerations

with respect to chromosome aberrations (l4, ̂ 1, 86, 87). The fact that

rings plus dicentrics were still present in greater nxunbers following

in vitro irradiation suggested that these aberrations were more rapidly

eliminated than were fragments prior to obtaining the first poste^qoosure

blood sample. This observation, however, is more readily explained by

the fact that the adjustment for in vivo dose did not taJoe into account

the nine-fold ratio existing between exposure methods for rings plus

dicentrics as compared with the three-fold ratio for fragments.

The aberration levels expected after correcting the average body

dose for the RBE of the neutron component were similar to those obtained

from the estimated mid-line body dose (Figures ^-7, pages ̂ 2, ̂ 8, 60).

This becomes of interest since the mid-line tissue dose is readily cal-

ctilated and may well represent the average dose to the blood cells.

These data point out that the different aberration coefficients

obtained for in vivo and in vitro irradiation are dependent upon the

method of expressing radiation dose. It is evident also that the aber

ration type influences the conclusions to be derived when conparing

methods of exposure in pigs. The finding that a rapid decline in number

of rings plus dicentrics occurred immediately postexposure parallels the
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observation of a rapid elimination of these aberrations following irra

diation in humans pigs (66, 95) and monkeys (95).

The significant decrease in nuaiber of chromosome aberrations between

y> minutes and 2^4^ hours postirradiation deserves special attention. It

is believed that a selective elimination of aberrant cells occxured since

the relative percent decrease in number of chromosome aberrations was

greater than that for the decrease in lynqshocyte number. Others have

indicated that aberrant cells are rapidly lost from the peripheral blood

following irradiation (^5, 64, 66, 95). It has been shown slLso that

cellular debris accumulates in lynqphoreticxilar organs following an expo

sure (32, 35^ 56, 45). This debris may well result from an increased

removal of damaged cells.

Earlier studies (95) on the disappearance rate of aberrations in

pig lysphocytes following partial-body irradiation demonstrated that

cells containing aberrations had virtually disappeared within 24 hours

after expos\ire. The present data show that the rate of elimination is

neither as rapid nor as nearly conplete as that reported for partial-

body irradiation. It is to be expected, however, that the concentra

tion of aberrant cells in the peripheral blood will be rapidly diluted

following partial-body exposure due to mixing with cells from nonejq)osed

regions. Such a dilution effect wo\xld not be envisioned following total-

body irradiation, and other mechanisms such as a selective removal, of

damaged cells must be proposed.

The rapid removal of aberrant cells from the peripheral system fol

lowing exposure of pigs to total-body irradiation (66) and after extra-

corporeal irradiation of humans has been documented (45). Contrary to

this is the finding of identiceuL aberration yields in sanples taken
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immediately and 2k hours after vhole-body irradiation of oarmosets by

gamma rays (l8). No change in aberration yields have been obtained also

during the first 2k hours follovisg whole-body irradiation of humans

(2^). Other data frc»i accidental whole-body ejcposures of humans reveaJLed

that aberration levels tend to remain stable during the first ̂ -to-6

weeks postirradiation (l^f, 20). When congjared with the reported infor

mation (11, 15, l4, l8, 2k, 66, 8'4-, 95), the present data support the

hypothesis that the kinetics of aberration loss following whole-body

exposures differ between man and the pig. The basic reasons for this

apparent difference remain to be elucidated. It is obvious, however,

that the rapid elimination of aberrant lymphocytes postirradiation must

be considered in certain species, especially when one conpares the radio-

sensitivity cunong species. Recent information from humans undergoing

extracorporeal irradiation of blood (ECIB) has demonstrated that the

loss rate of aberrant cells was rapid and that damaged lyn^hocytes were

removed by the reticuloendothelial system following irradiation (^5)-

Although this study may not be entirely compcurable with aberration per

sistence data on man following total-body irradiation (l^, 20, 25), it

does appear that the phenomenon of an early disappearance of aberrant

lymphocytes may be common to man and pigs. If this conjectiire if further

substantiated from e3q>eriments especially designed to study differences

in aberration persistence among species, reliable estimates of aberra

tion coefficients will need to be based upon data in which the kinetics

of aberration loss are considered. In studies reporting no change in

aberration levels within the first 2k hours (l8, 25), the results may

be ejqplained by a rapid exchange between peripheral cells and those in

tissue pools as noted by others (52, 3'?, k3) since the minimal exposure
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times were approximately 50 minutes. The finding that the aberration

yield per cell was the same at the beginning and at the end of a course

of KIB (i4-5) supports the above siiggestion.

The early, rapid loss of aberrant cells in some species indicates

that san^ling time postirradiation must be considered when one utilizes

chromosome aberrations as a biological dosimeter. In the present experi

ment, different dose-response kinetics were obtained depending on whether

the 50-minute or 2^-hour aberration data were used. This again demon

strates the in^jortance of san5)ling time and may expledn some of the

variability among the reported aberration coefficients following in vivo

exposures {f, 41, 4-5).

The rapid decrease in number of aberrant cells within the first 24

hours was followed by a more gradual decline at subsequent time periods.

Althovigh the level of induction of fragments was higher, they generally

disappeared more rapidly than did rings plus dicentrics. This may be

explained by the appearance in the peripheral blood of rings and dicen

trics from lynphopoietic centers. It has been adequately verified that

a higher proportion of these aberrations survive mitosis as compeo'ed

with fragments, since the latter lack centromeres (54 , 57, 74, 85).

The Increase in the proportion of dicentrics without accompanying frag

ments at 28 days and the fact that lymphocyte nvimbers were rapidly recov

ering during this time intei^ral support the contention that a higher

percenteige of the daughters from lynphopoietic stem cells contain rings

and dicentrics than contain acentric fragments. This would then explain

the more rapid decrease in fragments during the period of lynphocyte

number recovery.
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The early loss of aberrations vas accompanied by a decrease In

number of peripheral lyi^hocytes during the first 2 days foUcwlng Irra

diation. Repopulatlon of l7iiq)hocyte numbers occurred thereafter but

failed to reach preeaposure levels during the course of study. Rapid

loss of peripheral lyiiQ)hocytes and a gradual return toward normal values

appeeurs to be a common sequence of events following Irradiation (22, 23,

52, k5, 64, 95).

Of foremost luportance. In regard to the aberration coefficient,

was the dramatic loss of lyaphocytes during Irradiation and the first

30 minutes postexposiire. These cells obviously respond rapidly to

traiuaa, and this Indicates that the peak of aberration Induction may

have occurred even earlier than our first postlrradlatlon saapllng time.

That Is, selective removal of damaged cells Influenced the aberration

Index which was In turn dependent upon the rate of lynphocyte loss.

As lymphocyte ntimbers return toward the preexposxire values, lyiipho-

poletlc centers may produce both aberrant emd nonaberrant cells. The

effect of the latter woxild be to decrease the proportion of aberrant

cells In the peripheral system, whereas aberrant cells (largely without

fragments) would tend to maintain a stable level of aberrations. Other

mechanisms Involving plasma factors also have been proposed for explain

ing the maintenance of nuid>er of chromosomal aberrations following Irrsi-

dlatlon (49, 50> 54). The present results Indicate that there are

two stages of lysphocyte populations Involved In the kinetics of €d)er-

ratlon persistence In swine. Other workers also have Implied the exist

ence of two lymphocyte populations In humans following Irradiation (23>

34). The Initial stage Involves the rapid removal of damaged (aberration-

containing) cellsj whereas the lynqjhocyte-reccvery stage Is gradual and
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Ijnnpliopoietic centers are an iaqwrtant factor. The present data are in

agreement with the idea of a short-lived, population of lyn^hocytes and. a

long-lived, population which is dependent upon lyn^hopoietic centers.

The fact that the number of aberrations decreases rapidly poste^po-

s\ire in some species and does not rebound to "initial" induction levels

is evidence against the idea that aberrant cells are reversibly removed

from the blood. It seems more likely that a large proportion of damaged

cells are phagocytized and eliminated from the peripheral popiilation.

The proportion not removed may survive for the normal lyD5>hocyte life-

span (25, 7^) and account for the established fact that lynqohocyte aber

rations persist for many years following their induction (15, 16, 17, 23,

^9, 7^t).

The significant variation found among animals in several instances

in the present experiment indicates the necessity of randomly selecting

sanies large enough to allow inductive reascming about the population

under consideration. The significant interaction between dose and samp

ling time demonstrates that the initial effect of irradiation was over

shadowed by physiological events occurring postezposure. This interaction

makes it likely that the practice of sanpling blood following considerable

intervals of time after exposure will lead to erroneous estimates of bio

logical dose counted from chromosome aberration data.



CHAPTER VI

SUMiARY

The rate of Induction of chromosome aberrations in pig lyi^hocytes

following 100^ 200, ̂ 00 and 400 rads of fission neutrons administered

in vivo and in vitro was determined. The data from each e^osvire method

were tested for goodness of fit of linear and quadratic models. Numbers

of acentric fragments, numbers of rings plus numbers of dicentrics, and

the sxim of the frequencies of aberration types were well explained by a

lineeu: model of the form Y=a + bD+e, a = Y-intercept, b = slope,

where D = dose and e = random deviation from the least-squares fitted

regression.

A significantly (P < .01) higher aberration index was foiind follow

ing 6U1 in vitro exposure of the animal's blood than was produced by ej^os-

ing the entire animal. Equations were developed which permitted the

prediction of in vivo damage from the in vitro aberration coefficient.

Dose attenuaticxi and differences in the relative contribution of

the neutron and gamma components reaching the target cells were recog

nized as factors influencing the biologically effective dose received

from the two exposure methods. The average body dose was calcvilated

from measurements made across the width of a tissue-eq\ilvalent phantom.

From these catlculations, it was determined that approximately 565^ of the

dose measured in aJLr at the emimal's midline was actually received by the

blood cells in vivo.

When the neutron-to-gamma ratios for the two exposure conditions

and the relative biological effectiveness of the neutron conponent were

98
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ccmsldered, the level of acentric fragments was comparable between ejq>osure

methods. Rings plus dicentrics were, however, still more abundeunt follow

ing in vitro exposures, suggesting that an inherent difference exists

between in vivo and in vitro irradiation in rate of induction and repair

or that heavily damaged cells axe more rapidly removed from the periph

eral system. The i>ossibility that in vivo mechanisms exist for the pre

ferential removal of damaged lymphocytes was proposed as a plausible

explanation for this observation. These data cast some doubt euLso on the

vsU-idity of assuming that conpaxable chromosooml damage will be found fol

lowing in vivo and in vitro irradiation.

Ry sampling peripheral blood at various postexposure intervals, the

response of the aberration level as a function of time was studied. A

rapid decrease in the proportion of cells containing aberrations was

noted as early as 2k hours postexposure. This initial loss coincided

with a decrease in lyaphocyte nvunber and continued until the recovery

of lynphocyte n\imbers began at 2 days following irradiation. Subsequent

losses were less dramatic, and nvunbers of acentric fragments reached

preirradiation levels in the Icwer-dose groups by ̂ 6 days postexposiirei

ninnbers of rings plus dicentrics persisted throughout the study. Sta

tistical analyses demonstrated the variability of the aberration coef

ficient with time postirradiation. Mathematical models are presented

which describe the predicted yield of numbers of aberrations as a func

tion of time after irradiation.

The hematological data are examined for their possible relation to

postirradiation aberration levels. The fate of aberrant lymphocytes fol

lowing irradiation is discussed in relation to the kinetics of the
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retlculoendothellal system. Selective removal of damaged cells from the

peripheral system is suggested.

It is concluded that different aberration coefficients vill be foimd

in blood san^led from pigs at different postejq>os\ire intervals. The

kinetics of aberration persistence should therefore be ccxisidered when

lyn^hocyte aberrations are enqployed as biological dosimeters.
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Since the preirradiation or control aherration levels were not

included in the dose response analyses, it was decided to reanalyze

the aberration data with the inclusion of the preirradiation aberra

tion levels. The acentric fragment data and the ring plus dicentric

data, for both methods of exposure, were subjected to least-squares

regression analyses using Poisson variances suad weights. The response

of the number of aberrations as a function of dose was tested for

"goodness of fit" of the following models:

Y = a + bD + e

y = a + cdP + e

y = a + bD + cD^ + e

where, Y = the predicted aberration coefficient.

a = the preirradiation aberration coefficient,

b = the calculated aberration coefficient for the linear

cosponent.

c = the calcxxlated aberration coefficient for the quadratic

component.

D = irradiation dose (measxtred in sdr).

e = random error.

The eqxiations which best described the response of acentric fragments

were:

In Vivo : Y = 12.9 ± 2.7 x 10"® + 1.^7 ± 0.06 x 10"® (D).

In Vitro : Y = 12.3 ± ̂.0 x 10"® +5.27 ± 0.2 x 10"® (d).

Ill
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The ring plus dicentric data gave the best fit to the foUcwing eqiiations

with a = o (the regression was constrained to pass through the origin) :

In Vivo : t = 1,0k ± 0.05 x lO"^ (p).

In Vitro : ̂ = 9.6 ± 0.1 x 10"^ (d).

These results indicate that when the preirradiation level of aherra.-

tions were included in the regressicxi analyses^ very minor changes resulted

in the linear regression coefficients of the models describing the change

in acentric fragments and rings plus dicentrics for both exposure methods

as a function of dose. It is believed that inclusion of the preirradia

tion aberration levels into the analyses gives a more reliable prediction

of the Y-intercepts.

The finding of similar linear regression coefficients between the

two methods of data analyses demonstrate the adequacy of these coefficients

in describing the response of aberrations as a function of those.
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