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I. INTRODUCTION 

A. Background 

The g r a n t  award f o r  P rec l in i ca l  Studies f o r  € i o n  Rrciotherapy was 
o r i g i n a l l y  made, e f f e c t i v e  I June 1973, t o  permit work t o  begin on the physics 
and biology a s soc ia t ed  v i t h  c l i n i c a l  pion radiotherapy. 
began on 1 Hay 1974 under a separa te  gran t ,  CA-16127. The t w c  grant6 ran i n  
p a r a l l e l  under the  d i r e c t i o n  of Horton if. Kligcrmrn, H.C., unt.il 1 Hay 1979, 
a t  which time suppor t  f o r  t h e  physics and biology uork baz. inrorporr ted i n  
CA-16127. There p r o j e c t s  have been conducted j o i n t l y  t y  t he  University of New 
Hexico Cancer Research and Treatment Center and the  Lot: ALamos S c i e n t i f i c  
Laboratory, using the pion biomedical channel of the C: inton P .  Anderson Meson 
Physics F a c i l i t y  (LAHPF) in Lor Alamos. 

Period Covered by This  Report 

The combined grant appLication, submitted 1 June 1978, contains a 

Cliri ical  s tud ies  

B. 

summary r epor t  on the progress  of the  work i n  physics and biology uuder t h i s  
This  repor t  updates t h a t  information t o  30 Apr i l  

1979,  the terminal  d a t e  of this grant.  
. g r a n t  up t o  30 Apr i l  1978. 

11. PHYSICS 

me total phys ics  e f f o r t  bas been designed t o  obta in  information and 
develop systems needed f o r  c l i n i c a l  t r i a l s  of pion radiotherapy. 

Operation of the main proton acce le ra to r  a t  LAMPF was increased t o  300 
microamps on 31 August 1977; between June 1978 and Apri l  1979, t he  accelerated 
p ro ton  c u r r e n t  was increased  from 360 t o  500 microamps, 50% of  the  design 
goal.  
proton  cu r ren t s  up to 700 microamps. 

A water-cooled pion product ion-target  vas developed and t e s t e d  a t  
I n  the f a l l  o f  1979, production w i l l  be 

between SO0 and 600 microamps. - 

A. Ch8nne1 Operation and Control System Development 

Major accomplishments include preparat ion of hardware and software 
systems f o r  dynamic treatment, as well as improved r e l i a b i l i t y  of hardware and 
so f twi re ,  i n c h d i n g  treatment couch systems; simulation systems; computerized 
channel control and ope ra t ing  systems; magnet control  systems; dynamic c o l l i -  
mating systems; dosimetry and microdosimetry da ta  acqu i s i t i on  rystcms; and * 

pat ient-monitor ing and record-keeping systems. The new range-shif ter  control  
system vas improved in control, maintenance, and noise suppression, and a new 
range-sh i f te r  was b t t d l e d  in t h e  f a l l  of 1978. 

B. Channel Tuning/Bcam Development 

The ca t a log  of broad beams f o r  s t a t i c  t reatments  has been expanded 
t o  cover f i e l d s  up t o  17 cm x 17 cm a t  t he  90 percent isodose line, 18 an X 18 
cm a t  the 80 percent isodose l i n e ,  and 19.5 cm x 19.5 cm a t  t he  50 percent 
isodose line. Fan beams f o r  dynamic t reatments  have been prepared a t  several  
channel momenta v i t h  va r ious  sizes f o r  t h e  long dimension (X) of the  beam 
perpendicular  t o  the scan  axis.  The l a r g e s t  ava i lab le  s i z e  is 18 cm. Along 
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t h e  scan d i r e c t i o n  (Y) t he  beam is small ( 2 . 5  cm f u l l  width at h a l f  maximum) 
and highly focused. 
couch scan. The loca t ion  of t he  (Y) beam waist  ( the  2 value vhere the beam i s  
t h e  smal les t )  should be approximately i n  the center  of the treatment volume. 
Fan tunes have been designed f o r  two wais t  loca t ions .  

The f i e l d  s i z e  i n  t h i s  dimension i s  c o n t r o l l e d  by t he  

Improvements i n  t ime-of - f l igh t  i d e n t i f i c a t i o n  of beam contamination 

Combining the  d r i f t  time 
have been made. 
acce le ra to r  radio-frequency s i g n a l  have been added. 
between s c i n t i l l a t o r s  with the  g r i f t  t ime from the targe: allows much improved 
scpagat ion of negat ive muons (p ) from negat ive pions (n ). 
p /I[ r a t i o s  of  0.2 a r e  observed. 
decay i n  the downstream p a r t  of t h e  channel) is being ca lcu la ted .  

Larger s c i n t i l l a t o r s  t o  handle the  new l a rge  beams and the  

A t  present  
The undetected muon f r a c t i o n  (from pion 

New water-cooled t a r g e t s  have allowed minimization and s t a b i l i z a t i o n  of 
e l e c t r o n  contamination, as well a s  accurate  proton beam s t e e r i n g  and spot  S i t e  
measurements. 
spread a t  t h e  channel e x i t .  

These f a c t o r s  s t rong ly  influence pion beam pos i t i on  and momentum 

\ 

C- Dosimetry 

Tbc dosimetry e f f o r t  has been d i rec ted  mainly toward providing a 
l a r g e  v a r i e t y  of p a t i e n t  beams and range-sh i f te r  func t ions  and charac te r iz ing  
these  fo r  p a t i e n t  treatment. Af te r  t h e  development of  raw beams, t h e  major 
e f f o r t  has been t o  t a i l o r  t h e  beams f o r  individual  t reatment  s i t u a t i o n s  and t o  
c h a r a c t e r i z e  t h e s e  beams, incorpora t ing  i n t o  the dosimetry the  e f f e c t  of 
compensating bolus ,  col l imators  and t h e  a i r  gaps between p a t i e n t  treatment 

'devices.  Isodose d i s t r i b u t i o n s ,  i n  t h r e e  dimensions, and the  c a l i b r a t i o n  of 
t h e  dose r a t e  and response of t h e  pion monitor chambers a r e  measured f o r  each 
t rea tment  configurat ion.  
dosimetry f o r  overlapping, opposed and adjacent  or opposed, abut t ing  ports .  

A l l  t reatment  beams der ive  from th ree  b a s i c  beam penetrat ions:  
16, and 23 gm/aa2. 
and 23 gm/cm2 in depth can be reached by using the  appropr ia te  bolus and 
range-sh i f t ing  mater ia l .  
developed which give d i f f e r e n t  l a t e r a l  dimensions. For a l l  beam8 it i a  poss ib le  
t o  spread the stopping region using t h e  range-shif ter .  The range-shif ter  i s  
programed t o  g ive  stopping pion d i s t r i b u t i o n s  ranging i n  depth from 3 t o  16 
an i n  1 cm i n t e r v a l s .  

Single-port  measurements are then  combined t o  obtain 

12, 
Using these t h r e e  beams, any. tumor between t h e  sk in  sur face  

For each beam penet ra t ion ,  t h r e e  beams have been 

For e8ch spread peak it it poss ib l e  t o  t a i l o r  t h e  s lope of t he  
phys ica l  dose, and consequently t h e  s lope  of d i s t r i b u t i o n  of stopping pions. 
Range-shif ter  funct ions have been developed t o  produce d i f f e r e n t  s lopes t o  
study t h e  effect  of changes i n , t o t a l  dose and stopping pion d i s t r i b u t i o n  on 
t h e  RBE ac ross  the spread peak. When opposed, overlapping t reatment  f i e l d s  
are used, t h e  r e s u l t a n t  t o t a l  dose and stopping pion d i s t r i b u t i o n s  are re la -  
t i v e l y  f l a t  regard less  of t h e  s lopes  of t h e  s i n g l e  p o r t  d i s t r i b u t i o n s .  
p re sen t  time, using s t a t i c  beams, t reatment  of l a r g e  f i e l d s  (g rea t e r  than 15 
cm x 15 cm) is b e s t  accomplished by using abut t ing  f i e l d s .  While treatments 
wi th  s t a t i c  p ion  f i e l d s  give good d i s t r i b u t i o n  i n  two dimensions, a fan o r  
spot  beam de l ivered  in scanning dynamic treatments w i l l  be  needed t o  give 
v a r i a b l e  t r ansve r se  d i s t r i b u t i o n  i n  depth.  
beam over  s t a t i c  beam pion therapy a r e  the  dose uniformity along t h e i r  scanning 

. 
A t  t he  

The primary advantages of dynamic 
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dimension(6) and t h e  a b i l i t y  t o  b e t t e r  shape the pion beam so that.norma1 
t i s s u e  spar ing  is enhanced. 
beam treatraent.  

Work is continuing f o r  implementation of  dynamic 

Deriva t ion  of conversion f a c t o r s  for determining absorbed dose has 
produced pre l iminary  va lues  f o r  incorpora t i on  i n t o  p a t i e n t  treatment planning. 
Measurements wi th  t i s sue-equiva len t  and carbon calorimeters i n  the  spr ing of 
1979 confirmed t h a t  the prel iminary conversion f ac to r s  were within I few 
percent  accuracy. Evaluat ion of whole-body dose ind ica tes  star-produced 
neutrons do n o t  s i g n i f i c a n t l y  reduce the  dose loca l i za t ion  proper t ies  of 
pions.  

D. Uicrodos i m c t q  

1. Ion iza t ion  Chamber Hicrodosimetry 

An a l t e r n a t i v e  system f o r  microdotimetric s tud ie s  of thera-  
p c u t i c  p ion  beams has been t e s t ed .  
LET-#) d e t e c t o r  t h a t  is 0.5 inches i n  diameter, bqt, which has an e f f ec t ive  
diameter  of 2 microns. The system is  simple t o  use, b u t  is l imited t o  low 
count rater. 
(20-200 na protons) .  Spec t ra  were taken f o r  pos i t i ve  and negative pion beams 
with and without  t h e  range-sh i f te r .  A comparison of t hese  data with previous 
resul ts  shows good agreement. Additional measurements were made a t  se lec ted  
p o s i t i o n s  on t h r e e  c l i n i c a l  p ion  beams t o  a id  i n  the  development of new range- 
s h i f t e r  funct ions.  

This  system u t i l i z e s  a commercial (EGbC 

Prel iminary tests were made on low i n t e n s i t y  proton beams 

- 2. S i l i c o n  Detector  tlicrodosimetrp 

S i g n i f i c a n t  improvements have been made in the  experimental 
da t a  a c q u i s i t i o n  system, inc luding  noise reduction, i n s t a l l a t i o n  of a pulse- 
p i l e u p  r e j e c t o r  and deadtimc meter, improved ga t ing  system, and ca l ib ra t ion  
and t e s t i n g  of thiMer (5 and 7 pm th ick)  de tec tors .  
computer coder has been used i n  the i n t e r p r e t a t i o n  of these  experiments. 
c a l c u l a t i o n a l  e f f o r t  is aimed a t  developing and t e s t i n g  var ious algorithms 
used in determining p ion  s topping  d i s t r i b u t i o n s ,  absolute  star dose, and LET 
distributions from t h e  experimental  da t a .  

A s e r i e s  of Honte Carlo 
The 

An intercomparison between microdooimetric spectra  obtained 
wi th  s i l i c o n  d e t e c t o r s  and a Rossi chamber has been completed. 
methods of compariron and d a t a  unfolding ( t o  obta in  both l i n e a l  energy spectra  
and LET spec t r a )  vere t e s t e d ,  and apparent differences between t h e  two systems 
are now well understood. 
t h e  experimental r e s u l t s .  

Various 

Monte Carlo generated spectra  a l s o  agree wel l  with 

eva lua ted  f o r  
high-LET dose 
s h i f t e d  beam. 
are now being 
therapy. 

kleaturcmentr have been made and dose d i s t r i b u t i o n s  have been . 
most of t h e  the rapeu t i c  beams. 
d i s t r i b u t i o n s .  
The e f f e c t  of col l imators  has also been s tudied.  These data 

used t o  r e c a l c u l a t e  a l l  of the  range-shif ter  funct ions used i n  

A catalog has been prepared o f  
Cumes e x i s t  f o r  unrange-shifted and range- 

This  method i s  a l s o  being used f o r  i n  vivo measurements i n  
P a t i e n t s ,  t o  check t h e  t rea tment  p lan .  A new -- i n  vivo technique has been 
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developed which timer the passage of the high-LET peak with respect t o  the 
position of the range-shifter. 
equivalent of tbt tissues in front of the detector in a patient. 
very useful check for treatment planning. 
maximum of the observed high-LET distribution shows the e f f e c t  of the inhomo- 
geneities and giver a measure of their extent. 

applied to 8 study of bolus discontinuities. 
rtudied extensively and shows how the pion stopping distribution varies as one 
goes from one layer to 8 layer of increased thicknest. 
the effect of different discontinuities is planned for the future. 

This measurement gives the average water 
This is a 

In addition, the full width at half 

The high-LET scanning of a berm in a phantom is also being 
The step discontinuity has been 

A thorough study of 

E. In Vivo Dosimetry 

Uethods of in vivo dosimetry have been developed for use with pion 
radiotherapy patients. These dosimeters include TLD 700, aluminum activa tion, 
ionization chambers, and silicon detectors. 
dosimeters, both the high-LET and total dose can be measured in vivo and these 
measurements are now done routinely on every patigrit for treatment vcrifica- 
tion 

Using combinations of these 

F. Visualization of Stopping Pion Distribution 

Using high-energy gama rays produced as a result of negative pion 
capture, 8 visualization experiment has demonstrated one-dimensional (2) 
visualization with 8ood spatial resolution using typical fractionated treatment 

.doses and dose rater. 
One patient treatment has been observed with the system. 
include improving the present chamber or installing one designed for higher 
rates and performing more measurements on patients. 
data in routine treatment must then be determined. 

Important backgrounds have been identified and eliminated. 
Future effort will 

Methods for using the 

Preliminary measurements with a positron detection system on patients 
with lesions of the pancreas, rectum, head and neck, and lung indicate that 
diffusion rates of activity from these sites should not be a limiting factor 
in measurements. Two NaI crystals have been purchased and will be used to 
test the feasibility of low-cost one-dimensional Anger camera for positron 
detection. 
provide for optimal resolution are underway. 
the  data aquisition system is underway. 

Hardware tests for determination of detector configuration to 
Also, software development for 

G. Beam Shaping 

Hearuremcntr have been made for inhomogeneity and bolus compensation 
for pion beams of different energy; variation of the inhomogeneity depth 
beneath the surface; air and Teflon inhomogeneities to simulate lung and bone; 
bolus compensation using the parallel beam model; and bolus inhomogeneity 
misalignment. 
that the peak pion dose is constrained between the distal and proximal surfaces 
of the treatment volume. 
can be controlled either by using bolus to modify a monoenergetic beam or by 
varying the energy of a narrow beam as it scans the tumor volume. 

Compensation is the technique of modifying the pion beam so 

The penetration of the beam to the distal surface 

The proximal 
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edge of t h e  peak dose is  cont ro l led  by properly modulating t h e  pion peak uidtb 
using a range-sh i f te r .  -With s t a t i c  t rea tments ,  the proximal edge cannot be 
va r i ed  once t h e  d i s t a l  edge i s  defined. 
t reatment  w i l l  a l low t h e  proximal edge t o  vary as the  treatment volume i s  
scanned by varying t h e  range-sh i f te r  funct ion.  

The implementation of dynamic scanning 

In designing t h e  bolus ,  one must compensate f o r  s k i n  contour, tumor 
shape, t i ssue inhomogeneities, ' rnd p a t i e n t  motion. 
obtained from CT s c a n t  t h e  p a t i e n t  must be scanned i n  a pos i t i on  which simulates 
as c lose ly  as poss ib l e  the pos i t i on  in which the  treatment is given. 
accomplished by making Lightcas t  forms of the pa t ien t .  
taken a t  1.0 em i n t e r v a l s  throughout t he  volume of i n t e r e s t  which includes 
generous margins surrounding the tumor volume. 
used t o  define t h e  exac t  t reatment  volume. 
is read i n t o  t h e  pion treatment-planning code, and the  t reatment  volume marked 
on the CT scan negat ive  i s  superimposed on a dens i ty  image presented on a 
cathode r a y  tube. The t reatment  planner ,  using cu r se r i ,  then  loca te s  the  pion 
s topping region on t h e  screen,  i npu t t ing  the  appropriate  pion range and range- 
s h i f t e r  function. The computer code then  ca lcu la tes  t he  thickness  and shape 

. of bolus (paraf f in)  required t o  s top  t h e  pions i n  the prescr ibed trcataient 
volume. 
including measured l i n e a r  s topping powers versus l i n e a r  a t tenuat ion  coef f ic ien ts ,  
t o  c a l c u l a t e  t h e  average l i n e a r  s topping powers r e l a t i v e  t o  water f o r  a l l  
t i s s u e s  t raversed  by pions i n  reaching t h e  treatment volume. 
s ec t ions  are t r a n s f e r r e d  t o  ttyrofoam templates.  
t oge the r  us ing  alignment re ference  marks t o  produce a styrofoam bolus model. 
The model is  then  encased i n  J den ta l  impression mater ia l ,  forming a mold i n t o  
which p a r a f f i n  i s  poured t o  produce t h e  f i n a l  bolus.  
designed from computer output .  

To u t i l i z e  the  information 

This is 
CT s c a m  a r e  usual ly  

The CT scan negat ive i s  then 
The tape containing CT scan data 

. 

This  c a l c u l a t i o n  u t i l i zer  t h e  CT data ,  along with o the r  physical  data 

The bolus cross- 
A l l  t h e  templates are glued 

Collimators a r e  a l s o  

E. P a t i e n t  Immobilizrton, Alignment, and Transfer Systems - 
Immobilization and t r a n s f e r  of p a t i e n t s  from pre-treatment s taging 

t o  t h e  treatment room has evolved i n  conjunction with changing treatment 
condi t ions.  The basic approach has remained t h e  same, following t h e  concept 
of p r i o r  imaob i l i za t ion  and pos i t ion ing  (PIP). 
tumor l o c a l i z a t i o n  and inhomogeneity compensation l ed  d i r e c t l y  t o  the  use of 
PIP in maintaining t h e  same p a t i e n t  pos i t i on  throughout t h e  CT ~ c a n n i n g ,  
l o c a l i z i n g  radiography, pretreatment  set-up, and treatment process .  

"he use of CT scans f o r  precise  

The use of an or thopedic  cas t ing  mater ia l  (Lightcast  11) was adopted. 
The Ligh tca r t  s h e l l s  r equ i r e  add i t iona l  surrounding support  t o  hold them and 
t h e  p a t i e n t  in the des i r ed  o r i en ta t ion .  Immobilization modules, designed by 
t h e  CRTC team in cooperat ion wi th  a NASA consul t ing engineer ,  have been mounted 
on the t rea tment  and simulator t ab le tops .  
t r a y s  supported by a framework of heavy s t a i n l e s s  s t e e l  and aluminum. 
can be r o t a t e d  about the long a x i s  and t h e  t ransverse hor izonta l  ax is .  
t h e  t r a y ,  the Ligh tca r t  s h e l l s  are  supported by a vacuum bag, f i l l e d  with 
Styrofoam beads,  which i s  evacuated a f t e r  t he  p a t i e n t  is i n  approximate posi- 
t i on .  
as i nd ica t ed  by two l e v e l s ,  one i n  t he  x-axis and one i n  t h e  y-axis ,  on the  
Lightcas t  s h e l l s .  
process when t h e  p a t i e n t  i s  in the des i red  treatment pos i t i on .  In addi t ion  
templates,  which a re  cut t o  fit t h e  p a t i e n t  contour i n  both the  longi tudinal  

These consist of  molded f ibe rg la s s  
A t r a y .  
Within 

The t r a y  i s  then  ro t a t ed  as necessary t o  achieve the  proper or ien ta t ion ,  

These are at tached t o  t he  s h e l l s  during the  simulation 
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rnd t r ansve r se  d i r e c t i o n s  and f i t t e d  uith s p i r i t  l eve l s ,  a id  i n  checking the 
f i n a l  p a t i e n t  t reatment  pos i t ion .  
s imula t ion  rooms have A pos i t ion ing  base and a removable tab le top .  
i ng  base can be used t o  t r a n s l a t e  the p a t i e n t  up or down within t h e  horizontal  
plane.  

Using cross -ha i r  l a s e r s  i n  t h e  set-up are8 (corresponding with 
i d e n t i c a l  lasers i n  t h e  t reatment  room), the  pa t i en t  can be posit ioned within 
t h e  t rea tment  module on 8 treatment  tab le top  supported by a t r anspor t  dolly.  
Reference t a t t o o s  on the p a t i e n t  and alignment marks on t he  case, bolus,  and 
co l l imator ,  h e l p  t o  ensure accuracy of the alignment. 
t ranspor ted  t o  t h e  treatment room. 
t rea tment ,  t h e  t a b l e t o p  i tself  (supporting the p a t i e n t  i n  h i s  module) is 
t r a n s f e r r e d  t o  the t rea tment  t a b l e  base and aligned under t he  l a s e r s  f o r  
t reatment .  
z a t i o n  of  pion beam u t i l i z a t i o n ,  i n  addi t ion  t o  improving the  accuracy of 

t o  achieve the f ina l  adjustment p r i o r  t o  treatment del ivery.  An e lec t ron ic  
coding rchemt bas been implemented t o  permit compuier v e r i f i c a t i o n  t h a t  t he  
c o r r e c t  co l l imator  is in p lace  p r i o r  t o  treatment. 

Iden t i ca l  couches i n  the  treatment and 
The posit ion- 

The p a t i e n t  i o  then 
Upon completion of t he  previous pa t i en t ' s  

Pos i t i on ing  p a t i e n t s  ou ts ide  the  treatment room permits optimi- 

. d a i l y  dose deposi t ion.  About three minutes are required in t he  treatment room 

I. Computerized Treatment Planning 

Work is proceeding on t h e  three-dimensional model i n  PIPLAN 
t h a t  carries ou t  t h e  a c t u a l  ca l cu la t ions  of the  dose deposited i n  the p a t i e n t ,  
using t h e i r  CT-scan data. Techniques have been developed for crea t ing  smooth 
input  da t a  t h a t  represent  t h e  beam configurat ions used in p a t i e n t  treatments.  

-A new neutron model is being developed t h a t  w i l l  b e t t e r  account f o r  the  neutron 
dose i n  t h e  p l a t eau  region of t h e  beam. 
t a l  measurements, both i n  a i r  and water, a r e  being made. 

improved the accuracy of the dose ca lcu la t ions .  
PIPLAN was e s s e n t i a l l y  completed on t h e  Biomed computer system. 
changer were included t o  rccomodate  the  l a t e s t  c l i n i c a l  setup and treatment 
requirements. 

Extensive comparisons u i t h  expcrimen- 

Physics  models were added and upgraded which s ign i f i can t ly  
The i n t e r a c t i v e  vers ion of 

A var i e ty  of 

In the area of CT data,  t he  number of scanners t h a t  can be 
decoded was increased t o  f i v e ,  re f ined  experimental da ta  were incorporated 
i n t o  t h e  decoding process, a study was completed t o  determine required reso- 
l u t i o n  f o r  trerfment planning,  and spec i f i ca t ions  r e l a t i n g  t o  treatment plan- 
n ing  were h c o r p o r r t e d  i n t o  the  CT scanner purchase cont rac t .  

The two-dimensional dose ca lcu la t ion  programs were upgraded t o  
provide  f a s t e r  i npu t  and batch-mode, post-processing t o  increase  throughput 
with less opera tor  time. Independent ca lcu la t ions  of dose d i s t r i b u t i o n s  i n  
water  phantoms were incorporated i n t o  these programs, reducing t h e  amount of 
dosimetry requi red .  
emphasis. 

- 
Documentation i n  a l l  areas  progressed with increased 
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111. BIOLOGY 

A, I n  V i t r o  S tudies  

Two systems hrve been used t o  quan t i t a t e  the  e f f ec t iveness  of pions 
r e l a t i v e  t o  t h a t  o f  x-rays: 
m u l t i c e l l u l a r  tumor spheroids.  

s i n g l e  c e l l s  (survival  and mutagenesis) and 

1. Sing le  Cell Survival  

P r a c t i o n a l  su rv iva l  of s i n g l e  CHO c e l l s  following exposure t o  8 

These c u n v s  have been compared t o  those f o r  
v a r i e t y  of  peak p ion  beams, d i f f e r i n g  i n  peak volume, dose r a t e ,  and, presumably, 
LET spec t r a ,  has been evaluated.  
c e l l s  exposed t o  h ibh  i n t e n s i t y  (61 rads/ainute)  small peak volume (8 a') 
pions  o r  t o  x-rays (Figure 1). The s o l e  de tec tab le  d i f f e rence  between pions 
and x-rays in mul t ip l e  experiments has been a reduced shoulder width in t he  
former r e l a t i v e  to t h e  l a t t e r .  Similar  obsetvat ions hrve been made by D r .  
Glor ia  L i  a t  t h e  S tanford  pion f a c i l i t y  and by Dr. Chris t ine  Lucke-Hukle a t  
t h e  Swiss I n s t i t u t e  f o r  Nuclear Research (SIN). 

. 

- 
Peak pion  beams wi th  volumes of -800 cm3 have also been inves- 

t i g a t e d ,  with the same r e s u l t s  (Figure 2). The system it not  s u f f i c i e n t l y  
p r e c i s e  t o  compare t h e  e x t e n t  of t h e  shoulder s h i f t  in t h e  small  and l a rge  
peak volume beams, b u t  i t ' shou ld  be noted t h a t  a d i f fe rence  could not  be 
de tec ted  i n  the e f fec t iveness  between t h e  proximal and d i s t a l  por t ions  of t h e  
expanded pion peak i n  these s tudies .  This  does not  mean t h a t  t o t a l  effect i s  
cons tan t  across  the peak, because t o t a l  dose drops from 100 t o  75 percent  from 

'-the proximal t o  t h e  d i s t a l  peak, but  r a t h e r  t h a t  "e f fec t iveness  per rad" could 
not be shown t o  d i f f e r  s i g n i f i c a n t l y .  

A v a r i e t y  of phenomena could account f o r  the reduction i n  the  
shoulder  of the c e l l  su rv iva l  curve without a concommittant a l t e r a t i o n  in 
s lope ,  v i t h  the most l i k e l y  being a pion-induced in t e r f e rence  wi th  suble tha l  
injury r epa i r .  
type r e p a i r  when t h e  pion doses were del ivered as two equal  doses separated by 
a mat te r  of hours compared t o  t h e  same t o t a l  dose given as a s i n g l e  exposure. 
Figure 3 i s  a p l o t  of t h e  au rv iva l  r a t i o  ( su lv iva l  following two equal doses/ 
s u r v i v a l  following same t o t a l  dose as a s i n g l e  exposure) for  high i n t e n s i t y  
peak p ions  or  x-rays as a funct ion of the time i n  hours between t h e  two exposures. 
Elkind-type r e p a i r  is apparent  in t h e  groups given pa i red  doses of x-rays and 
i n  those  given pa i r ed  doses of pions,  bu t  it is f a r  less pronounced i n  the  
l a t t e r  than in the former, as would be expected i f  the  reduced shoulder on 
peak p ion  cell  sun r iva l  curves (Figures 1 and 2) r e f l e c t e d  a reduced a b i l i t y  
t o  r e p a i r  sublethal injury. 

If t h i o  were t h e  case,  one would.expect less short-term Elkind- 

Although s u b l e t h a l  i n j u r y  r epa i r  has not  been s tudied  in a l l  of. 
t h e  c e l l  l ines  maintained i n  our labora tory ,  the  s t r a i g h t  s ing le -ce l l  surv iva l  
s t u d i e s  have been extended t o  include a v a r i e t y  of o ther  c e l l  l i n e s .  
results of these  s t u d i e s  a r e  summarized in Figure 4. 
only de t ec t ab le  d i f f e rence  between pion and x-ray s ing le -ce l l  surv ivz l  curves 
f o r  t hese  o the r  l ines  is a reduct ion i n  t h e  shoulder of t h e  ce l l  surv iva l  
C u r v e  without a de tec t ab le  a l t e r a t i o n  in slope. 

The 
As with CHO cells,  t he  
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Figure 4. Survival of other than CHO cells exposed t o  single doses of x-rays 
and p i o n s  
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With present technology it is not  possiblt! t o  ident i fy  the LET 
spec t ra  p e r t i n e n t  t o  small volumes approximating the  sizt! of  biological  t a rge t s ,  
EO t h e  phys ica l  b a s i s  f o r  these observations remains u n ~ e a r .  
however, the ques t ion  of peak pion i n t e r a c t i o n s  with tril! low-LET radiat ions,  - i . e . ,  x-rays,  can be addressed. 
i n h i b i t  the r e p a i r  of suble tha l  i n ju ry  induced by the 1 w - L E T  port ions of the  
peak dose, it should a l s o  be ab le  t o  i n h i b i t  r epa i r  of si iblethal in jury  in-  
duced by x-rays. To test this- ,  CHO cel ls  were exposed LO doses of x-rays 
(Figure 5a)  or peak pions (Figure 5b) t h a t  would reduce surv iva l  t o  -10%. 
hours l a t e r ,  graded doses of x-rays o r  peak pions were d m i n i s t e r e d .  
in Figure 5 ,  the only combination t h a t  allowed the  r e tu rn  o f  the  shoulder was 
x-rays followed by x-rays. No shoulder reappeared i n  x-rays following pions,  
pions following x-rays,  o r  pions following pions because (1) suble tha l  i n j u r y  
r e p a i r  was i n h i b i t e d ,  and/or (2) the shoulder on the  p i o n  curve was reduced. 

t y p e  of phenomenology as has been observed i n  the  p a s t  by Ngo and Elkind f o r  
neutrons and by Ngo, more recent ly ,  f o r  heavy ions.  In b r i e f ,  administration 
of high-LET r a d i a t i o n  p r i o r  t o  x-rays can a l t e r  t he  to le rance  of the  c e l l s  t o  
t h e  accumulation of low-LET suble tha l  in jury .  Whne t h i s  type of observation 

- is unexpected, it has been reported a s u f f i c i e n t  number of times by d i f f e ren t  
groups t o  warrant  f u r t h e r  s tudy,  although t h e  underlying mechanisms remain t o  
be es tab l i shed .  

Empirically, 

I f  a component of the  :?i:ak pion dose can 

Four 
As shown 

These observations suggest  t h a t  pions are producing the same 

As shown in Figure 6 ,  adminis t ra t ion of x-rays immediately 
after r e l a t i v e l y  low peak pion doses produces a l a rge  reduct ion in the  site of  
t h e  x-ray c u m e  shoulder ,  but t h e  mechanism underlying t h i s  reduct ion remains 
unclear.  Whatever the ul t imate  mechanism, these  observations could explain 
how one ob ta ins  s i m i l a r  c e l l  surv iva l  cumes  i n  s p i t e  of t h e  f a c t  that  peak 
pion beam q u a l i t y  is a l t e r e d ,  e i t h e r  by use of d i f f e r e n t  peak volumes o r  by 
placing t h e  cells a t  d i f f e r e n t  pos i t i ons  wi th in  the  peak. 

2. Hutagencsis Studies  I 

Because the CHO ce l l  used i n  our';tudies can r e a d i l y  be assayed 
f o r  t h e  induct ion  of somatic mutations a t  the  HCPRTare locus ,  c e l l s  from 
s ing le -ce l l  r u r v i v r l  s t u d i e s  were saved f o r  determination of the  rate of 
pion-induced mutat ion r e l a t i v e  t o  t h a t  f o r  x-rays.' Three po in t s  evolved from 
these s t u d i e s  which b e a r  on t he  bas ic  radiobiology of pions: 
f o r  mutants per lo6 surv ivors  versus  dose is t h ree  times s t eepe r  f o r  pions 
t han  it i o  for  x-rays (Figure 7); (2) t he  y i e l d  of mutants i s  independent of 
the peak cmployed (Figure 8); and (3) peak pions can s e n s i t i z e  CHO c e l l s  t o  
the induct ion  o f  mutations by x-rays (Table 1). 

(1) t he  slope 

TABLE 1 

E f f e c t s  of Graded Doses of 2-cm Peak Pions on Abi l i t y  of 50 Rads 
of X-Rays t o  Induce Somatic Cell nuta t ions  a t  HGPRTase Locus 

Radiat ion Dose ( rads)  n u t  an t s /  106 Survivors 

X-rax Pions Expected Ob se rved Excess 

so 50 15.9 27.5 11 - 6  
so 100 20.1 31.2 10.1 
so 200 47.7 60.2 12.5 C @ T : E 3  FOR 
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0.001 0 1 4 0 0 4 8 12 
DOSE (rads x 16'1 

Figure Sa. Survival of CHO c e l l s  exposed t o  x-rays, followed 4 hours later 
by 8 rccoad dose of e i t h e r  x-rays (x) or pions {o). 

Figure 5b. Survival of CHO c e l l s  exposed to pions, followed 4 hours later 
by 8 8econd dose of e i ther  x-rays (x) or pions ( 0 ) .  
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Figure 6. Survival of CHO . e l l s  exposed t o  50 ,  100, and 200 rado of pions 
followed immediately by graded doses of x-rays. 
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These s t u d i e s  ind ica t e  t h a t  pions a r e  th ree  times more effcc- 
t i v e  than x-rays f o r  production of s ing le-h i t - type  i n j u r y  ( f o r  both radiat ions 
log-log s lopes  of mutants on dose = l.O), and t h a t  i n  t h i s  highly quant i ta t ive  
system one r l s o  observes peak volume independence and "sens i t iza t ion"  t o  x-ray 
type in jury .  

3. H u l t i c e l l u l a r  Tumor Spheroid Studies  

In c o n t r a s t  to s i n g l e  c e l l s ,  tumors are heterogenous with 
SUbpopUlJtiOn8 of cells d i f f e r i n g  i o  t h e i r  oxygenation s t a t u s ,  Cycle chrrac- 
t e r i s t i c r ,  8nd o t h e r  fac tors .  To develop an understanding of how tumors would 
respond t o  p ions ,  within the ava i l ab le  beam time cons t r a in t s ,  t he  i n  v i t r o  
m u l t i c e l l u l a r  tumor spheroid (WS) rystcm developed in t h e  CRTC l abora tor ies  
was used. These )ITS were exposed t o  r ad ia t ion  and then s i zed  th ree  times 
weekly u n t i l  they  grew AP add i t iona l  200 t o  300 pa. 
t h e  radiation-iaduced delay in time t o  reach a given s ize ,  s i m i l a r  t o  the 
expression of da t a  f o r  -- i n  vivo tumor experiments (see below). 
t y p i c a l  set of  curves for Line 1 lung carcinoma MTS exposed t o  peak pions, 
x-rays,  or peak pions followed immediately by x - r a p .  The s o l e  difference 

. between peak pions only and x-rays only i s  t h a t  t h e  pion curve is sh i f t ed  t o  
the l e f t ;  k., a smaller threshold dose m u s t  be exceeded before  one obtains  
de lay  being p ropor t iona l  t o  dose. Analogous t o  the  s i n g l e - c e l l  s u m i v a l  da ta ,  
the curves for delay  versus dose a r e  p a r a l l e l  once t h e i r  respec t ive  thresholds 
are exceeded. 

. 
Data were expressed as  

Figure 9 is  a 

In the group given both pions and x-rays, t h e  e f f e c t  of the 
pion dose has  been corrected for the  pion-induced delay; yet  t h e  curve remains 
s h i f t e d  t o  t h e  left ;  e., t h e  exposure t o  50 rads of  pions has "sensit ized" 
t h e  tfTS t o  x-rays del ivered  immediately the rea f t e r .  A c l e a r e r  presenta t ion  of 
t h i s  phenomenon is given in Figure 10. Conditioning doses of 50 ,  100 or 200 
rads of  p ions  t o t a l l y  e rad ica ted  the  threshold f o r  x-ray growth delay. 
con t r a s t ,  the amount of threshold reduct ion was d i r e c t l y  r e l a t ed  t o  dose size 
when condi t ion ing  doses of x-rays were studied.  

The e x t e n t  of threshold reduct ion-varied wi th  the  s p e c i f i c  )ITS 
s tudied ,  rnd the r e s u l t s  obtained with an MTS l i n e  t h a t  l acks  a threshold,  
even f o r  x-rays, is i n s t ruc t ive .  Figure 11 shows t h a t  in this  no-threshold 
system, pions and x-rays are quan t i t a t ive ly  i d e n t i c a l  because the  only d i f -  
ference.bctwccn p ions  and x-rays is expressed a t  the l e v e l  of  the  threshold.  

In 

These HTS have a l s o  been used t o  q u a n t i t a t e  t h e  e f f e c t s  of 
mul t ip le  f r a c t i o n s  of  pions r e l a t i v e  t o  the  same for x-rays. 
p l o t  of the growth delay induced by 1 and 10 d a i l y  f r a c t i o n s  of pions and 
x-rays in the E a - l l  MTS system. 
s t u d i e s  t h e  pion and x-ray cunres  are p a r a l l e l ,  but  t h e  da ta  f o r  the  two types 
of f r a c t i o n a t i o n  are not  p a r a l l e l  to each other .  
errtimated RBE va lues ,  which offer an approximate comparison with the in vivo 
normal t i s s u e  d a t a  presented below. 

Figure 12 i s  8 

Under both single-dose and multiple-dose 

Table 2 summarizer t h e  
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Figure 9.  RadiaLion-induced delay in growth of multicellular tumor 
opheroids (MTS) for peak pions (e), x-rays (x ) ,  and peak 
pions followed immediately by x-rays (a) .  
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TABLE 2 
Rela t ive  Biological Effect iveness  (RBE) f o r  Pions,  

Following Single-Fraction and Hul t ip le - f rac t ion  Exposures 
of Hul t i ce l lu l a r  Tumor Spheroids 

Growth Delay One Fract ion Ten Fractions 
(Days) (X-rayjPion = RBE) (X-ray/Pion =: RBE) 

2 
4 

HCa-11 Experiment 81 

480/360 1.33 1140/540 2.11 
630/510 1 . 2 4  1520/820 1.85 

HCa-11 Experiment #2 

2 464/273 1.70 1108f402 2.76 
4 630/436 1.44 1500f781 1.92 

2 
4 

Line-1 Lung 
610/500 1.22 - 1390/860 1.62 

1030/905 1 . 1 4  2350/1585 1.48 

3. In Vivo Studies  

1. Tumor Studies  

nice bearing the HCa-11 mammary tumor were exposed t o  graded 
. t o t a l  doses of h igh- in tens i ty  peak pions o r  X-rays e i t h e r  as s ing le  f rac t ions  
o r  8s t h r e e  d r i l y  f r ac t ions .  Figure 13 is  a p l o t  o f  t h e  delay in time t o  grow 
4 PII) beyond the o r i g i n a l  size as a funct ion of t o t a l  dose f o r  each of the  
groups. The da ta  art not s u f f i c i e n t  t o  determine whether the s i n g l e  dose 
cunws are p a r a l l e l ,  bu t  it is r ead i ly  apparent t h a t  pions a r e  1.2 - 1.4 times 
more e f f e c t i v e  than x-rays i n  the  s ing le  dose s tud ie s  sod that the delay 
induced by t h ree  d a i l y  doses of pions i s  almost as large as that induced by 
single pion doses, while t h a t  for x-rays shows fa r  g r e a t e r  tumor recovery from 
f rac t iona t ion .  More de ta i l ed  s tud ie s  on t h i s  system are in progress. 

2. Kidney Studies  

These studies have been described by Jordan e t  a l .  IArch. -- 
Pathol . ,  in press). 
tomized mice vas exposed t o  peak pions o r  x-rays one month a f t e r  nephrectomy. 
Six months after exposure they were s a c r i f i c e d  f o r  h i s t o l o g i c  examination and 
semi-quant i ta t ive grading of t h e i r  kidney injury. Figure 14 is  a p l o t  of t he  
RBE of pions as 8 funct ion of the  number of da i ly  f r a c t i o n s  in t h i s  system. 
S tud ie s  involving up t o  IS da i ly  f r ac t ions  are i n  progress .  

I n  b r i e f ,  the remaining kidney of u n i l a t e r a l l y  nephrec- 

3. 9 i n a l  Cord Studies  

An i n i t i a l  study on pion VI. x-ray induced spinal cord paraly- 
sis i n  the  r a t  was conducted a t  a dose r a t e  of 6 rads per minute. Figure 15, 
which summrrizes the one-year p a r a l y s i s  data from t h i s  experiment, suggests an 
RBE of -1.5. There s tud ie s  have been repeated using 1 or  15 f r ac t ions  and a l l  
are summarized in Table 3, through 5 months post-exposure. Clear ly  pions are 
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! 

f a r  mote e f f e c t i v e  than  x-rays i n  inducing sp ina l  cord pa ra lys i s  than a r e  
x-rays, espec ia l ly  under condi t ions of repeated f rac t iona t ion .  Calculation of - - .  

RBE a t  t h i s  time would no t  be warranted, s ince  para lys i s  is appearing rapidly 
i n  a l l  groups. 
high pion RBE might r e f l e c t  a "bone/soft tissue" in t e r f ace  problem. 

Fur ther ,  t h e  pion doses l i s t e d  a r e  nominal a s  the apparently 

TABLE 3 

Frequency of Radiation-Induced Pa ra lys i s  in Rats  
Through Five Honths a f t e r  Exposure t o  1 or  15 

Frac t ions  of X-Rays o r  Peak Pions 

2000 
2200 
2400 
2600 

2000 
2400 
2800 
3000 
3200 
3600 
4000 
4200 
4800 
5400 
6000 

Sing le  Dose t o  Spina l  Cord 

4. Colon S tud ie s  

The development of this system f o r  studying t h e  l a t e  f i b r o t i c  
and vascular  injury in  the colon of r a t s  is complete and has been described by 
Black -- e t  a l .  JCancct, in press) .  
t i o n s  have been completed and are summarized i n  Figure 16. 
t i o n  s tud ie s  h8vt been i n i t i a t e d .  

Studies  involving up t o  t h r e e  d r i l y  frac- 
Preliminary 15-frrc- 

5. Lung Studies 

Three s t u d i e s  involving radia  tion-induced lung dea th  and/or 
COllagcn depos i t ion  have been i n i t i a t e d ,  but  none of t h e  mice has ruccersful ly  
survived the treatment. The mice uniformly develop chronic pneumonia and d ie .  
NO fu r the r  lung s t u d i e s  are contemplated. 
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Figure 16. Dose of Pions (0) or X-rays (x) required t o  produce mlnlmally toxic  
l a t e  radiation injury i n  the rat colon a s  a function of the  number of 
d a i l y  treatments. RBE's are given on the ver t i ca l  arrows. 
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6. k r r t  Studies 

Limited h e a r t  studies in rabbits are in progress.  

1.  Skin Studies  

Table 4 summarizes t h e  1- and 5- f rac t ion  sk in  s tud ie s  perfomed 
thus  far.  Scoring of skin r c r t t i o n s  has been performed on a l l  t h e  frrc- 
t i ona t ion  s t u d i e s ,  and 8 better understanding of skin r eac t ions  t o  frrc- 
t i ona ted  pions is expected, once the dores received by the skin in v r t i o w  
i n t e r n a l  organ s t u d i e s  are reconstructed.  

TABLE 4 

Tota l  Doses of 2-cm Peak Pions o r  300 kVp X-Rays 
Required t o  Induce Hoist  Desquamation in BALB/C Hice. 

RBE ,Pions - X-rays 

Single f r a c t i o n  2392 f 108 1623 f 89 1.67 
5 Daily Fractions 3760 k 148 2284 f 211 1.65 , 

IV. FUTURE PLANS 

The work descr ibed above is  continuing under Grrnt No. 2-Pol-CA-16127-06- 
Plans and progress a f t e r  30 Apr i l  1979 w i l l  be rout ine ly  reported in the 
cont inuat ion app l i ca t ions  for t h a t  grant .  
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