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: Ann G. Greenfield, and Vally Paschkes

Donner Laboratory of Biophysics and Medical Physics
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Abstract
Morta,]it? at 6, 12, and 30 days was studied in male Swiss Webster
white mice exposed to 730-MeV protons, 200-kVp x rays, and 100-kVp
x rays at different dose ré.tes, In the proton-irradiated mice, 6- to 8-day
gastrointestinal death predominated at both 100 and 1000 rad/min, and was
enhanced at the higher dose rate. In the x-ray exposures, 12-to i4-day
hematopoietic death predominated and showed a similar ciose-rate effect,

The RBE for 30-day LD_, was found to be 0.8; the RBE for 6-day LDSO was

50
found to be 1.2 at the same dose rate of 100 rad/min. It is suggested that

the difference in injury mode may be due to differences in tissue dose
distribution. The higher but variable proton RBE for 6-day gut death appears

to exhibit the dose-rate effect associdted with low-LET exposure. Practical

consequences of the dose distribution and dose-rate factors are discussed,
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., Introduction

B V.the injury rnode -and relative biological epffe'etiveness of high-'energy :

‘.'protons 1n total body exposure of the mammal, in addition to their theoretical
1nterest have also become 1mportant in planmng for future space exploratwn.1

-

. A number» of qu_est1ons have_already been ra1sed»xn regard to this terres-

tr1a11y r.'ar'e but cosr’nically abundant radiation ! An 1mportant one is whether
f‘"d;fferent types of rad1at10n w1th comparable LET--1 e., hlgh energy protons
v":i"v_(:v_‘;;j-and x or y rad1at1on--w1ll have d1fferent b1olog1ca1 effects on man, and 1f so,- -
‘ aga1nst what type of dalmage vshould protectlve or therapeutlc measures be

‘»~'-d1recte_d'_?.' ;j’ o S 'd: N

Previous “studies have delineated two main patterns of acute injury in the

e ir.radiated'animal Flrst the damage to the rap1dly prohferatmg intestinal
._"eplthehum occurr1ng soon: after exposure3,k and sﬁecond, ‘the more gradual onset
. of damage to the blood-formlng tissue of ‘bone marrow and _spleen. 4 These so- -

L ‘called gastrointestinal and hematopoietic: syndromes- occur at moderate dose levels,

" , — e I . _
Loma Linda University School’of'M‘edicine Los Angeles County General H05p1ta1

Los Angeles 33 Caleorma (consultant to Umvermty of Cahforma, Lawrence

o Rad1at1on Laboratory)
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lower than the supralethal doses required to produce damage to the central
nervous system > but higher than the small doses that may ultimately result in
malignant transformation or genetic mﬁtation, 6 In x- and y-ray exposures,
the degree of damage has also been found to vary with dose'ra’ce7 (as distinct
from dose fractionation-recovery effects).

According to the relative predomir;ancé of gut or bone-marrow damage,
the irradiated animalbmay respond.to different protective measures or post-
irradiation therapy. Antibiotic or electrolyte therapy may be useful in amel-
iorating gut damage8; spleen or marrow homogenate and lipid therapy may be
beneficial in treating damage to the bloodafdrming system.g’ 10 A knbwledge of
the injury mode of high-eﬁergy protons is therefore o.f ébv‘iéus pré,étical ifnpor-
tance in planning for the protection of human beings in space éxploratioh.

It is well known that the type and degree of biological effé'cvtufrém a given

. . . : i . . 1
radiation exposure depend on a number of factors in addition to absorbed dose. -']’12

Some of theﬂse factors have been under. invesltigatior.l for the past year at t};is
Laboratory. They may be grouped roughly as follows: (a) the intriﬁsic properties
of the radiation; (b) the conditions ofothe ex;;osure; and (c) the biological and en-
vironmental factors that may modify the effect.

It is now well established that RBE increases with thé average LET of the
radiation in many planf and animal cell populations, and vrna,y reach a maximum
value in mammalian cells and organ syvstems beyond _which-furthér increase in

13,14 Although it is not easy to demonstrate in mammals

LET produces a decline.
the general principles resulting from data obtained with microbiological and

cytological methods on single-cell populations, it appears reasonable to conclude

that '"low LET" radiation should exhibit an RBE near unity for any mammalian
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end point chosen,
It also appears llkely that with low- LET rad1at1on av”multvim’ev_en "
response should be observed in the dose effect relatlonshlp 151._, e¢; .the_RBE
should vary both with the tetal dose and With the re’ce at which the- total v‘do‘se \;vas
delivered. A further condition a.ffecting RBE is the e-:‘»ipioe“ﬁ‘re g.eometry or depth-
dose distributioh 16 which may influence the rnode of 1n_]ury and thus make a par-
tlcular end p01nt or criterion of effect the 81gn1f1cant factor: 1n spec;fylng an RBE
Valueé |

Tn these experiments we hav»e dea.lt With'short—tell'_rn or acute effects only.
In addition, the effects of dose 'distributio.n are ruled outa.s .far as possible by
producing a uniform Whole—body dose Wl‘fih the proton bee; of the 184-inch cyclo-
t»roAn,\. |

In view of the difference in extent of the gastrmn’ceshnal.and hematop01et1c
syndvromes that we have observed;, even in the unlformly; 1r'rad1ated mouse at
d_if.ferent total doses and d.oser rates of proton and :::-irrad;etion it was evident
that the effect of both dose fe,ctors ml;'lSt be :included, and the mode of injufy must
be specified in comparing the effe_etiveness. of these radi.at:idnsi»

Since in mice; gut and marrow_deaths occur aft distincfc and well-separated
timee.after lethal total-body irradiation, f;hese a;limals \;/e;'ecvhosen for the study.
The characteristic times of peak death rate for each inju.ry':r'no:de suggested that
6-day and 12-day mortality be selected as end points for c'omparivson.,. in
addition to the mo.re usual 30=da$r median ].et.ha,l dose. Thves.’e. shorter mortality
times were therefore determined for different total deses of730-MeV protons,
250-kVp x rays, and 'lQO-—-kVp X rays aﬂt constant doee rate_:. The effect of varying

the dose rate was also studied.
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Méthods

‘A series of seven experiments was performéd with 730-MeV protons and
with 100-kVp and 250—kV§ x radiation, and fhe relé.tive lle"chality aipd iime course
of radiation injury were studied in more than 2000 randomly bred Swiss Webstér
white male mice obtained from Simonsen Laboratory. | |

All the animals had been inoculated agéin‘st mouse pox 1 week before
shipment to this Laboratory. Immediately upon arrival the animalé were dipped>
in 1% malathion (0, 0-dimethyl dithio phospha.te of diethyl rn'ercavptosuccinate.)
and individually caged in pint-size Mason glass jars, according to the procedure
previously‘ found necessary to assure reproducibility offmorta_.lity data. 10 The:
mice were fed standard Simonsen Laboratory white dief énd water ad libitum. -
The jars and water bottles were cleaned and sterilized at weekly intervals., During
the 2-week period of pre-experimental acclimatization and isolation in the glass
jars, the animals were carefully examined and weighed. Mice s.l.lowirig any sign
of illness, abnormal grow’_ch_, or loés of weight during the last 3 days of pre-
ifradiation isolation were discarded. Only animals ‘that weighed 28% 3 g were
selected for experiméntation. These animals were distributeci equally among the
experimental groups. All animals were kept in air-conditioned rooms with con-
tinuous artificial lighting. The radiaj;ion sources were a Philips 250-kVp
x rvay machine and the »'184-'1'nch cyclotron. For x irradiation at 100 kVp 1.0-mm
Al filters were added, and for 250 kVp, 1.0-mm Al and 0.5-mm Cu f'ilters,' Th_e
animals were ifr.adiateci'in individual plastic holders on the irradiation positioning
wheels, dorsove'ntrally in the x ray beam and anteroposteriorly in the proton
beam. 18 The mouse midline aif dose varied from 500 to 1100 rads per exposure.

X-ray exposure dose was measured at the centers of Lucite mouse can-

isters on the mouse exposure wheel, using a 250-R Victoreen thimble ionization
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eha,mber In the high—dese—rete eXpeel;res | the x ray bealLr.n: Was partially col-
llmated by use of a mod1f1ed treatment cone Wlth Pb dlaphragm so that the bulk
of the intensity was received. dorsoventrally by one mouse at a tlme Ea.ch
vanlrﬁa.l was positioned s.uccess1ve1y by modlfylng the rotatlng mevchal;nsm to allow
one-step positioning. In ofder to achieve the high dose rate desn:ed t};e animal
was placed close to the target of the x ray tube and left there for the required time,
after which the next aﬁimal was moved into position., In this proc.:essy the neigh-
bering animals also reeeived a sma,llvfraci;ion of the dlo.se :via scatteringg so that
the total exposure of eac.h Aah‘in;lal extended over about five \;v.}ieel :posi.tions and was
es sentially zero at all othef positions. | | | |

A series ef seven 1-minute exposures \x./as' therefore rnade with the chamber
occupying each of seven positions successively. To a fi'rbst approxi.rﬁation the
dose was equivalent to a total exposure-at a dose re,te of 100 rad/min, The total
dose in passage through all seven positions was read on the ionization chamber
and used for calculations in each experiment thereafter,

In the low~dose-rate x-ray exposures, the mouse wheel was rotated con-
tinuously and the .resultingv average dose rate was 20 1 rad/min, midline in air.

The animals exposed to the 730-MeV proton beam were placed in & wheel-
positioner which exposed one mouse at a time in a ventilated cylindrical holder.
The diameter of the holder tube was about 1 inch, Dosimetry was by the parallel-
plate aluminum-foil-walled ionization chambers rout;inely used in the medical cave.
These chambers aré placed in the beam following its emergence from the vacuum
collimating system into the air. Their'effecti\'re collecting volumes are accurately

"known and are defined by guard rings surrounding the c:en,'trval foil disks mounted
“on Mylar film; the disks are somewhat smaller in diameter than the beam. " The

ion chambers are filled with nitrogen.
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Thé emergeﬁt proton béam is ﬁearly parallel and hbmogenéous aﬁd h_as
i)een found to show an essentially flat intensity-distribution profile across i}ts’»r‘

: 'c‘liameterv when traversed by a fninia.ture’ ionization chamber f)‘fdbe. By magnef-:
.ically var):in.g' beam iﬁt‘ensity; dose rafes of 100 and ﬂ)OO rad/rpin vc'/é,rel prodﬁc'ed;,
fﬂey Wefé vr:nhe'asured with a relative accuracy of 2%. |

| ‘Thé‘-cz-'ea_tion I'of,s"ecorblda".ry péfticies (né,utrons, mesoné, recoil_' nuclei) in
the body ;;f the animal v-by paé sage ant;eroposteriorly of_the.-protonvbeam was not
iseliéved tb be siénificé.nt in fsucﬂ a small Body as that of the mouse, Ionizatién.iri
_ .fhe mouse body probably remained unifor’m v-vithin. 5t07'10%, according to méasf
,urements. mdde in a mous‘e%;éi'zed water phantom with a srhall ionization chamber,

--Aft.eAr irradiatidn"the animals were returned to their respecti\}é cages fér

‘the duration.of the experiment,

_Result's

.'Fig:ure 1 éhowé the tim‘e coﬁrse of mortality aftef various doses of proton
;'é.diation ai; 1000 and 100 r_a'd'/‘rriin. '.In the proton—irr.azcbfliate.d"mice, peak morfaﬁtf
‘occurred at 4 to 6 days po‘stirradia..tion. in the 30-day lethal range. Previcus work
é.t this and other laboratories has repeatedly demonstrated that death during this
period in the mouse is due predominantly to gastrointestinal injury.‘zo Since ifx
~ the mouse this injury syndrome is well separated in time from the bone-marrow
s.y,ndrom‘e,u it was considered reasonable to assume that all mortality up to 7 or
- 8 days be taken as gut death,

In Eig.' 2, cumulative mortality is plotted in probit units vs time after
730-MeV proton irradiation, For each dose rate, totalmortality data are combine:
for 700, 800, and 900 rads air dose. The use of cumulative mortality data plotted
on a probability scale linear in stan.dard déviation units clearly illustrates the

marked inc;rease in incidence and abruptness of 4-to-6-day gut deaths in animals
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receiving a proton dose at 1000.rad/min corﬁpared with fhoé;e irradiated at 100
) rad/_rpin, Thus at 5 da:ys, 30% ,mort‘allity was observed in thé 100~{'é,d/min
animals, while 60% mortality had already been rveafch.ed in the 10Q6—1jad/m§.n
groups, although for a given total dose lthe‘ 30-day mortality was fhe same 1n
both groups. : -

In mice irradié.fed with 30-day lethal dose‘s' of 100-kVp x rays, _ peak‘
.Tmoll_'taflity' occurred .a.t 12 to 14 days postirradiation, Figure '3 shows the time
.course of mortality after various doses of x radia,ti_on at 100 and 20 rad/min.
Death in the mouse during this pel;ipd has been shown to be dué mainly to -loss of
.her.natopoi.etic f.unv,c_tion,zi. and it was assumed in these éxperiments that all mor-
t_al‘itly after about 10 or 11 days postirradiation c.quld be conéidered as bone
.marrov.v cieath, » ‘ _

In Fig. 4, cumulative mortality for 850, 1(500, and 1150 rads is plotted
on the probability scale vs time after 100-kVp x irradiation. In animglls irré.diated :
with 30-day lethal doses, a fivefold increase in dose rate from Zd to ._100 rad/min
still produced few deaths f__rorn_ the gut syndrome, but t};e higher dpse rate did
effect an enhancement of the marrow syndrome simila;’ to that observed for the
gut syndrome with protons. When a total x ray dose high enough to produce 100%
lethality in 12 days was given, however, 6-da,')r.gut death and thé dose rate effect
on it were again observed; when the data are con.nbi.ned‘ for higher .do_ses as shown
in the figure, this effect is evident. Thus, 10% 6-day deaths were observe;i at
20 rad/min, while 30% 6-day deaths were seen at 100 rad/min. Since a dose
.rate higher t_han 100 rad/min _w»a{s' unobtainabie with 100-kVp x rays, the effect of

1000 rad/min could not be investigated.
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The 6-, 12-, and 30-day mortality values presented here for Swiss Webster
male mice exposed to 100- and ZSO-kVp.x rays and 730-MeV protons are based
on a preliminary analysi's of our mortality data., For accurate comparison of the
different experimental parameters, each LD50 value was calculated from the

regression of mortality by graphical probit analysis,

For 730-MeV protons, the total-body 30-day LD50 was found to be 650 rad

air dose, It was found that this value was not significantly different at dose rates

of 1000 and 100 rad per minute, The 12-day LD_, values, however, were 680

50

rad at 1000 rad/min and 700 rad at 100 rad/min, and the 6-day LD., was 730

50
rad at 1000 rad/min and 810 rad at 4100 rad/min,

It was found that for 250-kVp x radiation filtered with 0.5 mm Cu + 1.0 mm

Al, the 30-day total-body LD_, was 520 rad air dose for both 100 and 20 rad/min

50

dose rates. The 12-day LD_., was 6410 and 630 rad respectively, The 6-day LD

50
was approximately 1000 rad at 100 rad/min; the 6-day LD

50

50 at 20 rad/min is being

investigated.

For 100-kVp x radiation filtered with 1,0 mm A}, the 30-day total-body LDSC

was 750 rad, midline air dose, for both 4100 rad/min and 20 rad/min dose rate
experiments, The 12-day LD50 was 850 and 900 rad respectively; the

6-day LD levels were not reached at the total doses given so far but can be

50
estimated to be approximately 1100 rad at 100 rad/min and greater than 1300 rad
at 20 rad/min,

Based on these data, tentative estimates of proton RBE may be made for gut
death as well as fér '.30—day LD

If 30-day LD 0 is used as end point, a value of

50° 5
0.8 is found for 730-MeV protons, which agrees well with previous results obtainec
at this Laboratory and elsewhere, 22 On the other hand, if gut death is used as end*

point, a higher RBE results and dose rate is found to influence it, The 6-day RBE
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e for protons at '1000 rad/m1n relat1ve to 250 kVp x rays at 100 rad/mln is the ,-'.‘_\:‘

i

':'hxghest value observed a- value of 1.4 bemg found For protons at. 100 rad/m1n

:'however, the 6 day RBE was 1. 2. 1f the 250 kVp x 1rrad1at1on was at the same

dose rate.

The hlgher but var1able RBE at’ 6 day LD 1eve1 appears to ‘be due to two

50

o 'lfact'o'rs. 'I‘he first is the d1fference in t1ssue dose d1str1but1on between the two

: 'radi.ations Wthh favors the productmn of gut death by h1gh energy proton exposure. -

?'“'éﬁ';,j, .._The second is the dose rate dependency of the syndrome.

. The. '100 kVp x radla.t1on is part1cular1y eff1c1ent in produc1ng marrow death,

% but causes gut death only at h1gh air doses - Thus, a m1dl1ne air dose more than

1 3 t1mes that for 730 MeV protons was requ1red to produce 50% gut death at 6

o days although 1.2 times the proton air dose produceda30 day LD, jat 100 rad/mln.

o To derlve a true ratio of marrow doses, however, _the.average value of dose in the

-'micro'sco'pic"r‘narrow cavities for lOO--kVp x ray would have to be obtained, - This - .
v'dose has been shown to be several t1mes as hlgh 1n the smallest cavities as in the
| ,__soft tissue surroundlng the_ bone, 23 but no average value can be ‘assignad to the
:m;-;;dw as a vs./hole‘: at this time. | |
If the” cumulative mortalitv. at 8 days', fd;r example, were subtracted from |
:7 .vthe cumulatwe mortahty at 30 days a rough measure'of bone.marrow mortality'

‘ m1ght result for each rad1at1on since most gut deaths have occurred by this t1me

o and marrow 1n_]ury has not yet rnan1fested itself to any extent. If thls is done for

the proton exposures very 11ttle mortahty rema1ns at later tlmes, in contrast to

the x ray exposures and much h1gher marrow RBE values would result for the =

H

':',rema1mng mortahty. The poor stat1st1cs resultlng from the present data make

" this procedure of doubtful sxgmfxcance. :
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Discuséion

Since the LET spectrum for 100-kVp x rays does. .rhxof differ greatly fro‘r:n
that of high-energy protons,24' the marked difference observed in mod;a 6f death
in these experiments appears to be due to the difference in tissue-dose distribution
in gut and bone marrow between the two radiations, rather than to a .c‘};ange in
sensitivity of the mouse intestine with change in LET. 25 In the high—.energy-
proton exposure, dose is uniform’and thus comparable in both organs, and hasa
constant relation to air dose. Calculation has shown that, in exposure to soft xrays
local dose in the marrvow cavities may reach several times the average air dosezé,
whereas the decrease in tissue dose with depth in turn lowers the gut dose relative
to air dose.

It thus becomes difficult to observe a bone-marrow death with high-energy
protons, because the rapidly OCCurfing guf éyndrome supervenes first if a uniform
dose high enough to produce either mode of death is givern. . With soft x rays, on
the other hand, either the high ratio of bone marrow dose to gut dose or a greater
radiosensitivity of the marrow causes the marrow devath to appear first,

Each syndrome in turn is subject to the dose—réte effect characteristic of
low-LET ra.diation;7 this has been found to appear in the gut syndrome with protons,
and can be made to appear in either syndrome with x rays, If the total air dose in
the latter case is not high enough to produce. gut death, either a high local marrow
dose or a high marrow radiosensitivity may produce marrow death, which also
exhibits dose-rate dependency, _ S’

By protecting the proton-irradiated animal against gut death, it should be
possible to produce the marrow syndrome.and to demonstrate its dose-rate depend:

with protons. It should then also be possible to determine what proton dose to the
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_ bone marrow is requ1red to produce the syndrome, land thus to mvest1gate the
relat1ve rad1osen51t1V1ty of the bone’ marrowA S

It is apparent from the results of these expel‘1ments that Rl3E values can
differ between rad1at10ns of similar LET even under un1form e.xpo‘s.ure geornetry,
when there are differences 1nvdose rate dependence and 1n3ury mode. It is there-
fore clearly necessax;y to spe'c1fy the effect to Wthh a proton exposureleBE
'vapphes.‘ In add1t10n a dose rate factor must be 1ntroduced for exposures to. low-

. vLET rad1at10ns of wh1ch the exposure to hlgh—energy protons may bei an important
“f'vp‘rac‘tmal case in future sbace .opelrations. N |
. | .Most of the available information on RBE of escternal radiation for somatic
":"erffects on ;nammals_ re'fexi"vto early' tather than *z;;tg effectls, and to high l'ather than
:low dose rates,z’],Direct.RBE measurem.ents for la‘te effects at low dosve and dose
-'rate present difficulties, and in no experlrnent thus far has the effectlvenes.s of any
. radxatlon been adequately determmed over a Wlde range of doses and dose rates
‘folf a given b1olog‘1cal end point. In add1t1on, other uncerta1ntles are 1nvolved in
) the extfabolation to rnan of data from s.horter-lined species with different rbesponse
_ patterns ol‘ of data obta1ned from tissue cultures or f1 om s1ngle celled orgamsms;
These l1m1tat10ns apply to extensxon of these data to human exposure.

It is clear, ho_wever, that decreasxngthe dose rate-of a high-energy proton
ir_radiation reduces its effectiyeness. | llov»(sLET lpva‘rticnlate .radiation thus appears
to behave similarly to _low-LET_ electromagnetic radiat:ion in this’ re.spect. 28 The
explanation usually ‘proposed for this effect is 'that the s'_ingl.e_cell may recovel'
from unexpressed ida’mag.e from the first of sevetal eve.nts leading to a multi-event
effect unless the fi'rst damage is fbllowed by further damage within a given time

by one or more later events, The practical implication of the phenomenon is that

RBE values obtained w‘i‘th high dose rates may underestimate the RBE at low dose
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rates or low levels of effec-t"v.-“,.
Prevrous Work has led to the conclusmn that mice exposed to "high-LET"

radiations (malnly fast neutrons) show more bowel damage and d1e earher than

: when exposed to "low - LET" 'rad1at10ns The RBE for 1ntest1nal death in mice

and in dog\s 1rrad1ated w1th fast neutrons has been shown to be hlgher than for
bone marrow death a. value of about 2 for.gut death and 1 for marrow death
having"-been ;observed 21 In th1s study, however greater bowel-damage is appar-
ently produced and earher death has been observed w1th protons than with x rays.
Both the dose rate dependence of the effect and the calculated LET spectrum of
high- energy protons suggest that thls is not a’ h1gh LET phenomenon. A further
point is that the 6- day gut death RBE of 1 4 for hlgh energy protons is not much

greater than umty, although 1t is almost tW1ce the proton RBE of 0.8 for 30- day

B

mortahtyo I

. It vappears that-‘the above .'diff,e'rence.s.‘:in effect ma;y be ascribed to a dif~
ference in distribution of t1ssue dose, even under cond1t1ons of "uniform" dose
between the proton and X ray exposures the-‘latter favor;ng the bone marrow
damage due to higher local dose', the former irradiating gut and bone marrow
more equally. Differentlfal radiosensitivity of the two tissues to each radiation
may also be involved, :'butrit:ic'annot be inferred from the present results without
additional _i'nforrnation'fas‘to -."i:rn'i,crrodi-stributi_on' o_:f tissue dose. The dose-distribu-
tion factor and the dos’je;-_-rate _lf}actor appear in any case to be comparable in impor-
tance to the LET in a‘ss-es'sing the relatlve haaard_ of a A_p‘roton. exposure, and furthe

investigation .of each will be required to characterize it fully,
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report,

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





