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ABSTRACT 

Both the modified Bragg peak 3nd the plateau por~ 

tion of the 910MeV. helium ion beam from the Berkeley 

184" synchrocyclotron (henceforth abbreviated as "peak a" 

and "plateau a" respectively) were compared to cobalt-60 

gamma rays (60 Co y) by using 3 modes of total body expos­

ure to evaluate 3 paramet'ers in each of 41n vivo systems 

in 13 to 14 week old female LAFl mice. The 3 mqdes ~f 

exposure were (1) single dose in air, (2) split dose in 

air, and (3) single dose under hypoxia, and ihe 3 par­

ameters evalu.ted included (1) relative biol~gical effec­

tiveness (RBE) in air, (2) recovery pattern in air ex­

pressed as percentage of recovery of the first dose (%R), 

and (3) oxygen enhancement ratio (OER). The 4 test sys­

tems consisted of (I) 6~day animal survival, (II) 3~-day 

a~imal survival, (III) survival of microscopic intestinal 

colonies, and (IV) surviv~l of ma~roscopic endogenous 

spleen colony forming units (CFU). 

4 • 

Because the survival curves in each set were not para­

llel, the doses to achieve iso-effect were compared at 

several survival levels in order to elicit a more com-

'posite picture. For lethality studies, besid.es the more 

reliable median lethal dose (LDso) tonventionally used, 

the 90% and 10% lethal doses (LD90 arid LDlO re~pectively) 

were also 'ev'aluated. For intestinal colonies, in addi-

tion to the slope (inverse of Do) and the 'extrapolation 

number' at zero dose (n), the doses resulting in 100 

colonies and 10 ~olonies were computed. For spleen colon-

ies, similar data were obtained except that the 2 levels 

of survival selected were 10 colonies and 1 colony. 

(1) The RBE of peak a was significantly greater than 

unity for all end points of the 4 systems under considera-
i,-

tion. It ranged from 1.17 to 1. 39, being greater than 1. 25 

in most instances. On the other hand, plateau-a RBE was 

not significantly different from unity, with a mean 

effectiveness of 1.12. 

.. 
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(2) Recovery at 48 hours after exposure was in 

general greater in the intestines than in hemapoietic 

tissues. For gut d,eath, it amounted to 5 1.4 - 67.4%, 
depending, on the survival leve'l and was almost identical 
for all 3 ~ypes of radiation. For marrow death, peak-a 
irr~diated ~i~eshowed si,gnificantly less capacity,f,or 
recuperation ,than those exposed to plateau a or 60 Co y, 

especially at LD9~ level (16.7 vs·33.6 and' 4,7.5%). For 
int~stinal colo~ies, again, the 3 types of radiation were 

comparable, and remarkabie recovery of 80.0 - 114.6% was 

'observed'. Moreover, 'a,ll 3 recovery' 
r~gression lines were 

les; st~~pthan their single dose 
counterparts~ the change 

in Do ranging from 50,9 - 66.1%. For spleen colonies, the 
'change in Do was least wi, th peak 'a (15 2%) '. than with pla-
teau a (44.8%) or ~oCo ( y 50.9%). At 10 colony level, 

all 3 radiatidns resulted in similar recovery (45.6-

51.6%). Hciwev~r, at 1 colony level, again peak a pr'oduced 

more irre~~rabf,'e'damage as eviden-ed b ' 
~ y only 49.6% re~d~ery 

compared to 64.0 - 65.8% after 60 Co y and ,plateau a 
exposure .' 

(3) Th'e oxygen effect varied according to the end 

point ~hosen, even for the Same type of radiation. None­

th~less, a comp~rison of corresponding end points sho~ed 
that peak a had a lower OER (2.02-2.22) than, 60 CO y (2.30 _ 

2.57) .xcept foi intestinal' 1 co any survival, and that al~ 
tho~gh pla~e, au a ap ed h p are to ave slightly less oxygen 

effect than 60 Co ~, the differen~e was of doubtful stat-
istical importance. ' 

(4) Good correlation was noted betw~en gut death and 

crypt cell 'survival and between marrow d,eath and spleen 
CFU survival. 

The motivation of this work is td she'd 

the therapeut~c potent~als of heavy ions. 
Some light on 

5. 

INTRODUCTION 

Until we find the cause of cancer or find improved 

methods oftreatnent and can thereby prevent its occur­

rence, surgery and radiotherapy will, continue to be the 

:inaj~r methods7~n its treatment. Attempt,s to treat hu~man 

diseases with ionizing radiation were made soon afte~ 

discovery of the Roentgen ray and radium before the turn 

of the last ~entury. The initial development of radi-

ation therapy was essentially based on empiricism. How-

ever, through the ensuing years, it has gradually e~olved 

from an art to a partial science with the improvement ,in 

physical dosimetry and in our understanding of the effects 

pf radiation bnliving tissues. The development of -

--'clonal culture of mammalian cells, was a great stride in 

quantitating radiatiohresponse .!E.' vitro. This was soon 

followed by the establishment of various ingenious tech­

niques for estimating the clonogenic response in vivo. 

It has become evident that successful r.diothe~apy depends 

on our knowledge of the fundamental bas~s of radiobiology. 

A major goal of radiotherapists. is to deliver 

enough radiation to eradicate a tumor without causing in­

tolerable damage to the surrounding normal tissues. In 

spite of modest i~provement in methods for tumor locali­

zation, the introduction of megav~ltage radiation, careful 

treatment planning with beam collimation and shaping, and 

the use of crossfiring techniques with multiports or 

multiaxial rotations, the presence of relatively radio­

resistant hypoxic tells in a tumor still apparently con­

stitute a major reason for failure which is all too common. 

Various methods have been used to circumvent this diffi-

culty. Conventional dose fractionation apparently results 

in a recovery differentiai between tumor and normal cells 

and in the reoxygenation of some hypoxic tumors, though 

not to the same extent nor at the same rate. At present 

detailed knowledge of cycle population kinetics and phasic 
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variation of radiosen'sitivity of different neoplasms 

and normal cells is not ~ufficient to p~rmit manipula­

tion of the timing and siz~~ariaiion of the fractions. 

The split.-course te~hniqiJeis better tolerated by nor­

mal tissues but ~oes not clearly prolong pa~ient survi-
val (Holsti, 196~)A Treatment .schemes of few·er fractions 

per week. are mostly for convenience ~nd probably are 

justified (Ellis;' et. aI, 1970). Intra-~rterial perfusi'on 

with hydrogen peroxide.h~s not proved definitely helpful 
(Germon,et aI, 1968). Tourniquet-induced hypoxia of 

surrounding normal tiSs~ej has only limited application 

(Baker, ~~, 1966)'. Hyperbaric oxygen initially 

seeme~ promising from t~ssue culture data and theoreti­

cal prediction (Churchill-Davidson, ~ aI, 1957) but 

thus fa~ has not sbo~n d~finite ~~provement as judged 

from accumulated clinical experience (Wildermuth, ~al, 
1969). More cases and longer follow up are nece'ssary. 

Concom!tant chemotherapy and ultra high dose rate methods 

are,also being thoroughly investigated. The pioneering 

studies of Lawrence, ~ al (1936) showed a greater 

biological effect of high LET radiation on neoplastic 

tisjue than on. normal mammalian tissue when compared to 

low LET radiation. In ~~ce~t years, there has been a 

rekindled in~erest in research on the applicatiori of 

fast neutroris. Prellminary data onw meson also appear 

encouraging. It is apparent that ~urther stud1es on 

heavy ion~ deserve parallel enthusiasm. 

There have been many radiobiologi~al studies on 

heavy ions at both. the plateau and the Bragg peak 

regions~ It is commonly accepted that ~hen the Bragg 

peak is wid.ened by varying-thickness-ab sorbers, the 

aver~ge LET drops'so that thir~ ~ould be less 

7. 

therapeutic advantage over conventional radiations. 

However, this concept has not been well substantiated, 

and further investigations are certainly indicated. 

Before ~eav~er ions with enough penetrati~n for practi­

cal use are available, the helium ion beam of the 

Berkeley 184" synchrocyclotron~ust beevalua ted for 

its potential use in cancer th~rapy and to guide fut­

ure research on heavier ions. Evaluation of the.effect 

iri 2 important normal tissues, th~ intestinal and the 

heinopoietic systems, should serve as a useful pilot study. 

MATERIALS AND METHODS 

Animals 

The mice used were all LA'l young adult female 

hybrids between CS7L xA/He strains. They were 12 weeks 

old when. they left,Jackson Laboratory of Bar Harbor, 

Maine. Tb avoid transportation stress complicating 

the experimental results, they were acclimatized in 

our own animal facilities f6r 1 to 2 weeks before ,use. 

At this time, their body weights ranged from l~ to 

25 grams. The occasional ones 6utside this range were 

discarded~ Actually, ~osi weighed between 20 and 24 

~rams. They were assigned to experimental groups so 

that the weight distr1bution at each dose was roughly 

identical, but otherwise. compl~tely at iandom. The 

animal room was lighted from 8 ~.m. to 10 p.m~, and 

maintained at a temperature of 72-74°~. For ~ethality 

studies the'mice were housed in individual glaSS jars 

to avoid cage effect. For intestinal colony assay 

they were kept 4 to 8 animals per cage and for 

spleen colony assay 8 to 12 ~er cage. They were all 

fed standard "Mouse Feed" from .the Feedstuff Company of 

8. 
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San Francisco, California and given chlorinated water 

ad libitum. Each expetimenta~ point was obtained by 

using 20 mice in most cases except for col~ny assay 

where 6nly 4 ~o 8 mice were ~sed at each dose ~ince 

5 sections were cut fromea'ch small intestine. The 

jars and cage~ a~ well as the wood shavings, food and 

water: were changed once 'a week and the former sterili­

zed by autoclaving. Because of extensive experience 

in this Laboratory this, strain of. hybrid mice had been 

found to be 'relatively more sturdy than others ,a.nd 

very easy to ,maintain without unexpected deaths from 

extraneous causes,. They were also well tamed, and 

fighting between mates in the same cage was never 

observed. 

Irradiation 

General techrtiqu~~ - All exposureS were by total body 

irradiati6n. Th~r~ were essen~ially 12 yrimary ~x-
perim'ents based~n three modes of exposure: (1) single 

dose in air, (2) split dose in air~ and (3) single dos~ 

under hypoxia; and 4 test systems: (I) gut death" 

(II) ~arrow ~eath, (III) int~stinal stem cell ~urvival, 

and (IV) hemopOietic 'stem cell' survival. In each of 

these 12 ~xperiments 3 types of ,radiation were employed: 

(A) modifi~d Bragg ~eak alpha particles, (B) plateau 

alpha particles, and (C)cobal t-60 "gamma rays. Constant 

iriadiationcondition~ were main~ained ~ithin practical 

limits. For each irradiation run, 2 i~enticar doubl~­

walled circular disc-like lucite holders were used alter-, 

nately to expose 3-4 mice at a time. The inner chamber 

was donut-shaped and measured 12 cm in its outer diameter 

and 2 ~m x 2 cm in the squared cross-section of its 

circular tunnel. Mice were introduced through a side 

9. 

hole with the aid of a funnel. After loading, the side 

hole ~as plugged with a lucite cap and the outer chamber 

closed. Th~ entire mouse hdlder was rotated continuously 

at a rate of 10 revolutions a minute by a small motor. 

'Gassing wa,s do~e through a 3!16"-bore, affluent rubber 

tube that led into the inn,er chamber by radial spokes. 

Gas escaped from the inner chamber through perforated 

holes into the outer chamber and thence through a 10"­

long effluent tube of 3!16"-bore to the outside atmos­

phere. The, gas influx was driven by a pressure head of 

I arbitrary division of the U. S. Gauge Meter ahd main­

tained at a constant flow rate of ~600 cc per minute. 

With this arrangement, the heat generated by the enclosed 

mice usually caused a 4-5°F elevation of the innercham~ 

ber temperature above the room temperature. 

Modes, of Delivery 

(1) Single Dose in Air. - For the, comparison of the 

~elative biological effectivene~s of th~ 3 types 6f 

radiation in air, single graded dose, were ~sed to 

cover a ,dose range which would Produee varying degrees 

of r~sponse either observable directly or amenable to 

'assay proced,ures. For' ani'mal lethalities, the 'doses 

were chosen so that f~r each type of radiation, the 

loweit dose would result in no death and the highest 

dose in no survival. For intestinal colonies the dose 

range was adjusted to yield a mean count betwe.en 10-80 

per section and for spleen colonies between 1-20 colon­

ies per spleen. Using marrow death as an end point, 

several small control experiments were performed to 

evaluate the age factor, ca.e effect, diurnal or 

seasonal variation in radiosen'sitivity, and dose rate 
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effect. 

(2 ) Split Dose in Air. - To study the recovery pattern 

for each type of radiation a fixed conditioning first 

dose (Dl) was delivered equi~alent to 2/3 pf the LDso. 

Forty-eight hours later, graded challenging ~econ~ 

doses (D2) were given to obtain new seis of survival 

data. The difference between the total dose (Dl+D2) 

and the corresponding single dose CDS) gave a ~easure 

(DR) of the overall effect of intracellular repair and 

cellular repopulation as well as mitotic delay, partial 
. , 

cell synchronisation, cyclic variation of radiosensiti-

vity and changes in oxygenation of tissue. The amount 

of recovery was expressed as percentage of DR, Initi-

11 Dl a ythe pl~n was to isolate the comporient of rapid 

intracellular repa{rfor each type of radiation by 

studying the response after split dose irradiation with 

a fixed total dose but virying %ime intervals between 

the 2 doses. this was abandoned after a test run on 

the 3~-day mortality from 60 Co exposure because of un­

certainty in the constancy of the slo~e of the cories­

ponding survival curves and the expense and time in­

volved for each run. 

(3) Single Dose under Hypoxia. - Oxygen effect was 

studied by carrying out a paired experi*ent for each 

of the 4 end points and each of the 3 types of radi­

ation by using a hypoxic mixture of 7%02, 0.05% C02 

and 92.95% N2 instead of air during exposure and a 

dose range increment by a factor of 2-2.5. The 7% 02 

was chosen aftertolerante tests with lower coricentra­

tion had shown that more than l0~15% of the mice suc-

cumbed to 10 min~ of hypoxic treatment alone. Addi-

tion. of a small amount of C02 was found to improve 

survival·. Anot~er modification ne~essary was to .have 

11. 

only 3 mice instead of 4 in each irradiation batch and 

to insert perforated partitions between them to pre­

vent suffdcation from overcrowding. By monitoring the 

outflow gas with a Beckman Model E-2 Gas Analyser it 

was noted that with the pressure and flow rate used it 

required 40-60 ~econds for complete replacement of the 

air originally enclo~ed inside the mice holder which 

had an empty space of approximately 200 ~c. Consequent­

ly, 90 seconds of gassing time was aliowed prior to all 

hypoxic exposures. To evaluate whether hypoxia itself 

would affect the animals and bias the results,.a con­

trol experiment was performed by subjecting a group of 

mice to hypoxia for 10 minutes andob~erving any mor­

tality within the 30-day post-irradiation period. An­

other control experiment consisted of si~ilar hypoxic 

treatment immediately prior to e~posure in air at a 

selected dose and the response compared with that of 

mice exposed to an identical dose but without ini~ial 

hypoxia. 

Dosimetry 

(B) Plateau a. - The helium ion beam.of the·184" syn­

chJocyclotron at Berkeley had an energy of 910 MeV ± 5% 

and a range of about 33 cm in water or soft tissue. 

Before each animal run, the Bragg i6nization curve was 

obtained by ~ pair of parallel ~late ionizatioh cham­

bers, one as a monitor in fr~nt of absorbers of dif­

ferent thickness, and the other behind to detect 

changes. These chamb~rs were calibrated against a 

Faraday cup which was used as a primary standard to 

determine particle flux. Various combinations of 

quadrupole focusing settings and scittering absorbers 

were tried to achieve maximum beam uniformity across 

12. 
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its 6" diameter, circular cross-section .. Heterogeneity 

of less than 5% was noted as measured by a small semi­

conductor detector placed at different positions of· the 

beam profile in~ide a water· tank. All plateau irradi­

ations wer~ chosen at a point approximately 20cm hefore 

the Bragg peak, i.e., after the beam passed through a 

1 and 1/4 inch coppei ~bsorber. The average LET was 

estimated at around 1.5 KeV/~. The mice and the lucite 

holder had a total soft tissue equivalent thickness of 

about 3 cm. Difference betweenenttance and exit 

doses due to scattering was l~ss than 2%. 

(A) Peak ci •. - The Bragg peak of the unmodified beam had 

an average energy around 80 MeV, a model LET of 10 KeV/p, 

a half-value width6f only a few mm, and a peak to. 

plateau ratio bet~een 2-3.depending on multiple fattors. 

Ridge filters w~re used to differentially degrade the 

particles to widen. th~ peak to 5 cm. The variation of 

ionization across this distance was less than 3%. The 

LET sp~ctrum ~f this extended peak is currently being 

investigated; 

(C) Cribalt-60 Gam~a~ - A 1500 curie sour~e with a 60° 

collimator cone was used in all. 60 Co y irradiations. 

1fos~--cif the secondary radia-tiom; ar1singfrom the col­

limator were absorved by the walls 6f the lucite 

chambers~ which also eliminated the build-up factor 

in the mice. Back and sid~ sca~ters wer~ not estima­

ted b eca·use mo st wer e accoun ted f or by }nea sur ing the 

air dose with the Victoreen chamber inserted into the 

inn-er chamber with 4 deadmi.ce insi tu. At each of 4 

fixed positions, 3, 6, 9 and 12 o'clocks, 3 Victoreen 

readings wereta~en at a distance of 40 .cm from the 

cobalt source. No significant difference was found, 

indicating that the ~ross-wection dose distribution 

was sufficiently homogeneous. Measurements were 
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repeated with oniy 3 dead mice to simulate the condi­

tion of hypoxic exposure. Similar readings were ob-. 

tained. Th~ Victoreen chamber had been standardized 

against the Na~ional Bureau of Standards' insirument. 

Mid-plane absorbed dose in the mice 'was calculated by 

multiplying the air dose with 3 correction factors: 

0.93n for the Victoreen cap absorp~ion, 0.965 for 

Roentgen to rad conversion, and 0.975 ,for attenuation 

through 1 cm of mouse tissue. The Inverse Square Law 

alone would give rise to al% dose variation between the 

2 surfa~es of the mouse. The exact distance for each 

run was adjusted to account for radioaitive decay, so 

that the dose tate remained consiartt at 400 r/~in. 

Different desired doses were d~livered by varying the 

cobalt timer talibrated to read hundredths of a min-

ute. Initially, the absorbed dose was checked with 

thermoluminescentdosimeters. Capsules containing 40 

mg of lithium fluoride were sutured longitudinally 

along the lumbar spines of 8 dead mice and itradiated 

in situ. Readouts were done with a Mark IV Series 

1100 TLD Reader made by Radiation Detection Company of 

Mountain View, California, and the dose evaluated by 

comparing with a standard curve obtairiedby exposing 

LiF cap suI es from the same ba t ch over a su i tabl e do se 

range. Close agreement to within 4% of the calculated 

dose was observed. 

P~st-irradiation Procedure~ 

1. 6~Day Animal Survival. - During the first 6 days 

after irradiation, the mice were checked for mortality 

3 times a day and weighed daily with a mouse balance 

acc~rate to 0.5 gm. Although the weight data did yield 

qualitative information relating to the mode of death, 

14. 



they were.nOt accurate enough f~r quantitative compari-

son of the 3 types of rad~ations. The weighing pro-

cedure was abandoned· after the single dpse in air 

experiment. Initially, all decedents were autopsied 

and the small intestines salvaged for crypt cell sur-

vival study. However. more often than not~ too much 

autolysis had set into permit meaningful evaluation. 

Consequently post-mo'Item examination was discontinued. 

The survivors after the 6±h postirradiation day were 

kept for observation to be incl~ded in 30-day survival 

experiments. In the split dose study, the day of th'e 

challenging dose, rather than that of the conditioning 

dose,.as ta~en as day O. 

II. 30.,..Day Animal Survival. ,.. This was similar to the 

above except that observation was made only once a 

day and the ~ice weighed less frequenily. Again, the 

original attempt to sal~age the spleens and other 

organs from deceased mice was not carried through be­

cause of the poor yield of useful data. 

III. Microscopic Int'estinal Colony Technique. - The 

mice were sactificed by cervical dislocation 4 days. 

after irradiation and th~ small intestiries dissected 

out, straightened and measured. Their lengths varied 

from 44-50 cm. The·middle 20-cm segment was removed 

from each small intestine, pinned on a cork strip and 

fixed overnight in a modified T~elyesniczky's fluid. 

Five 1 cm-long fragments were cut out at roughly equal 

intervals of 4 cm and 'subjected to routine histologic 

processing. Staining of the 4-5~ thick transverse 

sections was done with standard hematoxylin and eosin 
. i.~ 

and the viable crypts were counted under a low power 

microscope. Select±on criteria consisted of 10 or 

more cells per. regenerating group, prominent nucleus 

15. 

and litile cytoplasm with basophilic staining. In 

contrast, qon-viable crypts contained no cell or were 

sparcely popul~ted by large cells with disintegrated 

nucleus and eosinophilic cytoplasm. Aggregates of 

blue staining and smaller lymphocytes were also easily 

differentiated. A group of 10 unexposed ~ice were 

killed to assess the average number of ciypts per cir­

eumference. This was found to be about 120. Assuming 

that the crypt stem cells survived independently of 

one another and that one surviving cell was sufficient 

to regenerate a crypt, a viable crypt would represent 

the survival of one or more of its constituent stem 

c~lls and a non-viable crypt the survival of none. If 

after a certain dose of radiation, the observe~ mean 

numbei of colonies per section was x, the fraction of 

crypts destroyed would be li~~x. Applying Poisso.n 

statistics, the number of surviving cells per 
l20-x crypt would be -loge ~ and the total number of sur-

viving .:;el1s per circumference l20(-10ge li~~x). 

IV. Macroscopic Endogenous Spleen Colony Technique. -

The mice were killed 10 days after exposure and their 

spleens removed, dissected clean of extraneous tissues 

and fixed in Bouin solution for 24 hours. With a 

magnifying lens, all nodules greater than 0.5 mm were 

counted, care being taken not to double score those at 

the edges of the spleen. A maximum score of 25 nodules 

per spleen was arbitrarily taken when they were too 

numerous to be counted accurately. At the. beginning 

the animals were weighed individually before dissec­

tion and their spleens were also weighed to the near~ 

est mg before fixing. A group of unexposed mice were 

killed to serve as control for body and spleen weights. 

16. 
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Preliminary data showed .no significant correlation 

between animal weights and spleen weights nor between 

spl~en weights and numbers of nodules. In addition, 

there was su~h a wide variation in the spleen weight 

of mice receiving. the same do~e that correlation,of 

splenic weight loss with dose was not po~sible . There-

fore the weighing procedure was not followed through in 

subsequent experiments. 

RESULTS 

E~perimental data from the 12 primary experime~ts 

.wer~summarized in TABLES I through IV and plotted in 

FIGURES 11 through IV 3 • 

. For lethality studies, the sigmoid survival 

curves on lin~a~ plot were hand~drawn while the least 

'square regression lines from' probittran,sformation wer~ 

fitted. by computer which also gave the equation for 

each line for calculation of the LDgo, LDso and LD10. 

Each point was given equal significance ~ithout assign­

ing a weighting coefficie~t. Attempt to use log dose 

instead oj linear dose on the abcissadid not yield 

better-fit lines. Approximate standard errors (SE) 

were represented by bars at the data points. They 

were estimated by using the formula Jp;q where p and 

qwere probabilities of survival and mor~ality and N 

the number of animals us~d for each point. 

For intestinal and sple~n colony survival, regres­

sion lines were drawn in a simil~r way e~cept log 

values .of mean counts were used on the ordinate. A 

modification of the computer program was used to give 

a direct print-out of Do (dose to reduce survival to 

37%) and of n (~xtrapolation numbe~ at'zero dose). 

17. 

Doses at selected survival levels (100 and 10 intesti­

nal colonies and 10 ~nd 1 spleen colonies) were calcu­

lated -from t.he respect:Lveequations for correlation of 

whole animal radiation response with radios~nsitiv~ty 

at cellular level. Th~ coefficient of correlation was 

better than 0.95 f6r ~o~~ regressions. 

18. 



TABLE I 
6-Day Animal Survival Data 

~ 
of 
Had. (A) Peak a (B) Plateau a 

.. Ode Dose No. No. No • No. 
or Ext>. (rad) '!lice ",ice %S ,SE ",ice '!lice %S SE 

alive used alive used 

(1) 9.0.0 2.0, ' 2.0 1.00 .... 
Single 1.00.0 18 20 90 6.7 2.0 20 1.00 .... 
Dose 11.0.0 9 20 45 11.1 19 20 95 4.9 

in Air 120.0 1 20 5 4.9 i4 20 7.0 ' 10.2 

1)0.0 .0 2.0 .0 · ... 8 20 40 11.0 

14.0.0 0 2.0 0 · ... 2 2.0 1.0 6.7 

15.0.0 1 20 5 4.9 

16.0.0 
.. 

17.00 

1900 

(2) 14.00 1~ 2.0 80 8.9 
Split 1500 9 2.0 45 11.1 20 2.0 100 -'!I, •• 

Dose 16.0.0 ) 20 IS 8 • .0 17 20 85 a.O 
in Air 1,70.0 0 2.0 0 · ... 15 2.0 75 9.7 

1800 0 20 0 · ... 10 2.0 5.0 11.2 

1900 4 20 20 8.9 
20.00 1 20 5 4.9 
2100 " 

220.0 

23.0.0 

() 1800 12 12 10.0 .... 
Single 2000 11 " 12 91.5 8.1 12 12 1.0.0 .... 
Dose 22.00 1) 16 81.5 9.7 12 12 100 .... 
under 2400 6 20 )0 • .0 1.0.2 19 20 95.0 4.9 

Hypoxia 260.0 1 17 5.9 5.7 ,16 19 84.2 8.5 
280.0 1 11 9.1 8.7 10 18 55.5 11.7 
)0.0.0 8 18 45.5 11.9 
)200 1 10 1.0 • .0 9.5 
)40.0 
)6.0.0 

)8.00 
, 40.00 

,'. 42.00 
./ -

(C) 60Co y 
No. No. 
",ice ,mice %S SE 
alive used 

20 2.0 1.00 .... 
19 2.0 95 4.9 

18 2.0 9.0 6.7 
14 2.0 7.0 1.0.2 

7 2.0 )5 1.0.7 

4 2.0 20 8.9 

1 2.0 5 4.9 

0 2.0 0 .... 

20 2.0 1.00 .... 
18 20 9.0 6.7 

17 20 85 8.0 

16 20 80 8.9 
10 2.0 5.0 11.2 

5 20 25 9.7 
2 2.0 10 6.7 
) 20 15 8.0 

12 12 1.00 .... 
16 16 1.0.0 . . .. 
15 16 9).8 6.0 

9 10 9.0 • .0 9.5 
12 16 75 • .0 1.0.8 

7 14 5.0 • .0 I).) 
4 17 2).2 10.2 
) 13 23.1 11.7 
0 9 0 .... 
1 11 9.1 8.7 
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FIG. I-I 

6-Day Animal Survival After Single Dose in Air 
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FIG .• I-2 

6-Day Animal Survival After Split Dose in Air 
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6~Day Animal Su~vival After Single Dose Under Hypoxia 
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TABLE: II 
30-Day Ani~al Survival Data 

~pe or 
,Rad. ,(A) Peak a (B) Plateau a 

Mode Dose No. No. ' No. No. 
of Exp. (rad) '!lice ",ice %S SE: ~ice '!lice %S 

alive used alive used 

(1) 650. 20 20 100 .... 
Single 700 18 20 90 6.7. 20 20 100 
Dose 750 10 20 50 11.2 .18 20 90 
In Air 800 1 20 5 4.9 14 20 70 

850 0 20 0 .... 7 20 35 
900 0 20 0 .... 1 20 5 
950 1 20 5 

1000 0 20 0 
1100 

(2) 700 20 20 100 .. .. 
Split 800 18 20 90 6.7 20 20 100 
.Dose 900 14 20 70 10.2 18 20 90 
In Air 1000 10 20 ' 50 11.2 17 20 85 

1100 4 20 20 13.9 14 20 70 
1200 10 20 50. 
1300 1 20 5 4.9 
.1400 
1500 0 20 0 

(3) 1200 12 12 100 .... 
SI~le 1400 15 16 93.8. 6.0 
Dose 1500 9 19 50.0 11.8 12 12 100 
under 160Cl 6 20 30.0 10.2 
9yooxia 1700 1 21 4.'3 4.7 14 16 87.5 

1800 16 22 76.2 
1900 8 17 47.1 
2000 
2100 2 15 13.3 
2200 
2400 
2600 

----.-

(C) 60Co y 

No. Ho. 
SE: '!lice '1Iice %S SE 

alive used 

. . . . 20 20 100 .... 
6.7 20 20 100 .... 

10.2 1~ 20 95 4.9 

10.7 17 20 85 8.0 

4.9 10 20 50 11.2 

4.9 6 20 30 10.2 

.... 2 20 10 6.7 
0 20 0 .: ... 

. ... 20 20 100 .... 
6.7 20 20 .100 .... 
8.0 19 20 95 4.9 

10.2 19 20 95 4.9 
11.2 16 20 80 8.9 

11 20 55 11.1 
10 20 50 11.2 

.... 4 20 20 8.9 

.... 
12 12 100 .... 

8.3 
9.1 15 16 93.8 6.0 

12.1 
14 16 87.5 8.3 

8.8 11 14 78.6 11.0 
8 15 53.5 12.9 
2 9 22.2 13;9 
1 8 12.5 11.7 
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FIG. II-I 

30-0ay Animal Survival After Single Dose in Air 
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30-Day Animal Survival After Split Dose in Air 
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Type 
of 

Rad. 

Mode Dose 
of in 
Expo- rad 
sure 

(1) 800 
Sing1.e 900 
Dose· 1000 
in 1100 
Air 1200 

1300 

(2) . 1300 
Split 1450 
D.ose 1600 
in 1750 
Air 1900 

(3) 1700 
Single 1900 
Dose 2000 
under 2100 
Hypoxia 2200 

2400 

~ 

TABLE III 

Microscopic Intestinal Colony Data 

I 
(A) Peak a (8) Plateau a (c) 60 Co 

Mean Adjus- S.D. S.E. Dose Mean Adjus- S.D. S. E. Dose Mean Adj.us-
count ted in count ted in count tea< 
per mean rsd per mean rad per mean 
sec-· count sec- count sec- ·count 
tion per. tion .per tion per 

sec- sec- sec-
tion tion tion 

68.9 102.4 23;9 S.4 900 77. 7 12S.0 28.0 6.3 1000 91. 9 1.94.3 
34.2 40.3 19.0 2.9 1000 S1. S 67.2 24.0 3.8 1100 67.7 99.6 
18.9 20.S 13.8 2.2 1100 28.7 32.8 18.3 2.9 1200 S1.1 66.6 

8.6 9.0 6 .• 7 1. 0 . 1200 15. S 16.S 12.2 1.9 1300 26.7 30.1 
3.0 3.0 2.9 0.5 13.00 9.8 10.3 S.3 0.8 1400' 14.3 lS.2 
1.5 1.S 1.6 0.4 1400 3.3 3.3 3.4 O.S 1500 8.2 8.5 

1600 4.6 4.,7 

90.7 169.3 20.7 4.6 lS00 82.3 139.0 32.8 7.3 1700 92.1 194.8 
63.9 91.1 17.0 2.7 1650 61.4. 86.1 25.2 4.0 1850 64.,0 . 91. 8 
37.3 44.7 19.2 2.8 1800 43.9 54.7 20.6 3.2 2000 49.6 63.9 
15.5 16.5 8.6 1.4 1950 25.9 29.2 15.8 2.5 2150 29.7 34.0 

8.9 9.4 6.2 1.4 2100 8.2 8.5 5.9 1.5 2300 13.1 13.8 

81.1 133.2 27.4 4.9 2300 78.2 128.4 22.5 4.1 2500 83.4 142.5 
45.7 57.6 19.8 3.7 2500 47.7 60.7 19.9 3.7 2700 52.5 68.8 
38.0 45.8 15.2 2.8 2600 30.0 34;5 17.1, 3.1 2800 . 36.6 43.7 
22.5 24.9 12.0 2.2 2700 24.4 27.2 11. 7 2.1 2900 .35.1 41. 4 
19.7 21.S 11. 7 . 2.2 2800 22.1 24.3 8.2 1.5 3000 29.1 33.3 

7.4 7.7 4.9 1.1 3000 11.4 12.0 4.8 " 0.9 3200 lS.3 16.3 
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I , . 

Type 
of 

, Rad. 
Dose 

Mode in 
of rad 
Exp. 

(1) . 500 
Single 550 
Dose 600 
in 650 
Air 700 

800 

(2 ) 700 
Split 750 
Dose 800 
in 850 
Air 900 

(3) 1000 
Single 1100 
Dose 1200 
under i300 
Hypoxia 1400 

1500 

(A) 

Mean 
,count 

c: 
Q) 
Q) 

a. 
CI) 

.... 

per 
spleen 

14.8 
7.7 
3.7 
3.6 
1.4 
0.3 

23.0 
10.4 

5.7 
4.7 
2.2 

16.0 
9.3 
4.7 
2.0 
1.0 
1.6 

20 

2i 10 

CI) 

.~ 
c: 
;.2 
o 
() -o 
.... 
Q) 

J:l 
E 
::J 
c: 
c: 
co 

5 

Q) 2 
~, 

TABLE IV 

Macroscopic Endogenous Spleen Colony Data 

Peak a 

Dose 
in 
rad 

S.D. . S.E. 

5.5 1.2 550 
3.2 0.7 600 
2.8 0.6 650 
2.0 0.4 700 
0.8 0.2 750 
0.6 0.1 850 

6.5 1.5 800 
4.4 1.0 900 
3.2 0.7 1000 
1.5 0.3 1100 
2.2 0.5 1200 

3.2 0.7 1200 
2.0 0.5 1300 
1.6 0.4 1400 
1.2 0.3 1500 
1.0 0.2 1600 
1. 9 . 0.4 1700 

(B) P1ateauci (C) GOCo y 

Mean .. Dose Mean 
co'un t in oou'nt 
per . rad per '.:.. 

spleen S.D • S.E. spleen '. S.D. 

15.2 4.0 0.9 600 
8.3 5.0 1.1 650 
5.2 4.7 1,.0 700 
5.0 4.2 0.9 750 
1.8 1.5 0.4 800 
0.9 1.2 0.3 850 

900. 

18.9 3.9 0.9 850 
7.1 3.1 0.7 950 
3.9 3.5 0.8 1050 
2.4 2.3 0.5 1150 
0.9 1.0 0;2 1250 

19.4 3.9 0.9 1400 
13.0 3.0 0.7 1500 

7.0 3.3 0.7 1600 
5.0 2.3 0.5 1700 
6.4 Z.O 0.5 1800 
1.7 1.'4', 0.3 1900 

Macroscopic Endogenous Spleen Colonies 
After Single Dose in Air 

Dose, rads 

F,IG. IV-l 

18.6 4.0 
10.3 4.6 

'7.7 3.3 
4.4 4.3 
2.2 2.2 
2.1 2.2 
1.0 1.3 

18.2 3.3 
11.7 2.6 

3.3 1.6 
2.3 1.3 
1.8 1.6 

19.5 4.2 
1L 1 3.9 
11.1 4.7 

9.0 5.0 
A.l 2.S 
3.7 2.2 

S.E 

0.9 
1.0 
0.7 
1.0 
0.5 
0.5 
0.3 

0.7 
0.6 
0.4 
0.3 
0.4 

0.9 
0.9 
1.0 
1.2 
0.6 
0.5 
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V. Mis~el1aneous 

~i) Animal Survival Time. - ~or gut death, ev~n 

at supralethal doses, no mortality occurred before day 

5 and roughly equal numbers of mice died on day 5 and 

day 6 reg a rd Ie ss 0 f ·:th,e type 0 f rad ia t ion us ed. 

For marrow death, mdst mortalities after lethal 

exposure occurred within the second postirradiation 

week with a mean survival time of about 11 days for all 

3 types of radiation.employed.· At minimal lethal doses 

the smill number of deaths did not perm1't an accurate 

evaluation of the mean survival ti~e. In addition, 

there was a ~ossible error of ±l day for all doses 

because of the uncertainty iri the exact time of death 

so that a plot of the data points looked like a scat-

ter diagram regardless of whether l~uear, semilog or 

However, althpugh they double log paper was used. 

failed to provide quantitative comparison of the dose 

response relation, t·h.e·y did ~how a qualitative dis­

tinction in the temp.o·ral pattern bet.ween the 2 modes of 

death. 

(ii) Animal Weight. - Body weight data after 

singie exposure in air we~e given in TABLE V, .expres~ 

sed as ,absolute weight, weight thange and percentage 

of weight change compared to d~y 0 weight. The latter 

were plotted in FIG. V. Because of appreciable animal 

to animal variation and possible error in the weigh­

ing procedure, they.were not sUfficiently accurate to 

permit quantitation of radiation response. .onethe­

less, they did confirm a qualitative separation be­

tween the 2 modes of death. Un~,li:r,adiated control mice 

of 4.3% in weight every week. Those gained an averaee 

havine received a maximal sublethal marrow dose 
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experienced a peak weight reduction of 10% around day 

10 but reiained their day a weight by day 22 and were 

not too much underweight compared to the control by 

day 30. Mice exposed to minimal lethal marrow dose 

(or miximal sublethal gut dose) showed a gradual de­

crease in weight amounting to 38.7% by day, 13 beyond 

which no survivor remained. In contrast, animals ir­

radiated with lethal gut dose. suffered a more rapid 

decline in weight although the total weight loss of 

32.6% at death was comparable as this occurred about 

a week eariier. 

(iIi) Supplementary Split Dose Study. - Seven­

teen to eighteen week old mice were given two 60 CO 

exposures of 500 rad each, separated by different time 

intervals between them. The findi~gs were illustrated 

in TABLE VI and FIG. VI. A survival peak was obser­

ved at ~ hr and a trough at 3 hr. From 5 to 48 hours 

there was a very gradual upward trend. The minor 

fluctuations in betwee~were probably due to statisti­

cal variation. 

(iv) Age Factor. - Marrow death after single 

dose in air was used to assess the radiosensitivity 

of l7-lS week old mice. The survival percentages after 

850, 900, 950, 1000 and 1050 rad were 100, 85, 50, 25 

and 10 respectively. The LDso(30) was 950rad 

pared to 910 rad for 13-14 week old mice. 

com-

(v) Cage Effect. - Animals were kept 10 to a 

cage instead of individually in separat~ jars. The 

30-day survival rates of 13-14 week old mice were lOa, 

100, 70, 80 and 0% afte~ 800, 850, 900, 950 and 1000 

rad res~ectively. Besides very poor fitting of the 

survival curve, it was noted that the time of death 

was bunched up within a day or so instead of being 
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scattered over a much longer period. 

(vi) Diutnaland 'Seaso'nal Variation. - A rough 
estimate was done on 17-18 week old mice left over 

from primary experiments by using only one seletted 

dose of 1000 rad on 3 groups of animals irradiated at 
different times. Survivals of 20, 25 and 30% for 

exposures at 9 a.m. and 5 p~m., July 1970, and 9 a.m., 

January 1971, respectively, were .not signi£~cantly 
different from o~e~no~h~r. 

(vii) Dose R~te Ef~ect. -Similar check was 

carried out usin~ two do~e rates of 300 rad/min and 
900 rad/min. Values of 30% and 20% survi~al were con-
sidered similar. 

(viii) Hypoxic Co~tiol. - A group of 46 mice, age 

17-18 weeks were subjected to 10 mintites of hypoxic 

treatment. Fi~e eould not tolerate the procedu~e. Of 

the 41 survivors, 20 were given 1000 rad of 60 Co irradi­

ation immediately after .the hypoxic atmosphere was 

replaced by air. Along with the remaining 21 unexposed 

animals, th~y ~ere observed for ~ethalities, 14 of the 

20 irradiated and none of the 21 unirradiated had died 

at the end ~f 30 days after exposure. It was Con­

cluded that a brief period of hypoxia perse did. not 

cause any bias in the result of hypoxic radia~ion 
response. 
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TABLE VI· and FIGURE n • 

Recovery Pattern of 3D-Day Ante.l Surviv,,:l after Split DOse "Co y EJtPo~ure in Air (500 rad + 500 rad) 

Interval 
(hours) 10 12 14 16 20 2' '8 

Z S 25 30 60 20 30 60 45 60 55 50 65 60 70 75 80 

S E '.7 10.2 11. 0 S .• 10.2 11.0 11.1 11.0 ILL 11.2 10.7 11.0 10.2 '.7 8. , 

10 20 30 40 

Interval between 2 doses (hours) 
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ANALYSIS 

The pertinent r~sults of the primary experiments 

were summarized in TABLE VII and the 3 parameters 

evaluated from them in TABLi VIII. The standard errors 

of estimate were calcu~atedf6r the LDso's ~nd Do's. 

Values without overlapping of the 95% ~orifidence limits 

wer~ con~ideredsigDificantly different. 

(1) Relativ~ Biologi~al Effectiveness (RBE) in Air. -

60 Coy ~as used as a reference iadiation against which 

peak and plate~u a partieles were compared. 

For lethality studies, because the 3 types of 

r~adiation' did notgiv.e parallel .. probit reg.ression 

lines (Fig. II arid F{g. III)' RBE values variedaccor-' 

ding to the lev~l of survival chosen for comparison. 

41. 

RBE's bas~d on LD90'S were smaller than those based on 

LDIO with intermediate values when calculated from LDso's. 

For ~ellular Survival studies, the c~rresponding 

n values werereg~rded as similar because of appreci­

able uncertainty in extrapolati6n. R~E's were obtain­

ed by comparing the slopes of the coiresponding re­

gression liDe~ as well as the doses which produced an 

iso~effect at 2 selected survival levels. 

All peak a RBE'swere significantly greater than 

unity. Some plateau a RBE's were probably also larger 

than on~ but to a lesser eStent while most were not 

muc~ different from unity. For b~th types o~ a radi­

ation, the RBE's for gut death and intestinal colonies 

were greater than· those for marro~ death and spleen 

colonies. 

(2) Recovery Pattern in Air. ~ Since most of the 

gressi~n lines in split-d6s~ experiments .wer~ ~ot 
re-

parallel to their correspondent sirtgle dose counter­

parts, the amount of recovery in tetms of percent of 

the first dose depended on the level of survival 

chosen. Therefore, ~gain multiple iso-effe~ts wer~ 

used to compare the 3 types of radiation. For 6-day 

animal survival similar amount of recovery was noted 

regardless of the level of survival chosen or the typ~ 

of radiation used. For 3~-day animai survival, it 

was much l~ss at LD90 level than at LDIO level for 

~ac~ type of radiation, and significantly less at all 

levels for peak a than for plateau a or 60 CO y. For 

intestinal colonies, there was more recovery when 100 

colony or 10 colony survival rather than Do was con­

sidered. However, at corresponding end point, the 3 

types of radiation were similar. For spleen colonies, 

recovery at 1 colony was less than that at 10 colonies, 

and peak a irradiated mice had signifi~antly less 

recovery than those exposed to plateau a or60 Co except 

at the 10 colony level. The 'extrapolation number' did 

not change appreciably except fot the spleen colonies 

after peak a exposure where a 6-fold increase was noted. 

(3) Oxygen Enhancement Ratio (OER). - For each of the 

three types of radiation there was a general tendency 

for theOER to increase from LD90 through LDso to Lb lO 

for both types 6f animal lethalities and from Do 

through DIO tol. ~o DIO~ col. for intestinal colonies 

.and from DIO col. through DI col. to Do for spleen 

colonies. Peak a had significantly lower OER than 60 Co 

for all end points except intes~rnal colony ~urvival, 
while plateau a was similar to 60 Co except probably 

j .. ; 

for spleen colony survival at th~ I colony l£vel. For 

all 3 types of radiatiott n remained unchanged for 

42 



> 
1\1 1\1 ~ 0 1\1 V1 0; n '"' 1\1 n 
;:l o:r (I) HI ::l N 1\1 (I) "'" ...... 0; 

~ 0 1\1 ~ ~ ..... -.J rT '< 
~ rT (I) o:r ... ..... II> '0 

1\1 rT ;:T ~ o:r (I) I\> ~ 0; rT 
o:r '0 (I) rT rT ..... n 
0 N I\> 0 rT ( ... I\> 0 I\> n 
~ V1 ::l. Ul ( (I) 0 0; .0; ... (I) 

rT N ~ ~ (I) (I) ::l 0; 0; ..... 
0; (I) ::l ixI (I) ..... 

..... ..... ... (I) ::l rT I\> ..... (I) 

0 0 ::l rT ;:T ~ I\> ~ Ul 
N ( rt (I) t""' ;:T (I) ... .,: '0 ~ 

(I) (I) ~ t::;t (I) 0; 0 ... 0 0; 

;:T 0; Ul n '" (I) Ul 0 00 < ... rT CD 0; CD ::l ~ f-'. 
OQ rT ... '0 CD ( ::l 0; <: 
;:T ;:T ::s n Ul ill Ul 0 (1) I\> 
CD I\> ill 

I;; 
0 '0 Ul f-'. Hi ..... 

0; ::l f-l "-' (t! 
il; 

/"t Hi 
0 ii I-J~ > 0 III 

/"t. n n 11 ill rt <J n '>1 :oJ 
;:T ;:T 0 ::l ... n f-'~ t: ~ 

I\> CD ..... Ul ~ <: ..... n n :00 

::l O· '0 CD 0 r'- CD :'0 ( 

n ::l ..... t::;t Ul CD ..... I\> 
rt 0 .... r'- t""' CD' Ul ~ :(1) Ul 
;:T 0; CD rT t::;t 1\> . . (1) 
(I). 0; Ul I Ul '" n ~ .::l Ul 

(1)' ~ '0 0 0 f-'. ..... 
t::;t 00 ( 0 ..... ,-.. 0; I\> n f-" 

'0 ;:T .Ul '" 0; '" rt 0 OQ 

0 CD 'CD CD 0 f-'~ ..... ;:T 

::l 0; n Ul 0; 0 0 n 
~ CD (1) 0 I\> '0 :oJ :oJ ..... ... r'- ~ ..... ::l 0 I\> '< '< 

::l ::l n .'0 ~ ::s ..... t-< 
rt OQ ;:T 0 ~ ..... CD (/l ..... 

CD Ul ...... t::;t CD rt .: 0 
t::;t ~ 0 ::l w ;:T 0; :;: 

n .... t""' 0; 0; n I\> < CD 
0 0 t::;t (I) (I) rt ..... ... 0; 

t'" '" I\> ... '< f-'. < 
r'- 0 t-" ::l 0 '0 n I\> n 
::l ,-.. ::s ..... n ...... CD t-' • ..... ;:T 

n '" Ul (I) I\> 
OQ W ( Ul ::s 
~ n. r'- '0 

n ( n EI .0 n HI ( 

ci I\> 0 ...... ;:T t-' • 
..... Ul ~ ... n 

CD ::l ,;:T 
Ul, 

"'" W 

TABLE VII 

Summary· of Results 

,~ype of Rad ia t ion: .0 

System 
(A) leak a (8) P1a·teBu a (C) Co y 

Mode o;~~t LD., lOs , LD,o LD .. LD's 0 LD, , LD.o LD 5 0 LD,. 
Exposure Point (BE) (iSE) (±SE) 

1. 1. Single dose 1010 1090 1170 1141 1278 1415 1291 1462 1633 
6-Day in air (±24) (±37) (±40) 
Animal 2. Split dose 1370 14~0 1610 1614 1779 1944 1768 2004 2240 
Survival in air (±37) (±42) (±50) 

3. Single dose 2091 2352 2613 2566 2862 3160 2975 3465 3955 
under hypoxia (t82) (fllO) (±116) 

II. 1. Single dose 706 746 786 755 829 903 825 910 1000 
30-Day in air I (±15) (±19) ('=20) 
Animal 2. S.p1it dose 798 999 1190 939 1190 1441 1110 1355 1600 
Survival in air (t46) (±60) (±61) 

3. Single dose 1428 1536 1644 1709 1898 2111 1950 2243 2536 
under hypoxIa (i38 ) (±65) (±107) 

Mode :~nd 0, 00 D, , 0, n D, 00 0, , Do n D, 00 D I' Do n 
Exposure Point col col (iRE) col col (t5E) col col (iSE) 

111. 1. Single dose 804 1074 118 91850 944 1269 143 92250 1110 1476 159 105550 
Intestinal in air (d) (t8) (i4) 
Micro- 2. Split dose 1421 1876 196 119050 1624 2115 225 131200 1865 2403 239 243700 
colonies in air (t10) (±30) (±19) 

3. Single .dose 1783 2347 251' 119100 2-347 3028 301 236250 2589 3369 339 207000 
under hypoxia (t14) (t24) (t27) 

Mode :~nd D "0 D, Do n D, 0 D, Do n D, , Dl Do n 
Exposure Point col col(tSE) col col(tSE) col co1(±SE) 

IV. 1. Single dose 537 .721 79 7674' 539 831 96 5495 664 903 106 5443 
Splenic in air (t7) (UO) (t6) 
Macro- 2. Spl i.t dose 765 969 91 44005 877 1193 139 5322 945 1287 160 4504 
colonies in air (t9) (UO) (±21) 

3. Single dose 1084 1460 i62 3267 1353 1844 252 1844 1603 2244 274 2161 
under hypoxia (±25) (±26) (±3 9) 
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DISCUSSION 

In view of the enormous amount of literature on 

subjects related to the ~urrent experiments the fol-

lowing discussion i~ essent£ally confined to those 

findings in mice unless otherwise ·stated. 

I. Acute Int~.tinal Syndrome 

This syndrome~ccurring after whole body irradi-

ation is characterized by an .associated dose range of 

1000 to 10,000 rad; a survival time ~f 3-6 days, depen­

ding on species and other conditions but almost invari­

ant with dose; and ~amage to the small intestine with 

denudation of the lining (Qu.s~ler, 1956). At the, dose 

levels used, in the present experiment, overlapping of 

this syndrome with the hyper-acute syndrome caused by 

damage to the central nervous syst~m is unlikely, al­

though transition between it and acute. marrow syndrome 

is possIble. In fatt, it has been suggested that some-

times .another mode of death,' probably from 'abdominal 

injury', may occur between 5-8d~ys in some strains 

(Austin; ~~, 1956). A detailed discussion of acute 

radiation syndromes and their underlying mechanisms was 

present~d by Bond, et al (1965). 

Post-irr.diation gut death has been used to com­

pare the relative effectiveness of different ionizing 

radiations, to evaluate the recovery phenomena and to 

study the oxygen effect in vivo. To facilitate inter­

pretation of results, probit transformation of dose-

lethality data can be performed (Finney, 1952). The 

main advantage of this system lies in its simplicity 

and relative ex~ediency in scorf~g results, and the 

main inherent disadvantages are that relatively high 

doses are required and that the range of sen'sitivity is 
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ra'ther nar.row: 

(I) Previous RBE sttidies on heavy ions comp~red 

to 250 kVp 'x rays and ba'sed' on' 6-day. med.ian lethal· 

dose showed values of 0.96-l.2D for 730 MeV prot6fts 

(Sondhaus,et~, 1964;Ashi'~awa,1963)~ 0.98 for 200 

MeV 'protons (Ashi'kawa, 1967), and' 1.10-1.20 for 1.38 

MeV protons '(Dalrymple, 'et' 'aI, 1966r~ My plateau Ci. 

RBE of 1.14 compares fav~rably ~ith the~bove'bu~ my 

pe~k a RBE of'1.34is slig~tly bui ~{g~ificantlY hiiher 

although still far below the RBi of 1.90~~.60 ior fast 

neutrons (Rb~heimel, ~956; Silverman, et aI, ~9'8~ 

Hornsey; et· al,·1965)., Another unexJ;>l'ained differ·en·c:e. 

is. that although a smaller .RBE is noted at the90%'tha"n 

at the 10% survi~allevelfor my data; the reverse was 

observed for fast ·neut'rons·. 

(2) The tapaci~y for. recovery aft~r ~ irradiation 

was studied by' various split-dose ~ethod~ fi~m which a 

dose of 400 r to 'give maximum ~e~overy and an' e~tt~po-' 

la~ion.number of 28 were d~duced at 6 hours dose'se~ara~ 

tion (Hornsey 'and Vatistas,,,l?~j). The shape of the 
" 

survivalcurv,e as a functi,onof ,time interval between 

the paired doses was very similar to that obtained by' 

Elkind and Su~t.ori with cell cultures (1961). After 

fast neutron irradiation ,the degree. of recove'ry is' only 

about 213 o~ th~~ a{t~rexposure to x rays (Hornsey, 

.~ 'al, 1965) .. 730 Hey proto'rts of 910 MeV ''alphas ai~o 

caused more permanent damage than x rays.'(Ashikawa,. 

1967). The ~urren~ iesults show no significant differ­

~nc~betwe~n alpha y~ri{cles and 60 CO ,Y, al~hough a 

small difference could have been masked because of 

appreciable recuperation after ~a l~nger i~terv.l of 48 

hours. ~he ~inding that continuous irradiation of mice 

~ith .137 Cs Y at 32S rad/dayup to 3 days ~id not 

47. 
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h LD ( f acute exposure also attests to change t e 50.5) rom 
the remarkable power' ofrec'overy of the intestine 

(tairnie, i969):. 
(3) The oxt.en effec~.has been investigated by 

b .. f er{od 'of. les"sthan' 60 sec of pure ri~,' trogen using a .r~e p,.. , ' ' 
vs pure oxygen hreathi?~ 'un~e~ general anesthesia and 

megaYoltage ~lec~rons d~liver~d at sufficiently fast, 

. d f 105 rad/~in .. · A. dose reduc-dose. rates· in the or' 'er <i 

tionfactor of2.S-2.7~as obs~rv~d (Alper and Hornsey, 

1968; Horrisey, '1971). ' Pure oxygen at 3.atmospherescan 

enhancepost~irradiati6ri gut death by 12% compared to 

air e~posure (Chri~t'ensen~ ~.ai, 1969). My data using 

)~IO min'gassingwith7~ oxigen ~s ~ir sh6w OER v~lues 
·of2.07-2.22, 2 .. 23-2.)4 and 2.30-2.42 for peak a, plat­

eati ~ ~nd .OCoy~ispectively, each depen~ing o~ the, 

surviv~l level under~onsideiation.· Peak a.is associ­

ated wiih 'a 10werOEK f~r eve~y cor~e~ponding end. point, 

comp~red to 60Co y e~~ept ~t 10% s~rvival where a dif­

feren~e of'onlyO.lSis rioted. No other report on the 

in ~ !'xygeneH ec t .()fheavy' par ticlelrradia t ion is. 

available for" ~omparison. However, in vi~ro exposure 

of mouse l~mphoma cell~ to the. same helium ion beam 

demonstrated that ~he uninodified Bragg peak gave a 

significantly lower OEl than the pla~eau.'l.8-2.l ~om­
pared to 3.2'-3.5 (Feola, et !l, .1969). supporting 

'. evidence als~ com.es from an experiinent perfcirmed, w,i~h 

~lmos; identic~l modification of the ~raig peak on, T-l 

humank:idney cells in culture (Raju, ~~, 1970). The 

plateau a OER of 2.S waisimilar to the ~-ray value 

bu~ the ~odified, peak a OER of only 1.9 compared favor-
J, , 

ibiy with the value of 1.6 for 14 MeV neutrons on the 

same system (Bar~ndsen .~d Broerse, i966)~ 
It ought to ~e pointe'd out that the in' 

induction of hypoxia may be associated wi~h 

• 

...• 
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chariges in the mice such as alt.ration in pH, electro­

lyt~ distribution and differerit,metabolic processes, 

so that other unknown factors may also play a role, in 

modifying the radiosensitivity of the animais. 
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II. Acute Marrow Syndrome 

Marrow death after w~ole-body irradiation has been 

'used most extensively in the evaluation of in vivo radi-

ation responses of mammals. It has been demon~trated 

that, providing m~ticulous care is taken in controlling 

undesirable physical and biological variables, highly 

,reproducible results can be achieved (Ellinger, ~ !!!, 
1955). The advantages and disadvant~gesof this system 

are similar to those 6f intestinal death discussed 

previously except that a longer observation period of 

28 to 30 days is necessary. 

,--~-{l)'---Numerous RBE studies h~ve been done in mice 

by comparing th~ marrow death rates after different 

types of ioniiing radiations. The potency of megavol­

tage ~ or y rays is usually accepted as 0.85-0.90 com­

pared to 100-250 kVp x rays (KQhn and Kallman, 1956; 

Ball, 1961; Sinclair and Kohn, 1964). Since 60 Co y is 

usid as the reference radiation in the present experi~ 

ment, all the following RBEvaluesquoted from the 

literature have been converted accordingly wherever 

100-250 kVp x ray was employed as the standard. In the 

case of beavy charged particles, RBE's of 2.00 and 3.20 

were not~d for the lO~(n,~)7 tl and 6 L (n,a) 3 H reactions 

respectively (Bond and East.tday, 1956, 1959); ~1.00 for 

138 MeV proto~ (Dalrymple, 1966); ~0.85 for ~40 MeV pro­

tons (Oldfield, ~!!!, 1963; Bradley, ~ aI, 1964); ~1.15 

10r 592 MeV proto~ (Baarli and Bonet-Maurey, 1965); 
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~1.19 for 660 MeV protons (Wang, ~!!!, 1962; Kurlyanskaya, 

1962); ~O.88 for 730 MeV protons; ~0.9 for 730 MeV protons 

whether unmodified or degraded to 200 MeV ~ith carbQn 

or copper absorbers (Ashikawa,et ,!!!, 1967); and 

about ~1.00 for 2.2 BeV (Jesseph, ~ aI, 1968). The 



value of 1.13-1.15 ~btained currently for plateau a 

agrees with the above but that of 1.28-1.39 for peak a 

is significantly higher tho~gh still much lower than 

most reported values for fast neutrons. These were 

1.75, 5.88, ,2.0 and 1.82 for cyclotron produced neut­

rons (Lawrence, ~ aI, 1937; Hager, 1950; Upton, 1.956; 

Strike, 1970) and 4.6, 2.3, 2.0, 2.0, 2.~5, 2.69, 3.18 

and 2.22 for fission neutrons (Henshaw and Zirkle, 1947; 

Storer, ~ aI, 1957; Vogel, 1957; Delihas and Curtis, 

1958; Ainsworth, 1964; Gambino, ~~, 1968; Davids, 

1970) • 

. (2) Various aspects of recovery of mice after 

total bodyexposur~ have been studied, most commonly by 

different split-dose methods with variation~ in the 

conditioning dose, challenging dose or the time intei­

val between them. Multiple fractionation has also 

been practieed to similate the clinical treatment 

scheme. Different models of recuperation kinetics 

have been ~roposed using linear, exponential or poly­

nomial equation to fit the presented data (Blair, 1952; 

Spalding, 1961; Storer, 1961; Dalrymple, 1963.; St~arner, 

~ ai, 1963, 1964; Kallman, 1964; Krebs and Brauer, 

1965; Kallman, ~~, 1966; Corp and Mole, 1966; 

Taenzer and Krobowski, 1968). Summarily, the early 

repair pattern consists of a period of maximum refrac­

toriness occurring several hours after the priming dose, 

followed by a period of maximum sensitivity several 

hours later. The cyclic fluctuations gradually de­

crease in amplitude and are almost completely dampened 

by 48 hours. this picture bears a rather striking 
j." 

similarity to the recovery pattern of hemopoietic stem 

cell survival (Till and McCulloch, 1963) and that of 

mammalian cells in tissue culture in general (Elkind, 

51. 
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1961). The phenomenon is best explained by the effects 

of rapid intracellular, repair of sublethal damage and/or 

partial synchronization with stage-dependent radio­

sensitivity. Later recovery appears to occur at a 

fairly constant rate,appa~ently ~ue to the logarithmic 

nature of cell division in the irradiated host, and .it is 

therefore determined by the doubling time and Do. An­

other interesting observation which ~ay have .some impQrtant 

~licatio~ in radiotherapy is that severe hypoxia 

might impair 'recovery after fractionated radiation 

(Phillips, 1968; Phillips and Ainsworth, 1969). 

Recovery studies on marrow death after heavy par­

ticle bombardment have been rather limited. V~gel in 

1959 found that fission neutrons resulted in a longer 

recovery half-time (10 days) compared to cobalt-60 

(6 days). However, by the 30th postirradi~tion day, 

there was almost complete recovery. Dalrymple and his 

coworkers noted slower recuperation after exposure to 

55 Me~ protons compared to cobalt~60 but attributed 

the discrepancy to the difference in the priming 

doses (1966). In contrast, other investigators obser-

ved no apparent repair of injury following exposure to 730 

. Mi~ p-roton's,- ~no MeV alphas' or ·x rays (Ashikawa, ~ ~, 

1967). The present data indicate that appreciable 

recovery (65.6-74.1%) occurs after both plateau a 

and &OCoy exposure, but to a lesser degree (50.6%) in 

~eak a irradiated mice. 
(3) The oxygen effect was studied as early as 

1950 by Dowdy and his colleagues. They tried various 

concentrations of oxygen and found that their rats 

could tolerate 5% oxygen but their mice only 7%. An 

OER Gf 2.0-2.2 compared to air breathing was reported 

by them. Van den Brenk and Moore (1959), in elucidating 

im-



the mechanism of action of radioprotections in mice 

obtained a twofold reduction in radiosensitivity using 

similar partial pressure of oxygen, while Phillips 

(1968), in evalua~ing the effect of hypoxia on recovery, 

also observed a similar dose ieduction factor ~ith 5% 

oxygen which was apparently quite well toleiated by 

his mice. U~ing brief period of nitrogen vs oxygen 

breathing a~d exposure to fast electrons, OER values 

of 2.3-2.5 and 2.0 were derived by Wright and Bewley 

(1960)i and Ho~nsey (1971) respectively. An age depen~ 

dency was stressed by Lindop and Rotblat (1960). Vari­

ation of OER over a range from 1.73-2.58 was seen in 

the same strain of mice but of different ages. Maximum 

protection occurred among the 4-week olds. while both 

the I-day anda2-week old mice were least protected. 

Hasegawa and Landahl (1965) ~btained dose reduction 

factor of 2.35 after intraperitoneal administration of 

sodium nitrite and showed by polarographic measurement 

of tissue bxygen tension and iriadiatiori under various 

oxygen pressure that the protection was medi.ted through 

tissue hypoxia. Evans and his associates (1965) achieved 

significant radioprotection with nitrous oxide, kryp~on 

and xenon gases but thought that it was not rela~ed to 

tissue anoxia. Pure oxygen at 3 atmosphereswas found to 

enhance marrow death by 13% (Christens~n, et aI, 1969). 
,.) -- . 

OER's of 2.30 and 2.46 for plateau a ~rid 60 Co y derived 

from the present data are higher than expected.How­

ever the value bf 2.06 for peak a does suggest a slight 

but significant telative reduction of the oxygen effect. 

Marrow death after single p! mUltiple x irradiation 

has been used extensively to evaluate the effect'of 

chemical radioprotectors (Leitch, 1961; BaIner, ~~, 

1961; Smith, ~~, 1963; Wang and Ballantyne, 1964; 
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Maisin, ~~, 1968; Wang and Hasegawa, 1968; Novak, 

1969; Vittorio and Amey, 1970; Hasegawa and Landahl, 

1970; and Sonka, ~al, 1971). The dose reduction 

factor ranged from 1.5 to 2.8. Using 250 kVp x rays 

and 150-440 MeV protons, Oldfield and Plzak (1965) 

noted a similar degree 6£ protection by mercapto-

ethylamine or p-iminopropiophenbne. On the other 

hand, u~ing a combination of chemical radioprotectors, 

homologous marrow cells and streptomycin, Vogel and 

his associates (1969) found that mice exposed to fiS­

sion neutrons were less protected than those follow­

ing x irradiation, the DRF being 1.3 and 2.5 respec­

t~vely. It may be expected that peak a irradiated 

m~ce probably exhibit intermediate protection from 

similar treatment. But this remain~ to. be determined •. 

The last paragraph is inserted to emphasize the 

feasibility of using marrow death in quantifying dif­

ferences in radiatio~ response. 
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III 

Vuhier;abi:i i ty., of nt:he ·.:g·a 5 t;r:oin:t'es t'inal' system· .;·to;.': 1';.:;:> 

ionizing .r a:d ia t io ns ~h~ 5 ·b·e e"n .. es,t a:b l.i sh e.d .;f·or·a. l-o.ItgT<; r:L,:.", 

time;-: Various a'sp·ec··t·s o-f.'.t.h,e:1re's.idtlcfnt!d.amag·eha;vec;"· :, .. "'" 

been asse.ssed both. q·uailita't·iv.ely: "and, quan:t.iltat:iv.e.l)y., by, :.1'~;., 

means of ;:'phys iC'al'; f.tinc t ional j;-,hist·olo·g ie·· ,and ·cyt.Or:l".1 ~'1 : ;. ~ 

kinet ic.S t.ud i:es;' .... :r:: ...... ; ~~~:. .' ", ~~ ", . " -,- i ~1 j :' ~. 

was demonstia t'ed .·by. €·o,nr.ad-i,n 19,54 ~.: ~-ar)l,'y el,ec.tron;g_.;; 'J,.'. 

microscopic changes of the villi werelld.e.t:~~·ted ;,afrte.r ;;.,i!. ... ,-::. 

as low. as ,":200 ::rc1.ci. o,f x ,.irradiati-o.n· bl!t;a~s.(:n:::pti·on al!d 
• • ,'_ •••••• r. _, .~. ~._._ •• _'., , 

transpor ta tion: were ~impiiir,ed .jat muc.h Jhigher ~.d;o sel!: an.d,,"[G~;-:< 

after a;longerinterval~~Qtiastle~ua~d Hampto~~1~621~~'0'~ 
Using;jr.cidioiHitograp·hic .teehni.que. Lipkit.1 and .-;hi,s:I;O:- ·:.F L f, .~~ 

worker sq ;(196;3) _ no ted·.ltha t . DNA,. syn t~es is ,,~n (the .,.c.ryp.~:~ c,~; or:: 

was reduced,by-;50%:lafter;;a dose of ·;only~lO(L~.Cld :a:l;-; s.:d ):0',,; 

though -, pro t ein~ synthes is ,dn· .. g en er.a~ ~as illlpatired' at,.,) -, i':.1 "- '! 

much l,higher do~~" 0:' Ba 5 ~d hon :;miLtb tic,; !,!c:t iV'iti e~nM<!:i,,?i1:L J H; 

a~d~D6h~~tj~{1~63) observed~that~sulfli;d~yl~eR~pq~Qd~l6 i~ 
appreciab.:!,ylshorten.ed.! tll/;! r..ecovery iti~.e • .'.),-,Studies O~B.,,::. '~:) 

th~·.getierai iona cycle;!9f :. ~uod .enaloc~ypt <c.eJ.l 5 :(by ~eaJ;l.s ';:; ,"J'j 

of t~itia~ed~aftd/o;~'~e~labeil.ed~thymid~ne:Sh9we4uth't~~~1 
a n.ew.-s t.eady', sta te!,was .. rees:tablished : when., mic e"received '" ' •. 

. ' - - - '; .. - _ ...- •. .... -;0 r •• ~ :;) n R' 

a daily' dose".on ;ZOO::,~50 rad i.,(FrYi .et-;aJ:" 1963; ,Lam~1;"".) ~\0 

ton, , . .e.t/, a.1; : 196.6; .. Wimb EH' ,dind,~ La1l1er'J;Qll. ~ ~:~ 66; '. ~.es ~e;: "L '; he a lJ 

and Lasher~.['70~~ ~incre~sed~~ell~loss :w~~ ~01l1p~~~atet~~q 

by a"shQ'f,tening. :in.·,·the~ cell .~ycle¥sp~ci·al1y,_ in" Hs !.~lllt'::' 

phasedana~by~~n~dn~rea.e,in~th~~ll~mb~r~of)prq~ife~a~!~~ ~l 

ceJ.i s .... ·, Ac t uall y_.' tbi.s: c ()ll~.ep t:, :hag.·, l()ng( b .een . a pp. i i ed :, ' . _ ... _:_ ' ..... 4_.~.~::, ".") 

clinicali~ ~n,fr~ction~~ed.radiRtherapy-to. minimize., 
# - - '" ,I , ~. k I. ',", "I ~ <'! 

dama~e to the in:tes;t~n:es·,.'! ,How.ey·er.,: ,:!-L llas, beE.!f1 ,sug'ges-, 

ted by W.ie.rnik· ,,(19.6.6.L,1:hat •. th.e the~9-p'E!~tic· ratio: .­

might be higher if larger but less frequent fractions 

.. \ :' 

were 

from .pa t~fjeri"t'fsq t'h'us'~ft,r.'e.ilted' '.d·:l.df ,no:t· 'i'nd'ica,t'e; -any' _exce,s,-

5 i vein.f\h~Y-.o EThe· n'-e"e~a: :-£'00 f,ur:tirer inv,es:t:;i:i.fga,ti>on .. i~n-" ,(\ 

56. 

," .:, 

ord er f'e'"" !?e'sYa-b l·'i;s~h- ,f'·r}ac;i.fd"n"a't i'o,n~ s~h'em:els:'on, ,'a, 35 C i.e-oct,i;fiC 'J ''; ,; 

bas is 'wi's' tli'ti;e"s!s~e'd· oy. r:ru,b:i'~n'a (1197.0 ):;.: d ,.' t,,~: \-.; ,-, ~ " ~!,.1 \ ~;. 
CrypfJCt:"fEilll~su',rv~i:V£i ~c,ha't"a:c t-eri's.t'ics we:r .. e t.:f~ir,s t,~d e-. . ."."; 

duc ed' b:1 tWHhe:r~ii ~'a"lrtd 1Elki'nd;,filn -;1,9:6'8.,1 T;h:e,y, :)i,r:ra;d·i'a. te'd: :".': ::;~ 
~ ~ ~~, - i' "d 2- 1-' 1 . . a n ex ter' ,,:o"r :z'e' ". cm-=" .(j,If,g· r. 1o'"t)'P, o·f' Fsma 1,] ~i:n't:',e,s't i;nfe .to".;a,~: ',' L j 

do s e rangfng '-'.f:i~6,m ri16't5' ,'i'o'- t2?3:7:5'r~a~i __ c.a,t,e .l:f.e iin·g :tai.ke.n ;Jto " ,.: ~ 

s t er iii z e 1!.t-.iie :1n'ia r;g>i rt·s.1wi t'li a;b;o'u:·t: :':3'000 rKad . 'to, fp,r,ev.e:n t .' " , . 

cell liiigr.r t?ion jfr.o'!ii >the 'u'ri:l!rr·a·d·.!ra·teCi s.-egmen t 5 • ,,' [·.Th~;:;- ,.. ~_'!i 

mie e t.'er € sii'c:iif1:c ed l-T'da'j.s c'~fit er :·expo.sure ra nd ;thE!:; ~ i: .; :'1.:) I; t' 

. macro;:co!l;on:i'escsco:r.edv' ;tHeirodat~';were:)fitte~'1l:!e~\lti-: ~J' 
fully' by rii:ii'~ex.pdnenti;in sUt:',v,iva'l: curve(lwhlch yieldE!c1"a :'''') ~I,. 

. ' . 
Do of 100 fad,;"':1i i!;:'.i;'::ij,·:i "j,,:lll> ','n, :bv!Jl, ~,!1, ',,r .;;e1S·,liii.b l.,;'., 

IS 1970iet6~c~i.eJ~utHots~rep6rted.ano.the~, tech~1:~'0~ 
nique f.orassaYlng c.r.ypt"celhsensitLvi~;YJ?l;Microt )c,:'" 

eolonie.U~~r~tiah~9~rse;shct'on2~erexcoun.tedB'i~er02.)~~; 1 

rou t ine-":;h'is"'to[bg.it~: prot essing-'ljof~i :tbeE j;eij ~n,um, bi3:> t.b,:;::; ;- 1:"\.1;'-; 

day s i!~f'te!I"1 rth e< .,frt ilna IS 1; ec e i ved:"t6 ta 1£ b 9 d.y",·i r.lra!ii.~tion~. ~,~ ;: 

With appro:p'i' i~;te< adjOs t~i:!n,t 59 1: auiema.rka 1?"1'.er;~.orr.r,el·a,t'ioll:' '. Q 1-

with macro-colonies ~as observed~ It was used succes~~I.~r 

full y by~"G'iJi.:e't:t·e 'alnd hi s<:! as·s;oe'i·a t:e.>.)(oJ.:9.:1:0 h ,t.o\'(i:l~lll 5 tr'll't e 
~~_ .. ___ 8 ____ • " :- , 

the age-:",~ei>~ndreh.to¥ar:l'a:t:'i:onJi,nl r;a:d:ios e:n's i:t;:i;Y':i-t,y ,th:rpu'gP!' ,.',: 

d if f ere-hEtV ,p'ha·'s.es "}'Off' 'th.e<; C,i"YIp_ti c,Edl' ,.t;:o/,cl:e,.:.".) :I,n ;yJ..~~G .p.£." ": '" '. 
th e ob'v-i-o'b"gllll'ti v:a.n(t'a·g·e'~r, t trh1.S1 mre·t hod~, 'ha 5_1 ·b'e:e,n,:, (adro'p:t'e~l ~n:, ,.' 

the pre's~en~t'.· :--e·x.p.e·r:a.m:e:p-b ~ll,t:h'o.ug'h·:.o.th·,~·ri::tecP:Ii:,i:~ru:es,J!>J?.ls·ed:: f:., 

on the Ilumb'ei.-J of·., .v"i:a b:l 'e" :cel,lrs; p~er;i 'e~r:yp;t[; o.r·:; p'~:rrr "u:P-:i:.t" r, 5",' , '.;"' 

we ig h teO.f;,' t hie: 'feCj u:n'uil! "f,r oln" t ri-tti!? t',ed :t--hym i d,~:n·.e .l-"a b:~ l[i;n·g. "j 

also seem' 'app,e~alih~ i(,Ko·n-on.enko': a:n'?" ·Far~'fc01:lpv",:::1>9.lji9::; " ,', 

Devik, ,'~l:'9'·71.;' H'a7g:e,!D-a'nn',". '197:1:)., :- ;',., :.,";: ",' t ),:".', >..' .,<;, 
(l-),'RBE 'srucilies ·.on· "c:ryp;t~' c-el1:'.'su·rv,ival·· i a.re:, .rela~ 

tively :few'; . 'Bas:e:d [on':tlh'e;.long-ter~m :.!hist.o,pi'i,:tho,l-p,gil=, 

" 
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examination up to one year after local irradiation of 

the rectum of rats, Stenson (1969) derived an RBE of 

only 0.6-0.7 for 185 MeV protons compared to 220~220 

kvp x rays. Even allowing for th~ difference between 
.". 

220 kvp x rays arid c9balt-60 Y rays, his result does 

not agree with the plateau Q RBE of 1.08-1.14 from qur 

.data possibly because neither the experiment~l ·condi­

tioris nor the end points are comparable. tn any event. 

Ule peak a RBE of 1.24-1.34 is defini tely higher than· 

the plateau value. With respect to studies on fast 

neutrons, La.rence arid Tenhant (1937) reported almost 

identical histological findings in the intestines of 

mice recei~ing either 230 r to 290 t of cyclotron pro~ 

duced neutrons or 1000 r of x rays. Based on cytologi-

cal damage in the duodenum after fission neutrons and 

c6'alt~60 exposures, Lesher ~nd Vogel (1958) stated a 

ratio of 1~7. Using microcolohy assays, a RBE of 

1.75-1.90 compared to x rays was determined for neu­

trons produced ai the Hammersmith cyclotron (Horns~y, 

1970). In contrast, a value of oply 1.15 was obs~rved 

for 14 MeV monoenergetic neutrons (Withers, et ~, 

~= .. _,_ .. 19? O?, 
(2) Recovery studie·s by means of the standard 

paired dose method ~ri intestinal micro colonies after 

x irradiati6n showed typical fluct~a~ion of survi~al 
~hen plotted against fractionatiori intervals (With~rs 
and Elkind, 1969). They also noted th~t ~Qll 'survi~al 

~urvesobtained at different intervals after the 

priming dose might not be par~llel to the single dose 

curve. Similar study after exposure to 14 MeV mono-

energetic neutrons revealed a smaller degree of recu­

peiation of 29% compared to 48% after x irradiation, 

(Withers and Elkind, 1970). A smaller quasi-threshold 
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dose for cyclotron neutrons was confirmed by Hornsey 

in 1970. With regard to charged particles, Ashikawa 

and his associites (1967) examined the histopath6iogi­

cal changes in the intestines after spl~t dose. expos-

·.ures ~rtdfound that ·730 M V d 9 e. protons an 10 MeV alphas 

caused more permanent damage than x rays. But the 

difference was not quantified. My data show alm.ost 

complete recovery at 48 hours after a and y irradiation 

and suggest p~ssibly an overshoot or overcompensation 

for peak a and 60 CO y if· h 10 ... -t e -colony survivaT:;'·i's 

chosen for comparison. 

(3) The effect of oxygen on the in situ radiation 

response of the intestines has not been thoroughly ex­

plored. Using local i~fusion of nor~epinephrine and 

~odium nitrite to 6reate a hy~oxic state and histologic 

criteria for evaluation, Stenson (1970) observed ap­

~roximately equal protectioa of the rectal mucosa of 

rats reteiving 187 Me' proton or cobalt-60 gam.a irradi­

ation locally. When mice breathed pure oxygen instead 

6f air during lotal body ~irradiation, the sens~tivity 

of small intestine was increased by 10% according to. 

both macro~ arid micro-colony assays (Withers and Elkind, 

1970). Using 7% oxygen vs air breathing and comparing 

the slopes of the crypt.cell--survival curves comparable 

OER (2.11-2.55) is noted for all 3 types 6f radiation 

used presently. However h b d , w en . ase . on iso~survivals. 

peak a appears to have a slightly lower OER (2:19-2.2) 

than plateau aor 60~0 y (2~28-2.49). ~ The discrepancy 

is ~robably due to a difference in the shoulder width. 

(~) Correlation between cytokin~tics of the gastro-

1ntestinal system and acute intestinal syndrome have 

been discussed in detail (Patt and Quastl~r, 1963; 

Pat t, 1 9 6 8) . It has often been assumed that animal 

Sf 



survival depends on a critical number of viable crypt 

stem cells (Hornsey and Vatistas, 1963; Wilson, 1964). 

Different 6athematical model~ based on cell population 

kinetics have been proposed (Gilbert and Lajtha, 1965; 

Sacher and Irucco, 1966; Robinso~, 1968; Lange, 1968, 

1970) . 

Functional importance of the villus cells had 

been 'well known. But competence of the Paneth cells 

was first stressed by Hampton (1966). He noted re-

markable!simil~rity between the effects of x irradia-

tion and nitrogen mustard pertaining to the changes in 

the villus cells (1967). Good correlation between 

animal survival after abdom~nal irradiation and ~atro­

colonies in the jejunum was n~ted by Withers and El-

kind (1968). Similar observation was made by Hornsey 

(1970) in conne~tiori with the effect of dose rate. It 

is not surprising that my data show an agreement of 

better than S% between each 6-day median lethal dose 

and the dose resulting in 10 colonies per circumference 

for all single dose exposures. On the other hand, the 

lack of correlation observed in the split dose experi­

ments indicates that a more complex relation exists. It 

is possible that a requisite level of proliferative 

cellarity at an earlier stage after exposure is a more 

decisive factor in determining the outcome of the ani­

mal (Hagemann,' et ~, 1971). 
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IV. Radiation Response ~ Hemopoietic Tissues 

There are 2 broad categories of spleen colony 

assays used in quantitating radiation response of mam-

malian cells. (A) One involves pr~paring spleen, 

marrow or liver eell suspen~ions from a donor mouse and 

injecting them within several hours into a previously 

exposed recipient mouse from which the exogenous spleen 

colonies are scored at the end of 8-10 days after trans­

plantation. (B) The other does not teqtiire a donor 

but consists of simply irradiating mice and counting 

the endogenous colonies after a similar period. 

(A) 1n exocolony techniques, all recipients re­

c~ive equal amount of prior whole body ~rradiation to 

suppress endocolony formation. (i) Donor mice may be, 

given graded doses o~ in vivo exposure before cell sus­

pensions are prepared. (ii) Donor cells in suspension 

may be irradiated in vitro before injection into recipi­

ents. (iii) Recipient mice may be exposed in vivo to 

graded doses of rad~atiop before injection and recipro­

cally graded doses after injection so that the injected 

cells receive graded exposure but' the r,ecipientmice 

a constant total exposure (Till and McCulloch, 1961; 

McCulloch and Till, 196~; Till, 1963; McCulioch and 

Till, 1964; Siminovitch, et aI, 1965. 

(B) In endocolony techniques, all irradiations 

are delivered in vivo. (i) This can be done first to 

the exteriorized spleen, then to the whole body so that 

the spleens of different groups of mice receive equal 

amounts of sterilizing radiation but the rest of the 

~odies, graded doses. Thus a dose response relation of 
i-. ,-:; .. 

spleen nodules derived from non-splenic tissues can be 

established (Boggs,et~, 1968). (ii) Part of a 

skeleton (e.g., a femur) can be shielded to different 
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degrees while the rest of the body is exposed. Thi.s 

would isolate the response of femoral marrow alone be­

cause the ~o~ony formers wh~ch have migrated to and 

settled down in the spleen are ~cored (Han~s, 1964). 

(iii) Mice can simply be given graded full body expos­

ures and the spleen nodules which develop. in situ 

counted (Marsh, et aI, 1967) • 

There are advantages and particular applications 

as well as inherent disadvantages as.oc~ated with.each 

method. In essence, all exogenous procedures might 

irttroduce errors ~D the ~reparation and injection of 

cell suspensions although these would be minimized in 

experienced hands. However, the. in vitro technique' 

(A-ii) has a unique attraction in that a surviv'al 

'curve c6veringseveral decades may be obtain~d by ~ary~ 

ing the diluti6~ of cell suspensions. In conttast, in 

all other methods only a narrow ddse range of a few 

hundredrad can be used thu. giving rise to appreci-

.able uncertainty in extrapolation. In general , the 

endogenou~ procedures should give results more closely 

related to the radiation response of the whole animal, 

at least in theory. The in situ technique (B-iii) which 

is used currently has additional benefits in ,its simpli­

city and relative ind~penderice of factors aff~cting 

migratiort and distribution of cells in the mouse. 

Clonal natur~ of the ~xocolonies was suggested by 

cytologic demonstration (Becker, ~~, 196~; Welshons, 

1964) and confirmed by karotypic analysis of chromo-

some marked cells (Chen and Schooley, 1968). It is 

still moot whether the colony formers truly represen~ 
i~ ;,.: 

multipotential hemopoietic stem cells. Recent evi-

dence from compariso~.with e~ythropoietic sensitivity 

tests using multiple techniques indicates the presence 
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of an intermediate population (s) of erythropoietin 

sensitive cells between the hemopoietic stem cells and 

the col~ny-forming cells (School~y, 1969). There are 

as expected, 3 histologi~ varieties of colonies:, ery­

thropo ie t ic, granulopo ie tic, and· und if f eren·t ia ted. 

Their proportions differ depending on the time. of exami~ 

nation and their origin (Jenkins, ~ aI, 1969). The 

~ignificance of this observation is being investigated. 
'I ' 

By means of retransplantation techni4ue. it has been 

shown that the distribution of colony form~ng cells pe~ 

colony i~ extremely heterogenous, which cannot be en­

tirely attributable to variation in the total cell 

counts pe~ colony (Siminovitch, 1963). This distribu­

tion approx~mates more closely a Gamma rather than a 

Poisson function. Similar distribution has been noted 

with respect to gross nodule size (Ainsworth and Lar~en, 

19~9). Thus the slope of the survival curve may vary 

cons.iderably especially for endocolonies according to 

which size ~riterion is ~hosen. Nonetheles" in spite 

of some degree of subjectivity, meaningful information 

can still be obtained provided the same selection is 

followed throughdut. The counting procedure could have 

been facilitated by a recently developed staining tech-

nique (Larsen and Ainsworth, 1969). Howev~r, it is not 

used presently because it has not been found to alter 

the estim~tion of radiation sensitivity. 

(1) RBE studieS based on spleen colonies are 

rather scarce. ,In fact, apart from comparison between 

x and ~ rays there has not been any report on particu­

late radiat~ons,to my knowledge. RBE values of 1.24-1.34 
i . . ;. 

for peak a and 1.08-1~14 fbr plateau a obtained here are 

in keeping with those of' 1.17-1.27 and 1.09-1.10 based 

on .marrow death. 
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(2) The recovery pattern of the hemopoietic tis-

sues, however, has been investigated quite commonly by 

spleen colony assays .. Early intrac~llular repair of 

exo-colony formation was studied by Till (1963) employ­

ing 2 doses of 200 rad given at various time intervals 

and comparing the survival ratio. A peak noted at 5 

hours and a trough at 10 hours were similar to Elkind'~ 

(1961) observation bn mammalian cells in culture. Al­

most identical results were obtained with endo-colonies 

(Till and McCulloch, 1963). By means of an alternative 

split dose technique, i.e., givin~ graded second doses 

to reevalupte the full survival curve at different 

-times after a fixed .conditioning dose,they noted a tran­

sient increase in the Do for both exo- and endo-colonies 

which was maximal around 24 hours returning to single 

do~e value by 48 hours (McCulloch and Till, 1964). Fluc­

tuations in survival of exo-colonies at different times 

after the transplantation and of endo-colonies at dif­

ferent times after a conditioning dose could be attri­

buted to partial synchrony and differential sensitivity 

of different phases in the cell cycle (Maruyama, 1968; 

Frindel, ~ aI, 1966). Another factor that might play 

a role could be changes in oxygen consumption of the 

spleen after exposure (Evans, 1968). Attempt to cor­

relate the recovery pattern of animal survival with that 

of exo-colonies of marrow origin was unsuccessful (Hanks 

and Ainsworth, 1967). In evaluating the effect of small 

~hanges in daily 40se in the range commonly ~mployed in 

fractionated radiotherapy, a discrepancy of the ov~~all 

effect wa~ noted between exo- and endo-colonies (Chaffey 

and Hell~an, 1~68). This was presumably due to a dif-

ference ~n their states of proliferation. Thus endo-

colony formation would seem more applicable to the 
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clinical situation. My data indicate that peak a 

probably causes slightly more irreparable damage than 

plateau a or 60 Co y. 

(3) ~he ~xygen effect on spleen colony survival 

has been studied by several investigators. No signifi­

cant difference was noted in exo-c6lony development 

when marrow ce1ls were irradiated in vitro befote trans--- ------
plantation either in air or when a mixture of 95% 02 

and 5% C02 was bubbled through the suspension (McCulloch 

and Till, 1962). Similar results were obtained when 

donor mice were exposed in vivo either breathing air or 

pure oxygen (Maruyama, 1968). Hasegawa and Landahl (1967) 

showed that when mice were forced to breath graded hyp­

oxic mixtures, there was a corresponding drop in oxygen 

tension in the spleen as measured polarographically. 

Using the endogenous technique, Vacek and Sugahara 

(1967) irradiated mice either in air or in an atmosphere 

of 8% Oz in Nz and obtained a dose modifying factor of 

2-4 depending on the strain used, while Hornsey (1971), 

exposing 2 other strains of mice to brief periods of 

pure Nz vs pure Oz deduced a value of 2.0. Using the 

exogenous method, Cole and Davis (1968) derived a DMF 

of 1.9-2.1 when anoxia was produced by sacrificing the 

donor mice 3-5 minutes before exposure. Using both 

exo- and endogenous techniques and a 5% Oz hypoxic mix­

ture vs air an OER of 2.3-2.6 was obtained in other 

strains of mice (Phillips and Hanks, 1968; Phillips, 

1968). They also noted an apparent absence of recovery 

after hypoxic exposure. It is interesting to note that 

previously similar DMF was observed when mice were sub­

jected to 1°C hypothermia and t~~ir spleen weight scored 

after irradiation (Weiss, 1960). The value of 2.22-2.61 

for plateau a and sOCo yI obtained is comparable to 
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the above while that Df 2.02-2.05 for peak a is slightly 

but significantly lower. In passing, it should be men­

tioned that there is negligible effect from thebr;i.ef 

hypoxic treatment und'e'r discussion in contrast to the 

well known hema toiogicchange,s after prolonged hypoxia 

whieh 4is used so freq41ently in the study.of erythropoi-

esis. 

To lend further Bupport to the validity in using 

endogenous spleen colony formation to quantitate radi­

ation response of mammalian ~issues in situ, the follow­

ing additional works on radioprotectors are cited: 

differenc~ in dose reduct~on factor of single or multi­

ple doses of iritraperitoneal injection of S.typhosa 

endotoxin based on the Do's (Smith, ~ aI, 1966);. effect 

of the interval between intraperitoneal administration 

of cystamine by ~omparing the doses which result in the 

same number of ' colonies per spleen (Juraskova, 1967); 

kirietics of stem cell depletion and proliferation as 

evidenced by the effects of vinbiastine and vincristine 

in cO.ntrol and irradiated'mice (Smith, ~ aI, 1968);. 

difference in mechan'ism of radioprotection afforded by 

AET and urethrane (Cole and Davi~, 196~); influence of 

separate and combined use of 5-methoxy-tr~ptamine and 

cystamine (Zaitseva, :et ~, 1969) and effect of estradiol 

on the different histologic types of spleen colonies 

(Jenkiris. ~~, 19-69). 

(4) There h~ve been many attempts to correlate 

acute marrow syndrome with the survival characteristics 

'of the hemopoieti::cells since the "salvage experiment" 

of McCulloch and Till (1960). Differential radiosensi­

tivity, of normarand geneticall;' anemic mice can be 

explained on a cellular basis using peripheral blood 

counts an~ marrow cellularity (Russell, ~ '!!, 1963). 
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The radiation effects in cell renewal systems are deter­

mined largely by their ce~lular kinetics, which may 

account.for the selective advantage of clinical dose­

fractionation in tumor therapy (Patt and Quastler, 1963; 

Patt, 1963, 1968). By quantitating the decrease in 

nucleated cells, it has been shown that the spleen and 

marrow have similar cell survival curves with respect to 

r~productive inhibition (Puck, 1966). Based on the 

assumption that the whole animal survival depends on a 

critical number of certain'sensitive cells, several 

approaches have been proposed to establish the relation 

of whole animal mortality and the su~vival curve of 

single cells (Munro and Gilb.rt, 1961; Lange and Gil­

bert, 1968; Robinson, 1968; Gilbert, ~969). In general, 

in spite of empir~cism and either oversimplification Or 

complicated mathematical iormulation, there is good 

agreement for the quoted illustrations. Both 8-mercapto­

eihylamine and S. typhose endotoxin increase postirradi­

.tion animal survival as well as comparable endogenous 

spleen colony survival (Smith, ~~, 1966). Using 

both exo- and endo-colonies and both Pseudomonas endo­

toxin and AET as radiomodifiers, Ainsworth and Laiseg 

(1969) have been able to predict the LDs 0 (30 )'s to within 

2-10%. Employing heat-damaged red blood cells as a 

fair corre lation between mairow death radioprotector, a 

reduction and enhanced endogenous spleen colony survival 

has been observed (Motley, ~~, 1970). Furthermore, 

3D-day lethality appea~s to be more closely related t6 

endogenous spleen colonies than~exogenous colonies of 

marr~w original as studied with post-irradiation col­

chicine treatment (Brecher, ~al, 1967) or in mice 

differing markedly in erythropoi~tic activity (Fogh, 

1971). The present finding of 50% animal survival 
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corresponding to 1 endo-colony per spleen agrees with 

previous observation of a correlation with 3 x 10~ nuc-

leated cells (Kurnick and Nokay, 1965). 

(5) Splenic weight loss has been shown to be a 

sensitive indicator of a~ute radiation effect (Carter, 

~~, 1950) and, used as a means of comparing different 

ionizing radiations (Harris and Brennan, 1952; Jordan, 

~~, 1956; Bateman, ~al, 1961) and assessing the 

radioprotective effect of marrow cells (Wu, ~~, 1968; 

How-Takada, 1971) or chemicals (Zaitseva, ~~, 1969). 

ever, complicating factors of regeneration arise when 

the weights are scored more than a few days after ex­

posure. Stroud and his coworkers (1955) showed that 

when theirr.diation was f~actionated over weeks, the 

active red p~lp instead of losing weight like ,the white 

pulp actually increased in mass as a result of extra­

medullary h~matopoiesis. Kallman and Kohn (1955) pointed 

out that there was appreciable inherent variability un­

less large n~mbers of anim*ls were used and that abscopal 

effects mig~t also playa role in causing reduction'in 

splenic weight. The latter was confirmed by Kurnick and 

Nokay (1962) by shielding t~e exteriorized spleen. ,At­

tempts to use postirradiation weight changes of spleen 

and thymus to evaluate the influence of the adrenals on 

the radiation effects ~f lymphoid tissue was unsuccess-

ful (Mendelsohn, 1955). Thus, it is not surprising 

that poor dose response correlation is noted in my pre­

liminary data. 
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V Miscel"laneous 

(i) Bio~ogical Factors 

The influence of mouse_train on acute radiation 

lethality has long been recognized (Kohn and Kallman, 

1956, 1957). Even though the slope function of the 

probit-transformed dose-effect curves remained surpris­

ingly constant for all the inbred and hybrid strains 

tested, there was significant variation in the median 

lethal dose as well as the mean survival time. The 

recove~y half-time examined by the paired dose method 

als9 showed a definite strain dependence. On a genetic 

basis, Grahn (1957) pointed out that relative radio-

,resistance was dominant over sensitivity. However, 

Fr8len, ~ al,(196'1) presented evidence to support the 

importance of additi~e or recessive genes. Studies 

using fast neutrons instead of x rays revealed compar­

able strain factor, (Hightower, ~~, 1968). The simi­

larity of response between wild and domestic mice of 

the same species seemed to indicate that natural selec­

tion was o'f minor significance (Golley, ~ aI, 1965). 

A relation between the efficiency of chemital radio­

protectors and animal strain has also been demonstrated 

(Yuhas, 1970). 

The ~ factor is another important determinant of 

radiosensitivity, not only in terms of the 50% lethal 

dose and time of peak mortality but also pertaining to 

the capacity to recover and the effect of oxygen (Lin­

dop and Rotblat, 1962; Spalding and Truyillo, 1962; 

Rugh and Pardo, 1963; Trowell, 1963; Storer, 1965; 
i.': 

Fred and Smith~ 1967; Yuhas and Storer, 1967; Jones, 

et aI, 1968, 1969; Yuhas,etal, 1969). Despite minor 

discrepancies, some generalization may be made. In 
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essence, new-borns are lI1os,t stisce~t.ible,toradiation, 
yourtg adultsmostre~istant, and vulnerability again 

increases, with advancing age. Possibly duetoaf,aster 

metabolic rate th~ young tend to recover better than 

the old and have a higher tolerance to hypoxia and' 

therefbre exhibit a grea~e~o~ygen effect~ 

T,he effect of ~'on radiation response is not ,as, 

marked as that~f strain or ~.e(Kohb and Kallman
J 

1~56; Lindop and Rotblat, 1962). In general, th~ f~­

mal~s are slightly mori sensitive before 10 weeks and 

somewhat more resistant at older age, probably because 

of the influeriee 6f estrogen. 

From the above discussions, it is apparent why the, 

same ~trairi and sex of mice ~ere used throughout the 

current investigation and why effort was made to main­

tain a narrow age range of no more than 2 weeks. 
" , 

(ii) Environmental Conditions 

A definite cage effect on acute, radiation lethal­

ity has been demonstrated by previous experimenters 

(Hahn and Howland, 1963; Yuhas, ~.!!, 1966) . Singly 

cag~d mi~e survive a higher dosecif radiation and longer 

than t~6se kept ~n lot. of two 6r more. My small con~ 

trbl experi.ent is not conclusive but ,certainly sug~ 

gestive of similar findings. Thus, all the mice used 

for lethality studies were housed individually. Ideally 

those for intestinal ~nd spleen colonies,should have 

been similarly kept, but because they were sacrificed 

befor~ death oc~urre~ sp~ntaneously, th~ eff~ct 6f 

crowding was consid~red negligib,le. 
... , ..... 

The influence of diet was examined by Ershoff (1961) 

andDy-rosea,etal (1963). In view of their positive 

eVi~ence, the mice were fed thesam'e food throughout the 
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'en'tire experiment. The water was chlorinated and all 

the cont~iners 'autoclaved' to minimize the' ch~nces, of 

infection. It isnotcerta'in '!'hether the use 'of,,'g'eim­

fTee animals might,' yie.ld significant additional in­

for~ation as far ~s theohjective~ of tha pre~ent In-

ve~t~ta~i~nare co~c~~ned. The axenic .tate has~een 
f~'und by 'manyt,o' increase and p,rolong animal' s~rvival 

both ,after x irradiation (Wilson, '1963; McLaughlin, 

2.! aI, 1964; Matsuz~w~ and Wilson, 1965; Walbu'rg,1966) 

and following exposure to fast neutrons, (Jervis~ et aI" 

1911; MCLaugtilin~et:al'- 1911). The temperature and 

tbe period~ ci~ l~ght and dark 6fth~ ariimal room,were 

kept constant to reduce any seasonal and, diurnal vari-, 

ation in radiosensitivity .' No apparent influe~cewa's 

obs'erved in my sm'all c6ntrol' experiments, but a cir­

caJian rhythm wa~ d~ieriniried by sbme investigaiors 

(Nelson, 1966; Vacek, .~ aI, '1968; Ueno, 1948; Pizzar-, 

ello and Witcofski~ 1970). The higher sensitivity at 

night compared to the,day is poss'ibly mediated. through " 

a humoral mechanism and/or the £luctuations of the 
, ' 

s,t,age-dependent sensit:ivity through different, pluses of, 

the, cell ~iyision~yel~. 

(iii) Irradiation Conditions 

Possible link between metabolic activity and radio~ 

senSit1vityw~s pr,esertted by Tsuchyia, et,.!.! U963). By 

administering thyroid or anti-thyroid agen~s, he obser­

ved a definitive difference in sebsitivity.,; He was 

able to explain some strain-factor purely on the basis 
, ' 

of a physiological difference in the thyroid function. 

Spalding and his associates (1970) also attributed the 

difference of radiosensitivity between two'sublines' of 

the same strain of mice to a corresponding ~ifference 
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in their voluntary activities. With the container 

rotating during exposure in my experiments most of the 

mice moved ~n the opposite directibn. But possible 

Variation in the amount of physical activity cannot 

be excluded. Hurley and Joslin (1964) found an en­

hancement of radiation lethality when the irradiation 

temperature was raised from 22° to 37°C. However, 

Williams and his colleagues (1968) did not observe a 

difference over the range from 16° to 32°C. Most of 

my exposures were delivered at a room temperature of 

about 20°C, with a mean elevation of about 4-5°C in­

side the mice holder at the end of the irradiation. 

The dose rate effect on radiosensitivity has been 

studied extensively. A correspondence of lethality to 

the cube root of the dose rate was proposed by Bateman, 

!:.!. ~ (1962). For x or a radiation, no significant 

difference in survival rate was found between 10 and 

95 rad/min (Fowler and Lawrey, 1960) ndr in survival 

time between 2.5 to 250 rad/min (Spalding, ~ aI, 1967). 

However, a dependency on dose r~te between about 0.5 

tq 70 rad/min was noted by Joslin, ~al (1967), who 

also observed that the influence on gut death was more 

pronounced than on marrow death. A close correlation 

between gut death and dose rate was confirmed by Krebs 

and Leong (1970) using a range from 1 to 100 rad/min. 

Usini fast electrons deliv~red at 6000 rad/min, Hornsey 

and Alper (1966) showed a decr~ase of about 20% in the 

LDso(_) compared to the u~ual dose rate of about 100 

rad/min. However, llsing 3 MeV pulser x rays at 10 12 

rad/min, Caldwell and Sloan (1967) did not detect any 

significant change in the LDso(30) compared to the 

exposure at a dose rate of 300 rad/min. With beavy 

particles similar discrepancy of a dose rate effect 
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on gut death but not on marrow death was observed by 

Ashikawa, ~ aI, (1963) using 730 MeV protons between 

100 and 1000 rad/min, and by Dalrymple, ~ ~ (1966), 

using 138 MeV protons between 86 and 550 rad/min. My 

data on marrow death resulting from a irradiation at 

300 and 900 rad/min are in agreement with the above. 

Negligence to repeat a similar experiment on gut death 

might have caused a relatively higher RBE compared to 

marrow death for both peak a and plateau a irradiation 

because they were generally performed at dose rate 

around 900 rad/min in contrast to the maximum rate of 

300 rad/min available from the cobalt source. In any 

event, there is a clear biological difference between 

peak a and plateau a delivered at simi~ar dose rate. 

With respect to fast neutrons, LDso(30) studies d~d not 

reveal any differences between fission neutrons deliver­

ed at 40 or 10 6 rad/min (Ainsworth, ~ aI, 1964). On 
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the other hand, using 14 MeV monoenergetic neutrons andscor­

'''':ng: by fhe same endpoint, a significant dose rate effect 

was demonstrated by Strike (1970) even over a narrow 

range from 3 to 50 rad/min. The reason for this dis-

crepancy is not apparent. It seems unlikely to be ac-

counted for by a diff~rent LET. 

(iv) Supplementary Postirradiation Observations 

Th~ median survival time of animals exposed to the 

lethal marrow dose range has been shown to decrease 

exponentially with increasing dose (Storer, et ~, 1957) 

and found to be shorter after irradiation by higher LET 

radiatipns (Upton, '~al, 1956; Bond and Easterday, 

1959). Within the limitation of accuracy in my data, 

equivalent doses of all 3 type~ of radiation appear to 

result in roughly equal mean survival time. 

) 
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Changes in animal w~ight after total, body expos­

ure has been found to be correlated with mortality 

data (Dowdy, 1950; Chapman, ~ aI, 1950, 1955, 1956). 

However, it is felt here that the association is prob­

ably too gross to permit distinction among the radi­

ations used and not s-ensitive enough {or an accurate 

evaluatio~ of modifications of radiation response. 

(v) Linear En.rgy T~ansfer 

The significance of ionization density in radio­

biology and ~ts impl±cation in radiotherapy have long 

been recognized (Lawr,ence, et aI, 1937). The most 

widely used ~riterion is based on the LET concept 

(Lawrence, ~ aI, 1937; Tobias, 1952; Zirkle, 1954; Bond, 

1957; Todd, 1964; Barendsen, 1965; Andrews, 1965; Fowler, 

1966; Bewley, 1968). Because of differences in the 

cho£c. of LET definition and biological test system there 

are as yet no univers41ly applicable relations between 

LET and biological effects. Nonetheless, certain general 

agreements can be summarized as follows. (1) RBE in­

creases with LET from about 1 KeV/p up to about 50-100 

KeV/p, beyOnd which it ~radually falls again. (2) There 

ts more irreparable damage at higher LET. (3) The in-

iiuen-ce of' mod-ifying .a,g;nts' such a's oxygen and chemicals 

is reduced at high LET. The limits where recovery be­

gins to vanish completely and where the dose modifying 

factor approaches un1ty are prob~bly in the order of 

300-500 KeV/p. 

Under the above considerations, the data reported 

herein would seem unexpected because the maximum mean 

LET at the Bragg peak is only around 10 KeV/~. Several 

explanations are offered without verification. Perhaps 

a small compon'ent of 'very high LET' particles is ,enough 

to cause the observed differences from the uniformly 
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low LET Y radiation. Furthermore, the energy distribu~ 

tion on a microscopic,scale is nonuniform. The proposal 

by Ros'si, ~ !!.! (1961), of using a probability function 

to define the true spatial energy distribution ,could be 

more important in determining the biological outcome. 

It'is doubtful that the higher instantaneous dose rate 

in the vicinity of 109_i0 9 rad/min of a radiation might 

play any role. 

The modified Bragg peak appears to be significantly 

different from cobalt-60 gamma to warrant further re­

search on other normal tissues and some tumor systems, 

especially when heavier ions become available in the near 

,_Iuture. ' 

In summary, the attractive features of heavy ibns 

lie in the relative ease of beam collimation, the possi­

bility of ach{eving more ideal 3 dimensional dose distri­

bution, and the abilit! to irradiate cancer cells with 

the high-LET peak maki;g use of its biological advantages 

while th~ intervening normal cells in the beam paths ~re 

~xpos~d to the low LET ~lateau portion. Even the present 

helium-ion beam may prove useful in certain situations 

where a small therapeutic gain is critical iri enabling the 

_d~l_iv~~'y_ of a c!lncerocidal do~e ~ithoutexcessive damage 

to the surrounding normal tissues. Whether the benefits 

would justify the expense in setting up a heavy-ion treat­

ment center for cancers remains to be ascertained; but at 

this Laboratory where such beams are availahl~ therapeutic 

studies on patients with inoperable ana radiation incurable 

cancers continue. It is to be hoped that other centers 

that have these high energy particles available will use 

them similarly, and that heavier, more densely ionizing 

and penetrating ions will soon be a~ailable such as those 

produced by the proposed Bevalac ~ow in the planning stages 

for use in physics, chemistry, biology, nuclear and space 

resea'rch. 
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