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FOREWORD

(Nontech-ica' Ailrmary)

Mortality data are reported for Cr'"L m±ce nd Spranue-Dawley rats exposed

to either mixed gamma neutron radiations from the AFRRI-TRIGA reactor or 250 kVp

x rays. These data were collected as a part of the program to characterize the "lo-

logical effects of the reactor radiations and to provide reference information for future

studies.

Groups of rats and mice were exposed to radiation doses over a range estimated

to produce 0 to 100 percent mortality during the first 30 days foliowii4 irradiation.

Deaths were counted daily, &nd at the end of the 30-day observation period the percent

riortality was calculated for each group of mice and rats.

When these kinds of data are plotted as percent mortality versus dose, one

ordinarily obtains a sigmoid (S-shaped) curve. Such a curve can be converted to a

straight line by a mathematicm ,ansformation called probit analys.'s. The mathema-

tical transformation simplifies the analysis of the data.

Many investigators summarize their mortality results by reporting a single

va'e, the median lethal dose (TD50 ). The LD50 serves as an estimate of the sensi-

tivity of the animal spe les to the set of exposure conditions up,d. The LD5 is that50

dose required to produce mortality, withiL a specified time period, in 50 percent of

the individuals in a large group of exposed animals. The first 30-day postirradiatlon

period is used by many investigators and the results reported as a, LD 5 0 / 3 0 .

In this study, the LD50/30 midline tissue doses for mice exposed to either x

rays or reactor radiations were found to b'9 589 and 432 rads, resr _ctilvey. The
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corresponding values for Lhe rat exposures were 740 and 434 rads. With the LD50/30

values as the end points for comparison, the reactor radiations were 1.4 and 1.7

times more effective in mice and rats, respectively, than were x rays. In addition,

analy: s of the survival times indicates the mice and rats exposed to i actor radia-

tions died significantly earlier than tVose exposed to similar doses of x rays.
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ABSTRACT

Mortality data for C57BL mice and Sprague-Dawley rats were collected as a

part of the program to biologically characterize AFRRi TRIGA reactor radiations

and to provide reference information for future studies. Unilateral whole body ex-

posures to mixed gamma-neutrun radiations from the reactor or to 250 kVp x rays

were carried out over a range of midlin, tissue doses from 371,) to S75 rads. The

30-day median lethal doses were calculated to be 589 and 432 rads for mice exposed

to the x rays and to the reactcr radiations, respectively. The corresponding values

for the rat exposures were 740 and 4'4 rads. Using thne LD5) "30 values as the end

points for comparison, the reactor radiations v-'.re 1.4 and 1.7 times more effec. -

tive in mice and rats, respectively. than were the x raye. The surlval Lime- of

the mice and rats exposed to reactor radiations were significantly :ess than those of

the animals exposed to k ,lnilar (loses of x rays.
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L. IINTRODt LCTIOIN

M!edian lethality t'-udies were, initiated in different mammalian 'ipecies in order

to accumulate base line data and ',o assess the bioiogical effectiveness of ilhe mi~xed

gamma-neutr-on radutti-ns frorm the AFRRI-ThIGA reactor. Mammals with body

masses ranging from that of the mouse t~o that of miniature swine are being investi-

gated.

Comparable exposuires were miade using a 250 kVp x-ray unit as a r -fercrice

source, to facilitate valculation of the birlogicsl effectiveness of the reactor radia-

tions and to permit ;unterlaboratoiy comparisons of results. The results of rodent

exposures to these radiation sources as well as the techniques utilized are the sub-

jects of this report

U. INATERIALS AND METHODS~

Biological Considerations

Male and fem)aie C57BL miice* (IS~2 grams and Sprague-Diawley rats'

('250~-350 grarnS). -10 weeks of 4ge, were ootained conlnmerciailv, housed as pairs

of flhe same sex, and acc limatized for 2 wveeks prior to exposuire. Ding11 t'his

per i~xi they Aere weighed twice weekly and those amnals which failed to gain1 weight

or otherw~ise appeared unhealthv were excluded from the study. Throughou the experi-

nient, all animals had free access tc a commrercial pathogen-free baked diet and to

tap waier.

*Microbhiological Ass>cLt.tes, Inc, Bethesda, Maiw'Ln1nd

+Simnonsei-: Laboratories, Inc ., White Bear Lake, Minnesota

±C L. Baking Co. ,Frederick , Maryland. [D & G3 Research Animal La,rator* Diet
for Ratm and Mice -- Specific Pathogen Free



Groups of mice and rats were exposed to one of a series of graded doses from

either radiation source. Tndividual animals were randomly assigned o dose groups

wh,,ch were selected for x or mixed gamima-neutron (reac"-r) J.rradiations. There

were equ2l numbers of each sex ior each dose group and type of radiation. The numbr-C

exposed at. ez~ch dr-se and with each type of radiation is given in Tables 11 and HI. A con-

ccmnitant objective of thce study was to check Lhe biological response to the radicAlions

from two different reactor cores. The doses listed in bold print, in these twbles denote

groups exposed to radiations from the original reactor core (alumi mun clad fuel eie-

rnents) and their x irradiated counterparts. The corresponding exposures made after

histallati-on of the new reactor core (stainless steel clad fuel elements) are italicized,

Three rat x-ray dosas were repeated twice at the time the exposures were made

using the r-ew reactor core t,. -.btain an indication of ",e degree of biological variability

bctweeiis.u ~ilar exposures at different times. Control. animals were sham irradiated

In the appropriate exposure facility.

Deaths were recorded daily for 30 days fo--.wing irradiation. Probit

analyrsis was used ko obtain the best fitting dose-mortality regression line for each

species and eat~l type of radiation. The estimated LD 5 0 /3 0 value was obtained from

each regression line. Since identical dC3es 01 x ray and mixed gar.fa -neutron radia-

0fl13 were not used, the su-vival times after these irradiations were not compared

direct~y. The mean surviv~l time for ',e decedents of each group was nlotted as the

!osarithm of the io, and a "least squares" method employed to determine the beat fit

regression line fer -ii. h type of radiation. Confidence bands (95 percent) for the lines



as ~ ~ ~ ~ ~~% a wl ee aclw. oprsn of the regreasion lines indirectly compared

the mean survival times.

No significant difference was found when the homoge-neity of the regression

lines of the exposures made with the original reactor cor- was tested against the

counterpart from the c-niosuies made with the new core, nor was there any significant

difference between the radiosensitivity of males and females. The results of the rat

exposures conducted on the same d-ty were not significantly different. Since the,

results of the exposures mrade with the original and new reactor cores were not found

to differ, the data were conabined for probit analysis.

Physical C ons ide rations

All animals were subjected to unilateral, whole-body exposures conducted under

miil catrcniin.Eposure containers consisted of tran6,-,r:ent Plexiglas*

rectangular booxes. The rat boxes were fabricated from 1/S1' thick Plexiglas sueets

and measured 2~7/ 8" wide x 6-5/8" long x 3-1/8"~ h1igh. For mouse irradiations,

partitions were added to the rat exposure boxes so that four mnice could be positioned

in eacis box.

X-ray expo~iurer (Pigures 1 and 2) were accomplished with the 360 0 radial

beam from a 250 kVp generator operated at 30 milliamperes. The filtration used,

inherent (1. 2 mm beryllium) and addea 0. 95 mm copper), resulted in a half valve

layer (H-VL) of 1. 9 mm of copper. Exposure bo~xes were positioned so that the midline

*Acrylic plas~ic (polymer of m=thyl inethacrylate; composition by weight: 64) per-
cent carbon, 8 percent hydrogen and 32 percent oxygen). Rohmn andi Haas Co.,
Philadelphia, Pennsylvania.



of each animal wais 1 meter from the x-ray source. The absorbed dose at the center

of the animal was calculated from three factors. First, the exposure, free-in-air,

was determined at +he position to be occupied by the center line of the animal.

I I Figure T. X-ray exposure

array for mice

ALM # a, i
]Mp

FVgure 2. X-ray exposure
a-cray for rats

4



Positions were selected so that the variaticn in this quantity was less than 4 percent

from the mean. Second, the ratio of the dose in a Piexigias phantom (simulating

each animal ii the irradiation osition) to the exposure, free-in-air, was obtained

4
using miniature ionization chambe,,s. Third, the conversion factor, (f), of 0.95 for

9
soft tissue and for this quality of radiation was obtained irom ICRU Report 10b.

The product of thesc factors gave the absorbed Jose at the center of the animal. The

absorbed dose rate Ln all exposures was approximately 21 rads per minute. The ex-

posure rate. was monitored continuously durin6 each irradiation by a Victoreef- rate

meter to detect any changes in the output of the x-ray unit.

The mouse and rat arrays used for the mixed gamma-neutron (reac'O.r) expo-

sures are shown in Figures 3 and 4. A-:rays were nositioned so that the midline of

each xnimal was on an arc 292 centimeters fron the vertical center line of the reactor

core. This are, located in the middle of the exposur - room, formed an exposure field

;n which the tissue kerna, free-in-air, did not vary by more than 4 percent from the

mean. The absorbed dose at the midline of the animal was calculated from two factors.

3
First, the tissue kerma, free-in-air, was ob tained from measurement with a 50 cm

cavity tissue , jaivaient plastic* walled ionization chamber. Second, the ratio )f the

dose in the c( nter of a Plexiglas phantom (simulating the animal in the irradiation

position) to the tissue kerrna, free-in-air, waL; obtai-ed. The product of these two

quantities gave te absorbed dose at the center line of the animal. The absorbed dose

rate for all exposucs was approximately 20 rads per minuth.

* Plastic supplied by Dr. F. R. Shonka, St. Procopius College, Lisle, Illinois.

(Composition by weight: 76. 1 percent carbon, i0. 1 pe'cent hydrogen, 5. 2 percent
oxygen, 3. 5 percent mn'rogen, 1.0 percent silicon, 2. 0 percent calcium and 2. 0)
pf ,nt fluorine.)

i5



Figuire Reactor expo-
sure array for mice

Figure 4. Reactor expo-
sure arrqv for rats



Approxi abely ) per, eiiL of 14he ti~que kerma, freo-in--air, was attributed to

gammia rays, and 40 peren to rieil4ons. The effective energy * of thie gaamma comn-

ponent was hemreer .1 and 2 M.Vle. About 75 percent of the neutron dose was attributed

to fast neutrons (greater thlan R( keV), The remaining 25 percent was from neutrons

of lower energieE. Details of thie reactor characteristics and methods of dosimetry

in this mixed radiation field have been previously described.6,1

The cylindrical, hoinogeneous Plexig' is phantoms used to make depth dose

measurements are shown in Figure 5. The rat phantom weighed about 280 grams and

the mouse phRantom about 26 grams. A 3/1611 diameter hole was made through the long

Figure 5. Mouse and rat phantoms with minL-ture
tissue equivalent ionization chambers in place

Depth dose studies, using Plexiglas rat phantoms, indicatr'd that the deposition ofL
envr~yby the gammna comporient of the reacto~r radiations was similar to that seen
with ,Co gammia rays.
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axis of both phantoms and two grooves were longitudinally centered on the surface of

each cylinder, diametrically opposing each other. Miniature tissue equivalent ioniza-

tion chambers were placed in each sarface groove to measure the entratice and exit

doses. The midline tissue dose was determined from the readings of the chambers

posiA.)ned at the longitudinal axes of the two phantoms.

According to the criteria set forth by the recommendations of the hiternational

Cnmmission on Rqdiological Units and Measurements for the classification of

10
irradiations, the radiation sources utilized in this study produced Class A exposures

in mice and Class B moderately uniform exposures in rats.

III. RESULTS

Tables I and 11 summarize the mortality data for mice and rats. The raw data

used for Pr(" " analyfis and the resultant dose-response regression lines are displayed

graphically in Figures (" and 7. The results of probit ai.alysis and the calculated

relative biological effectiveness (RBE) for JL, mixed gamma-n atron radiations are

shown in Table 1Il. The mean survival time regrt.. sion lines and their 95 percent

confidence bands for mice and rats are shown in Figures S and 9, respectively.



Table I. Mouse Mortality Data

MIOLIVNI OI[0 POSTIERADIATIOM DAY OF DEATH - PERCINT SURVIVAL TIME IDAYS)
TISSUE DOW----- - MORTALITY

ILADSI E .XPOStO 4 S 6 7 01 911 1D 1 213141I 1 1 IsI 19 201211 2 23 24 2 2 30 (30 DAYS) MiEAN 1DIAN
_X RAYS

_ 810 f11
0477 A? ____

492 is 4S 2 1 oI 11.1 $to

It-s 1 1i ~ I j 9
601 3II4 2 1 111 _____1_1_6 14

214 - 1 - 1- - I -1 2 41 9 9.0,

0 r1 -S -1 1-1 4-1 lt 0.
24,9 El 94I I I I I I 1191 " I,

710 4143 1 14 9 I I a 1 3 1 .

" +--- , 4 2-at

765 so 4248 '1 ' 311 1 _____ 9..

-- 4 461 414 1 I -4 1 __ _ 1 we

so4 so4 1 94 60
..... 0)0 ,, 429 oI,,1, 4, -- 4 9-I *

MIXED GAMMA.NIEUTROW RADIAti0N

_ _ _ ode [ i1 _ __......,-

i" 1 s - 1 , 1- 1 1 -1 _ _. .

,.0 46 4- -No I 1 45 2 s,
5' 100 14 1 1 1~ 1* 99 -to

-. 4 ii1 4111 too4*9 1119.I..._ ___-__ __
629 a448 1914 $6-- r-414 48 its I0;I " wo" " 40

&OLOD TYPE DEMOTES "OLD" CORE AND ASSOCIATED X-RAY INPOSUORS, ITALIC, "Nlfw" CORE AND ASSOCIATED MRAT EIPOSURE.
"PICURES IN POSTIRRACIATION DAY OP DEATH COLUMNS INDICATE MUNGER OP DEATMS ON THAT DAT
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Table 11. Rat Mortality Data

MIDLNE2 .10POSTIARADIATIOM DAY OF DEATH- PIRCENT SURVIVAL TIM IDAYSI
Tissue DON--* MORTALITY

(RADWI *XOI 4 5 6? S10 9 10 11122J13114 161 1119120122 f3 24 25 H.N 3 0 0DAYS) MEAN MEDIAN

X RAYS

410 4

I 1 '2 3 Its

1. 0 ISO

_ 04 1 1 4 12 1 2 11 141 t

-VT- 4 46 - ---. -- - - 1 i

94 ~ I56 6669 0.0

474 S1 1a- 46 1

MIXED GAMMA.NEUYRON RADIATION%

401 146 4 tI 1 13 Iva 19

16 91 490 133s

4r.a is 31442 go

_____ 165 4 1 __ 1 14

*1OLD TYPE 01EMOTES "OLD" CORI AND ASSOCIATED X.RAY EXPOSURESc ITALIC. NE1W" CORE AND ASSOCIATEO X-RAY EXPOSURES
'*?$Gulf% IN POSTIRRADIATION DAY OF DEATN COLUMNS INDICATE NUM11ER OF DEATHS ON THAT DAY

-OUPLICATE "11011'" CORE EXPOSURE GROUPS
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Figure 6. Dose-response regression lines for
the mouse as calculated by probit analysis.

Plotted points represent raw data and arrows
indicate the doses associated with 0 or 100

percent mortality
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Figure 7. Dose-response regression lines for
the rat as calculated by probit analysis.

Plotted points represent raw data and arrows
indicate the doses associated with 0 or 100

percent mortality
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Table III. Probit Analysis of 30-day Mortality Data

_________ lalooCalculated lethal dose values* Slope o( B? orSoe t o

source LDI 0  LD30 LDsO LD7 0  LD90 line LDso/.o'8

451 538 589 657 769mouse x ry (370-501)$ (467-570) (541-633) (612-719) (706-897) 11.1

mouse reactor 371 406 432 460 503 19.3 1.4(355-387) (394-418) (422-442) (450-469) (489-517)

rat x ray 631 693 74C 791 869 18.4
(597-655) (670-713) (720-761) (768-820) (835-921)

rat reactor 379 411 434 459 496 21.5 1.7
(354-395) (394-424) (420-450) (444-482) (477-537)

Midline tissue dose (rads)
t 250,kVp x rays used as standard refereme source
* 95 percot confidence limits shown in parentheses

20

p.b

a- - WHOe~ll GAMiA..toulk0af"
SADIATM"N

II

VA NO 60 W so MO low
KiOLI TISSUR 001l (MN)

Figure 8. Survival time regression lines and
associated 95 percent confidence bands for mice
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Figure 9. Survival time regression lines and
associated 95 percent confidence bands for rats

IV. DISCUSSION

It has long been re, ...rized that the resu .s obtained from mortality studies

conducted on various species of mammals are dependent upon the biological (age,

weight, diet, vendor, etc. ) aimJ physical (exposure geometry, source characteristics,

methods of dosinmetry, etc. ) factors of each individual study. The variation which

exists in reported results Is, evident even in the same strain of animals, as can be

seen in Tables IV and V. These tables list the reported LDs50/3 0 values for C57BL

niice ar~d Sprague-Dawley rats, as well as some of the reported exposure conditions

of each study.

'in order to make valid interlaboratory comparisons of results it is necessary

that identical conditions be utilized or enough information given so that the proper

correct,.on factors can be applied to express the results in terms common to different

studies. Identical exposure conditions, although theoretically possible, appear

i13



Table W. Reported LP'5 0/30 Values Lor C57BL Mice and
Associa~ed Physical and Biological -Factors

X Ial

RC-oniUi-d K an~r and K i n and iirnlm and 1PiernJ 1.
1; Brown

1 1  
51a' lilfl _ -L~~- ____

;5 . 4! 6'n.t 6.3.R 5'_ -F-edt A-17 ds 4 a.

lk' 'r xvirnsa 120, 1,2 200 1-01.
Fleutron ratio

iV mi( CU) 1)9 0.3 03 1, 11 n

IDoe, rat 10 Rm, SS! 5R, 32 min 33399m 1 rO'P. mi' '-'I -i z ads i 7 ridm ' rzarn' j
E xponure ge-imetry un'18eral ub ILa te ra i n;Al2er&I unlierapi~i~' r

D~oserepirte !as ,djin% anl neneured In air Unerage ieL 900 ie a i IV.r: ,v.,dne suffnce tigt

Age Weekz) 9 S 4515-23 6Iv1

~Wekght lg-rnins 1I', 2

Diatzrine 'in Laciz.' t, animal'a iine

LI)50 1 da%.
t WC. IiL '_ent a ooiire9 werv useo &-no iii oli combined!

Distam2? tro 'arget toki
vPathogen3 free CiSBL 6 mice

t~ 9sltAnce from reactor cnero center to animal's inidlitte

Tuible V. R_,orted LD 50 /1i 3 V.alues for Sprague-Dawley Rats and
Associated Physical and Biological Factors

In ~-X ray Mixrd gamma-necutron, .adiatione

hio!igucal Hlager, and Rwift arnd 1 Present Swt and Prerent

,L0' itmonq& Take&
9  

Asct Take" -
t
uy

LP, days fi-ed R 714 rads 740 rads ~256 rada 434 ritds

iF o gumn na 200 2530 25. 1 -3:2
miii ron 14110

lIV!, mnm (AA) 0.* 95 .1 .

1 I)cm S 12100 292+

Doee rate 12 R. inm 5 5 I, viiii 21 raeds.i m 1 20 ri.ds/mmn

Foiqo.i ire geometry1  bilaterul buisteral unilaterali'u bilaterxC unilateral

laosr reported an midline air midline ilun Midline Iik -e mid ,in, ~5~ midline tIaeue

Sex J' ~ n

Age twpeksi I . 0I 10-12 Hi. 5-ill 12

WeigL (gramm) lai20 I~~-:150 250-350 250-3l50 250-350 J
Ditsnve fromv target t(, aiimail'o midlIne

IDintance fromy reactoc core eenter tii aiimal'o midline
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limited to the individlual laboratories fromn w hich thie initial wvork was reported.

Experimental and dcsine-Lric details needed to Q4-termlne the necessary correction.

fa~ctors have been ornittWd or inadequately described i~n m-any reports. The iiitzr-

laboratory cc-mpari,:on of results, in these cases, depends upon t~he Interpretation of

a-'aiia'ble information. Because ci these pro.blemis, no exhaustive attempt -was made

~ccmpr herslt f hsstdxith those of similar studies reported in the

lite-rature. In general. it can be stated that the r-esualts are consistent with the range

of vajues reported by 't-her investigators for the sa-me rodent qecies and strains

Tables 1V and V)

The temnporal distribution of deathi for mnice (Table I) and rats (Table Hi) indicates

that. the mice and rats exposed to reactor radiations have shorter survival times than

Ltheir x-rayv exposed counterparts. Valid comparison of survival times for animnals,

exposed to different so(-urces requires that the results from e, 4ual doses of these radia-

tions be, used. Since equal doses of the two radiations were not used in this study, the

,survival time regression, lines for both radiations were compared for the two rodent

species. Figures n and 9 show that the mnice and rats exposed to reactor radi-tions

have significantly shorter survival times~ than their x-ray exposed counterparts over

the dose range that was used in this study. Si'milar results were previously reported

by Some in vestigators 232 but not oy AL 17The earlier, mortality of mice and rats

irradiated with neutrons as compared with x- or gammna-irradiated mic, and rats has

bern1 attributed to greater gastrointestinal damage and earlier onset of bacteremia.

tinder the c-onditions of this s~ud-'v, the reavtor radiations were 1.4- and 1. 7 timres

more effective than the x rays ii, (:aULA.ig mortalities in mice and r, ;, respectively.

15



These valoes are consistent with the RBE vatues reported for othcr rc,'i'et strains

(Table VI).

Table VI. Reported RBE Values* for Fast Neutron Radiations
Relative to 250 kli;p x rays

[ ~Ga mma r ~iqen t.
IBE Strain Radiation source I amma |K~r C E enerl Aimiccontamination

MICE

1. I2-F #1 General Atomic TRICA Mark F Roactor 107 1

1.6 ICF #1. Croc-,r Radiation Laboratory 60-inch (.-?lotron < 0:r 3

I.7 CF # I Brookraven Reactor using U "converter plate" 7""

i CF #1 Los Alamos "Godiva" Reactor <5

2 CF 01 Argonne National Laboratory Cp-3' Hea y Water Reacuor -7 2 1

2.3 C3H Crocker Rzdi.ation Laboratory 60-inch Cyclotron <!0" 13

2.7 RF Los Alamos "(, .. va" Reactor 12 17

!. 5 RF Oak Ridge National Laboratory 86-inch Cyclotron small amount 20
1.3- C57BL, 127 14

6{ ITAL Reactor 1.2

1.4 C57BL/6 AFRRI-TRI(A Reactor -60 present stldv

2.8 Sprague- Crocker Radiation Laboratory 60-inch Cyclotron 97 19
Dawley

1.7 Sprgue- AFRRI-TRfGA Reactor 6,-0 preselt :ltdy

* LD5 0 , 30 values compared
+ Reported RBE value obtained by cotaparison with 6 Co results. Authors divided by 1.4 to normalize to an

RBE value having 250 kVp x rays as the standard.
Recalculated on basis , f improved n atron dosimetry
Pathogen free

V. SUMMARY

C57BL mtce and Sprague--Dawley Its were er-osed t,) whole-body doses of

mixed gamma-neutron radiations or 250 kVp x rax--. Radiations were delivetetd at

the rate of approximately 20 rads/min. All animals were irradiated unilaterally;



wever, using the !CRU classification, exposures were Class A for mice and Class

B moderately uniform for rats. The LD50/3O's (midline tissue ciuses) were calculated

to be 569 and 432 rads for mice exposed to x rays and reactor radiations, respec-

tivell-,. or the rat exposures, correspondi:g values were 740 and 434 rads. From

t-s- - I-esult,,, the RBE i calculated for the mLxt , gamma-neutron radiations were

1. 4 tor mice and 1. 7 for rats. Mice and rats ex osed to reactor radiations survived

shorter time than those mice and rats exposed to similar doses of x rays.

17
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