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ABSTRACT 

Survival of lymphoma ce l l s  i r r ad ia t ed  in  special  c h a m b e r s  under 

hypoxic and hyperoxic conditions has  been used to calculate the oxygen 

enhancement  ra t io  (OER) and the relat ive biological effectiveness { RBE) 

fo r  X r ays  and He4 ions of different LET.  We have used 230-kV X r a y s  

(HVL = 1.6 mm Cu) and the He4 ions acce lera ted  by the 184-inch synchro- 

cyclotron (LET'S: 

focused cyclotron (LET'S:  

lymphoma ce l l s ,  

3.8 f 0.9, and this  value d e c r e a s e s  constantly with increasing LET.  

For He 

lated for both hypoxic and hyperoxic conditions a r e  all c lose to 1.0, 

except for  He4 ions of high LET.  

184-inch synchrocyclotron at peak is  1.8k0.5. 

t icular  i n t e re s t  in  view of the extensive use  of the Bragg peak in  therapy. 

Comparing the OER for  X r a y s  with that for  He 

a gain factor  of 1.8* 1.0 is obtained. 

c r e a s e  in  the oxygen effect. 

total destruct ion of the anoxic ce l l s  range from 2.5 to 3.5. 

2 17 and 100 MeV-cm /gm) and by the 88-inch sec to r -  

2 80 and 220 MeV-cm /gm) to i r r ad ia t e  the 

The oxygen enhancement ra t io  (OER) for  X r a y s  is 

4 2 ions of 220 MeV-cm /gm the OER i s  1.8*0.5. RBE's calcu-  

4 The RBE fo r  the He ions f r o m  the 

This  figure is of p a r -  

' 4  ions a t  peak (2 .1  f 0.7), 

This  gives an es t imate  of the de-  

Theoret ical  values of the gain factor  for 

* * * * * *  
KEY WORDS: OER, RBE, X rays ,  hel ium ions, Asci tes ,  lymphoma 
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INTRODUC T I 0  N 

Although the g rea t e r  biological effect iveness  of heavy par t ic les  

I 

over  e lectromagnet ic  radiation has  been studied by J. H. Lawrence 

in normal  t i s sues  (i-3), as well as in  neoplasms i n  an imals  ( 3 - 6 ) ,  the 

need fo r  a better understanding of the mechanisms of action of densely 

ionizing radiation, as well as the necessi ty  of m o r e  p rec i se  m e a s u r e -  

men t  of the dec rease  of the oxygen ef fec t  with increasing l i nea r  energy 

t r ans fe r  (LET), st imulated the initiation of a r e s e a r c h  p r o g r a m  aiming 

a t  the clar i f icat ion of these problems.  

Studies of the biological effects of heavy ions on a sc i t e s  tumor 

cells are par t icular ly  interest ing because,  unlike cul tured ce l l s ,  they 

a r e  grown in vivo. In addition, para l le l  s tudies  can  somet imes  be done -- 
by growing the same kind of ce l l s  i n  v i t ro  as well a s  i n  vivo. -- -- 

Quantitative s tudies  of mammal i an  cei lular  radiobiology were  

l imi ted  to the p rec i se  techniques of cu l ture  in  v i t ro  until the methods 

f i r s t  repor ted  by Hewitt ( 7 )  and Hewitt and Wilson (8)  allowed for  m e a -  

-- 

su remen t  in  vivo of ce l l  viability by using ce l l  dilution techniques. -- 
P r e l i m i n a r y  work done in  this  labora tory  showed a g r e a t e r  RBE 

fo r  the 9iO-MeV hel ium ions a t  the Bragg peak than the same  par t ic les  

a t  the plateau region (9). Also, there  was  a n  indication that the oxygen 

effect  w a s  reduced to some extent, and the need for m o r e  quantitative 

2 

studies  was pointed out. 

In the exper iments  repor ted  he re ,  improvements  i n  the techniques 

used before  have allowed u s  to make quantitative determinat ions of the 

oxygen enhancement r a t io  (OER) and the RBE of helium ions of d i f fe ren t  

LET'S. Our  ef for t s  i n  this  d i rec t ion  a r e  justif ied in  view of the extensive 

e of hel ium ions in  therapy (IO-i2). I I 'I542Y 
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MATERIALS AND METHODS 

UCRLJ - 17954 

The Tumor  

A murine  lymphoma ( n e a r  diploid, s = 41) w a s  used  in  the exper i -  

men t s  reported he re .  This  tumor  l ine was obtained f r o m  Dr .  D. B. 

A m o s  (13), and h a s  been kept  in  a sc i t e s  f o r m  by transplantation into 

A/Heston mice.  

s t r a ins  of mice  such a s  A/Heston, LAFiI A/JAX, and CAF1. 

This  tumor  "takes" in  genetically c losely related 

In these 

exper iments  we have used only LAFi female mice 1 2  to 16 weeks old 

and weighing 20 to 22  gm. 

ce l l s  (L#2) ,  a s  defined by the TDs0 (the number of ce l l s  that produces 

The tumor- forming  ability of the lymphoma 

5070 of tumors  within 8 weeks'following intraperi toneal  injection), has not 

changed in  four yea r s .  It is: TDS0 = 10 f 4 ce l l s  ( s tandard  deviation 

indicated). 

The I r rad ia t ion  Chamber  

Figure 1 shows a c r o s s  section of a sample holder. Six were  used 

and i r r ad ia t ed  sequentially with the aid of a remote ly  controlled sample 

wheel. Each sample  of " 7 1  mm ( " 1 . 8 ~  10 ce l l s  pe r  chamber )  was 
3 7 

injected with a syr inge through the 0.05-mm dialyzing paper cover  into 

a 3.0-cm-diam by 0 . i -mm-deep  depress ion  in  the Lucite holder,  and a 

i/2-mil Mylar  cover  was placed over it. 

Mylar  and dialyzing paper  in  place and sealed the cover  to the holder.  

Neoprene "0" r ings held the 

For anoxic i r rad ia t ions  nitrogen gas  was pas sed  through a bubbler 

and flow gauge to a manifold to which six 4-foot lengths of i/2-mm g las s  

capi l lary were  attached. The flow r a t e s  f r o m  the capi l la r ies  were  

checked for independence, then the capi l la r ies  were  individually con- 

nected to the sample  holders  with small plastic tubing. At a flow ra t e  

1 1  1 5 4 2 4  
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of 50 ml/min, the sys t em flushed out in  about 1 min, and then the gas  

changed in  each holder two to three  t imes  pe r  minute. Twenty minutes 

were  allowed for  the oxygen in the samples  to c l ea r  before the i r r a d i a -  

tion s beg an. 

F o r  the hyperoxic i r rad ia t ions  pure oxygen was used and the s a m e  

procedure  was  followed as descr ibed  for  hypoxic i r rad ia t ions .  

W e  have t r i ed  to keep  the total flushing t ime for  both hyperoxic 

and hypoxic i r rad ia t ions  a t  about 30 min, includ'ing the i r rad ia t ion  t ime. 

This  was difficult i n  some c a s e s  when some technical problem a r o s e  

a f t e r  the flushing had been s tar ted.  

I r rad ia t ions  with the 88 -Inch Sector  -Focused Cyclotron 
~ ~~~ 

I r radiat ions with helium ions of 118 MeV initial energy were  done 

a t  the 88-inch sec tor  -focused cyclotron a t  the Lawrence Radiation Labo- 

r a to ry ,  At the i r rad ia t ion  position, 60  feet  f r o m  the cyclotron, the 

beam w a s  brought to a focus with a quadrupole magnet. 

to cover  the sample uniformly, a 0.05 mm Al scat ter ing foil was put 

into the beam 29 feet  u p s t r e a m  f r o m  the ta rge t  position. 

nonuniformity of this  b e a m  was approximately 570, as de termined  by a 

d iamet r ica l  scan  with a 1- by 1-mm diode. 

Then, in  o r d e r  

The maximum 

F u l l  bcam cncrgy of 118 MeV w a s  used for  the low-LET i r r a d i a -  

2 t ions a t  80 MeV-cm /gm. 

i r rad ia t ions  w a s  obtained by absorpt ion i n  Lucite. Two remotely con-  

t rol led wheels containing 1 - 1 / 2  - inch-diam absorpt ion d i sc s  were  used 

f i r s t  to obtain the Bragg curve ,  Fig. 3 .  Then the thickness which l e f t  

The low beam energy requi red  for  high L E T  

a residual  range of 0.09 gm/cm2 w a s  placed in  t!ie beam to give a n  LET 

of 220 MeV-cm /gm a t  the sample.  From the slope of the Bragg curve 2 



-4 - u c  RL- 17954 

cutoff and the sample  thickness,  i t  is es t imated that the L E T  ranged 

f r o m  200 to 260 MeV-cm /gm. 2 

Doses were  measu red  with a nitrogen-filled paral le l  -plate t r a n s  - 
miss ion  ionization chamber  with 6 p aluminized Mylar e lectrodes.  The 

e lec t rodes  w e r e  separa ted  by 2 mm,  and a 1-cm-diam c i r c l e  was 

scra tched  on the aluminum sur face  of one of them to separa te  e l ec t r i -  

cally the collecting electrode f r o m  i t s  guard ring. The c h a m b e r ' s  

dimensions were  measu red  with an  optical compara tor ,  and the dose 

corresponding to a microcoulomb of charge  w a s  calculated (14). 

capaci tor  box and e lec t rometer  m e a s u r e d  each i r rad ia t ion ' s  accumu-  

A 

la ted charge ,  f r o m  which the dose del ivered w a s  then determined. 

The dose r a t e  at the plateau region w a s  2800 r ad /min  with a 

s tandard deviation of 200 r ad /min  and a s tandard e r r o r  of 110 rad/min. 

E x t r e m e  values of the dose r a t e  were  2610 and 3100 rad/min. At the 

peak the average  dose r a t e  was  930 r ad /min  with a s tandard deviation 

of 800 rad /min  and a s tandard e r r o r  of 250 rad/min.  E x t r e m e  values 

were  180 and 1990 rad/min.  

I r radiat ions with X Rays and with the Helium Ions 
Accelerated bv the 184-Inch Svnchrocvclotron 

X-ray  i r rad ia t ions  w e r e  done with a 250-kV Phi l ips  machine,  

operating at 230 kV and 15 mA. Fi l t ra t ion  of 1 mm Al and 0.25 m m  Cu 

w a s  used, and the HVL in  Cu w a s  de te rmined  to be 1.4 mm. 

TSD, the dose r a t e  was 210* 10 R/min. 

At 30-cm 

Doses were  measu red  with a 

250-R Victoreen ionization chamber  which had been recently cal ibrated 

by the National Bureau  of Standards.  

The 184-inch synchrocyclotron w a s  used for  i r rad ia t ions  with 

2 9 1 0 - M e V  hel ium ions a t  the plateau region (LET = 17 MeV-cm /gm) 

I 1  f 5 4 2 b  
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and at the Bragg-peak region. The l a t t e r  condition requi red  5 4  m m  of 

copper  absorber .  

Raju has  studied the energy  distribution a t  the Bragg-peak position 

by using a 5-mm-thick sil icon detector .  Figure 2 shows the energy  

distribution as well as the LET distribution. 

85 MeV, and the average  LET is 100 MeV-cm /gm. 

The average energy i s  

2 

Dose r a t e s  have var ied between 300 and 700 rad/min, with an 

average value of 540 rad /min  and a s tandard deviation of 100 rad/min. 

Dose w e r e  measu red  a s  descr ibed above for the 88-in. cyclotron. 

The Assay 

Seven days p r io r  to the i r rad ia t ions ,  LAF mice  were  injected 1 
6 with 10 L#2 ce l l s .  Thirty minutes  before i r rad ia t ion  t ime these 

an imals  were  sacr i f iced,  and the tumor  ce l l s  contained in  the asc i t ic  

fluid were  then placed in the thin c h a m b e r s  by injection with a syringe. 

The c h a m b e r s  w e r e  flushed for  20 min, and the i r rad ia t ions  per formed 

under a constant flow of e i ther  nitrogen or oxygen. The ce l l s  f r o m  each 

chamber  were  r ecove red  and placed in  t e s t  tubes which contained 2 ml 

of t issue cul ture  medium 199 ( T C - 1 9 9 ) .  Counting w a s  done with the 

hemocytometer ,  and se r i a l  dilutions were  p r e p a r e d  for  injection. F o r  

each dose,  as  well a s  for  controls ,  five groups of 10 animals  each were  

intraperitoneally injected with 0.1 ml  of fluid containing the different 

concentrations of cel ls .  F a c t o r s  of 5 w e r e  used  between dilutions. 

Injected mice  were  kept in plastic cages  housing five 

mice  each,  and the animals  were  examined for t umors  twice a week 

for  a period of eight weeks. 

I I 1 5 4 2 1  
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Surviving Frac t ion ,  Mean Lethal Dose, and RBE 
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The percentage of an imals  taking the tumor  a t  each leve l  of ce l l  

inoculation allowed calculation of the TD ( the  number of c e l l s  that  

causes  tumors  in  5070 of the m i c e ) ,  Because of the low prec is ion  of 

50 

the accumulation method of Reed and Muench (15)  and the ser ious  

doubts r a i s e d  regarding its appropr ia teness  ( 16, 17), the Litchfield 

and Wilcoxon's method (18) was  used to  obtain the TD I s  and the i r  50 

9570 confidence in te rva l ,  with occasional control  of r e s u l t s  by means  

of probit  analysis  (19 ) .  4 

The r a t io s  of the T D  fo r  the control  group to those for  the 5 0  

different doses  of radiation gave the surviving fract ions (S. F. ). P l o t s  

of surviving f r ac t ions  as a function of dose  gave the survival curves .  

Straight l i n e s  f i t  well m o s t  of the experimental  curves .  When shoulders  

a r e  present ,  the extrapolation numbers  range f r o m  1.2 to 1.5; 

The mean  lethal dose,  Do, was  used to es t imate  the RBE. The --- 
m e a n  lethal dose is  the dose i n  r a d s  requi red  to  reduce to  0.37 the s u r -  --- 
viving fract ion in  the exponential region of survival  curves .  

The Gain Fac to r  

The gain factor  is  defined as the r a t i o  of the oxygen enhancement 

factor  f o r  X r a y s  to  that for  hel ium ions. 

much onc "gains" by using the different hel ium ions when treating anoxic 

ce l l s .  

cells is inc reased  a s  i f  the dose  to these c e l l s  only had been increased  

in  the r a t i o  given by the gain f ac to r  (20 ) .  

This  factor  indicates  how 

F o r  equal injury to  well-oxygenated t i s sues ,  the effect on anoxic 

---- 
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RESULTS 

X -Rav I r rad ia t ions  

F igure  4 shows the survival cu rves  obtained by i r rad ia t ion  with 

X rays.  

have been  summar ized  in  Table I. 

The m e a n  le thal  dose is indicated in  the figure,  and all r e su l t s  

The mean lethal dose under  hypoxic conditions was 380rt50 rads,  

and under hyperoxic conditions i t  was 100 i 10 rads.  The ra t io  of these 

two values gave an oxygen enhancement ra t io  of 3.8 f 0.9 as indicated in  

the seventh column of Table I. 

Points  on both cu rves  a t  the same  dose level  indicate values ob- 

tained in  independent experiments .  They show the degree  of reproduc-  

ibility that can be obtained when experimental  conditions a r e  well con- 

trolled,  In the c a s e  of X rays ,  all labora tory  procedures ,  i r rad ia t ions ,  

and injections were  per formed in  the s a m e  building. When the i r r a d i a -  

tions were  pe r fo rmed  with the 184-inch synchrocyclotron o r  with the 

88-inch sec tor  -focused cyclotron, the timing of the exper iments  was 

m o r e  difficult, and g rea t e r  variabil i ty w a s  expected and actually ob- 

served. 

I r rad ia t ions  P e r f o r m e d  with Helium Ions 

184-inch synchrocyclotron: F igure  5 shows the survival cu rves  

obtained by i r rad ia t ion  of the lymphoma ce l l s  under  hyperoxic and 

hypoxic conditions in the plateau region of the 910-MeV hel ium ions. 

F o r  the hypoxic i r rad ia t ion  D 

tion Do is 130*30 rad. 

of 2 . 5 i i . O .  

i s  330*50 rad ;  for  the hyperoxic i r r a d i a -  0 

The ra t io  of these two quantit ies gave an  OER 
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RBE's  were  es t imated  f r o m  the r a t io s  of the mean le thal  dose 

for  X r a y s  to  that of the helium ions both under hypoxic and hyperoxic 

conditions. The values for  910-MeV helium ions were  obtained the 

following way : 

RBE (N2)  = 380*50 / 3 3 0 i 5 0  = 1.2*0.3 (column 8, Table I) 

RBE (02) = 100* 10 / 130* 30 = 0.8k0.3 {column 9, Table I). 

Finally, the gain fac tor  was obtained as  the r a t io  of the oxygen enhance-  

m e n t  r a t io  for  X r a y s  to that for  the hel ium ions. In the c a s e  we a r e  

exemplifying, the gain factor  is 

G F  = 3.8 *0.9 / 2.5 i 1.0 = 2.5 1.0 (last column, Table I). 

Survival c u r v e s  for  the Bragg peak of these pa r t i c l e s  a r e  shown i n  

Fig. 6, and the es t imated  values of Do, OER, RBE, and CF are  given 

i n  Table I .  

shown in  Fig. 2. 

The energy  and L E T  a r e  the ave rages  found by Raju3 as 

88 -inch sector-focused cyclotron: Figure 7 shows survival  cu rves  

obtained by i r rad ia t ion  of thk lymphoma ce l l s  in  the plateau region a t  

a n  energy of 118 MeV, and F i g .  8 shows the survival  c u r v e s  obtained 

by i r rad ia t ion  a t  the Bragg peak. The shape of the Bragg curve  f o r  

these pa r t i c l e s  c a n b e  seen  in  Fig.  3. 

i n  Table I. 

Resul ts  have been summar ized  

DISCUSSION 

The end-point of these  s tudies  w a s  the tumor-forming ability of 

the lymphoma cel ls .  No ma t t e r  by b,nich mechanisms the tumor-forming 

ability was impai red ,  i t  showed up in  the slope of the survival curves .  

When the i r rad ia t ions  were  per formed under hyperoxic conditions, the 

same dose of different kinds of radiation impai red  the tumor -forming 

I 1 3 5 4 3 0  
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ability to  the same proportion, within the limits of the experimental  

e r r o r s .  

The p resence  of oxygen s e e m s  to make the impa i rmen t  of the 

tumor-forming ability a function only of the dose given. On the other  

hand, survival  c u r v e s  obtained under  hypoxic conditions showed a c l e a r  

dependency on the L E T  of the helium ions used, i n  spite of the sho r t  

span of the LET'S explored in  these exper iments .  The  RBE ' s  and gain 

f ac to r s  calculated for the hel ium ions quantitatively showed the g r e a t e r  

effect iveness  of the Bragg peak as  compared  with the plateau and X 

rays ,  as well as  the par t ia l  overcoming of the oxygen effect. 

The a s s a y  we have used "certainly m e a s u r e s  the net  r e s u l t  of a 

number  of radiation-init iated p r o c e s s e s ,  all of which can lead  ul t imately 

to the fai lure  of a ce l l  to c a r r y  out unlimited prol i ferat ion" ( 2 1 ) .  

Qualitative differences between the act ion of alpha pa r t i c l e s  and 

X r a y s  on lymphoma ce l l s  in  v i t ro  have been pointed out by Alexander 

( 2 2 ) .  He a l s o  thought i t  w a s  unlikely that DNA synthesis  was  involved 

in  the events  leading to ce l l  death,  s ince DNA continued to be made at 

the no rma l  r a t e  fo r  many hour s  by the i r r ad ia t ed  cu l tures .  

-- 

Bacq and Alexander have indicated that "the fac t  that  oxygen en -  

hances  the biological damage  of radiat ions with low LET could arise 

f r o m  the f ac t  that  an  isolated ionization ini t ia tes  a n  autoxidation chain,  

thereby breaking these b a r r i e r s  which a r e  made up in  p a r t  of phospho- 

l ipids  in  the s a m e  way as  do seve ra l  ionizations c lose  together ' '  ( 2 3 ) .  

This  would  explain why the mean le thal  dose under hyperoxic conditions 

is the s a m e  r e g a r d l e s s  of the type of radiation used. 

damage  is produced, although by different  mechanisms,  to r e su l t  in  

In  a l l  c a s e s  enough 
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similar impai rment  of the prol i ferat ive capacity. The fact  that  densely 

ionizing radiation has  a higher RBE than Cob' gamma r a y s  h a s  a l ready  

been shown by Loughman e t  al. for  these lymphoma ce l l s  using poly- 

ploidy induction as a n  end point (24) ,  and by Feola  -- e t  al. ( 2 5 )  using the 

same methods and end point as  in  this  paper. 

with increas ing  L E T  showed up when the i r rad ia t ions  took place under 

hypoxia. 

not only in  causing chromosome damage,  but a l so  i n  producing mal- 

function of the ce l l  membrane ,  damage to  the organel les ,  r e l ease  of 

proteolytic enzymes ,  etc.  All these effects would impa i r  the ability of 

the ce l l  to  prol i ferate ,  and then would be measu red  in  a n  a s s a y  for  l o s s  

of prol i ferat ive capacity (21) .  

-- 

This  increasing RBE 

In the absence of oxygen, hel ium ions are  m o r e  effective, 

Small  shoulders  a r e  p re sen t  i n  some  of the survival  curves .  The 

extrapolation number  goes  f r o m  1.2 to  1.8 in  those c a s e s ,  in agreement  

with near ly  shoulder less  survival  c u r v e s  obtained by Bush and Bruce 

( 2 6 )  and Silini and Maruyama ( 2 7 )  with lymphoma ce l l s .  

Comparison of the mean le thal  doses  obtained by u s  by i r rad ia t ing  

in  vi t ro  with values  repor ted  i n  the l i t e r a tu re  fo r  i n  v i t ro  and in  vivo 

i r rad ia t ions  gives  good ag reemen t  for  hypoxic conditions. 

Andrews (28 )  repor ted  a value of Do = 365 r a d s  for  the P-388 iympho- 

cytic leukemia,  Belli and Andrews ( 2 9 )  obtained a D 

P-388 lymphocytic leukemia i r rad ia ted  i n  vivo 

tumor ,  and Silini and Maruyama ( 2 7 )  gave a Do of 437 R for  the LSA 

a s c i t e s  lymphoma i r r ad ia t ed  in  the C57BL dead mice.  

-- -- -- 
B e r r s  and 

of 415 R for  the 0 

as an  a s c i t e s  7-day-old -- 

Mendelsohn has  pointed out the smal l  spread  observed f o r  different  

t u m o r s  and techniques, and has  given an  average  value of 358 R f o r  

anoxic ce l l s  (30) .  

I I 1 5 4 3 2  
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Regarding the hyperoxic i r rad ia t ions ,  Mendelsohn gave an  ave r  - 
age value of D 

by u s  with X r a y s  (Do  = 100* 10 r ads ) .  

i n  comparing r e su l t s ,  that  hyperoxic conditions were  real ly  obtained 

= 131 R, which c o m p a r e s  wel l  with the value obtained 0 
One mus t  be carefu l ,  however, 

i n  each  experiment .  

The value of Do = 160 r a d s  repor ted  by B e r r y  and Andrews ( 2 8 )  

was  obtained by injection of hydrogen peroxide p r i o r  to i r radiat ion.  

This  value, as well as the one repor ted  by Silini and Maruyama ( 2 7 )  

of Do = 170 R fo r  in  s i tu  i r rad ia t ions ,  s e e m s  to indicate that the c e l l s  

were  not well-oxygenated. This  s e e m s  to be c l e a r  by comparing with 

-- 

the value r epor t ed  by Belli  and  Andrews ( 2 9 )  for  the I-day-old tumor,  

namely,  Do = 110* I1 r a d s  (SD), which a g r e e s  well with ours .  

the i r r ad ia t ion  is per formed under vigorous bubbling of oxygen (95% 0 

570 COz), as in  the expe r imen t s  done by Bush and Bruce  ( 2 6 )  i r r a d i a t -  

ing lymphoma c e l l s  i n  suspension and assaying by the spleen-colony 

When 

2’ 

method, the conditions a r e  c l o s e r  to those in  our  chambers .  

we r e p o r t  the m e a n  le thal  dose for  Co y - r a y  i r rad ia t ions :  D = 

114 f 4 rads .  

And so 

6 0  
0 

Considering the complexity of the f ac to r s  involved, we think all 

these r e su l t s  a r e  in  essent ia l  agreement ,  and they point out  thc need of 

measu r ing  the oxygen p r e s s u r e  in  vivo a s  well as in  vitro.  

ful work of Deschner  and Gray  ( 3 1 )  has  shown the difficulties of this 

The c a r e -  -- -- 

task,  as  well as  i t s  potential i n  radiat ion r e s e a r c h ,  especial ly  ior 

m e a s u r e m e n t s  in  the asc i t ic  fluid, 

2 We have done some  p re l imina ry  exper iments  to c o r r e l a t e  PO 

m e a s u r e m e n t s  with m e a n  le thal  dose.  We have done these m e a s u r e -  

I / 7 5 4 3 3  
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ments  in  vivo introducing a Beckman microe,ectrode housed in  an  18-  

gauge needle into the per i toneal  cavity instead of taking samples  of the 

-- 

asc i t ic  fluid ( 2 7 ) .  Calibrat ion at four points at 37°C gave a s t ra ight  

l ine in m o s t  ca ses .  A survival  cu rve  fo r  a 7-day-old tumor is shown 

i n  Fig,  9. 

p re sen t ,  s ince the mean  le thal  dose for  anoxic ce l l s  is higher.  

The Do = 2 6 0 * 4 0  r a d s  indicated that some oxygen w a s  

How- 

eve r ,  the value of 21.0 f 7.0 mm Hg obtained by measur ing  10 an ima l s  

with t u m o r s  of the s a m e  age  s e e m s  slightly high, and we a r e  in  the 

p r o c e s s  of repeating these exper iments  i n  t u m o r s  from 3 to 8 days  old. 

The oxygen-enhancement r a t io  is known to d e c r e a s e  with i n c r e a s -  

ing LET (32-35), and consequently the gain fac tor  i nc reases .  The 

range of gain f ac to r s  obtained by us  (1.5 to  2.1) i s  of the s a m e  o r d e r  as 

values  r epor t ed  by  other  w o r k e r s  who used fast neutrons in  the i r  expe r -  

imen t s  (33-36).  

The method used by u s  w a s  not sensi t ive enough to  show di f fe r -  

ences  due to dose r a t e ,  and the s a m e  was t rue  regard ing  survival  under 

hyperoxia.  

c i s e  techniques (37,  38). 

Differences may  exis t ,  as has  been shown with m o r e  p r e -  

The RBE values  repor ted  h e r e  a r e  in  the 

range expected on the bas i s  of previous work done in this labora tory  

with mammal i an  c e l l s  in  v i t ro  (37) ,  and with tcchniqucs s imi l a r  to  

o u r s  (9 ,  39). 

-- 

CONCLUSIONS 

Somebody has  said that all exper imenta l  work should be cons idered  

pre l iminary  and r epor t ed  as such. 

this  paper .  

We think this  i s  t rue ,  a t  l e a s t  for  

W e  are  especial ly  in te res ted  in the Bragg  peak of the 

1 1  1 5 4 3 4  
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910-MeV beam, because of i ts  intensive use in therapy, and because of 

the need to c lar i fy  the role  of the high-LET components in the RBE and 

CF obtained. Exper iments  a r e  under way to  compare  the effects of 

this beam on lymphoma ce l l s  with the effects on an  aneuploid a sc i t e s  

tumor.  
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FIGURE LEGENDS 

Fig. 1. I r rad ia t ion  chamber ,  The lymphoma ce l l s  a r e  i r rad ia ted  

under a 0.05-mm dialyzing paper  cover .  A 13-p Mylar cover  is 

placed on top. 

Fig. 2.  Distribution of helium-ion energy and LET a t  the Bragg peak 

. of the 910-MeV helium-ion beam. 

Fig. 3. Bragg curve  of 118-MeV helium ions acce lera ted  by the 88- 

inch sec tor  -focused cyclotron. 

Fig. 4. Lymphoma cells i r rad ia ted  with 230-kV X r a y s  under hypoxic 

and hyperoxic conditions. Standard deviations are  shown. Points  

a t  the same dose level  show degree  of reproducibil i ty obtained. 

D ( N  ) = 380*50 r ads ;  n = 1.0. 

Do(02)  = 100* 10 r ads ;  n = 1.8. 

0 2  

In all f igures ,  open c i r c l e s  indicate hypoxic conditions, and dots 

show hyperoxic conditions. 

4 
Fig. 5. Survival of lymphoma ce l l s  i r rad ia ted  with the 910-MeV He 

ions acce lera ted  by the 184-inch synchrocyclotron a t  Berkeley. 

n(N2) = 1.0; n(02)  = 1.7. 

4 Fig. 6. Effects  of He ions acce le ra t ed  by the 184-inch synchro-  

cyclotron on the lymphoma c e l l s  when i r r ad ia t ed  a t  the Bragg-peak 

region ( ave rage  energy 85 MeV). n(N2) = n(02)  = 1.0. 
4 Fig. 7. Survival of lymphoma ce l l s  i r r ad ia t ed  with 118-MeV He ions 

acce le ra t ed  by the 88-inch sec tor  -focused cyclotron a t  Berkeley. 

I I 1 5 4 4 3  
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Fig .  8. Survival of lymphoma ce l l s  i r r ad ia t ed  a t  the Bragg-peak 

region of the He4 ions acce lera ted  by the 88-inch sector-focused 

cyclotron. n(N2)  = n(OZ) = 1.0.  

Fig. 9.  Survival of lymphoma ce l l s  irradiated in vivo (7-day  old -- 
tumor) as compared  with the i r rad ia t ions  per formed in vitro.  -- 
n ( in  vivo) = 1.2.  -- 

. 

. 
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T h i s  r e p o r t  u a s  p r e p a r e d  a s  a n  a c c o u n t  o f  G o v e r n m e n t  

s p o n s o r e d  u o r k .  Y e i t h e r  t h e  I ' n i t e d  S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  a n v  p e r s o n  a c t i n g  o n  b e h a l f  o f  t h e  C o m m i s s i o n :  

A .  f l a k e s  a n y  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c v ,  c o m p l e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  a n y  i n f o r m a t i o n ,  a p p a -  
r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t  
rnav n o t  i n f r i n g e  p r i v a t e l v  o w n e d  r i g h t s ;  o r  

B. ,Assumes  a n y  l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  d a m a g e s  r e s u l t i n r  f r o m  t h e  u s e  o f  a n y  i n f o r -  
m a t i o n ,  a p p a r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  

A s  u s e d  i n  t h e  a b o v e ,  " p e r s o n  a c t i n g  o n  b e h a l f  o f  t h e  
C o m m i s s i o n "  i n c l u d e s  a n y  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  Com- 
m i s s i o n ,  o r  e m p l o y e e  o f  s u c h  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
s u c h  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  C o m m i s s i o n ,  o r  e m p l o v e e  
o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v j d e s  a c c e s s  
t o ,  a n y  i n f o r m a t i o n  p u r s u a n t  t o  h i s  e m p l o y m e n t  o r  c o n t r a c t  
w i t h  t h e  C o m m i s s i o n ,  o r  h i s  e m p l o y m e n t  w i t h  s u c h  c o n t r a c t o r .  
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