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-4BSTKACT 

We have attempted to  determine the relat ive biological effective - 

ness  (RBE) of negative pions in the Bragg-peak region as compared to 

the plateau region and to gamma rays .  

5-day-old lymphoma asc i tes  t umors ,  in the peak and plateau regions of a 

90-MeV pion beam for  40 hours  in temperature-control led holders.  The 

animals  were  then sacr i f iced;  lymphoma cel ls  were  withdrawn and t i t ra ted  

into adult female LAFl mice .  The prol i ferat ive capacity of the i r r ad ia t ed  

tumor  ce l l s  was evaluated a f te r  8 weeks by observing the percentage of 

an imals  developing s s c i t e s  tumors .  

fro-rn LDS0 's  of control  and i r r ad ia t ed  animals .  

We i r rad ia ted  L m l  mice, bearing 

Surviving fract ions were  then calculated 

Radiation doses  in the 

plateau region were  measu red  with LiF dos imeters  cal ibrated against  

cobalt-60 gamma rays.  

using a measu red  average  peak-to-plateau ionization ra t io  of 1.5. 

the plateau region ranged f r o m  145 to 250 r a d s ;  doses  in the peak region 

ranged f r o m  220 to  380 r ads .  The s u w i v a l  curve fo r  ce l l s  i r r ad ia t ed  in 

the peak region gave a Do of 65  f 15 rads .  

re l izble .  

a survival-curve D of 350 f 50 rads .  

an 

on the ra t io  of peak-region D to Co Po. 

We calculated peak doses  f r o m  those a t  the plateau, 

Doses in  

The plateau points were  not 

A repl icate  experiment  was per formed using Go6' y- rays ,  yielding 

If the y-ray D 0 is taken as a basel ine,  

. 

0 

RI3E of 5.4 * 1.8 is obtained for negative pions iil the pezk region, based 

60 
0 
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- 3 , 4 It has Seen suggested (1 -3 )  t h t  nzoLtive L 2  $ions (IT mesons} 
--. 

might have applicarions in  radiotheriipy- if a b e a m  of sufficient intensity 

could be made avail2Sle. Xegative pi0115 have the u a n s u a l  property of 

being captured by atomic nuclei when t!ley c o m e  i,c r e s t  in  rr,a:teY. In 

t i s  sue,  pion capture  3v t h e  11 gLr. elements ( c s  rhan, citrogen, an6 oxygen) 

ionizing charged par t ic?es ,  mot. t l y  c i - -p ;? r t i c l es  and prcltons, 

energy enhances the high ionizarion densi ty  ~ r o d u c e d  by the Bragg peak 

This additional 

at  the end of a charged p a r t i c l e ' s  range. Further-more,  by choosing pion 

energy properly,  we can s t a s  piofis at, a 1)reselected distance within the 

volume to  be t reated.  

portion of the p i o n ' s  patZ w i l l  Se called  lie "p la teau"  region and the in- 

c r e a s e d  ionization at  the elid of the p ion ' s  range will be ca l l ed  the "peak" 

Li t h e  r"o!lowing d iscuss lan ,  t h e  i x t i a l  low-iocizing 

region. 

Studies of the'thera-peutic po?sibilit,ies of r-egzitilre pions have Seen 

3 -m c a r r i e d  out in  this Laboratory 

vestigations,  of increased  ref inement ,  s h d c ?  be n-&de. The proliferative 

(2). ,he resu l t s  indicate that fur ther  in- 

capacity of murine  lyrnFhoma cel ls  grown and 1rradia:ed -- ir. vivo - and 

-- in vi t ro  has been investigated in this Laboratory for a r-umher of y e a r s  

with X-rays ,  a -par t ic les ,  and varic.us heavy ions,  under various condit:ons 

of oxygenation (4). - The stu6y of this sys tem has progressed  to  a stage 

where a n  attempt can be made t o  es t imate  quantitatilrely the effects of 

pions in t i s sue  despite t h e  low dose r a t e s  now available. 

this Laboratory , 

5 

Initial work in 

on the l y m p h o m a  cell  s y s t e i x  in  mice ,  demonstrate? 697 
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a peak-plateau difference in the cytological effects produced by negative - 
pion beams. These experiments were l a t e r  extended using a plant-cel: 8 

system. Vicia faba roots were exposed to  a negative-pion beam, and -- 
significant peak-to-plateau differences were  found fo r  growth r a t e  of the 

roots af ter  i r radiat ion,  for  anaphase abnormalit ies,  and for cells con- 

taining micronuclei. These resu l t s ,  coupled with improved dosimetry ( 5 ) ,  - 

stimulated the experiments reported here .  

-- MATERIALS AND METHODS 

Four  types of experiments were performed:  A) Pion effects 

-- in  vivo with environmental  control;  B) Co60 replication of Experiment A; 

C)  Pion effects -- in vivo without environmental  control; and D) Acute 

X-ray i r rad ia t ion  i n  vivo, -- 
Experiment A: Pion effects in vivo with environmental  control. 

Ful l  descriptions of the apparatus associated with the 184-inch 

synchrocyclotron, and methods of using i t  to produce the 90-MeV pion 

beam, have already been reported3'  (3). - The beam-t ranspor t  sys t em 

consists of a small quadrupole focusing magnet,  a beam-bending magnet,  

and a l a rge  quadrupole focusing magnet that  del ivers  the beam f r o m  the 

cyclotron tank to  the meson cave. ln these experiments ,  the final focusing 

magnet was made par t  of a second shielding wall placed in the cave to 

protect the counting equipment f r o m  ambient neutrons. The complete 

experimental  setup is shown in  Fig. 1. 

Two wooden boxes with Lucite ends provided environmental  con- 

t ro l ,  one fo r  the mice  to  be i r rad ia ted  in the beam, and the other for  con- 

t r o l  mice.  

continuously recorded,  and kept at Zl.5*0.5"C by a thermostat  with 

The tempera ture  of the a i r  circulating through the boxes was 

hea ter  and blowers. 

1 1 1 5 4 b l  
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The mice  were  placed in Lucite h o l d e r s ,  each built to ho1.d 8 

mice. The dimensions of tlie holders w e r e  54X3bX1.J6 mm; the mice  

were  placed ir, cyliaZricL1 holes 2 4  -mm j n  d iameter  a n d  75 -mm long, 

with sma l l  l a t e ra l  holes for  vextilation. 

in the plzteau region of the negative-pion beam, one grocp in the peak 

region, and one g m u p  was used as a ccmtrol. The m i c e  were  of the 

LAF1 s t ra in ,  1 5  weeks old, from Jacksor  iabaratq:,ry, Bar I-Iarbor, 

LMzine. 

spaced 1-hour r e s t  periods f o r  drying,  eating 2nd drinking at will.  

Figure 2 is a photograph of the arrangement inside the temperature-con-  

t rol led i r radiat ion box. The negative-piofi beam entered f r o m  tne right 

and. passed f i r s t  through t h e  gas ionizztion-chamber monitor (96@'0 argon 

A 4 F ~  C 0 2 ) ,  then through 3 inches of L,uCitFj absorber  and holder to the 

"plateauq1 mice.  

beam entered the ' 'peak" holder. 

l i t  hiu-m - d r  ift ed s ili con d e t e ct o r. ' 'The Jordan dosimzter  was placed be-  

hind 1 /2  inch of Lucite adjacent to the las t  holder and served  as a second 

r rmi tor  and dose- ra te  meter .  This monitor was frequently checked f rom 

the control room via  closed-circuit  television. 

t r o l  mice  i s  a l so  shown in F ig .  2. 

was in  a separa te ,  temperature-control led Sox away from the beam. 

One group of 8 mice was placed. 

They were fed we+ food during irrhdis.tion and had four equally 

After passing through 4 m o r e  inches of I,ucite, the 

This t h i c h e c s  wLis de',errriined -.vith d 

The holder with the con- 

In tlie actual  experiment,  this holder 

Five days before beginning i r radiat ion,  a l l  the mice  were  injected 

intraperitoneally with L#2 lymphoma cel ls ,  whose tunior-fGrming ability 

has  not changed in the last t h ree  years .  

The total  i r rad ia t ion  t ime,  excluding the l-hour r e s t  per iods,  

was 40 hours. At the end  of the i r radiat ion,  the animals were sacrificed. 
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and peritoneal asc i tes  fluid with lymphoma cells was withdrawn. In 

t 5 s  par t  of the study, five plateau-region mice and five peak-region 

mice were  used. The cel ls  w e r e  counted and injected, intraperitoneally 

at var ious dilutions into 710 healthy adult female LAF, recipient mice. 

Cells f r o m  four control mice  were pooled f r o m  two groups of two znimals 

each, and handled in the same  way a s  the experimental  mice. -he r e -  

maining experimental  mice were  used for cytological studies (6). - The 

recipient  mice were  divided into groups of ten animals each, and each 

member  of a group received an  identical injection. 

received a different concentration of ce l l s ,  we evaluated the cel ls* p r o -  

l i ferat ive capacity at  the end of 8 weeks by noting the percentage of 

animals developing asci t ic  tumors  in  each  group. The LD50 (the 

nu-mber of cells necessa ry  to produce tumors  in 5070 of the animals)  and 

9570-confidence intervals  were  calculated by the method of Litchfield and 

Wilcoxon (7). - Finally, surviving fractions were  czlculated by forming 

the ra t io  of LD50 o f t h e  control mice  to  that of each of the irradizteci 

mice. 

Each group, however, 

Radiation doses  were  measu;ed with LiF dos imeters  (Go6* C a l i -  

brat ion) ,  distributed in  front and in back of the mouse holder in the plzteau 

region. 

1 keV/p, L i F  dosimetry was applicable. 

was m o r e  complicated (5). - Here the pion beam was a mixture  of high- 

and low-LET radiations. Peak-region doses  were  calculated f r o m  those 

in the plateau region, using an  average peak-to-plateau ionization rat io  

of 1.5. This ra t io  was est imated f r o m  measurements  made through the 

peak and plateau regions with a silicon detector.  Some uncertainties in 

Since the LET of the pions in the plateau region i s  l e s s  than 

The situation in  the peak region 

9 
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the measurement  s t i l l  exist  and a r e  being investigated, btlt  IN^ believe 

that ionizztion in  the peak region is adequately measured  by the silicon 

detector. The total  doses in the plateau region ranged f r o m  145 to 250 

r ads ,  and the doses in &e peak region ranged from 220 to  3 b Q  rads.  

Experiment B: ' Co replication of Experiment - A. 60 

Since it is difficult to  perform a paral le l  experiment with X-rays 

because of the l o n g  i r radiat ion t imes required,  an experimefit was done 

using Co gamma rays.  Two dose ra tes  were used: 5 and 12.5 rad/hr. 

The animals ,  a l l  bearing s-day-old tumors at the begiriiiirrg of t h e  experi-  

mer_t, were  kept in the holclers f o r  the same  length of t ime  i?s in the pjon 

experi-ment to keep the s t r e s s  the same.  

with the dose used. Four  animals were  used a s  controls,  and two were 

i r rad ia ted  a t  each  of the following doses :  100,  150 ,  200 ,  30Q, 400,  and 

500 rads ,  The i r rad ia ted  lymphoma cel ls  were Injectec! into 410 femzle 

LAFl mice at various dilutions, and the surv iv ing  fractions were cle- 

terrnined a s  a l ready  described. 

ExDeriment C: 

60 

The j r radiat ion t imes  var ied  

Pion effects in vivo without environmental  control. - 
This experiment,  prel iminary to  Experiment A and without en-  

vironmental  control,  was designed to  detect the effect of hypoxia I ( 8 )  on 

the surviving fract ion of cells i r rad ia ted  -- in vi.vo in  the plateac and peak 

regions. Four mice  were exposed in  e sch  pion-beam reg'on; two had. 

3-day-old tumors  (supposedly well-oxygenated), and tw:, had 7-day-old 

tumors  (supposedly m o r e  hypoxic), The irradiated cells were injected 

into 510 LAF female mice  a t  various dilutions a s  descr ibed above. 1 



- 9 -  

Experiment D: Acute X-ray i r rad ia t ion  in  vivo. 

In orde r  to compare the effect of acute X-ray i r radiat ion with 

t tchronic"  Co60 i r radiat ion,  animals b e a r k g  7-day-old tumors  wer; 

i r rad ia ted  with 220 kV X-rays (HVL = 1.4 mm Cu) a t  a dose ra te  of 

150 rads/min. 

and the procedure descr ibed above was followed; 3.50 female LAFl 

mice  w e r e  injected a t  var ious dilutions. 

Doses of 100 ,  250, 400, 500, and 750 rads  were  given, 
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Esperiments  A and B. 

The result ing surviving fractions in the peak and plateau regions 

60 azld in the low-dose-rate  Co exuperimezt a r e  given in  Fig. 3. Incon- 

sistent data f r o m  the plateaqJ-region i r radiat ion prevented a reliable de- 

terminat ion of dose dependence of the surviving fraction in  this region. 

The peak region and Co G O  data yi.el.ded suKcient ly  consistent resu l t s  s o  

(Do is called the mean lethal 6ose --- that  estimations of D could be made. 

and i t  i s  the dose in rads  reqc i red  to  reduce the proportion of surviving 

cells f r o m  1 to 0.3? in  the exponential region of survival  curves) .  

0 

The 

computed 3 values a r e :  0 

D (Teak) = 6 5  rt 15 r ads ;  DO(Co6*) = 350 f 50 rzds. 0 

The R B E  for  the IT- mesons a t  peak based 09 these values i s :  

?3 (Co60)  

Do (Pk) 
= 5.4rt1.8 . 0 RBE = 

Experim-ent C. 

Unpublished data o’otai.ned ir- this laboratory indicate that the lack  

of environmental  control in t h i s  experiment would make quantitative evalua- 

tions soxiiewhat unreliable.  It -was found that there was no significan.t difference 

between resu l t s  from 3 -clay-oLd (“normal”) and 7-day-old (relatively 

hypoxic) tumors .  On the other hand, a significant difference between 

the surviving fractions obtained from pion i r radiat ion in the peak and 

plateau regions encouraged the design of the envirozmentally controlled 

Experiment A. 

I I 7 5 4 b b  
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Ex?e rim.e2t D. 

The v a l u e  obtained f o r  3 in acute X - r ~ j r  i r radiat iox in vivcl i s  -- G 

280k55 r a i s .  Com_=\arison O Z  this value rnir3- ac:;te X-rzy i-il v i t ro  vdiLes - --- 
of 1C55 i5  rads  for the hyperoxic case  arid 375+45 reds for :%e a2oxic 

case ,  r e c r n t l l -  mezsurc=! In this laboratory ~ . in i ica tes  t h e  in vivo i o  . 
-I__ 

hyperoxic i~ vi t ro  ce%. In fact ,  ?he ]:I \ ~ i v o  3 l ies c loser  to  The -.- !'I> vi t ro  - 
anoxic 3 than the aver-.ge of the b>peroxic  and anoxic values (240 rads) .  

These resu l t s  a r e  cLnsistent wfth the oSservatSon that tumors ,  e s ~ e c i a l l y  

0 _- -- -_- 

0 

well-advanced. o c e s ,  contain poorly ox;.ger_at..d cells .  

DISC CSSICS 

- 4  -:le stud;r of the action of negative pions or, maxiinakan cells 

grown in vivo i s  d i f f icu l t  :o c a r r y '  o c t  due to the low dose- ra tes  avzilable 

at present.  

-- 
In the pior, p!ztezu region, the average dose-rate of 5 rads 

p e r  hour in this experiment requi res  long  i r radiat ion t imes  to  cause 

rneasura5le biological damage. Fo r  l o n g  irradiation episodes,  the 

animals must  be coniir_ed ani! therefore  a r e  under s t r e s s .  During i r r a d i -  

ation, the cell  population undergoes ma.ny poorly understood dynamic 

processes  and a cer ta in  amount of recovery and repair .  . Yechnical 

problems in  keeping a biological sys t em anoxic f o r  the required t ime 

make pion-beam study of the oxygen effect e s r e m e l y  difficult. 

Despite the w-certai-nties arisifig f rom these uncontrollaSle fac tors ,  

the resul ts  give a c lear  indication that the pehk region of the pion beam is 

m o r e  effective than the platean region i n  inhiXring the proliferative capzcity 

of these lymphoma cells.  
-_  

In ad2itioIz, peak.-region i r radiat ion ::hibits 
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60 the p i  olif e I ztive c ~ p a c  it  

gamma rzys  50. C 

pion peak-regioa data gives a n  R 2 E  0 5  5.4ki.8 i n  t 5 e  peak region relat ive 

s i giii i: 2 a:: tl y :TI c j  r e t ha2 ?ow - do s e - r a t e  C o 

The raf,ii. of .!! ' 3 fro?: t h e  Co*O dats- and from the 

to gzmma rzys.  The s ize  of t 5 e  e r r o r  'here indicates that considerable 

uncertainty exists ii.1 t h e  determ-inaticn of :!:e 3 s, a s  i s  seen  in Fig .  3. 

If an Rl3E of 0.8 i s  assti.rned f a r  garnma 1-2:,s relayive t o  X-rzys ,  a s  has 

0 

that the RBE measured  a!. sach  low dose- ra tes  need cot equal the RBE 

at the necessar i ly  higher therapeutic dose-rates .  

by the lo7.v-LET Co 

The Carnage cairsed 

v Carrlma rava will p rcba l ly  be considerably m o r e  
00 

p i o ~  bea-m in t23  r eg ion ,  REcw.'er)' f rom gamma irradiat ion during 

m gam-ma-ray . d o *  

higher-dose-rate  expe-r.:menrs when t>ere  Is less time fo r  repair, 

the Do ratio,  which is RZE, would dec reace ,  

i h i s  would  increase %:Liz 5 3 3  o v e ~  that expected in 

Thus,  

Although the resul ts  in the p la teau  rrgiop- a r e  inconcLusivs be- 

cause of the inconsistency of the  datk, the average L E T  in this region i s  

expected to  be between 0,Z and 0.3 keV/p drAd s o  sLould Se no more  

effective than X- o r  gam-ma r a y s  In  causing biological clamage. An experi-  

ment must  be performed to  su5stantiate this,  however, Loughman h a s  

indicated this may be t r u e  for cer ta in  nonlethal radiation eff'ects (2). 
In Conclusion, we have 5 1 . o ~ ~  that [%e peak region of a. pion beam 

is considerably m o r e  effective than an equivalent d c s e  01 gamma r a y s  in 

inhibiting the proliferative capacity of lyrn?ho,ma cells in  vivo, This 
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result implies that  t he re  is a biologically significant co rnpgcn t  of high-  

LET radiation i= the peak region of a pion beam, a5 predicted by c a l c a -  

lation ( 2 ,  -- 1 2 ) .  

will be low, making the peak-region radiarion of a pion b e r m  m o r e  

effective than cozventional 

This in turr, implies tha?; the oxygen-enhsnccrnezit ra t io  

diation in killing the anoxic cells found ic 

tumors  (1 - 3) .  More experimentation i s  indicated ber'ore t!ie evaluation of 

tkLs new type of radiation is  decisive,  5ut i t  appezrs  at present that 

negative pions have interest ing possibilities in tumor radiotherapy. 

t 

I I i 5 4 b 9  
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T h i s  r e p o r t  was  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  w o r k .  N e i t h e r  t h e  U 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 y  p e r s o n  a c t i n g  on b e h a l f  o f  t h e  C o m m i s s i o n :  

A .  hlakes 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 y ,  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  
may n o t  i n f r i n g e  p r i v a t e l y  owned 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 g  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  on  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 y 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 i 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 .  


