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IXTRODUCTIOX 

In attempts to make quantitative comparisons of the effects of fallout )'-radiation 
cxposure recein'd by the .:\Iarshallm>e with those of previous human and large 
animal expo:mre (1), it became necessary to consider the influence of exposme 
geometry on the tissue dose and on the pattern of dose deposition. It i>C'canw 
evident that., for the same dose expressed as roentgens measured free in air, in 
terms of whi!'h Pxposmes and LD50 values ha\·e been generally reported in thP 
literatme, the tissue dose could vary by as mueh as a factor of 2 or mon>. In thP 
presPnt \York, the influcnce of exposure geometry on the depth-do:-;e pattem in a 
large animal phantmi1 was im'estigate<l systematically, under the several cxpo:-;un• 
conditions frequently encountered in :-;ituations where large animals or man lm\·c 
been exprn;Pd to penetrating radiations. A more detailed treatment of the problem 
may he found in a current ~a val Medical Researeh Institute report (2). 

It will be apparent· that the biological effects of penetrating radiation must 
depcnd on the close "absorbed" in the tissues (3), not on the exposme re<"Pt\·ecl by 
the ambient air. Thus, mueh of the confusion that results from cxprc:-;:-;inµ; largP 
animal Pxprnmrcs in terms of air dose eoul<l be alleYiated by using tis:me clo:-;c to 
<'haral'krize an <'xpo:-;ure. The ne<"essity of using tissue dose has been reeognizPcl 
for many years by radiologists and is set forth in the 19:37 an<l 195:) re<'onunmda­
tions of the lntPrnational Commission on Radiologieal l~nits (4) and in the l!HO 
Te<"hnical Bulletin of the Radiologieal Society of Xorth Ameriea Standardization 
CommittPe (5). This practice has cleared up much of the confusion in elinil'al radio-

1 This research was supported hy the Atomic Energy Commis:.;ion and the :\av~· 

DC'partment. c'1. portion of this work was performed while three of the authors (\TB, JSH. 
CAS) were at the C.S.X. Radiologi<·al Defense J,aboratory, San Francisco. 

2 PrP~ented as part of a symposium at the Radiation Research Soeiety :.\Ieeting, Chieagn. 
Ill., :.\lay 17-1\J, l!J56. 
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EFFECTS OF EXPOSrHE GEO~tETHY 

tlwrapy, and tlw n'('f'nt tren<l toward following these reeommen<lations has aided 
in Pliminatinµ; apparf'nt disnepaneics in quantitative 1·omparisons of small animal 
radiation data. 'Vith larµ;f' animals and man, however, added prohlPms entf'r that 
ma kP t lw ;-;it uation mon' diffi<"ult. In the first plaee, undPr many praetil'al PX­
po;-;urp ('OIHlitions, 1111/.11 th<' monitored air dose will /Jc a!'ailable or rradily calc11labfr 
of th" time. Tlws. in moniton•d exposurps or in radiation a<"<"idPnts around rpadors 
or ot hpr mwlPar nuwhinPs, or after exposures to the initial or to fallout ')'-radiations 
from an atomi(· bomb, only the <lose measured in air will bf' antilable. Sc('ond, 
:-inl'<' th(' dosp df'livered to different tissues with "wholP-body" exposun•s of Jarµ;<' 
animals 1·an vary quite markedly un<lcr some C'onditiom; of expostll'f', as will lw 
sppn, it is fr<'quently not possible to ('haraeterizc an cxposme with a sing!<' tis8UP 
dos!'. l'nlikc the 1-;ituation of relatively uniform dos(' di8tribution in 8mall animal 
PXJ)O"ltn's, it hP('Omf'I' \'f'ry diffic:ult to de<"ide what is the lm·us of prinw intf'rPst in 
t lw larg-e animal Pxprnmre situation, and whic·h of the myriad possible "tissue 
dosPs" to U8f'. Similar 1·onsiderations enter in the sterilization of bulky foodstuffs 
with ionizing radiations (6). For thPsc remmns it appean•d usd'td to inw;;tigate the 
<kpt h-do,.;e pattern;; umlf'r the various expo;;ure gponwtries, and to !'ompare th<' 
s<'\·pra] do:;p distributions with large animal expo:;mp data as obtained from the 
p11hlishPd literaturP. 

TPrn1s WiPd in this report ('Onform to the re('omme11<latio11s of national and 
intPrnational 1·ommitteei:i (.L 5). Dose and exposure arc used inter!'hangf'ahly. 
"Fr<'P air do:;p" or "air dose" indirates the do;;e measured free in air in the absen<'e 
of animal. phantom, or expmmre equipment. l'nles;; otherwise spP<'ificd, this refers 
to t lw do8P as it has been <·onventionally measured at a point in spac·e c·01Te8po11d­
i11!-!: to th<' proximal skin :-mrfa<'e (the side nearest the• radiation soun·e) of thP 
animal or phmtom ,,·hpn it is later put in plaC'e for irradiation. This i::; termed 
mon' Pxplil'itly thP "f'ntranee air close" and is expre::;sed in roPntgPns. Air dose:-; 
at ot lwr point:; in spa<·c are easily approximated under most c·in·umstarn'Pl:i by usP 
of th<' invPrsP squar<' law. Dose measured with the dosimeter embedded at any 
position \\·ithin tlw animal or phantom in plaee for ina<liatio11 is ternwcl "ti8i'llll' 
dos<'," also Pxpn'i:ised in nJPntgens; thus, "entranee tissue dose," "midline tis;;ue 
dosp," "Pxit tisstie dose>." Tiss\lf' doses are not C'Onverted to absorlwd close (.'t), 
PxpressPd in "rads,"3 hc•1·aus<' of thP uneertainty of the c·om·ersion faetor for tisi:iU<' 
dose under somP <·ondit ions dii:i<'Usi:icd, and because of the <'Oni:iidPrahlP niriation 
of tlw <·on\·Pl'sion fa!'tor with different tissues (7, 8). 

'~Pl' rPferpm·p~ 4. 7, and 8. Tissue dose refer, onl~- to the ionization men,ured by tlw dPteetor 
<'InhPd11Pd in t hP material being irradiated and 11s11all~· does not indicate accurately the ah­
"orhPd do~P, i.P., the ett<'rg~- p<'r unit mass depo~ited in the irradiated material, here ti,,ue or 
unit d<>11,.;it~· nrntPrial. Over mu!'h of the range of radiation energies usually of interest in large' 
animal \rnrk. from 250 kvp to 1.5 :\Iev or higher, the tissue dose will he pqual to the ahsorhPd 
do,.;p in !Pall ti:<~llP. exprpssed as rads (100 ergs/gm), to withi11 10% or better. :\I1wh laq.?;Pr 
di,-< 0 rPpa11!'ie,; ul·c·11r in ho11P. 
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.\ \rnrd :-;hould he said initially regarding the possible applirntion to the problem 
of tlw Yast amount of dosimetry data that hm; been pnhli:,;Jwd in ('onneetion \\ith 
1·linil'al radiation t hPrnpy. :\I o;;t clinieal radiothPrnpy Pxpo:·mn's differ funda­
nwntally from tlw "total-body" exposures con:;idPred hPrP in that the object of 
tlw on<· is to obtain loealizf'd, l'in·umseribed partial-body irradiation of a diseased 
arPa, \\'hPJ'('as th<· ohjPet of the other usually is to obtain thP sanw df'grPe of ex­
posun•s to nil tissuPs of the body. The one u:;ually attPmpt;; to narrm\· tlw beam 
by 1·ollimation or h>· thP use of ports; the other requin's a lwam suffiC'iPntl>· broad 
to <'xposp t lw Pill ii'(• irradiatPd ohje<'t. Thw;, thP uumProus dPpt h-dosP figurPs 
publislwd for rndiotlwrapists (9) usually C'annot I)(' <·arriPd direl'tly to thf' "total­
hody" <'XposmP ;;ituatiun. although the l'lllTe:; ohtaim·d \\·ith \'Pr>· largP arPa ports 
apply approxirnatPl>· in sonw situations. Si1H'e tlw <h'pt h-dosp pattPrn \\·ith ''total­
hod>·'' irradiation is highly depPndent on tlw prPcisP 1·01Hlitions of PxposmP, it i:-; 
not pr:u·ti<'al to 1·ompile <·omplete tables of depth-dost' ntlm's for refprern·P. ThP 
pat tprns to hP prPs<'ntPd hNP obviously apply st.rid ly only to t lw spp1·iffr 1·on­
dition;; Pmplo>·Pd. 

EXPERL\IENTAL PIWCEIHTHE 

Tlw Pxpo;;mP gpometries c·onsidered, all described mmP fully belo\\', inc·lude 
u11ilatPral, hilatPl'al, rnultiport, rotational, ring, and -171' exposmPs in thP laboratory, 
and <'Xposme to immediate and fallout ')'-radiations in tlw fi.Pld .. \ <·ylindrical 
:\lm;onil<' phantom :Z!i cm long and 26 cm in diameter, C'OITPspo11di11g; to a :)2-inch 
\\·aist, wa,.: l'XJHN'd tu1dPr ea!'h of the laboratory eonditions li:-ted. The density of 
thP :\lasonitP \\'as l .Oi>. This phantom oln·iou:-ily does not rPprPsent l·xactl~· th1· 
PssPntially oval 1·onfiguration of man in cross sedion in the region of thP tnmk, 
but it was felt to he a suffi!'icnt.ly elose approximation. A diagram of thl' Pxposlll'P 
1·orHlitions for a "point" source is shown in Fig. I for rdPl'PlH'e purposes .. \ targPt­
to-"skin" distance (TSD) of 100 em was used for all exposmps unlPss otlwrn·i,.;p 
indi!'atPd. :-ltudiPs showPd that lengthening the <'ylindri1·al phantom hP.\'ond tlw 

B 

F11;. I. ~<"hPm:t1ir· di:qi;ram ,.:howin~ method of exposure of a i\fo,onitP phnntom to a "point" 
,.:ouree of X- or 1-radiation. 
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F1<;. ·> Cobalt "mrc·p for -lir geometry expoH11res, located at the :S-aval :\Icdi!'al BPst>ar<'h 
Instit11te, BetheHda, Maryland. 

:!ti t'lll did 11ot altPr the dPpth-dm;p c·mTeH detc>l'tahly. Tlw laboratory radiation for 
most of t hP c·xposmps wm; Co60 y-rays. As will he HePll, high n>ltage (2;)0 to 2000 
kYp) \rnuld la\'P HPITPd ai-; \YPll for most exposures; howe\·er, the use of Co 60 al­
lmYPcl mon• dirpc·t !'omparison of the geometry effe<'t with some exposttrPs 11ot 
attainable with X-rayH (ring, -J.7r, and field exposurPs) . .:\ diagram of thP l'olmlt. 
µ:Ptl!'rator usPd for hilatf'ral, !'l'OHsfire, ring, and -J.7r exposurP8 is 8hown in Fig. 2.~ 

(~!'<' rpfen•tI<'<' JO for a dPH<Tiptio11 of the apparatus.) 
For eHH<'ntiall.'' all laboratory dosimetry, the Hanw IOO-r-c·apiwity \"ic·ton'Pll 

thimble· duunlwr and diarger-rcader were employed. For a few low do:-;e-ratP 
PxposurPs "·it h t lw hilatPral and ring exposures, a I 0-r-c·apa<'ity Victoreen thimhlP 
t·luunh<'r, intPr<'ldihratPd with the 100-r <'hamber, was usPd. The <'hambers \\'Pl'l' 
c•mliPddPd in a thin, dose-fitting plast.ic 8hell which was, in turn, inserted into 
dosPl,V mad1inPd IHMs drilled in the :Vlasonite phantom. Thus, thP phantom \\'as 
<'HSP11tially Holid during Pxposure. The same observer took all laboratory meaHllr<'­
mPnts. Tlw phantom measurements in the field were made with thin-walled flie\·Pl't­
typ<' ionization <'hamhPrs embedded throughout the thieknes8 of the phantom. 
For mPasur<'nw11t of y-radiation in the fallout field, the 1·hamlwrs \\'el"f' <'ndoHed 
in HufffriPnt 1·oppPr to exclude 11-radiation. The thimble c·hamber measurement8 
did not allo\\' ac·c·urntP c·haraderization of the depth-do8e pattern at the 81ll'fa<·<' 
and just be1wath the surfaee of the phantom. Sinee only relative measuremelltH 
\\'N<' used in tlw phantom measurements, absolute l'alibration of the <'hamhPrn 
ust>d was not nec·esHary. Cun·es were not eorreeted for in vPrse :,;q uare falloff, :-;in<'l' 

1 ThP author~ are indelitrd to Capt. \Y. E. Kellum, former Commanding Officer oft he :\a val 
.\lPdil'al HP,Par<'h In,titute, and Capt. 0. E. Van der Aue, present Commanding Offil'er. for 
their coop••n•t ion in making available the cobalt irradiator for these ><tu<lies. 
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FH:. :3. {-nilateral Pxposure depth-dose curves in a :\fosonite phantom for differ<>n1 <>nPrgy 
radiations; depth dose expressed as per rent of Pntrance air dose. 

it wai:; dci:;ired to present depth-dose patterns as actually obse1Ted and s11H·e m­
\"C'l'se square' r·m-rrdions c·an be applied by the readcr, if desired. 

RESULTS 

The depth-dose curves obtained for the various exposure conditions are shmrn 
in Figs. :~ and -1-. In these figures, the tissue <lose is expressed as per C'ent of thr 
pntrance air dose. Additional theoretical and analyti<'al treatmcnt of thP se\·cral 
exposure situations is giYen in reference 2. 

C11ilatcral exposure. In Fig. :), the depth-dose patterns obtained with :250- and 
2000-k\·p X-rays, Co 60 , and the initial bomb ')'-radiations are shmrn for r·om­
parison. In all rnses the total dm;e is delivered in a single cxposme from one sidP 
of the phantom.:, It is apparent from the figure that marked nonuniformity of 

5 ThP tPrrn "unilatPral" is applied for convenience to the exposure to the initial 1-radiation 
from tin• atomie bomb, even thoug;h an appreciable component of the total closf' 1mdouhtPcll~­
j,; n•r·Pived from the lateral and distal aspects of the phantom. 
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F1<;. ·L !Jepth-dosP <"llrvPs for Co"" y-radiation in .\lasonite phantom material for sevNal 
pxposure geomPtri!'s; depth dose cxpress!'d as per cent of Pntrance air dos!'. 

do:;e depm;ition results ewn with highly energetic· radiations, and that with this 
type of ''total-body" exposure the distal surfaee may receive only a very small 

percentage of thP ''dose" that the phantom or animal, by eonvention, is said to 

have re«ein-d. The marked falloff in dose results both from absorption in the 

phantom and from the im·erse square effect. (By inverse square effec-t ·alone, the 
doHe at the distal side, B (Fig. 1 ), is (i3 % of the entranee air dose (see reference 

:2) .) 

Bilalfral c.rposurc. ht an effort to overcome the marked laek of uniformity of 

depth dose obtained with unilateral exposure, a number of inwHtigators ha\·e 
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emplo)wl tlw "bilateral exposure" technique (see the excellent work of Tullis, 11 ). 

This pro<·PdurP is identieal to the unilateral exposure, exeept that one-half of the 
"total dose" is administf'rPd from eaeh side. Thus, if a total of ":mo r" is to be 
gi \'!'n, J.iO r as mPasmed frpe in air at the proximal skin smfa<'e is gi,·en from sidP 
:I (Fig. I). The rPmaining 150 r is then administered from side B. The depth-dose 
pattem for Pad1 sPparnte exposlll'f' to Co60 ')'-rays and the total obtained by c·om­
hininµ; tlw Yahws ohtainPd \Yith Paeh separate exposme are shown in Fig. -LI. 

It <·an hP sPPn from the <'lll'\'f' that the tissue drn>e throughout tlH' phantom is 
renrnrkahl~· uniform ,,·lwn c·ontrasted with that obtainPd with unilatPral exposure, 
and that a maximum ntriation of only 7 3 is obtai1wd in tra,·ersing thP phantom. 
Of ('(11ial i111p11rla11rr, lwwcl'cr, is /he fact Iha/ /he /issue do11c al no point in /he phan­
/llm <'.ff<'('(/s 62 % r~f /he en/ranee air dose, /lw dose that the phantom, /1y co111·cnli1111, is 
said lo har1· r1·u·i1·erl. The reason for this dis<·repan<'y Jips mainly in the fact thn'.. 
during Pa<'h half-PxposnrP, the distal side of the phantom is re<·eiYing only a \'cry 
smal 1 pN<·en t age of t lw dosP rP<'Pin~d by the proximal side, and, on adding_ t lw 
half-<·xposmPs, thP total falls far :,;hort of the dose i'iaid to lut\'l' bec>n gi,·en (see 
ttndpr "<Tossfirc" PXpOi'iUl'P lwlow for additional reasons). 

lf -tlw midlit1P air dosP, instead of t.he entran!'e air dose, is taken as the total 
exposurp, the l'Psult ing <'lll'\'C retains the shape noted abon~, but beeomes 70 o/,; 

(inst Pad of ;j;j %) at the midline. Thi:,; applies to unilateral irradiation as well. 
Thrn; it is sepn that use of the midlinc rather than the cntrarn·e air doi'ie tends to 

Pqualize the tissue dose and the total air dose, but doc::; not aecomplish this fully . 
.1/ 111/ilatn al e.rp1181m'. In an effort furthl•r to imprm·e the pattem of dose deposi­

tion, or in some stated instan<'es to simulate fallout '¥-radiation, seYPral inYPsti­
gators lm\·p utilizPd more complicated exposure procedures, sueh as multilateral, 
rotational, ring, <'.rossfire, or -171" geometrics. By multilateral is meant "total-body" 
expoi'illl'P as with bilateral exposure, except that smaller equal fractions of thP 
"tot al dose"' arf' deli,·ercd from more than two "sides." For example, onc>-fourth 
of tlw total dose is delivered to each of four !}0-degrce intervals around the body 
ax1:-;. 

TIH' depth-doi'iP pat!Prn obtained (four equal exposures) is i>ihown as <'lUTe d, 

Fig. -1.1. It is ,.;een that this is no improvement over bilateral exposure. The batii<· 
diffi<'nlty of bilatPral PXpos111·p is not <'Orreeted, sinee with each fraetional exposun•, 
thl' distal side always rcecivPs a very small per cent of the entrance air expoi'iurP 
doi'iP. It c·an be i'ihown easily that, independent of the number of expotiures caniPd 
out in this fashion, and as a result of symmetry, the midline dose remains tlw 
:-ianw. Tlw doi'ie at .1 and B (Fig. 1) dec·reases less than 2 % in going from bilateral 
to multilatPral (any number of exposures) geometry. Similarly, the dose at inter­
nwdiatl' pointi'i stl<'h as (' and J) (Fig. 1) <'hanges only by a very fe\\· per 1·ent a;; 
tlw numlwr of fractional exposures i::; increased. 
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Hu!a/i1111a/ 1'.rpusurc.r. This t~·pe of cxpmmre in which the sourl'e i8 hxcd and the 
phantom i,..; allm,·cd to rotatP 011 its \'erti<"al axis l'an I)(' regarded as the limiting 
1·a,..;p of mult ilatPral Pxp<Nln', and the cun·p essentially superimposes on that for 
multilatPral Pxposun• (l·urn' d, Fig. -L1). Thus, thNe is no acfrantagc of this 
t~·1w of Pxp1ismc m·pr tlw bilateral or multiport geonwtries. l<kntirnl rPsults are' 
ohtainPd if thP phantom is held l'onstant and the sour<"e is allowed to reYoln:­
ahout t lw phantom at a <·on:-;tant TSD of 100 <'111. 

Cro.~.~tirl' f!'ch11ir11u•. With the <·ro:-;shre te<'hniqll<', only a single PXpo:-;ure from t\Yo 
oppo,;ing "point'' :-;oun·ps energizPd :-;imultaneously i:; used, as oppo:-;ed to the 
hilatPral tP<'hniquc in whi1·h two cxpmmre:-;, hn;t one sidP and tlwn the other, arc 
made with a singlP :-;011n·e. The resulting do:-;e pattern is shmn1 as l'lll'\'C a, Fig . 

. -IB. It is apparPnt that thP :-;hape of the <·un·p is nPgligihly diffPrPnt from that 
ohtainPd with bilat<>rnl, mult ilatcral, or rotational teC'hniqucs, and that the ti:-;:-;nc 
do:-;p j:-; :-;till <·onsidPrahl:v bdow the air exposure dose that the phantom i:-; t-iaid to 
ban' rP<'Pin•d. 

The rPason for the low tissue do:-;c relative to air dose may not be immediately 
apparent, sill<'<' with <'rossfire te<"hniq ue the air do:-;e throughout the expos me 
\'olunw is PssPntiall.\· 1·011stant. It is easily SC'Cll, howe\·er, if one <"onsiders that as 
soon as tlw animal or phantom is introduee<l the "skin" dose at either Hide (and 
throughout tlw phantom) immediately drops <"onsiderably because of absorption 
in tlw ti:-;suP or phantom. Thu;;;, the entire l'Urve is well below the entrance air dmw. 

ThP 1·ro:-;.-;hn• <·un·p is higlwr than the bilateral c·un·e beeause of what might be 
regarded a:-; an art ifad of do:-;imctry resulting from the manner in whid1 air dose 
is nwasured with tlw t\\'11 tP1·l111iques. ThiH l'all he Heen as follows: \Vith the bilateral 
t<'<·lrniqtH'. thP total air "dosP" administered is the ::;um of two entrance air dosPs 
from the two half-<>xpo:-;im•s. \Vith the <"ro8sfire technique, the total air "dose" 
giYPn is the :-;mn of the cntranr·r air dose from one maehine and the r.rit air dose 
from the opposite mad1ine (less by inYersc square). Thus the total air "dose" with 
<·ro:-;:-;hre nwasurpd at eitlwr surfol'e of the expo8ure \'olume (A or B, Fig. I), is ll'8s 
than with hilatPral, and the tissue dose, in terms of the per cent of air ''dose," iH 
<'OlTPspondingly greater. It should be noted that exposure with <T08sfire for one 
half tlw total lime for both l.alf-exposures with bilateral (two tubes on simultane­
ously with cTOst-ihrP) yields a tissue-dose l'lllTe that Huperimposes on the bilateral 
<'lllT<'. :-li1wc, as noted, the air doHe for the Hamc total time is less with l'rosshrP, 
hmn'\'Pr, the cxpo:-;ure tinw with <TOSHfire for the same total air "dose" is lun(lel' 

,; Thi' nwthod of exposure shoulcl be elearly differentiated from the multiple-port or rot a­
t ional Pxpo,un• ll~Pd in radiot hernpy of tumors. In the elinir, a collimated beam is emplo~·ed 
\\'hil-h at am· 1-(iVPn time Pxposf's, in theor~·. on!~· the tumor mass and u small volnnw of ovPr­
lying ,-kin and tissuP at an>· instant. Tlrns, with multiple-port or rotational thcrap~·. the dPPp 
tumor. al\\'a>·s in thP fi<•ld, rPc·Pives a maximum dose and any given portion of ovPrl>·ing skin 
ret·l'ivP:-; a rnininuun do:-;e. 
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than one-half tlw total time for bilateral, and thP depth-dose c·un·e is thws abU\·e 
that for hilatPral. 

Tints, thP diff Pn•nee noted is seen to result from the inverse square pffeet. It is 
important, hmn'vN, to note that, although the C'l'Ossfire tel'hnique has taken into 
a<·<·o111it to a degr<'<' the i1werse square effect, it has not, of !'nurse, in any »ensl' 
Plirninatpd tlw clfrd. It has :weraged the entranee and exit exposml' dosPs, and 
thus has rnispd the depth-dose c·urve, somewhat as might rPsult if invPrse squan• 
\\·prp 1wgligihle . .\n identical »uperimposed c·mw is obtained if, with bilateral, tlw 
avpragP of tlw PntrUJH'e and exit doses is used as thP "air dosP," instead of the Pn­
tralI<'P air dmw with Paeh half-exposurr. If thP midline air dose is used with bi­
latPral PxposmP, tlw c·mTe is essentially idPntieal in shape to thP crossfire eurve, 
but i8 plac·c>d a short distance above it. Of importance latf'r in <'onsidering the 
<'UITe for fallout radiation, if the half-exprnmre c·un·es for bilateral radiation arP 
<'otTedPd for itn-c>rse squarP falloff before addition, the resulting c·u1TP, although 
pla<'cd at approximately the \e\·el of the crossfire c·urn', is rnnsiclPrahly flatter than 
the C'rossfirc c·uITe (i0.;j3 at the edges, 69.03 at the midli1w). 

Hi11y rznrl ./7r c.rposmcs. 'Vith ring geometry, the phantom is at the ('enter of a 
('01wentri<· ring of fixed sources (any of the ''bands" Hhmrn in Fig. 2). The phantom 
placed in the geometric center of the 'Y-ray generator shmn1 in Fig. 2 is exposed 
under conditions closely approaching a 47r geometry. Tlw depth-dose pattern for 
both Pxposures is shown as curve b, Fig. 4B. They an' essentially identical and arc 
ncglig;ihl.v different from those obtained with the c·rossfire technique. These typc>s 
of PxposurP can be c'.onsidered to bear a similar relationship to crossfire exposurt:>. 
as docs multilateral or rotational exposure to the bilateral technique. Inwrsc 
square is taken into account to a degree, but is not <'orreded for or eliminated. 

Bom/J, im:tial -y-rcu.liation. The measured depth-dm;e c·un·e in phantom material 
exposed to the initial 'Y-radiation from a nuclear de\'i<'e is shown as curve c, Fig. 
:), and as <'UJ'\"e b, Fig. 4C. The phantom employed was a <'ylinder measuring 23 
c·m in diameter, and measurements were taken approximately :) feet above the 
ground. It i8 apparent that, although the rate of falloff of do8e in tissue is still 
appre<'iable in a thickness of tissue approximating man, the exit dose of approxi­
mately i),') 3 is well ahm·e the ,·alue of approximately :W 3 for Co60 'Y-radiation in 
thP laboratory. This is consistent with theory (12, 13) and other ohsen·ations 
(J.;). The linear absorption coefficient for bomb immediate 'Y-radiation observed at 
distanc·ps of biological interest (quoted on page \l7 of referen<'e 1.4) ean he c011-
,·e1ted to the> mass ab~mrption coefficient that will apply to the phantom matf'rial 
hy c·orreeting for the small difference in electron density and for im·erse squarP 
(no det e(·t ablc falloff through the 26-cm phantom) .. \pplieation of the absorption 
c·oeffi<'iPnt thus derived yields a depth-dose curve essentially identical to that 
ohserwd. A similar, more approximate result is obtained hy using the good geom­
etr~· c·oeffi.C'ient for -y-ray8 of sewral ~le\· and applying thP appropriatP build-up 
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fa('tors, in a<·<·ordan('e with the theories of Spencer and Fano (13, 15), as extended 
and applil'd h~- otlwrs (Jii; also Loe,·inger rt al. in reference 8). 

8()/11/1, fallu11/ -y-1adiatio11. Tlw depth-close <·urYe obtained for Pxposure in a 
-y-rny field from fallout is shown a:,; c·mTe a in Fig. -tC (the emTe is trnncate<l 
and doPs not indirntP t lw skin do;;e). This c·urTP was measurPd in a fallout fiPld ( !), 
and th<· air dose• is that nwusured by Sie\·ert ionization chamlwrs enc·losPCI in 
s11tii<·i!•11t <'oppc•r to Pxdu<ll' /)-radiation. The phantom actually used wa:; 23 l'll1 in 
dianH'tl'r: 1 lw c·mTP was flat throughout the phantom as measurPd with thin­
wallPd :-;ip\·prt diamhPrs that mea;;mwl -y-radiation, as well as energPtie 6-radiation 
if prPs<'nt. Tl11· fiat <'Pntral portion of the <'ll!Te is, of !'ounw, due to -y-ra<liation 

. only. ThP n·latin·ly high do:;es at the edge:; (as high 011 the surfac·e as fifty times 
t lw midlinP dosp) m·mltPd from addition of -y-rndiation and p- or \·cry km· energy 
-y-rndiat ion, not nwasured by the -y-ray :;un·ey instruments used to dPtermine air 
dosl'. It is apparPnt from the c·un·e that thP -y-ra<liation dm;p throughout the 
phantom is p:-;spntially <·onstant, exeept at the skin smfa('e. 

It is possible to c·on:-;truct \'Cry approximately the depth-do:-;e eun·e to be ex­
P<'<'l <'d in the ,;pmi-infinitP plane fallout situation, m;ing a smm·p spPctrum for the 
fallollt fiPld (1 ), approximate build-up faetors (2) rnlrnlated from the theories of 
:-\pPn!'Pr and Fano (! J, /6'), and the geometric·al c·onsi<lerations den loped in the 
pn'."<'llt papl'r. Tll<' re:-;ulting c·u1Te is essentially flat as in the experimental c·urve; 
howPn-r, th!' midline ti:-;sue dose with the caleulate<l c·urY<' is approximately i3 % 
of tlw <'ntra1wp air <los<'. The Pxplanation for this differe1l!'e hPtwPen thP cakulatPd 
and ob:-;pn·ed c·un·e i:-; not apparent. 

It i:-; pointed out that with both initial and fallout -y-ray Pxpmmres the dose i8 
p,;:-;c•ntially uniform a:-; one goes from one encl of the phantom to the other. Thi:-; is 
in c·ontrast to all the laboratory geometries <lescrilw<l and i:-; approaeheci only \\·ith 
-l7T < •xpos\ll'P. 

D ISCL'SSIOX 

( 'umparison id depth-dosr patterns. In the preceding results, the marked differences 
in ti:-;sue dosl', obtained with different exposure geometries for the same air dose as 
<·onYPntionally expn's:-;ed, ha\·e been stre:-;se<l. The large di::wrepaueies possible 
must he kPpt in mind when only the air dose is quoted or is axailahle. It is seen 
that no laboratory radiation:; as they have been employed quantitatin'ly simulate 
t lw initial or fallout -y-radiations from the atomic bomb. Perhap:-; more striking 
than tlw <liffc'n'nc·e:-;, however, is the marked similarity of the depth-dose patterns 
for most of the Pxposure situations, and their essential identity if thP artifaet of 
Pxpre:-;:-;ing dose in term:-; of that received by the air rather than the tissues <'oulcl he 
abandoned. The geometric:-; fall into two basic categories~unilateral expo8ure, and 
a :-<el'ond to in<'il!d<' all thP other types eonsidere<l. With the exc·eption of unilateral 
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Pxpmmn'. all thosp c·<msidC'red yield reasonably flat or uniform depth-dose pat­
tt>ms ( 11, 17). 

Tlw rPlatio11ship of tiw midline tis:·me dose to the entraIH'P air dose, for an~· 
<'xposun· µ;pom<'tr.Y, will Yary <'Onsiderably with beam energy, targPt-to-skiu 
distar1<·P, and animal thiC'kness. The shape of the depth-dose <'lll"\'PS (pssentially 
fiat) for all g;Pouiet ri<'s except unilateral exposur<' is remarkably inspnsiti\'e to 
t lwsP factors for radiations and exposure <'onditions eornmonly usPd for largP 
animal irradiations (200- to 2000-k\·p X-rays, C'o60 !'-rays). As the lwam energy 
hel'omes lo\\' (pradi<'ally at about 100 kYp), or ,,·ith animals of \'NY large diamPtPr 
(as with hmros), the midline tis~;ue dose bP<'OlllP8 Yanishingly small c·ompared to 
tlw Pntran<'c air or entranre tissue dm;e;;, and tlw depth-dosp 1·un·e is far from 
fiat.. This typ<' of "energy depende11<'P" of biolo!!;i<'al pffel't has hPPll iunstigatPd 
quantitatin~ly (17~!9). It should be noted that, although fallout )'-radiation has 
hePn termed "soft," only a YPry small pereentagP of the primary hPam is lwlow 
I 00 to 200 kP\' und<'r most practical l'ir('urnst arn:es (I). Th UH thP fallout )'-radiation 
must hP <'onsidPrcd 4uite pPnetrating in term:-i of hiologi<'al pffel'tiYPnes:-1. 

Correlation of depth-dose patterns with biulouical 1'.fffft. From the depth-doH<' 
1·011:;i<lcrations outlined above, wide variations in tlw dose required for a giw~n 
biologic·al effect, expressed as air dose, would be exp<'<'t<'d \\·ith diffl'rPnt expnsur<' 
<'OnditionR. A glan<'e at Tables I and II, in whil'h larg<' animal mortality data 
from the literature are l'Ollccted, shows thiH to lw tnw. Tlw LD5o ,·aluPs for dogs 
and swinP are given in the table8 in terms of Pntra111·p air do:-;e, as w<>ll as in tPrms 
of the Pntrance, midline, and exit tissue dosPs. 

A better eo1Telation hPtween drn;e and dfed would ll<' PXpPl'ted if ti:-1Hue dos<' is 
used unlPss (1) marked differences in the shape of tLP dPpth-dose pattern Pxist, 
(2) a trne energy depPndenf'e of biological pffeet is present, or (:3) strain differern·t,s 
in the degreP of biologic·al effect exi:;t. If tlw LD5o \'alues arP 1·onsiderPd for bi­
lateral X-irradiation, in which the depth-doRe <'tll'\'es are flat, the sewral LDw 
values obtained an' remarkably dose in termH of tlw midli1w tissue dosPs for both 
dogs and S\\·ine. Si1we the determinations were made by sevPral investigators undPr 
different <·onditions, this indil'ates a marked ia<·k of sen:;itivity of the LD00 ,·alue 
on X-ray lwam energy (O\·pr the range employed), TSD, animal :;train used, or 
small ,·ariations in tlw essentially flat depth-dos<' pattems Pmployed. AppreeiahlP 
differe111·Ps in LD 5o, expressed as midline doRe, o<·eur only when the dPpth-do:-1e 
pattern is alte1·pd markedly (as with unilateral PXposure ), or whPn Co 60 ')'-irradia­
tion is used. 

l 'nilateral expo:;urP yiPlds higher LDoo valueH in the laboratory, as might hP 
PXpP<'ted in c·onsidering the relatively little-exposed tissues 011 the distal side (,;e<' 
studiPs 011 the effect of Rpleen and hone marrow shielding in references 27 and 28). 
Expressing the LD.>o as midline tissue dose does not bring the ,·aluPs for unilateral 
expo:-1ure,; under diff PrPnt laboratory eonditions into agrPPment, nor does it allo\\' 
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EFFECTS OF EXPOSrRE GEO:l.lETRY 

quantitatin• <"omparison with bilateral expo::mres. Eviden<"e from small animal 
data has been pre:-;ented indil'ating that the exit ti8i:me do8e might hr the lwst 
single paranwtpr in tPrms of \\'hieh to expre8s unilateral expmmre (29, .JO). Tlw 
small amount of Jata antilable are not 8Uffieient to entluate this relation::;hip in 
largP animab .. \!though ,,·ith bilateral and the more eomplieated Pxposurt' geom­
Ptrit>s us<' of t lw midi inc' tissue dose appears to normalize the LD&o ,·ahtPs, no 
1·IPar-1·11t sini1;le paranwtff appears to exist for unilateral exposure. 

It has hPen suggPstPd that integral dose or gram roPntgcns might be a :mitable 
mPa:•lll'<' of dos<' for <'Omparing "total-body" rxposures. Grahn and SaC"her (18) 
i1ffrstigatPd this possibility using rabbits and miC'e exposed to different mPrgy 
radiations and found that integral dose did not normalize the LD&o YaluPs. Tlwse 
rPsults, toirPther with data from partial-body irradiation (31), indil'atc that the 
<'OJH·Ppt of gram rorntµ;Pns or integral dose i::; not useful in al'ute irradiation LDoo 
studies. 

"Cnilateral" exprnmre to tlw atomi1· bomb immediate ')'-radiation appeared to 
\Jp more pffectin' than unilateral, and perhaps more effectiYe than bilateral ir­
radiation in the laboratory (bomb 'Y-rays were found to he equally pffecti\'C as 
laboratory X-radiation in mil'e; see reference 32). The explanation for this may 
Ii<' in unevaluated geonwtry or energy factors, or it may lie in biological fadors. 
:\ neutron eontribution rnnnot be Pxcludc<l definitely. The LD 5u value:-; \Vere ob­
tained in a singlP Pxposure with relatively few animals. The swine used were mueh 
smaller than those used in the laboratory (24). 

From the dog and swine data in Tables I and II, an intrinsie energy depeudcnl'c 
in going from high-energy X-radiation to undegraded Co 60 ')'-radiation appears to 
exist. The higher LD 50 for swine expm;ed to Co60 ')'-radiation at Oak Hidgc l'Ould 
be largely explained on the basis of the low dose rate employed (33, .34); howewr, 
no such explanation applies to the Co 60 data obtained on <logs at HoehestPr. There 
arc considerable data indicating a possible low effeetiveness of Co60 and other 
'¥-radiations eompared to high-energy X-radiation (35-,fa). The data are not 
,.;ufficient to indieatc to what degree the apparent differenee re::mlts from a trne 
e>ncrgy depende1ll'e, and how much is explieable on dosimetric or other grounds. 
At any rate, the difference probably does not exceed 10 or 15 %, mueh less than 
l'an result from exposure geometry <lifferenees. 

The <lisncpancies among air-dose LD,o ,·aluc:s is considerably larger for s\\·iue 
than for dogs (Table;; I and II), and the <lifferenees in LD50 values for unilateral 
radiation, hmrn\·er expressed, appear to he greater for swine than for <logs. This 
would be expeetecl, since energy and geometry faetors become more pronouneed 
as animal size is in!'l'eased. Thus, even dogs are not suffieiently large to allm,· 
dirPct quantitative l'omparisomi with man, and animals the size of adult human 
hPings should be used for this purpose. 

Biologi<'al data for multiport, rotational, and ('l'Ossfire exposurp are anlilable 

• 



;)()8 BO:'\D, <'HOXKITE, SOXDHAGS, Il\IIHrn, HOBEHTSOX, .\:'\D BOHCi 

for rabbit:; or monkPy:-; only (18, .H-.H). These data, though meagPr, arP in agreP­
ment with what must. follow from geometri<'al eonsiderntions (2). :\o data \YerP 
antilahlP for ring or -f7r expmmrPs. If exposures are exprpssPd as midline tissue 
dosps and possihlP intrirn;ic· t'llPrgy <lepen<lcn<'e is ncgk·<'tl'd, all rnd1 l'ompli<'atPd 
laboratory sour(•ps and fallout )'-radiation nrn;;t yield PSsentiall~· i(knti<'al rPsults. 

f,/) 5,, fur man. Tlw c·on;;ideration of the geonwtry of exposurP and hPam Ptwrgy 
l)('ar hPa\·ily on tlw LD5u ,·alue for man. Thi:; \·aluP has bePn assunwd to lw in the 
r:rngP of .+OO to.)()(} r (.):j); hm,·evPr, the figme is of c·our,.:c an PstimatP, and the <'Oll­

dition>' of ('XPO>'lln' arP not spP<'ified. rt will he p\·ident from the ptT>'Pnt papN that 
:my n1lue a,.:,.,ig1wd j,.: nwaninglp,.:s unle>'s tlw <'ondition,: of expo>'ure and tlw exad 
nwt hod of PXprP,:sing dose at'P speC'ifiell. 

ThPn• an• no adPqua.tc :-;oun·es of human data from whi(·h the LD51• for man 
c·an lw sati:-;fadorily <'8timatPd. :\Pither biologiC'al nm· physic·al dosP data' from thP 
bombings of Hiroshima and ::'\agasaki are :mffi(·iPnt to allow nwre than an order­
of-magnitudr> Pstimate U6-.',8). Data from human PxposurPs in laboratory ac­
l'i<knts (.;.9-.)/) an• not suffic·iPnt to bear hPm·ily 011 tlw prolilPm. Total-body 
exposure of patiPnt;; in c·a1u·cr thPrapy8 indieatps that \'Pry SP\'Pre LPmatologiC' de­
pres;;ion l'Psults from doses of 150 and J/;) r (midline tissup dosP, bilatPral Pxposun•). 
Thi;; \\·ould plac·c the LD 5e ,·alue below :mo r. From th<• ;;ublPthal blood C'hanges of 
the :\I arshall Islanders ( 1), the LDoo for man Pxpospd to fallout )'-radiation was 
estinrnted to be approximatPly :~50 r, midli11e tii-;sue dosP. ThP possible Pl'l'Or in 
this PHtimation i8 \'Pry largP. The LD 5u Yalues for dogs and S\\·in<> (midlinP tissm• 
dosP, bilateral r>xposurc) arc of the order of 2;'50 r; that for the monk<'y may he as 
high as ;)00 r. It i;; thus apparent that the LD5o \·aluc for man (•aJmot he ac·(·urately 
fixPd at pr<>sent. The problem may he further c·ompli<'atPd in that 1 he bulk of 
a<"nte mortality in most laboratory animals O<'l'Ul'H within :m day;; of Pxpo;;me, 
wlu•rpa:,; many deaths in man O<'l'ur hetwPPn the thirtieth and sixtieth day;;. It 
would thu;; app<>ar that a {i0-day mortality value ratlwr than a :m-da~· Yalta• 
should IH' 11se>d for des<'ription of the LD 5o in man. 

8l.T'.\I:\IAH.Y .\!'\[) CO:'\CLC81C>:\S 

The infiue1we of the geometry of exposure and of beam energy on the depth-do;;e 
pattern obtained in tisHue-equiYal<'nt material simulating a large animal or man 
was clctermirn•d for a ntriety of exposure tc<"hnique8 U8ed in thl' laboratory, and 
for tlw initial and fallout )'-radiations from the atomic· bomb. TLe aYailahle LD 511 

Yalues for large animals obtai11cd under \·ariou8 eonditio118 of exposun• ha\·c lwPn 
c•ompan•d to those predicted from 1·onsidcrations of exposure geom<'try a11d beam 
spPctnnn. LD 5c \'alucs are given in terms of air doHc, as well as tissup do;;(', ,;im·c> 

'The falloff in tissue of a finx of high-Pnerg~· neutrons is rapid undPr lahorator~· l'ondition' 
(17, 52), and the !'onsid1•rations of geometry outlined in this paper must he takPn into a<'<'ollnt 
in !'Onsidering their l'Ontribution to the total hiologieal effoC't from nuc·lPar dPvi<'c'.~. 

',f. .J. :\i<'k~on and H. E. Bane. personal 1·ommunieation. 
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ll!H_kr mall.\' prartical eonditions only air dose is available, and ;;ince LD511 values 
han' <·om·pntionally !wen expressed as entrance air dose. The following conclusions 
arc drawn: 

1. The tissue dose and thus the biological response, for a gin'n exposure as 
PxpressPd ("OJl\"entionally in terms of entrance air dose, ran diffor hy a factor of 
grPater than 2, dPpP1Hling on the geometry of exposure. It. is rerommended that 
tissue dose lw used whPnever possible. 

2. \Yith unilateral exposures, the tissue-dose distribution is markedly non­
homogeneous en'n with the most penetrating laboratory radiations. Laboratory 
radiation ROlll'CPS have not been used in a way to simulate the measured dose 
distribution from the initial -y-rays of the atomic bomb. 

:{. Bilateral radiation with 250-kvp X-rays yields essentially uniform tissue­
do,.;p distribution, and no appreciable increase in uniformity is obtained \Vith the 
more PxpensivP highPr-energy machines, or with more complicated techniques 
sw·h as multi port, rotational, crossfire, ring, or 411" exposures. In all such exposures, 
tlw dcpth-dm;c <·un·e is essentially flat throughout the phantom; however, in all 
iw-;tances the tissue dose is less by an appreciable degree than is the entrance air 
do,.;e. I"se of the midline tissue dose to chararterize these exposures is recom­
mended. The pattern of dose distribution from fallout -y-radiation ean be simulated 
satisfactorily \Yith bilateral exposure, with the exception of the first few milli­
nwt Prs of tissue. 

-!. There appears to be no satisfactory method of comparing quantitatively 
unilateral exposure with exposures yielding more uniform dose distribution. Use 
of gram rocntgm;;, or integral dose, is of little value in this regard. 

;). For large animals there appears to be no detectable intrinsic energy de-
1w11den<'e of response for X-rays over the range of 250 to 2000 kvp, and for the 
initial or fallout bomb -y-radiations. Reports indicate that undegraded laboratory 
-y-ray sOUJ'(•es may he le;;s effective than lower-energy X-radiations. 

G. The application of the considerations set forth in the present paper to the 
LDo,, for man is dis<'ussed. There do not appear at present to be sufficient data to 
allm,· a better Pstirnate of the LD50 for man than the currently accepted -!00 to 
;"500 r (geometry or energy not speeified). Present considerations indicate that the 
LDot, expre;;sed as midline tissue dose, may be lower than this for most types of 
exposure. 

7. The relationships of geometry and energy to dose received, di;;eussed in 
referern·e to animal mortality, applies also to the practical problem of ;;terilizing 
large \'olumes of food. 

ACKNOWLEDGMENT 

The authors arc indchtPd to '.\Ir. James Gilmartin for his aid in carr~·ing out the technicnl 
aspPC'ts of these' studies. 

H EC'EIVED: Odo her 8, 1 !):jG 



50 ·7 ii. l1 q .. -

;)70 BO:'\ll, cnOXKlTE, SOXDKH:-s, lMIRIE, ROBEfiTSOX, ,\XD BOHG 

REFEREXCES 

1. E. P. CnoXKITE:, V. P. Boxo, R. A. CoXARD, )l°. R. SHUL~!AX, R. S. FAHH, S. H. Cn11x, C. 
L. ()u"·1i..u1, an<l L. E. BRoW.\'DIG, Response of humnn brings acridrntally rxposrd to sig­
nifieant fallout radiation. U.S. Atomic Energy Document TID-53.58 (l\l56). ShortenC'd 
version printed in J. Am. Jled . . lssoc.159, -130--13-1 (1955). 

:2. V. l'. Boxn, E. P. CRONKITE, C. A. So:rnHAlJS, G. b1rnIE, J. S. RoBERTsox, and D. C. 
Bonn, ThP effect of expornre geometry nnd beam spectrum on drpth clo~e pattC'rn for 
penetrating ionizing radiation in large animals an<l man. Xaval :.Irdic·al RP~Parch Insti­
tute report of Project 006-012-0-I (1957) . 

. 1. n. FAILLA, The measurement of tissue dose in terms of the same unit for all ionizing radia­
tions. Radioloyy 29, 202-215 (1937). 

4. llc•eommrrulations of the International Commission on Radiological T:nits. Rwlioiorl!I 29, 
03-1-636 (Hl37); 62, 106-109 (195-1). 

5. E. H. QurnBY and G. C. LAUREXCE, The Ra<liological Society of :\orth Anwriea Standard­
ization Committee, Technical Bulletin )l°o. I. Radioloyy 35, 138-15!) (IU-10). 

6. L. E. CLIFC:ORN, The food industry's attitude toward radiation sterilization . . V11.l'/conics 
13, Xo. 1, :m--11 (1955). 

7 . • J. S. LAt'WILIX and I. PeL1,~1AN, Physical properties of ionizing radiations which atfoet 
the population of the United States; preliminary report to the Genetic,; Panel of.the 
~ational Academy of Sciences Study of the Biological Effe«ts of Atomic Radiations, 
1\l56. Available through the National Academy of Sciences, Washington, D. C. 

8. G: 8. H1xE and G. L. BRoWNELL, eds,, Radiation Dosimetry, Academic Press, )l°ew York, 
1\)56. 

9. 0. GLASSER, E. QunrnY, L. S, TAYLOR, and J. I... 'WEATHERWAX, Physical Fo1mdation8 of 
Radiolo(Jy, 2nd ed., Paul Hoeber, Xew York, 1952. 

10. R. H. DRAEGER, R.H. LEE, T. E. SHEA, JR., F. I. \VH!TTEN, and l\I. EICHER, Design and 
construction of a radiocobalt large animal irradiator. :'.lraval Medical Research Institu1r 
Report X.M006 012.0-1.64 (Dec. 2, 1953). 

11. ,J. L. TULLIS, F. W. CHAMBERS, J.E. :VloRGAN, and J. H. ZELLER, :VIortality in swine and 
dose distribution studies in phantoms exposed to supervoltage roentgen radiation .. l111. 
J. Roentyenol. Radium Therapy 57, 620--627 (1952). 

12. L. D. GATES and G. EISENHAUER, Spectral distribution of gammn rays propagatetl in air. 
Armed Forces Special Weapons Project Document AFSWP-502a (195-1). 

13. L. V. SPEXCER and U. FAxo, Penetration and diffusion of X-rays. Calculation of spatial 
distributions by polynomial expansion. Phys. Rev. 81, -164-4Bi (l!l51). 

14. Operation Greenhouse, Scientific Directors Report, Annex 2.5, Report. WT-22, l!l51. 
Available through the Te«hnical Information Service, Oak Ridge Xational Lahorator,,·. 
Tennessee. 

15. H. GoLI>sTEIX and J. E. \VILKINs, Calculations of the penetration of gamma rnys. :\'cw 
York Operation Office Report ~Y0-3075, (June, 1954). Available through the Technical 
Information Service, Oak Ridge, Tennessee. 

16. :.r. ,J. BERGER and J. DonGETT, Reflection and transmission of gamma radiation hy har­
riers; semianal~·tic l\fonte Carlo calculation. J. Research Natl. Bnr. Standards 66, 89-!lH, 
l!l56. 

17. V. P. BoNv, R. E. CARTER, J. S. RoBERTSON, P.H. SEYMOUR, and H. H. HE<'llTE:R, The 
effects of total-body fast neutron irradiation in dogs. Radiation Research 4, l3!l-15:3 
(l!l56). 

18. D. GRAHN, G. SAl'HER, and H. \'VALTON, Comparative effectiveness of ~cveral X-ra~· qual­
ities for acutP lc•thalit~· in mice and rabbits. Radiation Re.~earch 4, 228-2-12 (l!l56l. 



' 0 \ J ' 
? ~-i \ 0 
·~ 

EFFECTS OF EXPOSURE GEOMETRY 5il 

19. D. C. Jo:-;Es, E. P. ALPEX, and V. P. BoND, Relative biological effectiveness of 100-kvp 
and 250-kvp X-rndiation. Radiation Research 5, 484 (1956). 

20. C. L. PROSSER. E. PAINTER, and :\I. X. SWIFT, The clinical physiology of dogs exposed to 
singlP total-body dm;es of X-ray. Atomic Energy Commission Report .MDDC-1272 
(CH-:li38l (l!J46). 

21. E. P. CRO:\"KITE and G. BRECHER, The protective effect of granulocytes in radiation injury . 
. Inn . .\'. L Acad. Sci. 59, 815-833 (1955). 

22. C. A. G1,EISER, The determination of the lethal dose 50/30 of total body X-radiation for 
do11;s .. Im. J. Vet. Research 14, 284-286 (1953). 

23. R. D. BocnE and F. W. BISHOP, Studies on the effect of massive doses of X-radiation on 
mortality in laboratory animals. In "Biological effects of external radiation." (H. S. 
Blair, ed.), .:\IcGraw-Hill Book Company, Xew York, 1954. 

24. J. L. TULLIS, B. G. LAMSON, and S. G. MADDEN, Mortality in swine exposed to gamma 
radiation from an atomic bomb source. Radiology 62, 40!J-U5 (1954). 

25. Operation Greenhmrne, Scientific Directors Report, Annex 2.2, Document WT-18. Avail­
able through the Technical Information Service, Oak Ridge, Tennessee. 

26. J. H. llusT, B. F. TRU~I, J. L. WILDING, C. S. S1MONs, and C. L. CoMAR, Lethal dose studies 
with burros and swine exposed to whole body cobalt-60 irradiation. Radiology 62, 569-5i4 
(l!J54). 

27. L. 0. JACOBsox, Evidence for a humoral factor (or factors) concerned in recovery from 
radiation injury. Cancer Research 12, 315-325 (1952). 

28. :\I. X. SWIFT, S. T. TAKETA, and V. P. BoND, Efficacy of hematopoietic protective pro­
cedures in rats X-irradiated with intestine shielded. Radiation Research 4, 186-192 (1956). 

29. J.C. PoTTER, The biological effect of roentgen rays of long and short wave length on the 
totally irradiated rat. Radiology 37, 724-725 (1941). 

30. F. ELLINGER, J.E. :\foRGAN, and W. F. CHAMBERS, JR. The use of small animals in medical 
radiation biology. Naval Medical Research Institute Report, Parts 1 and 2, Xl\1006-
012.04.43 (1952). 

31. V. P. BoxD, l\I. X. SWIFT, A. C. ALLEN, and M. C. F1sHLER, Sensitivity of abdomen of rnt 
to X-radiation. Am. J. Physiol. 161, 323-330 (1950). 

32. E. P. CRONKITE, V. P. BOND, \V. H. CHAPMAN, and R.H. LEE, Biological effect of atomic 
bomh gamma radiation. Naval Medical Research Institute Report Xl\1006-0.204.86 
(1955). Shortened form in Science 122, 148-150 (1955). 

33. J. F. T11m1so:-; and W. \V. TOURTELLOTTE, The effect of dose rate on the LDso of mice 
exposed to gamma radiation from Co 60 sources. Am. J. Roentgenol Radium Therapy 
.Vuclear Med. 69, 826-829 (1953). 

34. G. W. CASARETT, Pilot experiments on indications of radiation sickness and comparison 
of lethal doses of X-rays for rats and dogs at intensities of 160 r per hour and when de­
livered in 24 hours. Atomic Energy Commission Document UR-113 (1950). 

35. E. P. CRONKITE and V. P. BoND, Effects of radiation on mammals. Ann. Rel'. Physiol. 18, 
483-526 (April 1956). 

36. A. C. UPTON, F. P. CoNTE, G. S. HURST, and W. A. MILLS, The relative biological effective­
ness of fast neutrons, X-rays, and 1-rays for acute lethality in the mouse. (Abstract) 
Radiation Research 3, 355 (1955). 

37. J. \V. CLARK, D. L. JoRDAN, and H. H. VOGEL, Survival of CFl female mice after single 
acute exposures to Co60 gamma rays, to fast neutrons, and to mixtures of these ionizing 
radiations. (Abstract) Radiation Re.~earch 1, 128 (1954). 

38. V. P. BoND, 0. D. EASTERDAY, E. E. STICKLEY, and J. S. ROBERTSON, The relative bio­
logical effectiveness of thermal neutrons and of the heavy particles from the B10 (n,a) 
Li7 reaction for acute effects in the mouse. Radiology 61, 650--064 (1956). 



501 ? l:.'. ,_ 

572 BOXD, CROXKITE, SONDHACS, IMIRIE, ROBERTSON, AXD BOHG 

39. J. H. Rt:sT, G. D. FoL~IAR, JR., J. J. LANE, and B. F. TRu~1, The lethal dose of total body 
cobalt-GO gamma radiation for the rabbit. A.m. J. Roentgenol. Radium Therapy Nuclear 
Jfed. 74, 135--138 (1955). 

40. J. T. BRENNAN, P. S. HARRIS, R. E. CARTER, and \V. H. LANGH.UI, The biological effec­
tiveness of thermal neutrons on mice. Parts I and II. .Vucleonics 12, Xo. 2, -18-56 (195-l); 
12, Xo. -l, 31-35 (195-l). 

41. H. G. Scm.nrnERGER and J. J. VAZQUEZ, Pathology of total body irradiation in the mon­
key . .lm. J. Pathol. 30, 1013-10-18 (195-l). 

42. E. ELDRED and \\'. V. TROWBRIDGE, Radiation Hickness in the monkey. Hadfology 62, 
65-73 (195-l). 

43. E. PATERSON, Factors influencing recovery after whole-body radiation. J. f'ac. Radio/. 
5, 189-19\J (195-l). 

44. '.\[.A. GREENr'IELD, '.\I. S. BILLINGS, A. ~OR}IAx, and A. E. Li,;w1s, Lethality in rabbits 
as a function of depth dose distribution and average dose. Atomic Energy Commission 
DoPument CCLA-278 (1954). 

45. Handbook of .lto111ic Weapons for Medical Officers. Prepared by the Armed Forces l\Iedical 
Poli<'y Coun!'il for Departments of the Army, ~avy and Air Force. Xav. :\led. P-1330 
(1\)51 ). 

46 . . .\. \\'. Ona1TERsox, G. V. LEROY, A. A. LIEBow, E. C. HA~1~10:-;o, X. L. BARRETT, J. D. 
Ro;;ExBAD!, and B. A. SCHNEIDER, Medical Effects of Atomic Bo111bs, :\IcGraw-Hill Book 
Com pan~·, X ew York, 1956. 

47. A. A. LrnBow, S. WARREN, and E. DECOURSEY, Pathology of atomic bomb casualties . 
• 1111. J. Pathol. 26, 853-1027 (1949). 

48. G. Y. LEROY, Hematology of atomic bomb casualties. Arch. Internal Med. 86, 691-ilO 
(1950). 

49. L. H. HE~IPEL~IAN, H. Lrsco, and J. G. HoFFMAN, The acute radiation syndrome: a study 
of nine cases and a review of the problem. Ann. Internal ]fed. 36, 27tl-510 (1952). 

50. R. J. HAsTERLICK and L. D. :\fARINELLI, Physical dosimetry and clinical observations on 
four human beings involved in an accidental critical assembly excursion. Proc. Intern. 
Conj. Peaceful C::ses Atomic Energy 11, 25-34 (1956). 

51. A. K. Gt:sKOVA and G. D. BAISOGoLov, Two cases of acute radiation disease in man. Proc. 
Intern. C'onf. Peacef1d Uses Atomic Energy 11, 35---l-l (1956). 

52. \Y. S. SNYDER and J. NEUFELD, Calculated depth-dose curves in tissues for broad beams 
of fast neutrons. Brit. J. Radio/. 28, 342-350 (1955). 


