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PREFACE 

Over a time span of fourteen years, four 
major reviews of studies with accelerated heavy 
ions have been published by the Biology and 
Medicine Division of Lawrence Berkeley Laboratory. 
This report is the fifth in that series. The 
others are: "Biomedical Studies with Heavy-Ion 
Beams," March 1967 (UCRL-17357); "Initial Radio- 
biological Experiments with Accelerated Nitrogen 
Ions at the Bevatron," December 1971 (LBL-529); 
"RadioDiological Experiments Using Accelerated 
Heavy Ions at the Bevatron," September 1973 
(LBL-2016); and "Biological and Medical Research 
With Accelerated Heavy Ions at the Bevalac, 
1974-1977," Apri 1 1977 (LBL-5610). 

The first of these reports was written in 
conjunction with a proposal submitted in 1967 for 
building a heavy-ion accelerator (the Omnitron). 
The current report, which comes only five years 
after heavy beams became available at the 
Bevalac, is an account of a massive interdisci- 
plinary and multilaboratory research effort, and 
spells out some pathways for the future when the 
uses of heavy-ion beams are likely to be more 
widespread than now. 
was an attempt to extrapolate knowledge about 
heavy ions as it existed fourteen years ago, and 
that report contains several speculations and 
untested ideas. We have now verified in a 
quantitative manner many of the early ideas. 
example, we have demonstrated that certain heavy 
ions have a low oxygen effect and that clinical 
applications of heavy-ion beams t o  cancer therapy 
are definitely feasible. Due to advances in 
accelerator art, therapy and diagnosis can be 
done on a large scale i n  the future with biomed- 
ical accelerators. Some fields of research that 
seemed only marginally important i n  1967,  such 
as heavy-ion radiography and microscopy, are 
developing into elaborate disciplines. Other 
research areas developed very differently from 
the way they were originally visualized. for 
example, in 1967 we proposed the injection of 
radioactive nuclides into the i o n  source of an 
accelerator in order to obtain radioactive beams. 

Much of the first report 

For 

Instead, we have shown that portions of inert 
beams become radioactive whenever they are passed 
through an absorber. Heavy ions have also proven 
to be excellent tools for basic research on 
physical interactions and molecular and cellular 
effects. 

The need for oetter diagnosis and therapy of 
cancer has not diminished. Interdisciplinary 
studies with heavy-ion beams produced at the 
Bevalac have much to offer and need to be con- 
tinued. We believe that the importance o f  this 
field to medicine also warrants the construction 
of medical research accelerators in the near 
future. 

The Bevalac and fundamental research with 
heavy-ion beams are supported by the Biological 
and Environmental Research Divison of the U.S. 
Department of Energy. 
research effort is sponsored by the National 
Cancer Institute; NASA supports investigations 
related to the safety of space flight. 
additional sources of support are cited within 
individual chapters. 
their appreciation for the excellent technical 
assistance of those people involved in the pro- 
duction of this volume: Loretta Lizama, editor- 
ial assistance; Diana Morris, word processing 
operations; Shirley Ashley, manuscript produc- 
tion; Michael Baublitz, proofreading; Robert 
Stevens, many o f  the technical illustrations; 
Alice Ramirez, composition; John Flambard, cover 
design; and the entire staff of the Photography 
Department. 

Much of the cancer 

These 

The editors wish to express 

M. C. Pirruccello 

C. A. Tobias 

Lawrence Berkeley Laboratory 
November, 1980 
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INTRODUCTION AND OVERVIEW 

E. L. Alpen 

Tne Lawrence BerKeley Laboratory is the 
birthplace both of the accelerator technology 
that now dominates modern physical science, and 
of the biomedical applications of these acceler- 
ators. Since the first small 4-inch Cyclotron 
was built by E. 0. Lawrence in 1930, a series of 
increasingly complex accelerators has been 
designed and built at Berkeley, culminating with 
the Bevalac, a high energy heavy-ion accelerator. 

Since the late 1930s there has been a 
parallel ongoing effort to utilize these unique 
machines for biological and medical research. 
Almost from the beginning there has been an 
interest in the use of beams of accelerated 
particles to treat cancer and other diseases in 
man. The first treatments of human beings with 
neutron beams were delivered in 1938 by R. S .  
Stone and his colleagues using the Berkeley 
37-inch Cyclotron (Stone et al., 1940). The 
scientific rationale for the use of accelerated 
atomic nuclei was originally proposed by Robert 
Wilson in 1946, based on the advantageous depth- 
dose distributions achieved with heavy ions 
stopping in matter (Wilson, 1946). A year later, 
when the 184-inch Synchrocyclotron was completed 
by E. 0. Lawrence and his associates (Brobeck 
et al., 1947), the first biological and bio- 
physical investigation of high energy accelerated 
nuclei were started by Tobias and his colleagues 
(Tobias et al., 1952). Within a few years, 
exposures of patients for therapeutic purposes 
began (Tobias et al., 1955a,b, 1958). 

Beginning in the early 1950s, beams of 
protons, deuterons, and helium ions were used for 
irradiation of the pituitary gland in humans with 
endocrine disorders (Lawrence et al., 1953, 1959; 
Tobias et al., 1955a,b). This program is st111 
active; over 700 patients have been treated. ‘-In 
1975, the program was expanded to include the 
treatment of human cancers with helium ions at 
the 184-inch Synchrocyclotron, and with heavier 
ions at the Bevalac (Castro et al:, 1980). At 
both of these machines, beam delivery systems 
have been built that provide large, uniform, 
precisely calibrated beams for patient treat- 
ments. 
developed that provide the high degree of safety 
and reliability needed for human treatments. 

expertise increasing (Grunder et al., 1971; White 
et al., 1971; Isaila et al., 1972), it became . 
possible to examine the biological effects o f  
high-energy, heavy ions.. Synchrotrons at 
Princeton and Berkeley accelerated ions with 
atomic numbers between 6 and 18, at energies that 
permitted several biological studies (LBL, 1971, fd 1973; Hall and Lehnert, 1973; Underbrink et al., 
1973). The biological effectiveness of these 
high Z ion beams indicated a likelihood of an 

Sophisticated control systems have been 

In the early 1970s, with accelekator design 

enhanced therapeutic potential when comparisons 
were made with lower Z ion beams (Tobias, 1973). 

complex (Ghiorso et al., 1973) for physics and 
nuclear science research also expanded the 
opportunity for biological and medical studies 
with charged particles. 

In 1974 the programmatic decision was made 
to establish the Bevalac as a national acceler- 
ator facility’to conduct biomedically related 
heavy-ion research. DOE, then ERDA, established 
line item funding in the budget of the agency for 
accelerator operations. From the beginning it 
was established that the beam would be available 
to all potential users throughout the nation. 
Procedures were developed and have operated 
smoothly for time assignment. 
tee, the Program Advisory Committee, which 
reports to the Director of LBL, examines all beam 
time proposals. 
disapproved on scientific merit, and, if approved, 
assigned a priority for beam time. Local support 
is provided to outside users to permit efficient 
utilization of beam time. 

The construction of the Bevalac accelerator 

A review commit- 

The proposals are approved or 

A broad and comprehensive study to investigate 
the biomedical applications of high-energy heavy 
ion beams was begun at LBL in the early 1970s. 
LBL-5610 summarizes research on heavy ions 
through 1977 (LBL, 1977); the present document 
covers progress during the intervening years. 
As research has revealed the basis for a large 
number of applications of high-energy particle 
beams, heavy-ion radiation medicine and biology 
is increasingly receiving the attention of an 
expanding international community. Tobias 
describes the interest of the French, Russian, 
Japanese, and Canadian groups in a following 
chapter. 

A primary advantage of charged particle 
therapy is that it offers a precise delivery of 
radiation dose to the tumor with a concomitantly 
low dose to surrounding tissues. 
potential damage to healthy, surrounding tissue 
usually limits the dose that can be safely deliv- 
ered to a tumor. 
modalities, heavy-ion beams can cause more bio- 
logical damage to the tumor at.a lower rate of 
damage to healthy tissue. Even a small additional 
dose to the‘tumor should increase the probability 
of local control. The sparing effect of part- 
icles .on normal tissues and the comparatively 
high level o f  damage to tumors is a result of two 
factors: first, physical dose can be delivered 
at depth with a lower entrance dose; and second, 
the physical dose delivered by stopping particles 
is biologically more effective due to specific 
energy deposition properties of charged particles. 

Clinically, 

Compared to other radiation 
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Other a v a i l a b l e  m o d a l i t i e s  (e.g., protons,  
p ions,  neu t rons )  share t h i s  f e a t u r e  o f  enhanced 
b i o l o g i c a l l y  e f f e c t i v e  dose a t  depth t o  v a r y i n g  
degrees, and i t  i s  t h e r e f o r e  of i n t e r e s t  t o  
compare t h e  importance o f  t h i s  e f f e c t  f o r  
a v a i l a b l e  r a d i o t h e r a p e u t i c  m o d a l i t i e s .  

The dua l  pane ls  o f  F i g u r e  16 shown by B l a k e l y  
e t  a l .  i n  t h e  f i r s t  chap te r  o f  P a r t  I11 demon- 
s t r a t e  how t h e  c o n s i d e r a t i o n  o f  b o t h  p h y s i c a l  
dose and t h e  corresponding enhancement o f  b i o -  
l o g i c a l  k i l l i n g  e f f e c t i v e n e s s  i n f l u e n c e s  t h e  
comparison o f  t h e  m o d a l i t i e s .  The absc i ssa  i n  
these p l o t s  i s  t h e  p roduc t  o f  two r a t i o s :  t h e  
p h y s i c a l  dose a t  t h e  entrance, and t h e  enhanced 
b i o l o g i c a l  k i l l i n g  e f f e c t i v e n e s s  a t  depth t o  t h e  
enhanced b i o l o g i c a l  k i l l i n g  e f f e c t i v e n e s s  f o r  t h e  
ent rance dose. The comparison o f  t h e  b i o l o g i c a l  
e f f e c t i v e n e s s  i s  based on measurements made w i t h  
c u l t u r e d  c e l l s  i n  v i t r o .  The t o p  panel  was con- 
s t r u c t e d  f o r  a 10 cm x 10 cm f i e l d  a t  10 t o  14 cm 
t i s s u e  depth. The bot tom panel  was c o n s t r u c t e d  

24 cm t i s s u e  f o r  a 10 cm x 10 cm f i e l d  a t  14 t o  
depth. 

I n  b o t h  p l o t s ,  t h e  convent iona 
m o d a l i t i e s  ( X  r a y s  and gamma r a y s )  
l e a s t  d e s i r a b l e  upper l e f t  p o r t i o n  
( n o t a b l y  s h o r t  on t h e  absc issa sca 

r a d i  a t  i o n  
occupy t h e  
o f  t h e  p l o t  
e, as a r e  

neutron;). Fo r  t h e  smal ler ,  more h a l l o w  t a r g e t  
volume, it appears t h a t  t h e  308 MeV/amu carbon, 
425 MeV/amu neon beams, and 65 MeV n e g a t i v e  p i o n s  
a r e  s u p e r i o r  i n  t h e i r  r a t i o  o f  b i o l o g i c a l l y  
e f f e c t i v e  doses. 

Argon and s i l i c o n  ions, and p ro tons  and 
h e l i u m  ions,  a r e  i n t e r m e d i a t e  on t h e  absc issa,  
b u t  q u i t e  d i f f e r e n t  f rom each o t h e r  w i t h  r e s p e c t  
t o  t h e i r  placement on t h e  o r d i n a t e  ax i s ,  a p o i n t  
t h a t  w i l l  be d iscussed l a t e r .  

Fo r  a l a r g e r ,  deeper tumor, t h e  r e l a t i v e  
placement o f  t h e  t h e r a p y  m o d a l i t i e s  changes 
except  f o r  t h e  l o c a t i o n  o f  t h e  p r o t o n  and h e l i u m  
data.  A t  t h i s  range, as seen i n  t h e  lower  panel  
o f  t h i s  f i g u r e ,  t h e  400 MeV/amu carbon and 
228 MeV/amu h e l i u m  beams a re  q u i t e  s i m i l a r ,  as 
a r e  t h e  557 MeV/amu neon beam and t h e  85 MeV 
p i o n  beam. 
m o d a l i t i e s  have d e t e r i o r a t e d  c o n s i d e r a b l y  i n  
t h e i r  e f f e c t i v e  dose r a t i o  on t h e  abscissa. The 
e f f e c t  o f  argon and s i l i c o n  has been e s t i m a t e d  
a t  ene rg ies  o f  700 MeV/amu and 670 MeV/amu, 
r e s p e c t i v e l y .  T h e i r  l o c a t i o n s  a re  i n t e r m e d i a t e  
on t h e  abscissa, b u t  a re  c l e a r l y  almost a f a c t o r  
o f  two b e t t e r  i n  e f f e c t i v e  dose r a t i o  t h a n  t h e  
neu t ron  beams. 

The neu t ron  beams and low-LET 

P h y s i c a l  dose d i s t r i b u t i o n s  a re  enormously 
impor tan t  b u t  t h e  b i o l o g i c a l  e f f e c t i v e n e s s  
f a c t o r  must a l s o  be considered when comparing 
e f f e c t i v e n e s s  o f  v a r i o u s  t rea tmen t  m o d a l i t i e s .  
The c a p a c i t y  t o  k i l l  hypoxic  c e l l s  i s  cons ide red  
t h e  o t h e r  major  advantage o f  high-LET m o d a l i t i e s  
T h i s  f a c t o r  c o n s t i t u t e s  t h e  o r d i n a t e  i n  t h e  
v e c t o r  p l o t s  o f  F i g u r e  16. 

The r a d i o b i o l o g i c a l  oxygen e f f e c t  i s  u s u a l l y  
s t u d i e d  by  measuring c e l l  s u r v i v a l  curves f o r  
d i f f e r e n t  combinat ions o f  p a r t i c l e  beams and 
comparing those ob ta ined  i n  t h e  presence o f  a i r  
and i n  n i t r o g e n .  The r a t i o  o f  doses a t  which t h e  
same b i o l o g i c a l  e f f e c t  i s  ob ta ined  i s  termed t h e  
oxygen enhancement r a t i o  (OER). 

Don i t rogen  

OER = Doai r  ( a t  cons tan t  s u r v i v a l )  

D e t a i l e d  s t u d i e s  have shown t h a t  t h e  OER i s  
reduced f rom a l e v e l  o f  3 t o  n e a r l y  u n i t y  when 
i o n i z a t i o n s  p e r  u n i t  t r a c k  l e n g t h  o f  s t o p p i n g  
charged p a r t i c l e s  a r e  increased.  
advantageous p o s i t i o n  f o r  a t h e r a p e u t i c  m o d a l i t y  
i s  t h e r e f o r e  l o c a t e d  a t  t h e  lower  r i g h t  p o r t i o n  
o f  t h e  v e c t o r  p l o t s  i n  F i g u r e  16. 

The most 

For  b o t h  t rea tmen t  depths i n  t h e  upper and 
lower  pane ls  o f  t h i s  f i g u r e ,  i t  i s  c l e a r  t h a t  
neutrons,  s i l i c o n ,  and argon beams a re  s u p e r i o r  
t o  t h e  o t h e r  m o d a l i t i e s  i n  reduc ing  t h e  oxygen 
e f f e c t .  The low LET m o d a l i t i e s  and p r o t o n s  a r e  
c l e a r l y  i n f e r i o r  i n  t h i s  regard.  Pions, and 
hel ium, carbon and neon beams a re  i n t e r m e d i a t e  
i n  t h e i r  measured p o t e n t i a l  f o r  reduc ing  t h e  
oxygen e f f e c t .  

I n  c o n s i d e r i n g  these v a r i o u s  b i o l o g i c a l  and 
p h y s i c a l  aspects, i t  i s  e s s e n t i a l  t o  weigh t h e  
m e r i t s  o f  b o t h  d e p t h - e f f e c t  advantages, and 
r e d u c t i o n  o f  t h e  oxygen e f f e c t .  
o f  heavy i ons  compared t o  o t h e r  m o d a l i t i e s  w i t h  
r e s p e c t  t o  b o t h  e f f e c t i v e  dose d e l i v e r y  and 
reduced oxygen e f f e c t  w i l l  be s i g n i f i c a n t ,  
e s p e c i a l l y  f o r  tumors where hypox ic  f r a c t i o n s  
have r e s u l t e d  i n  l o c a l  t rea tmen t  f a i l u r e .  

The s u p e r i o r i t y  

These comparisons c o n t i n u e  t o  suppor t  ou r  
i n t e r e s t  i n  con t inued  development o f  h i g h  energy 
charged p a r t i c l e  beams. fo r  r a d i o t h e r a p y .  
Furthermore, research  on imaging w i th  heavy ions, 
desc r ibed  i n  P a r t  V I  o f  t h i s  r e p o r t ,  encourages 
us t o  b e l i e v e  t h a t  s i g n i f i c a n t  new s c i e n t i f i c  
advances a r e  p o s s i b l e  through a p p l i c a t i o n  of 
heavy-ion research  i n  t h i s  area. 
s p e c i a l  p r o p e r t y  o f  heavy i o n s  t h a t  t h e i r  s top-  
p i n g  i s  determined b y  e l e c t r o n  d e n s i t y  r a t h e r  
t h a n  p h o t o e l e c t r o n  i n t e r a c t i o n s ,  as i s  t h e  case 
f o r  X rays,  i t  i s  p o s s i b l e  t h a t  new and 
p r e v i o u s l y  u n a v a i l a b l e  f i n d i n g s  can be achieved 
through heavy-ion imaging. 

Because o f  t h e  

F i n a l l y ,  i t  would be i n a p p r o p r i a t e ,  i n  a 
l a b o r a t o r y  known f o r  i t s  c o n t r i b u t i o n s  t o  b a s i c  
research,  n o t  t o  p o i n t  o u t  t h e  enormous s i g n i f -  
icance t o  fundamental r a d i a t i o n  b i o l o g y ,  b i o -  
phys ics,  and c h e m i s t r y  o f  t h e  f i n d i n g s  desc r ibed  
i n  t h i s  r e p o r t  and y e t  t o  be d i scove red  b y  
i n v e s t i g a t o r s  u s i n g  heavy-ion beams. Using t h e  
beams a v a i l a b l e  a t  t h e  Bevalac, we have a s p e c i a l  
o p p o r t u n i t y  t o  app ly  t h e  s p e c i a l  p r o p e r t i e s  o f  
acce le ra ted  heavy-ion beams t o  t e s t  fundamental 
assumptions o f  our  science. 
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INTERNATIONAL COOPERATION IN HEAVY-ION RESEARCH 

C. A. Tobias 

The international ties of scientific 
collaboration of the Lawrence Berkeley Laboratory 
date back over half a century to the time when 
Ernest 0. Lawrence conceived and constructed his 
first cyclotron. The cyclotron not only became 
the sole source for the production of artificial 
radioisotopes in biology and medicine, but also 
provided a unique base for neutron and charged 
particle research. Ernest and his brother John 
Lawrence set the tone for international scien- 
tific collaboration, which has fluorished to the 
present time. They opened their laboratories to 
visiting foreign scientists, many of whom later 
became leaders in their scientific fields and 
most continued their scientific exchange and 
collaboration with us. For example, the late 
George Hevesy, who originated biological tracer 
research, de ended on this laboratory to supply 
most of his 52P and 49Fe to Denmark. 
later, Hevesy came to LBL for an extended visit 
and performed the first "suicide" experiments 
with radioisotopes. 

low energy carbon beams at LBL proved success- 
ful, a scientist from India, Nag Chawdhury, was 
among the postdoctoral fellows involved in this 
research at Berkeley. One of his goals was to 
build the first cyclotron in Calcutta, and he 
began this task with machine parts donated by 
LBL. He later became Vice Chancellor of Nehru 
University, New Delhi. Work is underway in 1980 
to extend the acceleration energy of several 
heavy ions at the Calcutta cyclotron to 
250 MeVIamu. 

Following World War I1  a group of Swedish 
scientists, led by The Svedberg, .th-e inventor of 
the ultracentrifuge, visited LBL. At that time, 
research had begun on the initial biomedical I .' 
applications of protons, deuterons, and heliu 
ions at the new 184-inch Synchrocyclotcon. 
Assisted by an exchange of information with our 
accelerator scientists, Svedberg's group pro- 
ceeded to design and build the first Swedish 
proton synchrotron in Uppsala to be used for ., 
biomedical and for basic physics research.. 
During 1954 to 1957 two LBL students, Victor , 
Burns (now at U.C. Davis) and Charles Soudhaus 
(now at U.C. Irvine), spent postdoctoral years 
working witn the Uppsala group and at the 
Karolinska Institute. Cornelius Tobias spent a 
sabbatical year there as well. Good cooperation 
developed with the Swedish group that has now 
lasted for many years. The biophysicist Borje ,. 
Larson and his group developed the first "ridge 
filter" to modulate proton beams, and that group 
has pioneered proton therapy of cancer; these 
developments have aided us in the application o f  
heavy-ion research to oncology. 

Years 

When, in 1939, the first attempts to produce 

The introduction, by the late Swedish neuro- 
surgeon Herbert Olivercrona, of pituitary surgery 
for the treatment of advanced metastatic breast 
cancer encouraged John Lawrence and our group in 
the early 1950s to develop helium-ion hypophy- 
sectomy. This procedure has proven successful 
for the treatment of pituitary tumors, notably 
acromegaly and Cushings disease, and is now used 
routinely as the therapy of choice for these 
endocrine and metabolic diseases. Pituitary 
irradiation also appears to have promise for the 
control of metastatic, hormone-dependent carcino- 
mas and of diabetes mellitus with associated 
vascular disease. 
localized focal lesions in the central nervous 
system with Bevalac accelerated carbon and neon 
particles, and the future therapeutic use of 
focal irradiation of the pituitary and of local 
regions of the brain and spinal cord also appear 
promising. Among the conditions to be treated 
with heavy ions are arteriovenous malformations 
and vascular fistulae. L. Leksell, professor of 
neurosurgery at the Karolinska Institute, 
Stockholm, did pioneer work with J. Ray on the 
therapy of these conditions. 
treated with a helium Bragg peak for arterio- 
venous malformation in 1980 was referred from 
Oxford University by R. Berry, and the treatment 
at LBL was based in part on experience gained by 
L. Leksell with gamma rays. 

The first low-energy heavy-ion accelerators 
were built in the 1960s at LBL and at Yale 
University. The first biological experiments 
were carried out at LBL by Joseph Sayeg and his 
colleagues. 
as postdoctoral fellows at that t i m e  also per- 
formed basic biophysical studies with these 
beams. Tor Brustad, of the Norsk Hydro Insti- 
tute in Oslo, demonstrated the enzyme inactivat- 
ing properties of heavy ions, and Thormod 
Hendricksen of Oslo University obtained the first 
free radical yields on. the effects of accelerated 
heavy ions on biological macromolecules. 
this per had extensive association with the 
French s ists, Maurice Tubiana, of the 
Institut Gutave-Rpussy, and Paul Blanquet, of 
Bordeaux University Medical School. G. Tilsjar 
Lentules of Julich University in Germany was the 
first scientist to demonstrate the effects o f  
accelerated protons on the electroencephalogram. 

For the initial heavy-ion radiobiological 
studies, human cells in culture were used by Paul 
Todd, Pennsylvania State University. Edward 
Barendson of TNO in the Netherlands initially 
developed the stable T-1 cell strain for radio- 
logical work. He spent a sabbatical period here, 
and participated in the studies o f  the oxygen 
effect. Later one of our staff members, Stanley 

Currently, we are studying 

The first patient 

Norwegian scientists who were at LBL 

During 
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C u r t i s ,  spent a s a b b a t i c a l  yea r  a t  R i j s w i j k  and 
b rough t  f rom Ho l l and  t o  our  l a b o r a t o r y  t h e  WAG/ 
K i j  r a t  rhabdomyosarcoma tumor system. Biomed- 
i c a l  research  w i t h  rhabdomyosarcoma then  became 
an i n t e g r a l  p a r t  o f  o u r  heavy-ion research  
program. 

d u r i n g  t h e  t i m e  t h e  SuperHILAC was developed were 
Nabuo Oda o f  t h e  Japanese I n s t i t u t e  Technology, 
Tokyo, and Sahaya Nakai o f  t h e  N a t i o n a l  I n s t i t u t e  
o f  K a d i o l o g i c a l  Sciences, Chiba, Japan. Oda 
s p e c i a l i z e d  i n  t h e  phys i cs  o f  d e l t a - r a y  produc- 
t i o n  by heavy i o n s  i n  t h e i r  passage th rough  
mat te r ;  Nakai made b a s i c  c o n t r i b u t i o n s  t o  t h e  
gene t i c  c rossover  f requenc ies  caused by  acce le r -  
a ted  heavy i o n s  i n  y e a s t  c e l l s .  C o l l a b o r a t i o n  
between H. H. Smith o f  t h e  Brookhaven N a t i o n a l  
Labora to ry  and T. Tazima o f  t h e  I n s t i t u t e  o f  
Genetics, Tokyo U n i v e r s i t y ,  and John Lyman o f  LBL 
demonstrated t h a t  low-energy acce le ra ted  heavy 
i ons  a r e  h i g h l y  mutagenic and tumor igen ic  i n  
p l a n t s .  
t i o n  b i o p h y s i c s  a t  LBL on heavy i o n  e f f e c t s  on 
leukocytes; t oday  he i s  work ing  wi th  t h e  N a t i o n a l  
R a d i o l o g i c a l  I n s t i t u t e  i n  Bombay. 

The U.S.S.R. has b u i l t  a low-energy heavy-ion 
acce le ra to r ,  and t h e r e  nave been exchange v i s i t s  
between t h e  U.S.S.R. and t h e  U.S. r e l a t i n g  t o  
space sc ience.  The exchange o f  i n f o r m a t i o n  pro-  
duced a t  these v i s i t s  r e s u l t e d  i n  a j o i n t  
American-Soviet r e p o r t  on t h e  hazards o f  space 
r a d i a t i o n .  I n  1965, C o r n e l i u s  Tobias p a r t i c i -  
pated i n  a v i s i t  t o  t h e  U.S.S.R. t o  s tudy  p ro -  
gress i n  neu ro rad iob io logy ,  and v i s i t e d  t h e  
a c c e l e r a t o r  l a b o r a t o r i e s  a t  Dubna. S o v i e t  
p h y s i c i s t s  h e l d  a c o l l o q u i u m  r e l a t i n g  t o  t h e  
p o t e n t i a l  b iomed ica l  uses o f  charged p a r t i c l e s .  
Soon a f te rwards ,  t h e  S o v i e t  s c i e n t i s t s  b u i l t  a 
p r o t o n  b iomed ica l  f a c i l i t y  a t  Dubna. Ex tens i ve  
developments have f o l l o w e d  a t  t h e  Moscow F.E.T.P. 
a c c e l e r a t o r ,  which has a l a r g e  p r o t o n  cancer 
the rapy  program, and a t  t h e  Len ing rad  p r o t o n  
synchrot ron,  where t h e r e  i s  a p i t u i t a r y  
i r r a d i a t i o n  program. 

V i s i t i n g  Japanese s c i e n t i s t s  work ing  w i t h  us 

J. Madvanath o f  I n d i a  worked i n  r a d i a -  

CURRENT INTERNATIONAL COLLABORATIONS 

The Bevalac i s  t h e  o n l y  a c c e l e r a t o r  i n  t h e  
w o r l d  capable o f  p roduc ing  heavy i o n s  w i t h  sub- 
s t a n t i a l  beam p e n e t r a t i o n  q u a l i t i e s  t h a t  a r e  
s u i t a b l e  f o r  medica l  a p p l i c a t i o n s  i n  humans. The 
c u r r e n t  i n t e r n a t i o n a l  c o l l a b o r a t i o n s  which have 
centered on medica l  a p p l i c a t i o n s  p r e s e n t l y  
i n v o l v e  n i n e  c o u n t r i e s  and i n t e r n a t i o n a l  
o rgan iza t i ons .  

France 

There i s  a fo rma l  agreement between t h e  
Gustave-Roussy I n s t i t u t  o f  Cancer Research, 
V i l l e j u i f ,  France and LBL f o r  c o o p e r a t i v e  heavy- 
i o n - r e l a t e d  b iomed ica l  research  t h a t  extends t o  
t h e  exchange o f  s c i e n t i s t s ,  and s c i e n t i f i c  
i n fo rma t ion .  The synch ro t ron  a t  Saclay i s  b e i n g  
extended t o  produce heavy ions,  e s p e c i a l l y  carbon 
beams, and Maur ice Tubiana and Jean D u t r e i x  p l a n  
t o  develop heavy-ion cancer therapy.  Edmund 

Ma la i se  and h i s  assoc ia tes  a t  t he  I n s t i t u t  a re  
s t u d y i n g  o n c o l o g i c a l  r a d i o b i o l o g y .  Roland G i l e t  
spent seve ra l  months a t  LBL w i t h  S tan ley  C u r t i s  
s t u d y i n g  heavy-ion-induced c e l l  d i v i s i o n  de lay .  
M a r c e l l e  Guichard r e c e n t l y  spent seve ra l  months 
a t  LBL i n v e s t i g a t i n g  heavy charged p a r t i c l e  
r a d i a t i o n  e f f e c t s  on human melanoma c e l l s  growing 
i n  immunodef ic ient  mice. C u r r e n t l y ,  Jacques 
R i c h i e r  f rom Lyon U n i v e r s i t y  i s  on a French 
government f e l l o w s h i p  t o  s tudy r a d i o l o g i c a l  
phys i cs  problems r e l a t e d  t o  t h e  f ragmen ta t i on  o f  
heavy i ons  and t h e  p r o d u c t i o n  o f  r a d i o a c t i v e  
beams w i t h  Aloke C h a t t e r j e e  a t  LBL. C9operat ive 
research  w i t h  D. I s a b e l l e  o f  U n i v e r s i t e  Clermont 
Ferrand i s  p lanned t o  s tudy  t h e  v i s u a l  e f f e c t s  
o f  heavy- ion and r a d i o b i o l o g i c a l  damage i n  t h e  
r e t i n a .  

Japan 

There i s  i n t e r e s t  i n  Japan i n  heavy-ions 
research,  i n c l u d i n g  t h e  use o f  low-energy i o n  
guns f o r  m ic ro -e tch ing  and i m p l a n t a t i o n ,  and 
high-energy heavy-ion phys ics,  rad iography,  and 
therapy.  S ince 1977 we have p a r t i c i p a t e d  i n  
meetings o f  t h e  U n i t e d  States-Japan Cooperat ive 
R a d i a t i o n  Oncology Program. The f i r s t  meeting, 
h e l d  i n  Berkeley, had 14 Japanese p h y s i c i a n s  and 
s c i e n t i s t s  p a r t i c i p a t i n g .  Two meet ings which 
were h e l d  i n  Japan had seve ra l  LBL s t a f f  members 
a t tend ing ,  and t h e  n e x t  meet ing i s  scheduled f o r  
November 1980. 

The Japanese s c i e n t i s t s  have a heavy-ion 
a c c e l e r a t o r  a t  t h e  I n s t i t u t e  o f  P h y s i c a l  and 
Chemical Research near  Tokyo. We v i s i t e d  t h i s  
HILAC t h a t  produces beams 7.5 MeV/amu; t h e r e  a r e  
p lans  t o  i nc rease  t h e  energy t o  g r e a t e r  t h a n  
100 MeV/amu. Sadayoshi Fukumoto and Yasuo H i r a o  
w i l l  p resen t  p lans  f o r  a Japanese medica l  heavy- 
i o n  a c c e l e r a t o r  a t  t h e  nex t  American-Japanese 
meet ing . 

A t  t h e  i n i t i a t i v e  o f  Nabuo Oda and K. Sakamoto, 
f o rma l  agreement p roposa ls  have been sen t  t o  t h e  
U.S. N a t i o n a l  Science Foundat ion and t h e  Japanese 
Research Counc i l  t o  suppor t  t h e  exchange and 
c o l l a b o r a t i o n  o f  s c i e n t i f i c  research  w i t h  heavy 
ions. 
r a d i o l o g i c a l  p h y s i c s  and chemist ry ,  mo lecu la r  and 
c e l l u l a r  r a d i o b i o l o g y ,  and t i s s u e  r a d i o b i o l o g y .  
Shigefumi Okada of Tokyo U n i v e r s i t y  i s  c u r r e n t l y  
spending a s a b b a t i c a l  a t  LBL, i n v e s t i g a t i n g  t h e  
r o l e  o f  DNA s t r a n d  breaks i n  c e l l u l a r  i n j u r y  due 
t o  heavy ions.  
p r e s e n t l y  v i s i t i n g  t h e  nuc lea r  sc ience  department 
o f  LBL. 

The f i e l d s  covered by  t h e  agreement a r e  

Other Japanese s c i e n t i s t s  a r e  

West Germany 

There i s  an i n t e n s e  c o l l a b o r a t i o n  between 
s c i e n t i s t s  a t  LBL and seve ra l  l a b o r a t o r i e s  i n  
Germany. A r a d i o l o g i c a l  p h y s i c i s t ,  Eckhar t  
Schneider (S t rah lencen t rum Giessen) v i s i t e d  and 
p a r t i c i p a t e d  a t  t h e  Bevalac f o r  about one year .  
A r a d i o b i o l o g i s t ,  C h r i s t i n e  Lucke-Huhle (GFK 
Kar l s ruhe ) ,  spent s i x  months w i t h  Eleanor  B l a k e l y  
and ou r  c e l l  group. Her work on c e l l  k i n e t i c s  
and sphero ids was p a r t i c u l a r l y  i n t e r e s t i n g  

. .  . . . . . . . . .' .- . . __ ~ . ..~ .~ . ..". 
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because the results with heavy ions could be 
directly compared to similar experiments she has 
performed with pi mesons at SIN. 

Edward Alpen was an invited participant at 
the symposium on relativistic heavy-ion research 
held at the heavy-ion accelerator laboratory 
(GSI) at Darmstadt in 1978. Because there are 
plans to extend the energy of the existing 
accelerator Unilac at GSI from 10 MeV/um to 
several GeV/um, there is a great interest in our 
experience with the Bevalac. 

Weyrather are spending a year with our radiation 
biophysics group. Gerhard is collaborating with 
us in developing heavy-ion microscopy and a novel 
electrooptial technique for the study of radia- 
tion effects in DNA. Wilma and Eleanor Blakely 
are carrying out special experiments on the role 
of radiosensitizers. With Director Putlitz we 
are making plans for continued collaboration with 
GSI in the field of basic physical and biological 
research. 

Currently Gerhard Kraft and Wilma Kraft- 

Switzerland 

There are scientific relationships with the 
radiobiology laboratory of the University of 
Zurich. Hans Blattmann spent a year with our 
radiation biophysics group at LBL studying 
dosimetry and beam control techniques; he is 
applying this to pion dosimetry at Zurich. 
Scientists working with Heidi Fritz-Niggli are 
studying vascular effects due to pi meson stars 
in the newborn rat brain; they propose to study 
these vascular effects and also genetic effects 
induced by our heavy-ion beams at LBL. 

Sweden 

A Swedish postdoctoral fellow, Bengt 
Langstrom, spent a year in our laboratory in 1976 
studying the properties of radioactive beams for 
radiochemical synthesis of labeled compounds. 
With improvement in our laboratory techniques of 
generating and measuring radioactive beams, there 
are plans for Langstrom's second visit toward 
further research with the radioactive beams. 

England 

There are continuous collaborations with 
British radiation scientists concerning research 
in heavy-ion radiobiology and radiation therapy. 
Some of the basic rationale for using heavy-ion 
beams in cancer therapy relates to the radio- 
biological oxygen effect which was studied so 
carefully by L. H. Gray, who often visited LBL. 
Among scientific visitors to our laboratory were 
Roger Berry of London who worked on the radio- 
biological oxygen effect and Roger Tym. Jack 
Fowler, the current Director of the Gray Labor- 
atory, and Elizabeth Travis of NCI, are currently 
collaborating in research with heavy-ion beams on 
long term effects on lung tissue. W. G. Burns 
of Harwell has initiated plans for a one year 
visit with our group to study chemical physics. 

Canada 

There are many collaborative research 
programs with Canadian radiation scientists. 
R. L. Skarsgard's group at the pi meson facility 
in Vancouver participates in the cooperative 
particle dosimetry group. Gordon Whitmore of the 
Canadian NRC and University of Toronto is serving 
as a member of the laboratory's heavy-ion program 
advisory committee. 
scientists at the University of Western Ontario 
on X-ray and heavy-ion microscopy. 

Don Chapman of the University of Alberta in 
Edmonton spent a year with our group doing 
research on the mechanisms of action of hypoxic 
cells. A radiotherapist from the Cross Cancer 
Hospital of Edmonton, Raoul Urtasun also spent 
several months here. Beginning with these two 
scientists, interest developed on the Edmonton 
campus to build a heavy-ion accelerator for 
research in the biomedical and physical sciences. 
Initial plans were prepared and submitted with 
cooperation from LBL, and the investigators, who 
are headed by Brian Lentle, received a grant from 
the government of Alberta in 1980 to plan the 
accelerator. The design specifications for the 
Alberta heavy-ion accelerator are similar to the 
specifications of a future biomedical research 
accelerator that is designed to replace the 
Bevalac. 
and perhaps built as a joint enterprise, much 
effort and cost could be saved. William 
Saunders, who was trained at Stanford and at 
Edmonton, recently joined LBL in experimental 
radiotherapy, and he will be involved in the 
design studies of both accelerators. 

We have collaborated with 

If the two machines could be designed 

China 

There are preliminary but rapidly developing 
scientific relationships with China. Several 
delegations of scientists have visited LBL, and 
the President has announced that the Chinese will 
build a high energy particle accelerator with 
American collaboration. Recently a visiting 
Chinese delegation included a detailed study of 
heavy-ion biomedical facilities and research 
programs. The delegation, headed by Liu Da o f  
Qinghua University, expressed a wish that bio- 
medical studies be included among the topics of 
joint research. 

International Atomic Energy Agency 

de have had a number of scientific interac- 
tions with the staff of IAEA, which includes 
participation in symposia. Several nations that 
now do not have a heavy-ion particle facility 
wish to participate in the studies in some 
manner. I n  India, Pakistan, and the Middle East 
there are large numbers of cancer patients and a 
great desire to use modern investigative and 
therapeutic techniques. The staff o f  IAEA also 
suggested applications for accelerated heavy ions 
in applied fields where little heavy-ion research 
has been carried out so far: the development o f  
agriculturally useful plant mutants induced by 
highly mutagenic heavy ions, and the use of heavy 



ions in immuno ogical research, p mticularly in 
relation to preparing vaccines against certain 
diseases. 
pathogenic miocroorganisms while preserving their 
antigenic properties. 

Heavy-ions may be able to kill 

SUMMARY 
The rapidly growing research applications of 

heavy ions in basic biology and medicine have 

10 

timulated interest i this field in many 
countries. 
its scientific programs, is the focal point of 
interest. 
countries, including France, Japan, West Germany, 
and Canada, to build heavy-ion facilities, and 
to collaborate with our staff at LBL in heavy-ion 
research in physics, biology, and medicine. 

LBL, with its unique facilities and 

Plans are underway in several 
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THE BEVALAC BIOMEDICAL FACILITY 

J. R. Alonso, J. Howard, T. Criswell, W. Chu, F. Lothrop, and C. Weber 

ACCELERATOR DESCRIPTION 

The Bevalac, shown in Figure 1, is a high- 
energy heavy-ion accelerator complex that was 
created in 1974 by linking the SuperHILAC and 
Bevatron accelerators. 
by the LBL Accelerator and Fusion Research 
Division, H. Grunder, division head, and R. 
Force, operations chief. 

The complex is operated 

The SuperHILAC, an Alvarez-type linear 
accelerator, produces beams of ions as heavy as 
lead at energies up to 8.5 MeV/amu. SuperHILAC 
beams are transported to the Bevatron through an 
800 ft beam transport line which has twelve 
bending and thirty focusing magnets that can be 
rapidly and efficiently tuned by a sophisticated 
computer monitoring and control system. 

The Bevatron is a weak-focusing synchrotron 
that accepts injected particles for a period of 
several hundred microseconds. During accelera- 
tion, the beam is bunched while the magnetic 
guide field is increased so that the particles 
remain in basically the same circular orbits. 
When the desired energy has been obtained, the 
guide field is held steady ("flat-topped") while 
beam is drawn out of the ring by slow resonant 
extraction. The beam is then directed to the 
desired experiment through the magnet switchyard 
and beam delivery network known as the External 
Particle Beam (EPB) system. 

to extraction requires less than two seconds. 
After time is allowed for magnet ramp-down and 
resetting, pulses can be delivered at a rate of 
one every four o r  six seconds, depending on the 
final energy. The extracted beam pulse (spill) 
width can be varied from a few milliseconds to 
about a full second, and extraction energies are 
continuously variable from about 50 MeV/amu to 
about 2 GeV/amu. 

The whole acceleration process from injection 

COMPUTER CONTROL AND TIME SHARING 

Both the SuperHILAC and the Bevalac are 
operated by virtually identical data processing 
and control equipment. Each accelerator has a 
system tailored to its particular needs for 
control and monitoring. 

The SuperHILAC operates at 36 pulses/sec, 
accepting ions from two injectors and delivering 
ions to as many as three different experimental 
areas. Injection and delivery are time shared 
at the rate o f  36 pulseslsec. Usually, light (d ions from one injector are delivered to the 
Bevalac at a 2 pulselsec rate, and heavy ions 
from the second injector are delivered to Super- 
HILAC research teams at 34 pulseslsec. The 

control system i s  tailored to regulate and switch 
the accelerating, focusing, and steering compo- 
nents from injector to injector and ion to ion 
at each pulse. Thus, the SuperHILAC nuclear 
science program, which uses heavy ions (krypton 
and heavier), is not noticeably affected by the 
SuperHILAC's role as an injector for the Bevalac. 

At the Bevatron, a pulse rate of 10 to 15 
pulseslmin is standard. Only one injector is 
used (either the SuperHILAC or the local 20 MeV 
unit), and beam switching is performed in the 
EPB system. The computer control system at the 
Bevatron has been designed to adjust and regulate 
the synchrotron magnetic current, the pulse rate, 
the acceleration parameters, the magnetic 
extraction parameters, and the magnet currents 
in the EPB beam lines to a high degree of 
accuracy and reproducibility. 

RESEARCH PROGRAMS 

Beam time on the Bevalac is divided between 
two disciplines: one-third for biomedical 
research and two-thirds for nuclear science 
studies. Nuclear science experiments cover a 
wide range of fields including elementary- 
particle production with heavy ions, nuclear 
hydrodynamic studies, nuclear fragmentation, 
cosmic-ray simulation, and atomic physics (elec- 
tron capture and loss of relativistic ions). 
biomedical program consists of radiotherapy, 
radiobiology, and radiography, as described in 
the rest of this report. Phase I and Phase I1 
therapy trials began in 1979 and will continue 
through the spring of 1981. Integration of the 
varied and active nuclear science and biomedical 
programs has placed great demands on available 
acceldrator time. The traditional mode of 
Bevalac operation has been revised so that 
therapy is conducted during the day shift four 
days per week, usually Tuesday through Friday. 
Radiobiology is performed on some weekends and 
overnights, and the nuclear science research 
consumes the remainder of the time such that the 
one-third to two-thirds proportioning iS 
maintained. 

The 

Machine reliability and beam-on-target times 
are constantly monitored and improved wherever 
possible. 
about 82% for the biomedical program and about 
75% for nuclear science. The most one can expect 
from this combination of complex machines is 
about 85% , which is about 92% for each machine 
individually. 

Our present availability figures are 

The ion species and beam currents that are 
routinely provided to the biomedical facility are 
summarized in Table 1 (LBL, 1977).  Improvements 
to the Bevatron's local injector have made it 
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Table 1. I o n  Species Provided to the Biomedical Facility 

Ion and Source Energy Rate Range to 
(MeV/amu ) (particles /pulse) Bragg Peak (cm) 

(rad/min) 

4Helium (local) 225 5 109 30.4 
10 to 50 

12Carbon (local) 400 5 109 25.9 
4,000 

12Carbon (Beval ac) 400 1.5 x 1010 25.9 
12,000 

20Neon (Bevalac) 670 1 x 109 
1,200 

32 

28Si 1 icon 6 70 1 x 109 23.2 
1,000-2,000 

40Argon (Bevalac) 500 2 x 108 
4,000 

12.3 

Dose rates are given for a beam diameter at the 80% level (assuming a 
Gaussian distribution). Nitrogen and oxygen have been accelerated at 
low intensities from the Bevatron, but Bevalac beams of these ions 
have not been requested by biomedical users. 

possible for carbon-ion therapy to be accom- 
modated either by the Bevatron or the SuperHILAC, 
which provides a significant increase in 
scheduling flexibility. 

THE BEVALAC BIOMEDICAL FACILITY 

The extracted beam can be directed to any of 
ten nuclear science areas or two biomedical 
areas. The layout of the beam delivery system 
is shown in Figure 2. The beam lines that access 
the biomedical research area take off from 
Channel I1 and are capable of delivering beams 
of energies as high as 1 GeV/nucleon. Higher 
energy beams are generally of little interest 
because of their extremely long range.' Both 
biomedical beam lines are designed torbe achro- 
matic so that small energy variations in the beam 
will not affect the longitudinal location of the 
beam spot. These energy variations are typica1,ly 
less than 0.1%, although they can be detected by " 

measurable range changes (a few tenths of a- 
mil 1 imeter) in certain experiments. 

Irradiation Areas 

Figure 3 shows the layout of the beam lines 
and facilities for the two irradiation caves. 
One is designed for patient therapy, and the (d other is designed for biological studies and 
physical (microdosimetry) studies. Instrumenta- 
tion is complete for each irradiation area. 

Treatment Facility 

A patient treatment facility (Alonso et al., 
1979) has been created out of Biomed Cave 1, as 
shown in Figure 4. The treatment room has been 
equipped with the Philips/MEL Ram-type therapy 
couch, laser patient alignment units, X-radio- 
graphy units, and the necessary heavy-ion 
dosimetry equipment. Auxiliary equipment for the 
couch has been built so  that patients may be 
treated in the recumbent, sitting, or standing 
positions. A movable optical bench has been 
installed to allow absorbers and collimators to 
be placed close to the patient. The floors are 
carpeted, decorative walls have been fastened to 
the concrete block structure, and the equipment 
is as unobtrusive as possible. The patient area 
just outside the treatment area includes a wait- 
ing room, a changing area, an examination and 
preparation room, and a treatment planning room. 

Patients are received in Building 55, the 
Research Medicine building; the examinations and 
treatment preparations are done there. Patients 
are brought to the therapy area (about 150 yards 
distant) at the time their therapy is scheduled. 
All therapy is done on an outpatient basis. 

EM1 Medical Inc. has just delivered one of 
two CT scanners that have been designed to the 
specifications of LBL and Massachusetts General 
Hospital. These units, which are modifications 
o f  the companv's 7070 scanner, will scan either 
a sitting or a recumbent patient. The sitting 
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an autoclave, microscope, Coulter counter, and 
other appropriate apparatus. 

BEAM DELIVERY 

The beam in both biomedical areas can be made 
about as small as a 1 cm circle. For large 
fields, a system of scattering foils and occlud- 
ing rings, adapted from the 184-inch Synchro- 
cyclotron, has been developed to produce beam 
sizes of 20 x 20 cm or larger with uniform dose 
profile to 2% over the entire field. Using 
this occluding ring system, the beam loss of 
approximately 50% compares favorably with losses 
incurred by taking only the central portion of 
an overly enlarged Gaussian-shaped beam. Dose 
rates for large spot sizes are considerably 
reduced, but intensities are still adequate for 
therapy. 

ranging from 4 to 10 cm, a series of modulators 
of the stopping depth, referred to as spiral 
ridge filters (Lyman and Howard, 1977), have been 
devised for treatment. A family o f  these filters 
has been fabricated to cover the full range of 
treatment situations, i.e., different amounts of 
Bragg peak spread for a number of ion species 
and energies. 
or range, o f  an ion beam is adjusted by setting 
the energy of the incident ion to be equivalent 
to a range o f  about 25 to 30 cm in water. 
thickness of an energy absorber can then be 
varied until the exact desired range is reached. 
The energy absorber used here is a computer- 
controlled variable water column (Lyman and 
Howard, 1977). 

To deliver dose to tumors with thicknesses 

The absolute depth of penetration, 

The 

Current beam intensities from the Bevalac 
permit a single therapeutic dose of approx- 
imate1.y 200 rad to be delivered to the patient 
.in about 2 min. During the 20 to 30 minutes 
normally required for patient positioning, rapid 
beam switching (in less than one minute) now 
permits biology experimenters to use the beam in 
Cave 11, providing that they can utilize the 
same ion, energy, and focus. This technique has 
increased tremendously the output of biological 
work, and makes the combined therapy-biology 
program an efficient user of accelerator time. 

Figure 4. 
ment to the Philips positioner. 
through the curtain and passes through dosimetry 
apparatus before reaching the patient. Shown on 
the optical rails are an ion chamber, two col- 
limators and the range-modulating water column. 
(CBB 780-13486) 

Treatment room showing chair attach- 
Beam comes 

(or standing) position i s  frequently encountered 
at the Bevalac because beam delivery is in the 
horizontal direction and efficacious dose 
delivery to a tumor site requires that the 
patient be upright. 
hospitals cannot show the organ positions as 
they are positioned during treatment; this is a 
serious limitation that will be overcome with 
LBL's on-site CT scanner. 

CT scans done at local 

Bioloav Facilitv 

Adjacent to and just downstream from the 
treatment room is the biology research room, 
Cave 11. Precisely aligned rails are positioned 
along two possible beam paths and about 32 cm 
below the center of the beam line. 
collimation and absorption devices, and the 
biology samples are secured to the rails by means 
of clamp-on jigs, which assure precise position- 
ing each time a unit i s  placed in the beam line. 
An X-ray facility is also included to facilitate 
positioning or comparative exposures of samples 
to X rays under conditions almost identical to 
those for heavy ions. The effects of combined 
X-ray and heavy-ion irradiation are also being 
explored. Control and monitoring of beam 
delivery is directed from the central biomedical 
control room. Dose delivery into the biology 
research area is as fully accurate and reproduc- 
ible as it is into the patient area. 

Dosimetry, 

Two preparation rooms are located next to the 
biology irradiation area, One is equipped 
primarily for animal experiments and has a hold- 
ing area for animal cages and sufficient table 
space for the necessary preirradiation procedures. 
The second room, which is designed for cell and 
tissue culture work, contains incubators, hoods, 

Dosimetry and Control 

Dosimetry is performed with one secondary 
emission chamber (SEM) and three multisegment 
ion chambers (Lyman and Howard, 1977), one 
upstream of the occluding ring and the other two 
downstream and close to the patient. 
calibrated daily. 
is monitored independently of the main computer 
system. The separate monitor will stop all beam 
delivery independent of the computer if the beam 
dose delivery exceeds a specified maximum. 

Under continuing development is MEDUSA 

They are 
One of the downstream chambers 

(Medical Dose Uniformity Sampler), which i s  
designed to provide rapid, on-line monitoring of 
beam position and profile (Alonso et al., 1979). 
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Th is  16-plane m u l t i w i r e  p r o p o r t i o n a l  chamber 
produces d e t a i l e d  and accu ra te  images by F o u r i e r  
c o n v o l u t i o n  r e c o n s t r u c t i o n  t e c h n i  clues. ( See 
P a r t  I 1  f o r  a d e t a i l e d  r e p o r t  on t h i s  p r o j e c t . )  Gcrs - 

Normal o p e r a t i o n  o f  t h e  a c c e l e r a t o r  f o r  
t he rapy  r e q u i r e s  about 30 beam pu lses  t o  achieve 
t h e  d e s i r e d  200 r a d  f r a c t i o n .  I n t e n s i t y  v a r i a -  
t i o n s  from p u l s e  t o  p u l s e  may be smoothed o u t  by 
m o n i t o r i n g  t h e  i n t e g r a t e d  dose and s t o p p i n g  beam 
d e l i v e r y  i n  m idpu lse  a t  t h e  d e s i r e d  t o t a l  dose. 
A r a p i d  beam c u t o f f  system w i t h  accuracy o f  
b e t t e r  t han  2 %  has been i n s t a l l e d  and i s  used 
r o u t i n e l y  f o r  b o t h  b i o l o g y  and the rapy .  The 
c u t o f f  system uses a s i g n a l  d e r i v e d  f rom t h e  
b iomed ica l  dos ime t ry  computer and sen t  t o  t h e  
Beva lac ' s  beam e x t r a c t i o n  computer t o  i n t e r r u p t  
d e l i v e r y  w i t h i n  about a m i l l i s e c o n d .  

C o n t r o l  and r e c o r d i n g  o f  a l l  b iomed ica l  
a c t i v i t i e s  i s  handled through a PDP 11 /45  
computer and p e r i p h e r a l s .  The c o n t r o l  program, 
A V I S H A I ,  has been designed t o  m o n i t o r  and s t o r e  
a l l  t r ea tmen t  and i r r a d i a t i o n  parameters, 
i n c l u d i n g  i o n  chamber readings,  beam i n t e n s i t y  
read ings  ( f r o m  t h e  Bevalac) ,  water  column s e t -  
t i n g s ,  and p a t i e n t  couch p o s i t i o n .  The c o n t r o l  
program a l s o  a s s e r t s  c o n t r o l  f u n c t i o n s ,  s t a r t i n g  
and s t o p p i n g  t h e  i r r a d i a t i o n s  acco rd ing  t o  t h e  
i n s t r u c t i o n s  g i v e n  a t  t h e  computer console. 

To f a c i l i t a t e  t u n i n g  t h e  b iomed ica l  beam 
l i n e s ,  beam m o n i t o r i n g  i n f o r m a t i o n  developed by  
t h e  b iomed ica l  dos ime t ry  and c o n t r o l  system i s  
t r a n s m i t t e d  t o  t h e  Bevalac main c o n t r o l  room, 
which a l l o w s  t h e  a c c e l e r a t o r  o p e r a t o r s  t o  s t e e r  
and focus t h e  beam p r e c i s e l y  t o  t h e  t a r g e t ( s ) .  

Rad ioac t i ve  Beams 

P e r i p h e r a l  n u c l e a r  f ragmen ta t i on  r e a c t i o n s  
o f  p r i m a r y  Bevalac heavy-ion beams i n  low-Z 
t a r g e t s  a r e  used t o  produce secondary beams o f  
r a d i o a c t i v e  n u c l e i  ( C h a t t e r j e e  and Tobias, 1977; 
Alonso e t  a l . ,  1979). The l a r g e  c ross  s e c t i o n  
and sma l l  d e f l e c t i o n  o f  t h e  p r o j e c t i l e  f ragments 
l ead  t o  h i g h  p r o d u c t i o n  and d e l i v e r y  e f f i c i e n c y  
f o r  t hese  beams. 
a l l o w s  good separa t i on  and u r i f i c a t i o n  o f  t h e  
d e s i r e d  secondary beams. and 19Ne beams 
o f  h i g h  p u r i t y  and good i n t e n s i t y  (a lmost  0.2% 
o f  t h e  p r i m a r y  beam c u r r e n t )  a r e  p r e s e n t l y  be ing  
used f o r  b iomed ica l  experiments. These r a d i o -  
a c t i v e  beams a r e  a p a r t  o f  t h e  r e g u l a r  Bevalac 
beam i n v e n t o r y  and a re  a v a i l a b l e  i n  t h e  b i o -  
medica l  area w i t h i n  a few minutes o f  t h e  
r e s e a r c h e r ' s  reques t .  

P o s i t r o n  emiss ion o f  t h e  decaying 1 1 C  o r  
19Ne i s  f rom t h e  s topp ing  p o i n t  o f  t h e  
p a r t i c l e ,  and d i r e c t i o n a l  d e t e c t i o n  o f  t h e  
escaping gamma r a y s  p e r m i t s  a p r e c i s e  determina- 
t i o n  o f  t h e  l o c a t i o n  o f  t h e  s topp ing  p a r t i c l e .  
A s p e c i a l  imaging dev i ce  c a l l e d  PEBA ( P o s i t r o n  
E m i t t e r  Beam Ana lyze r )  t h a t  has 72 sodium i o d i d e  
c r y s t a l  d e t e c t o r s  i s  be ing  developed, and so f a r  
has been a b l e  t o  measure beam s topp ing  p o i n t s  t o  
an accuracy o f  * 1 mm ( L l a c e r  e t  a l . ,  1978). 

D i s p e r s i v e  beam t r a n s p o r t  

The uses o f  these p o s i t r o n  e m i t t i n g  beams 
a re  p r i m a r i l y  i n  n u c l e a r  med ic ine  and v e r i f i c a -  
t i o n  o f  r a d i o t h e r a p y  t rea tmen t  p lann ing .  
and env i s ioned  a p p l i c a t i o n s  i n  n u c l e a r  medic ine 
d i a g n o s t i c  procedures a r e  numerous and i n c l u d e  
i m p l a n t a t i o n  o f  r a d i o a c t i v e  atoms t o  measure t h e  
m i c r o c i r c u l a t i o n  i n  v i t a l  organs. Another 
p o t e n t i a l  va lue  o f  these beams i s  i n  t h e  l o c a l -  
i z a t i o n  o f  t h e  Bragg peak i n  r e l a t i o n  t o  t h e  
tumor volume t o  be t r e a t e d .  Th is  v e r i f i c a t i o n  
i s  impor tan t  t o  e f f e c t i v e  heavy-ion cancer 
rad io the rapy ,  because t h e  beam i t s e l f  w i l l  
c o n f i r m  t h e  accu ra te  compensation o f  t i s s u e  
inhomogenei t ies i n  a p a r t i c u l a r  p a t i e n t .  A 
d e t a i l e d  d i s c u s s i o n  on r a d i o a c t i v e  beams can be 
found i n  P a r t  V I  Sec t i on  B o f  t h i s  r e p o r t .  

Present  

IMPROVEMENTS I N  PROGRESS 

Beam S h a r i n g  

Several methods o f  beam s h a r i n g  among v a r i o u s  
users a r e  be ing  implemented t o  improve t h e  u t i l -  
i z a t i o n  o f  beam time. Cur ren t  s tandard methods 
i n c l u d e  septum s p l i t t i n g  (same ion,  same energy)  
and qu ick  s w i t c h i n g  between t a r g e t  areas (same 
ion,  same energy) .  The septum s p l i t  p h y s i c a l l y  
separates t h e  e x t r a c t e d  beam, sending some o f  i t  
t o  Channel I users and t h e  r e s t  t o  Channel I 1  
users on t h e  same Bevalac pu lse .  Qu ick  s w i t c h i n g  
i s  accomplished between Channel I 1  users,  
n o r m a l l y  t he rapy  and biomed, i n  about a minute,  
and d i v e r t s  a l l  o f  t h e  beam f rom one t a r g e t  area 
t o  another .  
become o p e r a t i o n a l  i s  t h e  mezzanine mode (same 
ion,  d i f f e r e n t  ene rg ies ) .  I n  t h i s  mode an i o n  
beam i s  f i r s t  a c c e l e r a t e d  t o  a d e s i r e d  energy, 
and a p o r t i o n  o f  t h e  beam i s  e x t r a c t e d  and 
d e l i v e r e d  t o  one t a r g e t  area. The remainder i s  
then a c c e l e r a t e d  t o  a second, f i n a l  energy, 
ex t rac ted ,  and d e l i v e r e d  t o  a second t a r g e t  area 
of t h e  EPB. Mezzanine o p e r a t i o n  w i l l  p e r m i t  a 
new degree o f  freedom i n  o p e r a t i n g  f o r  d i v e r s e  
research requi rements.  

The u l t i m a t e  f l e x i b i l i t y  i n  beam s h a r i n g  
would be f o r  t h e  Bevatron t o  accept d i f f e r e n t  
i ons  on d i f f e r e n t  pu l ses  and a c c e l e r a t e  each i o n  
t ype  t o  a d i f f e r e n t  energy. Th is  r e q u i r e s  r a p i d  
changes f o r  t h e  f u l l  s e t  o f  t r a n s f e r l i n e  magnets 
and f o r  a l l  o f  t h e  i n j e c t i o n ,  a c c e l e r a t i o n ,  and 
e x t r a c t i o n  parameters f o r  t h e  Bevatron. A l though 
t h i s  goal  r e q u i r e s  cons ide rab le  e f f o r t ,  t h e  
success o f  t h e  t ime-shar ing  system a t  t h e  Super- 
HILAC e s t a b l i s h e s  con f idence  t h a t  t h i s  c a p a b i l i t y  
can be implemented a t  t h e  Bevatron. 

Under t e s t  c u r r e n t l y  and soon t o  

Local  I n j e c t o r  

C o n s t r u c t i o n  o f  a more power fu l  rad io f requency  
a c c e l e r a t i o n  system f o r  t h e  l o c a l  i n j e c t o r  i s  
underway w i t h  t h e  aim o f  p r o v i d i n g  low i n t e n s i t y  
neon beams f o r  Bevatron i n j e c t i o n .  F u r t h e r  
improvements t o  t h e  source w i l l  p e r m i t  i n c r e a s i n g  
t h e  i n t e n s i t y  of l o c a l  neon beams t o  a l e v e l  
s u f f i c i e n t  f o r  t h e r a p e u t i c  doses. Th is  w i l l  add 
t h e  same f l e x i b i l i t y  o f  i n j e c t o r  cho ice  we now 
have w i t h  carbon. 
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Beam Scanning 

The capability to scan a pencil beam over the 
desired field is being developed as an improved 
technique for beam delivery, especially when 
correlated CT scan information may be used to 
model the beam profile into the irregular shapes 
normally needed for therapy. The first step, 
currently in progress, is to accomplish two- 
dimensional scanning. Development and testing 
of a prototype scanning system is being pursued 
as part of a comprehensive research and develop- 
ment effort on the optimized design for a 
dedicated medical ion accelerator. 

Uranium Capability for the Bevalac 

A long planned upgrading program for the 
Bevalac to accelerate high-intensity uranium 
beams to relativistic energies is i n  progress 
(LBL, 1979). The project includes the design 
and construction o f  a third injector for the 
SuperHILAC, incorporating a pre-accelerator linac 
section that will produce high currents of low 
charge state, very heavy ions. These ions will 
be accelerated through the existing SuperHILAC, 
transported through an upgraded transfer line 
and injected into the Bevatron through a new 
injection system. 

To accelerate these partially stripped ions, 
the vacuum in the Bevatron must be improved from 
its present 10-7 Torr to 10-10 Torr. This 
will be acomplished by the imertion o f  a cryo- 
pumped vacuum liner that will create a high 
vacuum area within the present enclosure. 
Acceleration, extraction, and beam delivery 
equipment and techniques will conform to the 
existing ones with only minor modifications. 

This project will open up an entirely new 
area o f  physics for exploration by nuclear 
scientists. 
will not find many immediate uses in the bio- 
medical program, the general upgrading of the 
accelerators will provide significant increases 
in beam intensities for all ion species. The 
impact of the project on Bevalac operation will 

Although the very heavy ions perhaps 

be a shutdown of about six months duration 
starting in the summer of 1981 for the installa- 
tion of the new vacuum liner and initial tests. 
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INSTRUMENTATION FOR MEASURING HEAVY-ION FIELDS 

J. R. Alonso, E. V. Benton,' W. Chu, J. Llacer, J. Richier, and C. A. Tobias 

There a r e  a number o f  p h y s i c a l  beam 
c h a r a c t e r i s t i c s  t h a t  shou ld  be measured f o r  
r a d i o b i o l o g i c a l  exper iments w i t h  heavy i ons  and 
f o r  meet ing t h e  requi rements o f  cancer t h e r a p y  
w i t h  these p a r t i c l e s .  We a r e  deve lop ing  t h r e e  
d i f f e r e n t  t echn iques  t o  measure some o f  t hose  
c h a r a c t e r i s t i c s :  MEDUSA, a two-dimensional beam 
i n t e n s i t y  p r o f i l e  measuring dev ice;  a beam 
q u a l i t y  ana lyze r  t h a t  g i v e s  d e t a i l e d  i n fo ' rma t ion  
about  t h e  i n d i v i d u a l  components o f  a complex 
fragmented beam; and n u c l e a r  t r a c k  techniques f o r  
beam c h a r a c t e r i z a t i o n  by measurements o f  damage 
reg ions  i n  p l a s t i c s .  

MEDUSA (Medica l  Dose U n i f o r m i t y  Sampler 

(W. T. Gnu, J. R. AlOnSO, and C. A. Tob ias )  

For r a d i o t h e r a p y  program and r a d i o b i o l o g y  
exper iments a t  t h e  Bevalac i t  i s  impor tan t  t o  
have a f l a t  dose d i s t r i b u t i o n  across t h e  heavy- 
i o n  beams. For  example, t h e  r a d i o t h e r a p i s t s  
o f t e n  p r e s c r i b e  a u n i f o r m i t y  o f  doses w i t h i n  a 
few pe rcen t  f l u c t u a t i o n  ove r  a 20 cm d iamete r  
f i e l d  s i ze .  C u r r e n t l y  such wide, f l a t  f i e l d s  a r e  
generated by t r a n s p o r t i n g  t h e  heavy-ion beams 
through a s c a t t e r e r - o c c l u d i n g  r i n g  assembly 
(Crowe e t  al. ,  1975; Koehler  e t  al., 1977). 
Measurements o f  t h e  beam f l a t n e s s  and i t s  d a i l y  
v e r i f i c a t i o n  a r e  i m p o r t a n t  as smal l  v a r i a t i o n s  
i n  beam al ignment  on t h e  o c c l u d i n g  r i n g s  can 
cause s u b s t a n t i a l  skewing o f  t h e  i n t e n s i t y  
d i s t r i b u t i o n  a t  t h e  i r r a d i a t i o n  s i t e s .  The 
measurements b y  t h e  usual  techniques o f  scanning 
i o n  chambers across t h e  r a d i a t i o n  f i e l d  o r  by 
dens i tomet ry  o f  pno tog raph ic  p l a t e s  exposed t o  
t h e  beam a r e  l a b o r i o u s  and t i m e  consuming. 

A 16-plane, m u l t i w i r e ,  p r o p o r t i o n a l  chamber 
has been c o n s t r u c t e d  and used a t  t h e  Biomedica l  
Deam area (Alonso e t  a l . ,  1979). Th i s  i n s t r u -  
ment, c a l l e d  MEDUSA ( F i g .  l ) ,  comprises 16 p lanes  
of m u l t i w i r e  chamber s tacked toge the r ,  W i th  t h e i r  
w i r e  d i r e c t i o n s  s taggered  i n  S y C h  a way t h a t  t h e y  
u n i f o r m l y  cover  t h e  e n t i r e  180 space. Each 
p l a n e  i s  made of 64 w i res ,  each 4 mm apar t .  The 
s e n s i t i v e  area i s  a c i r c l e  w i t h  a d iameter  o f  
25.6 cm. Tne chamber i s  made by a l t e r n a t e l y  
s tacK ing  t h e  16 s i g n a l  p lanes and h i g n  v o l t a g e  
p lanes.  
gas w i t h  a low f l o w  r a t e  (0 .1 c c / s e c )  and h o l d s  
a m inu te  p o s i t i v e  p ressu re  generated by  a gas 
bubb le r  connected t o  t h e  e x i t  gas p o r t  o f  t h e  
chamber. 

The chamber i s  f l u s h e d  wi th  d r y  n i t r o g e n  

When t h e  i o n i z i n g  r a d i a t i o n  passes th rough  
t h e  chamber, t h e  e l e c t r o n s  r e s u l t i n g  f rom t h e  
i o n i z a t i o n  a r e  c o l l e c t e d  i n  each w i r e  and s t o r e d  

w i re .  The v o l t a g e  on t h e  c a p a c i t o r  i s  t h e r e f o r e  
p r o p o r t i o n a l  t o  t h e  beam i n t e n s i t y  ove r  t h e  area 

'lr3 i n  i n t e g r a t i n g  c a p a c i t o r  connected t o  each s i g n a l  

F i g u r e  1. MEDUSA. (CBB 783-3335) 

of a s t r i p ,  Which i s  cen te red  on t h e  p a r t i c u l a r  
w i r e  and extends midway toward t h e  ad jacen t  two 
w i res .  The d a t a  c o l l e c t e d  on t h e  64 w i r e s  o f  a 
p lane  a r e  t h e  l i n e  i n t e g r a l s  o f  t h e  two- 
d imensional  p r o f i l e  o f  t h e  beam i n t e n s i t y  a long  
t h e  w i r e s .  I n  o t h e r  words, t h e  d a t a  r e p r e s e n t  
t h e  one-dimensional p r o j e c t i o n  o f  t h e  two- 
d imensional  beam i n t e n s i t y  p r o f i l e  a long  t h e  
d i r e c t i o n  o f  t h e  w i r e s  o f  t h e  p a r t i c u l a r  p lane.  
Based on t h e  16 p r o j e c t i o n s ,  t h e  beam i n t e n s i t y  
p r o f i l e  i s  r e a d i l y  recons t ruc ted .  

A t  t h e  end of each d a t a  c o l l e c t i n g  c y c l e ,  
c a p a c i t o r  vo l tages  a r e  s e q u e n t i a l l y  sampled, 
d i g i t i z e d ,  and s t o r e d  i n  b u f f e r  memory under t h e  
c o n t r o l  o f  t h e  LSI-11 microcomputer. Upon com- 
mand, t h e  d a t a  i n  t h e  b u f f e r  a re  s e r i a l l y  t r a n s -  
m i t t e d  t o  t h e  h o s t  computer, a POP 11 /34  computer 
l o c a t e d  a t  t h e  Biomedica l  f a c i l i t y .  The d a t a  a r e  
c o r r e c t e d  f o r  d i f f e r e n t  s e n s i t i v i t i e s  o f  t h e  
i n d i v i d u a l  w i r e s  which m a i n l y  stem f rom t h e  m is -  
match ing i n  c a p a c i t o r  va lues and o t h e r  compo- 
nents. The 1024 d a t a  p o i n t s  (16 p lanes o f  64 
w i r e s )  a re  used t o  r e c o n s t r u c t  t he  beam p r o f i l e ,  
u s u a l l y  o f  64 x 64 a r r a y  w i t h  4 mm p i x e l  s i z e .  
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The r e c o n s t r u c t i o n  takes  l e s s  than  20 sec, which 
w i l l  be reduced t o  a few sec when t h e  a r r a y  pro-  
cessor i s  used. The sof tware developed by us f o r  
t h e  r e c o n s t r u c t i o n  i s  based on t h e  back-pro jec-  
t i o n  w i t h  F o u r i e r  c o n v o l u t i o n  technique (Shepp 
and Logan, 1974). The r e c o n s t r u c t e d  image i s  
c o l o r  coded acco rd ing  t o  t h e  i n t e n s i t i e s  and 
d i s p l a y e d  on a RAMTEK system which has 512 x 512 
p i x e l  m a t r i x  w i t h  each p i x e l  o f  1 2 - b i t  r e f r e s h -  
a b l e  memory. 

produced by t h e  MEDUSA a re  shown i n  F i g u r e  2 .  
A l l  examples a re  taken  w i t h  %e i o n  w i th  t h e  
energy o f  670 MeV/nucleon. F i g u r e  2A shows a 
beam spread by  28/64 i n  Pb as t h e  f i r s t  s c a t t e r ,  
3 / 8  i n  Cu as t h e  second s c a t t e r ,  and an o c c l u d i n g  
r ing-and-post system. The beam i n t e n s i t y  w i t h i n  
a c i r c l e  o f  t h e  d iameter  o f  18.8 cm i s  93.0 * 2.4% 
( s t d  dev) ,  w i t h  t h e  h o t  p o i n t  normal ized a t  100%. 
Simple a l g e b r a i c  means o f  t h e  i n t e n s i t i e s  i n  
p i x e l s  i n  e i t h e r  v e r t i c a l  o r  h o r i z o n t a l  l i n e s  
w i t h i n  t h e  c i r c l e  a r e  a l s o  p l o t t e d .  When t h e  Cu 
second s c a t t e r  i n  t h e  beam i n  t h e  above example 
i s  rep laced  w i t h  a 12 cm s p i r a l  r i d g e  f i l t e r ,  t h e  
range o f  t h e  beam i s  spread (i.e., t h e  m o d i f i e d  
o r  extended Bragg peak), b u t  a s i m i l a r  beam pro- 
f i l e  i s  ob ta ined  as shown i n  F i g u r e  28. 
p i c t u r e  shows t h e  beam i n t e n s i t y  p r o f i l e  a t  t h e  
range o f  1 cm beyond t h e  p rox ima l  peak, o b t a i n e d  
by  p l a c i n g  13 cm o f  p l a s t i c  i n  t h e  beam upstream 
o f  t h e  MEDUSA. Tne beam p r o f i l e  i s  n o t  as u n i -  
f o rm as i n  t h e  unmod i f i ed  beam as shown i n  
F i g u r e  2A. 

I n  F i g u r e  2C, a s i m i l a r  beam w i t h  20/64- i n  
Pb as t h e  f i r s t  s c a t t e r  and a 12 cm s p i r a l  r i d g e  
f i l t e r  w i t h  t h e  o c c l u d i n g  r ing-and-spot i s  shown 
a t  t h e  midpeak o f  t h e  m o d i f i e d  Bragg peak. I n  
t h i s  example t h e  i n t e n s i t y  p r o f i l e  o f  t h e  beam 
across t h e  h o r i z o n t a l  l i n e  through t h e  c e n t e r  o f  
t h e  MEDUSA i s  a l s o  p l o t t e d .  The t o p  two l i n e s  
i n  t h e  p l o t  r e p r e s e n t  100 and 90%, where t h e  100% 
i s  t h e  no rma l i zed  h o t  spot .  The s i z e  o f  t h e  
beam t h a t  l i e s  between 90 and 100% i s  11.5 cm, 
and t h e  mean i n t e n s i t y  i s  95.9 f 2.8. 

Some examples o f  t h e  heavy-ion beam p r o f i l e s  

T h i s  

An example o f  an a c t u a l  t he rapy  beam shaped 
by an i r r e g u l a r l y  shaped c o l l i m a t o r  t o  conform 
t o  t h e  shape o f  t h e  t rea tmen t  volume i s  shown i n  
F i g u r e  2D. The beam i s  m o d i f i e d  by  u s i n g  
28/64 i n  Pb as t h e  f i r s t  s c a t t e r  and a 10 cm 
s p i r a l  r i d g e  f i l t e r  p l u s  an o c c l u d i n g  r i n g .  The 
range o f  t h e  beam i s  a d j u s t e d  t o  a l i g n  t h e  d i s t a l  
peak w i t n  t n e  d i s t a l  edge o f  t h e  t rea tmen t  volume. 
F i n a l l y ,  t h e  beam goes through t h e  c o l l i m a t o r ,  
which i s  p laced  i n  f r o n t  o f  t n e  MEDUSA l o c a t e d  
a t  t h e  i socen te r .  

The MEDUSA nas proved t o  be a v e r s a t i l e  
equipment when used i n  t h e  Biomedical f a c i l i t y  
f o r  r o u t i n e  beam p r o f i l e  measurements and f o r  new 
beam developments. It produces s a t i s f a c t o r y  beam 
p r o f i l e s  u s i n g  one Bevalac beam pu lse .  In a c t u a l  
p r a c t i c e ,  however, t h r e e  o r  more beam pu lses  w i t h  
reduced i n t e n s i t y  a re  used t o  average o u t  t h e  
movements o f  t h e  beam from pu lse  t o  pu lse.  Now 
we a re  e x p l o r i n g  t h e  p o s s i b i l i t y  o f  u s i n g  t h e  
system f o r  imaging purposes, which i s  d iscussed 
i n  P a r t  V I  o f  t h i s  r e p o r t .  

BEAM QUALITY ANALYZER 

( J .  L lace r ,  J. R i c h i e r ,  and C. A. Tobias)  

Heavy i o n s  a r e  be ing  used i n  a v a r i e t y  o f  
b a s i c  and a p p l i e d  b iomed ica l  s tud ies ,  i n c l u d i n g  
c e l l ,  t i s s u e  and organ r a d i o b i o l o g y ,  and cancer  
d iagnos is  ( rad iog raphy )  and therapy.  In t h e  
m d j o r i t y  o f  cases, t h e  pure heavy-ion beams 
d e l i v e r e d  by  t h e  Bevalac a c c e l e r a t o r  do n o t  have 
t h e  c h a r a c t e r i s t i c s  o f  p e n e t r a t i o n  depth, c ross -  
s e c t i o n a l  w id th ,  o r  Bragg peak w i d t h  t h a t  a r e  
d e s i r e d  f o r  a s p e c i f i c  a p p l i c a t i o n .  Meta l  f o i l s ,  
r o t a t i n g  o r  f i x e d  r i d g e  f i l t e r s ,  and/or  v a r i a b l e  
depth water  absorbers a re  then  i n t e r p o s e d  between 
t h e  beam d e l i v e r y  p o r t  and t h e  s u b j e c t  o f  i r r a d i -  
a t i o n ,  g e n e r a t i n g  a s u b s t a n t i a l  number o f  f r a g -  
ment n u c l e i  i n  t h e  beam. Al though i t  i s  f e a s i b l e  
t o  o b t a i n  good i n f o r m a t i o n  r o u t i n e l y  about t h e  
dose d e l i v e r e d  t o  t h e  s u b j e c t  under a l l  t h e  
i r r a d i a t i o n  c o n d i t i o n s  encountered, we do n o t  
have d e t a i l e d  knowledge o f  what p a r t i c l e s  
generate t h e  d e l i v e r e d  dose. C h a t t e r j e e  e t  a l .  
(1976) have desc r ibed  t h e  genera l  c h a r a c t e r i s t i c s  
o f  t h e  complex beams t h a t  can be used f o r  b i o -  
medica l  a p p l i c a t i o n s  based on i n f o r m a t i o n  
ob ta ined  f r o m  cosmic-ray data. 
B l a k e l y  e t  a l .  (1979) make use o f  c a l c u l a t e d  d a t a  
f o r  complex beams i n  o r d e r  t o  understand t h e  
i n a c t i v a t i o n  o f  human k i d n e y  c e l l s  by heavy-ion 
beams. Tnese s t u d i e s  show t h a t  dose a lone  i s  n o t  
a s u f f i c i e n t  d e s c r i p t i o n  o f  a beam w i t h  a sub- 
s t a n t i a l  number o f  fragments, b u t  i t  i s  necessary 
t o  be a b l e  t o  separa te  i t s  components because o f  
t h e i r  d i f f e r e n t  b i o l o g i c a l  e f f e c t s .  

The process o f  n u c l e a r  f ragmen ta t i on  becomes 
c o n s i d e r a b l y  more complex as t h e  atomic number 
of t h e  i o n  increases,  and i t  i s  n o t  p o s s i b l e  t o  
c a l c u l a t e  t h e o r e t i c a l l y  a l l  t h e  i n v o l v e d  para- 
meters. There i s ,  a t  t h i s  t ime,  a s u b s t a n t i a l  
research  program w i t h i n  t h e  B i o l o g y  and Medic ine 
D i v i s i o n  t o  measure t h e  p h y s i c a l  c h a r a c t e r i s t i c s  
o f  heavy-ion beams used i n  b iomedica l  research  
(see Schimmerl ing i n  P a r t  11) .  
program w i l  p r o v i d e  d e t a i l e d  and accu ra te  
i n f o r m a t i o n  on t h e  fundamental n u c l e a r  processes 
o c c u r r i n g  i n  t h e  i o n  beams o f  b iomedica l  i n t e r e s t ,  
t h e r e  i s  s t i l l  a need f o r  some s imp le  i ns t rumen ta -  
t i o n  t h a t  can p r o v i d e  an exper imenter  o r  phys i -  
c i a n  w i t h  reasonab ly  qu i ck  i n f o r m a t i o n  o f  
p a r t i c l e  composi t ion and dose c o n t r i b u t e d  by  each 
d i f f e r e n t  nuc leus i n  any o f  t h e  l a r g e  number o f  
c o n f i g u r a t i o n s  t h a t  can be assembled. The 
i n f o r m a t i o n  does n o t  need t o  separate d i f f e r e n t  
i so topes  o f  a same element, f o r  example, b u t  i t  
shou ld  be r e l i a b l e  and r e p r o d u c i b l e ,  and d a t a  
p rocess ing  shou ld  t a k e  p lace  w i t h i n  a s h o r t  t i m e  
a f t e r  t h e  comp le t i on  o f  a measurement. 

S tud ies  by  

Al though t h a t  

Dur ing t h e  i n v e s t i g a t i o n s  o f  t h e  p o s s i b l e  use 
of s o l i d - s t a t e  d e t e c t o r s  f o r  heavy-ion r a d i o -  
graphy and tomography, i t  became e v i d e n t  t h a t  
d e t e c t o r  c o n f i g u r a t i o n s  s i m i l a r  t o  t h e  ones t h a t  
a re  p r o v i n g  u s e f u l  f o r  t h a t  task a re  a l s o  exce l -  
l e n t  f o r  beam q u a l i t y  a n a l y s i s .  Th i s  chap te r  
d iscusses t h e  f i r s t  d e t e c t o r  c o n f i g u r a t i o n  we 
have used, showinq t h e  r e s u l t s  o f  a s e r i e s  o f  
experiments c a r r i e d  o u t  w i t h  a beam o f  530 MeV/n 
s i l i c o n  ions.  Planned m o d i f i c a t i o n s  and 
improvements i n  t h e  system w i l l  be desc r ibed .  

n 



F i g u r e  2A. The i n t e n s i t y  p r o f i l e  o f  670 MeV/ 
nucleon 20Ne beam. ( X B B  808-10088) 
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F i g u r e  26. The beam i n t e n s i t y  d i s t r i b u t i o n  a t  
t h e  prox ima l  peak o f  t h e  m o d i f i e d  Bragg peak. 
(XBB 808-10089) 

F i g u r e  2C. The beam i n t e n s i t y  p r o i f l e  a t  t h e  F i g u r e  20. An example o f , t h e  a c t u a l  t h e r a p y  
m i d d l e  o f  t h e  m o d i f i e d  Bragg peak. (XBB beam, shaped by  an i r r e g u J a r  c o l l i m a t o r ,  a t  t h e  _ _ _  _. .., 

i s o c e n t e r  . (XBB 808-10092) 
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Initial Project Aims 

Figure 3 shows the Bragg ionization curve for 
the silicon ion beams used in the experiments. 
The initial beam energy was 530 MeV/n and a lead 
foil scatterer of 0.4 mm thickness was used. 
Eight locations (A - M) have been indicated in the 
curve corresponding to the length of the water 
column absorber of interest for cell survival ex- 
periments with that beam. 
points, a measurement of beam composition was 
to be made. In order to facilitate the analysis, 
the beam was broken into a number of components: 

At each of one o f  the 

1. parent 28si or fragment 27si nuclei, 
2. fragment A1 and Mg nuclei, considered 
individually, 
3 .  fragment Ne and Na nuclei, considered 
together, 
4. fragment F, 0, N, and C nuclei, consid- 
ered together, 
5. fragment B, Be, Li, He, and H nuclei, 
considered together. 

For each component, at points A through M o f  the 
Bragg curve, we wanted to obtain: 
(stopping power) for each individual particle or 
group of particles, dEi; (2) relative number 
of particles of each type, fni; (3) relative 
ionization generated by all the particles o f  each 

Further, by using the Bragg curve of Figure 3 

(1) mean LET 

type, fEi - 
as normalization, we wanted to obtain estimates 
of: (4) dose contributed by particles of each 
type, di and (5) number o f  particles of each 
type, 

Detector and Electronics Configuration 

Figure 4 shows schematically the configura- 
tion of absorbers and collimators used in the 
silicon beam line and the position of the two 
solid-state detectors. The inset shows the cross 
section of the two detectors in detail. The 
first detector consists of a 190 pm thick silicon 

!-- I 

I 
A 

Figure 3. 
after a lead foil scatterer of 0.4 mm thickness. Locations A through M 
correspond to the eight points wnere measurements o f  beam composition were 
made: A = 8.15 cm of water, B = 12.55, C = 13.75, D = 14.34, F = 14.75, 
G = 14.85, K = 15.95, and M = 17.95. (XBL 808-11442) 

Bragg ionization curve for a 530 MeV/n (nominal) silicon ion beam 
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F i g u r e  4. D e s c r i p t i o n  o f  t h e  exper imenta l  se tup  
used f o r  t h e  experiments. I n s e t  shows d e t e c t o r  
c o n f i g u r a t i o n .  (XBL 808-3609) 

d e t e c t o r ,  5 mm h e i g h t  and 30 mm w i d t h  ( t r a n s v e r s e  
t o  t h e  beam). That d e t e c t o r  measures t h e  LET i n  
s i l i c o n  f o r  each p a r t i c l e  t h a t  t r a v e r s e s  it. It 
a l s o  p rov ides  a t i m i n g  s i g n a l  i n d i c a t i n g  t h e  
passage o f  a p a r t i c l e .  The s i l i c o n  d e t e c t o r  i s  
f o l l o w e d  by a p l a n a r  h i g h  p u r i t y  germanium 
d e t e c t o r ,  o f  app rox ima te l y  30 mm l e n g t h  ( i n  t h e  
d i r e c t i o n  o f  t h e  i o n  beam), a h e i g h t  o f  5 mm and 
a w i d t h  o f  20 mm. The s t o p p i n g  power o f  t h e  
germanium d e t e c t o r  i s  t h a t  o f  app rox ima te l y  
11.9 cm o f  wa te r  and i t  can s t o p  f u l l y  t h e  
h e a v i e r  n u c l e i  i n  t h e  e i g h t  l o c a t i o n s  o f  t h e  
Bragg cu rve  (F ig .  3 ) ,  a l t hough  i t  does n o t  s t o p  
f u l l y  t h e  l i g h t e r  fragments. The s i g n a l s  f r o m  
t h e  f i r s t  d e t e c t o r  w i l l  be l a b e l l e d  "dE" w h i l e  
those o f  t h e  second d e t e c t o r  w i l l  be desc r ibed  
by It E . I' 

i n  t h e  experiments. The "dE" s i g n a l  f rom t h e  
s i l i c o n  d e t e c t o r  h,as been a m p l i f i e d  a t  t h r e e  
d i f f e r e n t  l e v e l s ,  and t h e  "E" s i g n a l  has been 
a m p l i f i e d  a t  two d i f f e r e n t  l e v e l s .  Coincidence 
l o g i c  between t h e  two d e t e c t o r s  and p i l e - u p  
r e j e c t i o n  c i r c u i t s  ensured t h a t  t he .  s i g n a l s  f rom 
t h e  two d e t e c t o r s  correspond t o  a s i n g l e  u n i q u e l y  
d e f i n e d  p a r t i c l e ,  except  i n  t h e  
two o r  more p a r t i c l e s  a r r i v e d  a 
w i t h i n  l e s s  than  100 nsec. An ambiguous case may 
occur  wnen a p a r t i c l e  fragments i n t o  two o r  more 
l i g h t e r  p a r t i c l e s .  I f  some o f  t h e  fragments go 
through b o t h  d e t e c t o r s ,  t h e i r  s i g n a l s  cannot  be 
d i s t i n g u i s h e d  f r o m  a s i n g l e  p a r t i c l e  w i th  LET and 
r e s i d u a l  energy equal  t o  t h e  sum-of  t h e  p a r t s .  
The f i v e  d a t a  channels were connected t o  c o r r e s -  
ponding ADCs and t h e  i n f o r m a t i o n  f o r  eve ry  v a l i d  
event  was s t o r e d  i n  tape. The p r e s e n t l y  a v a i l -  
a b l e  d a t a  a c q u i s i t i o n  computer so f tware  i s  t o o  
s low f o r  ou r  s p e c i f i c  a p p l i c a t i o n .  
a b l e  t o  c o l l e c t  and s t o r e  a maximum o f  300 even ts  
pe r  beam p u l s e  i n  t h e  r e p o r t e d  exper iment .  

F i v e  channels o f  analog e l e c t r o n i c s  were used 

We were o n l y  

Data Ana lys i s  

The tecnn ique  o f  p a r t i c l e  i d e n t i f i c a t i o n  f r o m  
t h e  t i m e - c o i n c i d e n t  IldE" and "E"  s i g n a l s  was used 
w i t h  heavy-ion beams o f  b iomed ica l  i n t e r e s t  a t  
LBL oy Maccabee (1973) and Maccabee and R i t t e r  
(1974). Gould ing and Harve.y (1975) rev iewed t h e  
f i e l d  o f  p a r t i c l e  i d e n t i f i c a t i o n ,  and c o n t r i b u t e d  
impor tan t  a l g o r i t h m s  and c i r c u i t s  t o  t h e  a r t .  
Schimmerl ing and C u r t i s  (1977) made t ime-o f -  
f l i g h t  measurements w i t h  3.5 GeV n i t r o g e n  ions.  
There i s ,  i n  a d d i t i o n ,  a l a r g e  number o f  examples 
i n  t h e  l i t e r a t u r e  o f  t h e  use o f  lldE," "E," and 
t ime-o f - f l i gh t  i n f o r m a t i o n  f o r  p a r t i c l e  i d e n t i -  
f i c a t i o n .  We have encountered s u b s t a n t i a l  
problems, nowever, i n  a t t e m p t i n g  t o  analyze o u r  
d a t a  by  methods t h a t  a r e  u s u a l l y  i n tended  f o r  
p a r t i c l e  i d e n t i f i c a t i o n  a f t e r  t h i n  absorbers. 
Fo r  ou r  s i m p l e  d e t e c t o r  system, w i t h o u t  t ime-of -  
f l i g h t  i n f o r m a t i o n ,  t h e  most v a l u a b l e  o p t i o n  
t h a t  we have found f o r  r e l a t i n g  dE t o  E s i g n a l s  
f o r  a g i v e n  p a r t i c l e  i s  t o  use an e m p i r i c a l  
r e l a t i o n s h i p  o f  t h e  form: 

k E = -  
(dE )" 

where k and a are  cons tan ts  which depend on t h e  
p a r t i c l e  and p o s i t i o n  w i t h i n  t h e  Bragg curve.  
T h i s  r e l a t i o n s h i p  h o l d s  f o r  fragments which a r e  
heavy enough t o  s t o p  f u l l y  w i t h i n  t h e  germanium 
d e t e c t o r .  

The range o f  parameters k and a d e f i n i n g  t h e  

Th is  was done by  
boundaries o f  a p a r t i c l e  o f  a g i ven  t y p e  have 
been determined e m p i r i c a l l y .  
s t a r t i n g  a t  p o i n t  A o f  F i g u r e  3, where t h e  s imp le  
law (Sachs e t  al., 1966): 

( E  + dE).dE = AZ2 ( 2 )  

c o u l d  be a p p l i e d  w i t h o u t  d i f f i c u l t y  t o  unambig- 
uous ly  i d e n t i f y  t h e  fragments. Proceeding then  
i n  a l o g i c a l  sequence we were a b l e  t o  i d e n t i f y  
p a r t i c l e s  f r o m  p o i n t s  B t o  M o f  F i g u r e  3. 
Equa t ion  1 was then  used t o  d e f i n e  boundar ies 
between p a r t i c l e s  f o r  computer d a t a  a n a l y s i s .  

For l i g h t e r  fragments, which do n o t  s t o p  
f u l l y  i n  t h e  second d e t e c t o r ,  a s i m i l a r  procedure 
can be f o l l o w e d  s t a r t i n g  a t  p o i n t  A, i d e n t i f y i n g  
t h e  i n d i v i d u a l  f ragments by  a c a l c u l a t i o n  o f  t h e  
energy l o s s  expected i n  t h e  d e t e c t o r  by t h e  
d i f f e r e n t  p a r t i c l e s ,  assuming an i n i t i a l  v e l o c i t y  
equal t o  t h e  i n i t i a 1 , p a r e n t  beam v e l o c i t y  a t  t h e  
water  column entrance.  The c a l c u l a t i o n  c a r r i e s  
o u t  t h e  i n t e g r a t i o n  f o r  each p a r t i c l e  over  t h e  
water  column leng th ,  p l u s  t h e  d e t e c t o r  l eng th .  
The ex tens ion  f rom p o i n t s  B t o  M f o l l o w s  aga in  
a t  l o g i c a l  sequence. 

Exper imenta l  Resu l t s  

F i g u r e  5 shows an energy spectrum o f  dE f o r  
p o s i t i o n  A i n  t h e  Bragg curve. 
i n g  t o  a l l  t h e  elements f r o m  B t o  S i  have been 

Peaks correspond- 
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Figure 5. 
the thin silicon detector, for the silicon ion 
beam at position A of the Bragg cruve. Peaks for 

Histogram of dE, energy deposited in 

all nuclei from boron to silicon are clearly 
defined. (XBL 808-11443) 
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identified unequivocally by the relationship of 
equation 2 and by energy loss calculations. 
Lower energy events have been removed from the 
display. 

Figure 6A shows scatter plots of E vs. dE 
for positions A, B, C, and D in the Bragg curve. 
Figure 68 shows the results for positions F, G, 
K, and M. Each plotted point ( + )  corresponds to 
one analyzed event. The vertical axis (RE2) 
corresponds to the energy E deposited i n  the 
residual energy detector, while the horizontal 
axis (RDE3) shows the energy dE deposited in the 
thin silicon detector and is a measure of LET 
for single particles. The scales are calibrated 
in absolute energy (MeV), and are expected to be 
correct to within 2 to 5%. 

Observing the scatter plot for position A 
(Fig. 6A), we notice the main peak for the parent 
silicon ions as well' as the clusters correspond- 
ing to the nuclei that appear in the dE spectrum 
o f  Figure 5. The vertical column of events under 
the main silicon peak corresponds to primaries 
that have not deposited their full energy in the 
long residual range detector due to escaping from 

-+4- 
S 

PLt3 Yl .E Y 1 . C  3 

B 

Figure 6A. 
the Bragg curve. 
for position A. (XBL 808-10927) 

Scatter plots of signals dE vs. E, (RE2 VS. RDE3 in the plots) for positions A, B, C, and D in 
Each event recorded is shown by a cross ( + ) .  Energies are in MeV. Note different scales 
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F i g u r e  66. S c a t t e r  p l o t s  o f  s i g n a l s  dE vs. E 
-808-1 09 2 6 ) 

(RE2 vs. RDE3 i n  t h e  p l o t s )  f o r  p o s i t i o n s  F ,  G, K, and M. 

t h e  w a l l s ,  o r  from f ragmen ta t i on  i n  t h e  d e t e c t o r  
i t s e l f .  

, ' , 

As we progress f rom p o i n t  A towards F and G, 
near  t h e  Bragg peak, t he  dE s i g n a l  f o r  t h e  p a r e n t  
s i l i c o n  i ons  moves towards h i g h e r  energy, w h i l e  
t h e  r e s i d u a l  energy E decreases. Curves 
desc r ibed  by t h e  r e l a t i o n  of equa t ion  1 a re  
becoming more apparent  f o r  t he  heav ie r  fragments, 
w h i l e  some approx ima te l y  s t r a i g h t  l i n e s  appear 
c l u s t e r e d  t o  t h e  l e f t  o f  t h e  s c a t t e r  p l o t s  co r -  
responding t o  t h e  l i g h t e r  fragments t h a t  do n o t t  
s t o p  f u l l y  i n  t h e  r e s i d u a l  energy d e t e c t o r .  

As we approach t h e  Bragg peak, t h e  s i l i c o n  
peak becomes q u i t e  broad i n  b o t h  E and dE. 
Beyond t h e  Bragg peak, p o i n t s  K and M, t h e r e  i s  
no more s i l i c o n ,  and t h e  heav ie r  fragments a l s o  
s t a r t  d i sappear ing .  The s c a t t e r  p l o t s  show a 
cons ide rab le  number o f  events a long b o t h  t h e  dE 
and E axes. Those i n  t h e  RDE3 = 0 a x i s  have been 
caused by a s e t t i n g  o f  t h e  event  t r i g g e r  e l e c -  
t r o n i c s  which was s l i g h t l y  o u t  o f  ad justment .  
Those events  a long  t h e  RE2 = 0 a x i s  a re  due t o  

t h e  f a c t  t h a t  t h e  s i l i c o n  dE d e t e c t o r  has a 
l a r g e r  t r a n s v e r s e  dimension than  t h e  E d e t e c t o r .  
Both t ypes  of events have been removed d u r i n g  
d a t a  a n a l y s i s .  

t h e  a n a l y s i s  of t h e  d a t a  o f  F igu res  6A and 6B 
f o l l o w i n g  t h e  methods o u t l i n e d  above. 
shows a p l o t  o f  t h e  average energy l o s s  ( s t o p p i n g  
power) measured f o r  each K ind  o f  p a r t i c l e ,  o r  
group o f  p a r t i c l e s  i n  s i l i c o n .  T h e o r e t i c a l  
va lues f o r  S i l i c o n  a r e  a l s o  shown. The number 
o f  s i l i c o n  p a r t i c l e s  e n t e r i n g  t h e  water  column 
f o r  each o f  t h e  i n d i v i d u a l  exper iments a t  p o i n t s  
A t o  M were n o t  mon i to red  i n  t h i s  f i r s t  e x p e r i -  
ment. For  t h a t  reason, t n e  f r a c t i o n  o f  d e t e c t e d  
p a r t i c l e s ,  f n i ,  and t n e  f r a c t i o n  o f  t o t a l  
energy loss, f , a r e  o n l y  c o n s i s t e n t  w i t h i n  
each ind i v idua t i co lumn o f  Table 1. 
adds up t o  100%. 

Table 1 shows t h e  d a t a  ob ta ined  d i r e c t l y  by 

F i g u r e  7 

Each column 

I n  o rde r  t o  o b t a i n  es t ima tes  o f  dose d i  
c o n t r i b u t e d  by each t y p e  o f  p a r t i c l e ,  o r  group 
of p a r t i c l e s ,  and of t h e  number n i  o f  p a r t i c l e s  
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Table 1. Data Obtained Directly from Experimental Results 

Particle Position in Bragg Curve 
or Group 

A B C D F G K M 

Si dEi 0.12 MeV/pm 0.19 
fn i 26.0% 18.3 
fE i 70.4% 60.8 

A1 0.10 MeV/pm 0.14 
3.8% 2.6 
8.6% 6.6 

Mg 0.09 MeVlpm 0.12 
1.97% 2.4 
4.0 % 9.0 

(Na, Ne) 0.06 MeV/pm 0.075 
1.5 % 3.4 
2.03% 4.47 

(C,N,O,F) 0.03 MeV/pm 0.043 
12.3% 14.5 
8.14% 10.9 

(H,He,Li ,Be,B) 0.0056 MeV/pm 0.012 
54.6% 58.9 
6.9 % 12.2 

0.25 
15.0 

55.0 

0.18 
2.1 
6.2 

0.14 
2.6 
5.7 

0.11 
2.5 
4.6 

0.05 
18.4 
15.2 

0.013 
59.7 
13.0 

0.32 0.50 0.60 - - 
15.2 9.6 4.6 - - 

63.0 57.6 45.0 - - 

0.21 0.26 0.27 0.28 0.24 
2.2 1.5 1.3 1.0 0.1 
6.1 4.6 5.8 6.7 1.0 

0.16 0.21 0.21 0.22 0.24 
2.7 2.3 2.0 3.2 0.6 
9.7 5.0 3.2 1.75 4.4 

0.126 0.15 0.12 0.16 0.16 
2.6 3.3 3.5 5.4 4.0 
4.26 5.8 6.8 21.4 21.7 

0.053 0.07 0.07 0.07 0.07 
15.6 20.4 23.5 17.2 16.0 
10.7 17.1 26.5 29.8 37.7 

0.012 0.012 0.012 0.010 0.010 
61.7 62.9 65.0 73.0 79.2 

9.4 9.8 12.7 17.9 25.0 

d q  = Average energy loss per particle (stopping power), MeV/pm in silicon. 

fni = Fraction of detected particles at a particular position i n  Bragg 
curve. Each column is normalized to 100. 

fEi = Fraction of total energy loss at a particular position in Bragg 
curves. Each column is normalized to 100. 

Notice that entries fni and fEi are only consistent within each column. 
Results are not normalized to a fixed number of silicon particles in the beam 
before entering the water column. 

at each position, the numerical values of the 
Bragg curve of Figure 3 were used to normalize 
the variables fEi and fnj o f  Table 1 to a 
value of 1.0 for silicon particles at zero water 
column. Table 2 shows the resulting estimates. 

The estimates for di were obtained, for 
position A for example, from the expression: 

where BA is the value of the Bragg curve at 
position A in Figure 3. The results of the 
estimates for dj are shown in Figure 8. 

the expression 
The estimates for ni were obtained from 

( 4 )  

where K was chosen so that for d j  = 1, at zero 
water column for silicon particles, and the 

~” . . . . .. - ”.. - .  - . . ~  .. . - ..~ _. ~~ ... .. - . . . - I . , . . . . . . .. - . , . . . . 



29 

- c s 0.6 

5 -  
2 
5 
0 0.4- 

a L 

.- - .- 

(4 .: 

U 

0 

- .- 
c 

al 

ul 
0 

a 

- 

P 
0.2 

C al 

al D 

e 
% a 

l ' l ' l ' l ' l ' l  I corresponding t h e o r e t i c a l  va lue  f o r  dEi, n i  
- became equal t o  1. The r e s u l t s  a re  p l o t t e d  i n  

I F i g u r e  9. 
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I Discuss ion 
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The da ta  presented i n  t h e  s c a t t e r  p l o t s  o f  
F igures 6A and 6B c o n t a i n  a l a r g e  amount o f  
i n f o r m a t i o n  about t h e  complex process o f  n u c l e a r  

- f ragmen ta t i on  i n  t h i c k  t a r g e t s .  E x t r a c t i n g  t h a t  
i n f o r m a t i o n  i s  o n l y  a q u e s t i o n  o f  g e n e r a t i n g  t h e  
a p p r o p r i a t e  computer so f tware  t o  analyze t h e  d a t a  
i n  a meaningfu l  manner. The grouping o f  p a r t -  
i c l e s  t o  f a c i l i t a t e  a n a l y s i s  and t h e  cho ice  o f  
t h e  t h r e e  parameters presented i n  Table 1 has 

- been d i c t a t e d  by  t h e  need t o  use an a v a i l a b l e  

- 

so f tware  system f o r  d a t a  a n a l y s i s  t h a t  i s  
f l e x i b l e  b u t  slow. The r e s u l t s  presented i n  

Experimental - - - - - O C  

-o-- - - - -- 
I I L I A + + + + + -  _ - -  - Table 1 and F i g u r e  7 are, however, q u i t e  

Table 2. Data Obtained by Norma l i z ing  t h e  Data o f  Table 1 t o  a Standard Bragg 
Curve Obtained i n  Cond i t i ons  S i m i l a r  t o  Those o f  t h e  Present  
Experiment 

P a r t i c l e  P o s i t i o n  i n  Bragg Curve 
o r  Group 

A B C D F G K M 

S i  d i  0.67 0.73 
n i  0.558 0.38 

A1 0.083 0.079 
0.083 0.056 

Mg 0.038 0.06 
0.042 0.05 

( Na, Ne) 0.019 0.054 
0.032 0.072 

(C,N,O,F) 0.078 + 0.13 
0.26 0.302 

0.80 
0.32 

0.09 
0.05 

0.08 , 

0.057 

0.067 
0.061 

0.222 
0.444 

1.19 
0.37 

0.116 
0.055 

0.108 
0.067 

0.081 
0.064 

0.20 
0.377 

1.70 
0.34 

0.136 
0.052 

0.148 
0.07 

0.17 
0.113 

0.51 
0.71 

1.74 
0.29 

0.22 
0.13 

0.124 
0.06 

0.264 
0.22 

1.03 
1.47 

0.032 
0.011 

0.008 
0.004 

0.104 
0.065 

0.144 
0.206 

0.002 
0.001 

0.01 
0.004 

0.05 
0.031 

0.086 
0.123 

(H,He,Li,Be,B) 0.066 0.146 0.189 0.178 0.29 0.49 0.086 0.057 
1.17 1.21 1.454 1.483 2.41 4.08 0.86 0.57 

d i  = Dose, normal ized t o  1.0 f o r  s i l i c o n  p a r t i c l e s  a t  ze ro  water  column. 

n i  = Number o f  p a r t i c l e s ,  normal ized approx ima te l y  t o  1.0 f o r  s i l i c o n  a t  ze ro  
water  column. 

These da ta  a re  presented o n l y  as t e n t a t i v e .  
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Figure 8. 
the Bragg curve of Figure 3 by each kind of 
particle. 
correct. (XBL 808-3611) 

Estimate of the dose contributed to 

Results may be only qualitatively 

W a t e r  col'umn setting l c m )  

Figure 9. 
distance. 
correct. (XBL 808-3610) 

Estimates of particle number vs. 
Results may be only qualitatively 

water column was not available, consequently the 
estimates of Table 2 are less reliable. 
the thickness of the detector windows has been 
taken into consideration in calculating the 
normalization of the data to the Bragg curve of 
Figure 3 ,  small errors in registration can lead 
to significant errors in the estimates near the 
Bragg peak. 
by each type of particle, shown in Figure 8, are 
qualitatively correct. The sharp peak in the 
number of particle, ni, shown in Figure 9, that 
appears to exist at the lightest elements must 
be interpreted with caution. As the data stand, 
we find that for each parent silicon particle 
entering the water column, there are four 
particles of the lightest group (H through B) 
detected at position G. This result seems quite 
likely, but the reason for the drop to 0.86 light 
particles at point K is not too clear. A 
possible explanation for the result is that the 
majority of light particles near the Bragg peak 
have low velocity and they fall below the level 
o f  detection at points K and M. This point will 
be investigated further. The numbers vs. 
distance curve of Figure 9 for silicon shows an 
approximately exponential nature, Which agrees 
with the theoretical work of Cnatterjee et al. 
(1976). 

Although 

The data for the dose contributed 

Future Develooments 

The results of this first experiment are 
quite encouraging: 
of fairly simple detector systems to yield 
significant information to an experimenter or 
physician about the detailed characteristics of 
complex beams. It is now possible to experi- 
mentally confirm beam fragmentation theories, 
test the correlation between biological observa- 
tions and beam characteristics, and perform 
routine beam characterization measurements to 
ensure reproducibility in biological experiments 
or in radiation treatment. We are planning or 
implementing a number of steps to make more 
accurate measurements and to make data reduction 
simpler and faster. 

they point out the capability 

1. A new dE detector will be placed before 
the water column absorber. This detector 
will be used as a particle identifier and 
counter. In the new configuration, every 
particle will be accounted for and we expect 
to be able to reproduce a Bragg curve 
directly from the measurements alone. 
2. Improvements i n  the electronics system 
Will remove spurious signals from both the 
dE and the E channels. 
3. Utilization of new software for data 
acquisition will allow increasing the data 
acquisition rate by a factor of nearly ten. 
4. Utilization of an interactive data 
analysis software system will allow the 
experimenter to have an almost instantaneous 
return of desired parameters after an exper- 
iment is finished. The system uses a fast 
array processor and the data will be pre- 
sented in a color video display with large 
storage capacity. 
5. 
imenters of the Radiation Biophysics Group 

Interaction with the different exper- 

.- . .. . . . . . - .- . - . . . . . . . . . . 
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i n t e r e s t e d  i n  beam c h a r a c t e r i z a t i o n  and 
a n a l y s i s  w i l l  i nc rease  g r a d u a l l y  as t h e  
system's c a p a b i l i t i e s  t o  supp ly  i n f o r m a t i o n  
a r e  improved. 

T h i s  p r o j e c t  i s  b e i n g  developed c o n c u r r e n t l y  
w i t h  a demonstrat ion o f  t h e  c a p a b i l i t y  f o r  tomo- 
g raph ic  image r e c o n s t r u c t i o n  w i t h  heavy ions.  
The development o f  l a r g e r  d e t e c t o r  a r r a y s  w i t h  
co r respond ing  e l e c t r o n i c s  f o r  image recons t ruc -  
t i o n  w i l l  a u t o m a t i c a l l y  b e n e f i t  t h e  beam a n a l y s i s  
p r o j e c t .  Fundamental ly, t h e  two p r o j e c t s  d i f f e r  
o n l y  i n  t h e  way t h e  d a t a  a r e  analyzed, i.e., 
d i f f e r e n t  so f tware  systems a r e  needed t o  c a r r y  
o u t  t h e  two d i f f e r e n t  j obs .  
t h e  two systems w i l l  be c a r r i e d  on c o n c u r r e n t l y ,  
u s i n g  as many p a r t s  i n  common as p o s s i b l e .  

The development o f  

NUCLEAR TRACK TECHNIQUES 

( E .  V .  Benton) 

S o l i d - s t a t e  t r a c k  d e t e c t o r s  o r  d i e l e c t r i c  
t r a c k  d e t e c t o r s  have been i n  use f o r  about  
f i f t e e n  yea rs  and have found numerous a p p l i c a -  
t i o n s  i n  d i f f e r e n t  f i e l d s  o f  sc ience and 
technology.  In many d i e l e c t r i c s ,  paths o f  
i o n i z i n g  charged p a r t i c l e s  a r e  revea led  as t h e  
r e s u l t  o f  damage c r e a t e d  by  t h e  energy l e f t  
behind i n  t h e  d e t e c t o r  b y  t h e  i n c i d e n t  charged 
p a r t i c l e s .  These damage t r a i l s  can be d e l i n e a t e d  
and made v i s i b l e  th rough  a s e l e c t i v e  chemical  
e t c h i n g  o f  t h e  radiat ion-damaged m a t e r i a l  a long  
t h e  c h a r g e d - p a r t i c l e  t r a j e c t o r y .  Th i s  process 
r e s u l t s  i n  an e t c h  p i t ,  o r ,  i n  some cases, a 
narrow channel r e f e r r e d  t o  as a t r a c k .  F u r t h e r  
e t c h i n q  can e n l a r g e  t r a c k s  t o  a convenient  s i z e  
f o r  d i r e c t  v i e w i n g  w i t h  an o r d i n a r y  o p t i c a l  
microscope. T h i s  phenomenon has been found  t o  
be genera l  and i n c l u d e s  many m ine ra l s ,  g lasses,  
and polymers. A l though t h e  number and v a r i e t y  
o f  a p p l i c a t i o n s  o f  s o l i d - s t a t e  d e t e c t o r s  i s  v e r y  
broad and s t i l l  r a p i d l y  growing, one o f  t h e  most 
u s e f u l  areas l i e s  i n  n u c l e a r  sc ience  and tech-  
no logy  ( F l e i s c h e r  e t  a l . ,  1975; F ranco is  e t  a l . ,  
1980). 

The s e n s i t i v i t y  o f  these d e t e c t o r s  ( t h e  
a b i l i t y  t o  r e c o r d  v i s i b l e  t r a c k s )  v a r i e s  w i d e l y  
f r o m  t h a t  o f  m i n e r a l s  such as mica which r e c o r d  
t r a c k s  o f  p a r t i c l e s  o n l y  as heavy as argon o r  
i r o n  a t  t h e  end o f  t h e i r  range, t o  t h a t  o f  
p l a s t i c s ,  such as Lexan o r  c e l l u l o s e  n i t r a t e ,  
and l a t e l y  t o  a new and v e r y  s e n s i t i v e  t r a c  
d e t e c t o r  c a l l e d  CR-39 which reco rds  p ro tons  
t o  a t  l e a s t  ?O MeV (Ruddy e t  a l . ,  1980).  

On t h e  submicroscopic  sca le,  a p a r t i c l e  
damage t r a i l  and t h e  subsequent f o r m a t i o n  o f  
e t c h  t r a c k  can be viewed i n  terms o f  t h e  chemical  
a t t a c k  o f  a v e r y  narrow l i n e a r  reg ion, 'as shown 
i s  F i g u r e  10. On t h e  r i g h t  i s  t h e  t i p  o f  a t ' 
r e s u l t i n g  f r o m  a chemical  a t t a c k  o f  a damaged 
reg ion .  
g r e a t e s t  i n  t h e  immediate v i c i n i t y  o f  t h e  

' 

p a r t i c l e  t r a j e c t o r y ,  and t h e  e t c h  r a t e  (normal 
t o  t h e  l e a d i n g  end o f  t h e  e t c h  p i t )  has i t s  
g r e a t e s t  va lue  VT, t h e  t r a c k  e t c h  r a t e .  The 
degree o f  damage and t h e  e t c h  r a t e  b o t h  decrease 
as t h e  d i s t a n c e  f r o m  t h e  t r a j e c t o r y  increases.  

The degree o f  r a d i a t i o n  damage i s  

Projection of v, in direction 
normal t o  track walls 

.-one angle 
"1  

Very htghly damaged regfon 
(etches a1 preferenrial erch rare) 

Particle 
trajectory .............................. 

-50  8. 

---J--L Advancing tip of 
particle etch pit 

D a m a g e  1s essenr,ally zero 
(bulk erch rare prevails) 

- - -i - r 
Damage decreasmg wirh d s t a n c e  '<'% 
f r o m  rhe parricle rraiectory 
le rches  a i  an  mrermedere  etch rare) 

F i g u r e  10. Damage t r a i l  and t r a c k  e t c h i n g  on a 
submicroscopic  sca le .  (XBL 807-10680) 

A t  a c e r t a i n  d i s t a n c e  (es t ima ted  t o  be somewhere 
between 25 and 50 8 )  t h e  damage f a l l s  o f f  t o  some 
smal l  va lue,  and t h e  e t c h  r a t e  normal t o  t h e  
i n t e r i o r  o f  t h e  t r a c k  i s  t h e  e t c h  r a t e  o f  t h e  
undamaged b u l k  m a t e r i a l ,  VG. S ince t h e  
advancing t i p  o f  t h e  e t c h  p i t  ma in ta ins  i t s  shape 
w h i l e  moving fo rward  a t  t h e  r a t e  VT i n  t h e  
undamaged reg ion ,  t h e  angle made by  t h e  w a l l s  o f  
t h e  e t c h  p i t  w i t h  t h e  p a r t i c l e  t r a j e c t o r y  must 
be such t h a t  t h e  p r o j e c t i o n  o f  VT i n  t h e  
d i r e c t i o n  o f  t h e  normal t o  these w a l l s  w i l l  be 
VG. T h i s  i s  a l s o  shown i n  F igu re  10. Conse- 
quen t l y ,  t h e  t r a c k  cone angle,  8 ,  i s  g i ven  by  s i n  
0 = VG/VT. I f  one observes t r a c k  f o r m a t i o n  
on t h e  s c a l e  o f  an o p t i c a l  microscope, t h e  
rounded p i t s  shown i n  F i g u r e  10 appear p e r f e c t l y  
sharp.  V T  can be expressed as a m o n o t o n i c a l l y  
i n c r e a s i n g  f u n c t i o n  o f  t h e  p a r t i c l e ' s  r e s t r i c t e d  
energy l o s s  r a t e  RELw, t h e  r a t e  o f  energy l o s s  
t o  e l e c t r o n s  w i t h  energy l e s s  than w (Henke and 
Benton, 1 9 7 2 ) .  The f u n c t i o n  REL i s  i d e n t i c a l  t o  
t h e  more commonly used f u n c t i o n  LET,. 
as LET v a r i e s  a long  t h e  p a r t i c l e  damage t r a i l ,  
VR and e a l s o  vary.  

Thus, 

The s tages o f  e v o l u t i o n  o f  an e t c h  t r a c k  a r e  
shown i n  Fi 'gure 11, which i s  s i d e  v iew o f  a 
t r a c k  y i t h  a d i p  ang le  6 = 45 and a cone angle 
e =  15 -. The p o s i t i o n s  o f  t h e  d e t e c t o r  s u r f a c e  
a r e  labe,led i n  a t i m e  sequence f r o m  0 t o  6. 
Thus, one can see t h a t  t h e  appearance o f  a t r a c k  
can v a r y  c o n s i d e r a b l y  f r o m  a sma l l  e t c h  cone t o  
a l a r g e r  e t c h  cone, and then e v e n t u a l l y  t o  a 
sha%low e t c h  p i t .  From-a d e t a i l e d  knowledge o f  
t h e  e tch - t rack  geometry, i t  i s  p o s s i b l e  t o  
i d e n t i f y ,  t h e  p a r t i c l e  as t o  i t s  charge, energy 
and, i n  some cases,,mass (Henke and Benton, 
1972; Benton and Henke, 1968).  

A c c e l e r a t o r  A p p l i c a t i o n s  

Tnere a re  numerous u s e f u l  a p p l i c a t i o n s  o f  
s o l i d - s t a t e  t racK  d e t e c t o r s  around a c c e l e r a t o r s .  
A t  LBL, t h e  f o l l o w i n g  procedures have Deen used: 
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,Top of  damage trail 
Etch line for " f ront"  
of surface opening, 

of surface ellipse 

Bottom of damage trail 
Intersection of conical 
and spherical track portions 

Figure 11. Sequential stages of track etching 
for a particle damage trail of finite length; 6 
is the angle between particle trajectory and 
detector surface; e is the track cone angle. 
(XBL 807-10697) 

Fluence Mapping 

Sheets of cellulose nitrate detector exposed 
normally to the beam and quickly processed in 
NaOH have routinely been used during the tune-up 
and experiment preparation phases in order to 
obtain quickly a picture of the extent of radial 
distribution and homogeneity of the beam at the 
experimenter's station. The advantages of track 
detectors over ordinary film in this application 
is that one obtains a picture of the heavy ions 
of interest without accompanying lighter ions or 
electron contaminations. Since individual tracks 
can be observed, it is possible to get a true 
picture of the heavy-ion beam distribution. 

Energy Measurement of Particle Beams 

Although the conventional beam dosimetry 
technique provides reliable information on the 
energy distribution and fluence of the particles 
as well as integrated quantities such as the 
Bragg curve, they cannot provide this information 
for individual beam pulses or even for a few 
beam pulses because they must define the curve 
through repeated measurements. In contrast, the 
plastic detector--wedge energy--degrader con- 
figuration can analyze individual pulses (or 
average over a larger number of pulses, if 
desired) and can be quickly processed and read 
with a conventional light microscope in about 
10 min which is quite competitive with the time 
required by conventional dosimetry. The basic 
principles behind this work are straightforward 
and applicable to low-energy proton machines as 
well, if CR-39 is used as the detector (Benton 
et al., 1977). 

. . .... . . . . . . .  ~ - .  

LET Spectra Determination 

Since, for normally incident particles onto 
a detector surface, particle-track diameters can 
be related to particle LET, it is possible to 
obtain first visually and then through measure- 
ment the purity of the beam and to measure the 
distribution of LET present in the beam of 
particular configuration. 
micrograph of a 510 MeV/nuc neon-ion incident 
normally on a sheet of CR-39 detector. 
high-energy neon particles are clearly seen as 
the small-diameter circular tracks. The larger 
dark tracks are those due to higher LET particles 
present in the beam. 

Figure 12 is a photo- 

The 

An example of particle beam distribution 
obtained at the Bevalac is shown in Figure 13. 
The distribution on the left is that due to 
670 MeV/amu 28Si ions while the one on the 
right is the same beam as measured after passing 
through 10 cm of water. In both cases, the 
detector used was CR-39 with track diameters 
shown in um. The distribution on the right shows 
a significant tail of lower diameter tracks due 
to lighter beam fragments, while the mean of the 
distribution has been shifted to larger track 
diameters due to slowing down in water. 

Figure 12. 
ions normally incident on a sheet of CR-39 
detector. 
higher-LET particles. (XBB 807-8513) 

Photomicrograph o f  570 MeV/amu neon 

The largest tracks are those due to 

........... . . . . . ,  ................. ~ _ 
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Heavy-Par t ic le  Radiography 

We have shown some t i m e  ago t h a t  heavy 
p a r t i c l e s  can be used t o  produce rad iog raphs  w i t h  
h i g h  depth r e s o l u t i o n  and c o n t r a s t .  Through t h e  
use o f  s tacks  o f  s o l i d - s t a t e  t r a c k  de tec to rs ,  
smal l  d i f f e r e n c e s  i n  t h e  s topp ing  power o f  
o b j e c t s  can be de tec ted  and permanent ly  reco rded  
(Benton e t  a l . ,  1973). T h i s  method i s  now under 
a c t i v e  development and i s  desc r ibed  i n  P a r t  V I ,  
Sec t i on  B o f  t h i s  r e p o r t .  

F i g u r e  13. D i s t r i b u t i o n  o f  t r a c k  d iamete rs  o f  
670 MeV/amu 28Si i o n s  i n  CR-39. D i s t r i b u t i o n  
on t h e  l e f t  i s  t h a t  due t o  pure beams; d i s t r i b u -  
t i o n  on t h e  r i g h t  shows l i g h t e r  fragments due t o  
passage through 10 cm o f  water .  (XBL 807-10714) 

Three-Di mens i o n a l  Stopping-Po i n t  D i  s t r i  b u t  i o n  
De te rm ina t ion  

For b iomed ica l  a p p l i c a t i o n s  t h a t  r e q u i r e  
r a d i a t i o n  u s i n g  t h e  Bragg peak, i t  may be 
necessary t o  determine t h e  three-d imensional  LET 
d i s t r i b u t i o n  w i t h i n  a c e r t a i n  d e f i n e d  volume o r  
t h e  three-d imensional  s topp ing -po in t  d i s t r i b u t i o n  
o f  p a r t i c l e s .  Since p l a s t i c  t r a c k  d e t e c t o r s  a r e  
c l o s e  t o  t i s s u e  e q u i v a l e n t ,  t h e y  can be assembled 
i n t o  s tacks  s i m u l a t i n g  t h e  exper imenta l  volume. 
A f t e r  exposure and process ing,  t h e  i n d i v i d u a l  
l a y e r s  w i t h i n  such s tacks  can be analyzed t o  
y i e l d  a t r u e  three-d imensional  p i c t u r e  o f  t h e  
s topp ing  heavy-ion beam. Complex geometry 
i n v o l v i n g  w i d e l y  d i f f e r e n t  types o f  s t o p p i n g  
m a t e r i a l s  such as bone, t i s s u e ,  and a i r  can be 
s imu la ted  w i t h  phantoms and s tacks  o f  p l a s t i c  
t r a c k  d e t e c t o r s  i n  o r d e r  t o  d e f i n e  t h e  LET 
d i s t r i b u t i o n s  a t  d i f f e r e n t  depths. 

Fraqmentat ion Studies 

Since heavy c h a r g e d - p a r t i c l e  beams f ragment  
d u r i n g  t h e  passage through m a t t e r  and s i n c e  t h i s  
f ragmen ta t i on  can s i g n i f i c a n t l y  change t h e  
i o n i z a t i o n  c h a r a c t e r i s t i c s  o f  t h e  charged- 
p a r t i c l e  beam, i n  some r a d i o b i o l o g i c a l  e x p e r i -  
ments i t  i s  necessary t o  know the  e x t e n t  o f  t h e  
f ragmen ta t i on  and t h e  smearing o f  t h e  Bragg peak 
t h a t  occurs as t h e  r e s u l t  o f  i n c i d e n t  p a r t i c l e s  
l o s i n g  neutrons,  protons,  o r  l a r g e r  f ragments o f  
i n c i d e n t  n u c l e i .  These types o f  s t u d i e s ,  
desc r ibed  e a r l i e r ,  can be e f f e c t i v e l y  per formed 
by t h e  use o f  m u l t i l a y e r e d  s tacks  o f  s o l i d - s t a t e  
t r a c k  d e t e c t o r s .  
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EXPERIMENTAL HEAVY PARTICLE PHYSICS 

W. Schimmerling, E. V. Benton,' D. J. Hildebrand,? R. P. Henke: 
W. Heinrich,$ and C. A. Tobias 

A. NUCLEAR INTERACTIONS 
AND RADIATION DOSIMETRY 

( W .  Schimmerling) 

The maximum energy deposition of heavy-ion 
beams can be made to occur at a precisely 
defined range in any material by selection of the 
particle species and of its incident energy. 
This choice is determined by the amount of 
material in the target volume (e.g., tissue in 
radiation therapy) and the amount of material 
required for beam control and modification (ridge 
filters, collimators, beam-flattening foils). 
The range of heavy ions used tor biomedical 
research is 20-30 glcrn2. The mean free path 
for nuclear interactions is -20 g/cm2 for beams 
with the required incident energies (Wilson and 
Costner, 1975; Jaros et al., 1978). Thus, a 
significant fraction of the incident heavy-ion 
beam will undergo a nuclear reaction. The pro- 
ducts of these nuclear interactions will, in 
general, have different biological effectiveness, 
or quality, in the target volume. In the case 
o f  radiation therapy and the irradiation of 
animals, the nuclear interaction products will 
constitute the distal dose as well as the dose 
to nontarget tissues. 

of heavy-ion beams, it is necessary to know the 
nuclear interaction cross section, the probability 
of producing one or more secondary particles of 
a given kind, the energy spectrum and the angular 
distribution of these secondary particles, and 
their multiplicity, i.e., the number of fragments 
or reaction products that are produced in any 
single interaction. Since these reactions can 
take place at any depth in the material traversed 
by the beams, it is also necessary to know these 
quantities as a function o f  particle energy for  
all the particles that may be present. Such 
information is not at present available; its 
acquisition is partly the objective of the 2 

developing field of heavy-ion physics. An 
introductory review of this field (Curtis and ' 

Schimmerling, 1977), and several excellent 
reviews covering the field of heavy-ion physics 
in depth are also available (Scott, 1Y78; Gold- 
haber and Heckman, 1978). 

ions is not, by itself, sufficient to evaluate 
the radiation field of a heavy-ion beam. The" 
beams have finite size and are also modified by 
beam-transport elements, collimators, and 
multiple Coulomb scattering. 
plete knowledge o f  the physical quantities 
related to all these phenomena, the calculation 
and prediction of the radiation field is a 
cumbersome and complex task that requires 
sophisticated calculation techniques. Further- 

In order to characterize the radiation field 

7 d .  

The knowledge of the nuclear physics of heavy 

Even with a com- 

more, the requirements of biomedical research 
differ from the usual physics experiment in two 
important ways. First, we are interested in the 
transport of heavy ions througn thick targets. 
Second, it is necessary to know all the particles 
that have gone through a given target. Every 
particle traversing a biological sample con- 
tributes to the observed effect, regardless of 
whether it has triggered an electronic logic 
signal or not. 

This chapter describes the Radiation 
Biophysics Group research programs in the nuclear 
physics of heavy-ion beams and their transport 
through thick targets. This work is intended to 
provide the information required for heavy-ion 
dosimetry, for therapeutic applications, and for 
fundamental studies in radiation chemistry, 
radiobiology, and biochemistry. The target 
materials of interest are tissue constituents, 
as well as the components of scattering foils, 
ridge filters, collimators, and ionization 
chamber gases. 
interest are the helium, carbon, and neon beams 
at energies of 200-700 MeV/A which are used for 
therapy or considered for future therapeutic use. 
Higher energies and heavier particles may be of 
interest in the study of single particle effects, 
the production of heavier radioisotope beams, 
and the production o f  microlesions. 

This chapter describes measurements of 
neutron background obtained at the Medical 
Facility of the 184-inch Synchrocyclotron that 
are relevant to heavy-ion treatment at the 
Bevalac, experiments to study the fundamental 
physics of neutron production and of fragmenta- 
tion into charged particles, and the development 
of transport calculations for beam modelling. A 
need exists for instrumentation to measure beam 
quality at several levels o f  sophistication. A 
particle identification spectrometer, developed 
for fragmentation studies, is described in this 

detectors pioneered for this use by E. Benton and 
his collaborators. J. Llacer et al. describe a 
prototype position-sensitive germanium detector 

The most important beams of 

along with the use of plastic track 

can be used as an on-line heavy-ion imaging 
ument and as a beam quality monitor 
ter 11-1). The reader is further referred 

to the articles by Chen et al. and Lyman et al. 
in Part VI of this report, where the interaction 
of heavy ions with matter is discussed in the 
context of treatment planning and verification. 

, 

NEUTRON PHYSICS AND DOSIMETRY 

Altnough the dose contributions of secondary 
protons and neutrons are small (in most beams, 
less than 3 % ) ,  these particles are an important 
source of bacKground radiation in and around the 
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medical caves. Such information becomes espec- 
ially important when sensitive tissues are close 
to the treatment area. For example, in the 
treatment of certain eye tumors with a narrow 
helium-ion beam, parts of the patient's eye will 
be outside the target volume but close to the 
edge of the charged-particle radiation field. 
In this case it is important to ensure that the 
neutron dose to the lens of the eye is below the 
cataractogenic threshold. This threshold has 
been estimated at 75-100 rad for fission 
neutrons (Ham, 1960; Upton, 1968). 

various elements of the helium medical beam was 
measured (Smith et al., 1980) using activation 
detectors along the beam line and perpendicular 
to it, in a plane containing the patient iso- 
center. The radioactive yield of different 
activation detectors was unfolded from the known 
energy dependence of the activation cross sec- 
tions to obtain a neutron energy spectrum, and 
the unfolded spectra were corrected tor radio- 
activity induced by charged particles. 

The results of this investigation allowed us 
to identify the most significant sources o f  
neutrons in the beam line. These were the water 
column and the collimators used for beam shaping 
close to the patient. The relative contribution 
of these sources was obtained, as was the neutron 
dose perpendicular to the beam axis in a plane 
containing the patient isocenter. The dose in 
soft tissue due to neutrons and protons decreases 
from about 5 x 10-3 rad on the beam axis to 
about 1 x 10-3 rad at 20 cm from the beam axis, 
per plateau rad of incident beam. The dose 
increases somewhat when a phantom is inserted in 
the beam to simulate the patient's head, as shown 
in Figure 1, where the perpendicular dose 
distribution has been plotted tor both cases. A 
Gaussian distribution has been fitted to the 
rising portion of the curves tor ease in the use 
of these data. The full width at half maximum 
(FWHM) is 22 cm with a phantom of the beam and 
27 cm without a phantom. 
an upper limit of the absorbed dose in sott 
tissue that will typically result in a dose of 
less than 10 rad to the eye, which is well below 
the threshold for cataract incidence determined 
for fission neutrons. 

The distribution of neutrons produced in the 

These measurements give 

In a separate series of experiments performed 
at the Bevalac in collaboration with physicists 
from Kent State University, we have measured the 
probability (double differential cross section) 
of producing neutrons at a given energy and a 
given angle with respect to an incident heavy-ion 
beam, when nuclei in the beam interact with the 
nuclei in targets of carbon, aluminum, copper, 
lead, and uranium. The energy of the neutrons 
is obtained from the time of tllght (TOF) between 
the target and each of the neutron detectors, 
which Mere placed at different angles around the 
target. 
12.5 o r  25 cm high, and 10 crn thick. 
to the TOF, we recorded the light output and the 
position at which each neutron generated the 
recoil charged particles that gave rise to the 
detected signal. This resulted in a more 
accurate assignment of the detector efficiency 

The neutron detectors are 1 m wide, 
In addition 

" 
-5  0 10 20 30 40 50 

Vcm) 

Fi ure 1. Absorbed dose (mrad per plateau rad 

a function of distance from the beam axis, in a 
plane containing the patient isocenter. 
have been obtained by unfolding the radioactive 
yield from the known energy dependence of the 
activation cross sections to obtain a neutron 
spectrum, and using fluence-to-dose conversion 
factors derived by Rindi (1977) from a review of 
published data. 
a measurement without a phantom, and the full 
circles correspond to a measurement with a 
phantom. 
fitted to the rising portion of the data. 
error bars are mainly due to the uncertainty in 
the fluence-to-dose conversion factors (estimated 
at +25%). (XBL 791-7886) 

3%- he primary helium beam) due to neutrons, as 

The data 

The open circles correspond to 

The curves are Gaussian functions 
The 

and angular distribution. 

The experiments performed to date are listed 
in Table 1. 
measurements at forward angles is a particular 
advantage of neutron experiments. 
hand, it is more difficult to detect neutrons 
than charged particles. Several detectors can 
be used to verify the detection of one charged 
particle; however, neutrons are detected through 
a generally destructive nuclear interaction. 
Thus, a neutron can only be detected once, which 
makes neutron measurements especially vulnerable 
to background effects such as room-scattered 
neutrons. The later experimental runs were 
designed to study these effects on our detectors. 
Shadow bars were used to block neutrons originat- 
ing in the targets, and to estimate the effect 
of neutrons originating in extraneous structures. 
The maximum shadow bar correction was -35% at 
neutron energies of -50 MeV in the least 
favorable experimental geometry. 

The possibility of performing 

On the other 

A 
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Table 1. 

December 1977 . (No Shadow Bars) 

Summary of Neutron Runs 

Detector Angles: 15', 30° ,  45O, 60°, 90°, 120', 150' 
250 MeV/A Neon on C, Al, U 
400 MeV/A Neon on C, Al, Cu, Pb, U 

October 1978 (No Shadow Bars) 

400 MeV/A Alphas on C, U 
400 MeV/A Carbon on U 

Detector Angles: Oo, lo', 20°, 30°, 45O, 1 3 5 O  

March 1979 (With Shadow Bar Runs) 

Detector Angles: 30°, 45O, 6 0 ° ,  90' 
400 MeV/A Neon on C, Al, Cu, U 

The neutron detector efficiencies were 
calculated with a Monte Carlo code developed by 
our Kent State collaborators and estimated to be 
accurate to -5% (excluding threshold uncertain- 
ties) on the basis of comparisons with available 
experimental data (Cecil et al., 1979). An 
unambiguous determination of TOF required that 
only one beam particle be incident on the target 
during the 200 nsec sampling time; therefore, 
pileup circuitry was designed and built to reject 
beam pulses in beam-monitoring detector, which 
were accompanied by a second pulse within 
*ZOO nsec. This circuit has been made available 
as part of routine biomedical dosimetry instru- 
mentation. Use of high current, high counting 
rate photomultiplier bases (Kerns, 1977) allowed 
a beam-counting rate of -5 x 105lpulse with a 
pile-up rejection rato of 30 to 40%. 

Tnree different energy regions can be 
distinguished in the neutron spectra (Schim- 
merling et al., 1979, 1980): (1) a low energy 
"evaporation" region, ( 2 )  a high-energy expo- 
nential tail reflecting the internal momentum 
distribution of the nucleons, and (3) an inter- 
mediate energy region reflecting quasifree and 
preequilibrium processes. The intermediate 
energy region becomes less pronounced with ' 

increasing angle, and is almost nonexistent at 
90". The 30" spectrum shows d broad shoulder. 
in the carbon target, around 150 MeV, which we 
interpret as a signature of quasifree nucleon 
collisions. 

The cross sections for different angles 
approach similar values below -15 MeV, as shown 
in Figure 2 .  The almost isotropic distribution 
at the lowest energies is expected for neutron 
evaporation from the target. The cross section 
integrated in energy falls off exponentially with @ angle. The total integrated cross section is 
proportional to the fifth power of the sum of tne 
radii of the target and the projectile. This 
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Fi ure 2. Double differential cross section for 

with a uranium target for an incident beam energy 
of 400 MeV/A, as a function of neutron detection 
angle, for several neutron energies. (XBL 
806-10520 ) 

9t- neu ron production in the collision on neon ions 
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representation implies that the average multi- 
plicity of neutrons, taken as the ratio of the 
measured cross section to the geometric cross 
section, is proportional to a geometric interac- 
tion volume. 
neutrons abut 25 MeV was 2, 2.5, 4, and 9 for 
carbon, aluminum, copper, and, uranium targets, 
respectively (Schimmerling et al., 1979; Madey 
et al., 1980). 

Neutron production experiments provide an 
insight into the Coulomb effects that modify the 
spectrum o f  charged particles, especially protons. 
The ratio of measured neutron-production cross 
sections (Schimmerl ing et al., 1979) to that for 
the production of protons in similar reactions 
(Sandoval et al., 1980; Nagamiya et al., 1980) 
as a function of energy is greater by a factor 
of -2 tnan what is expected from firestreak 
calculations (without Coulomb effects) performed 
by G. Westfall o f  LBL. 
neutrons and protons contribute to the projectile- 
target interaction at different impact parameters. 
The cross-section ratios given by the firestreak 
calculation provide a sca1,ing factor for compar- 
ison With the experimental data. 
results of some recent calculations (Gyulassy and 
Kauffman, 1980) indicate that Coulomb effects may 
be sufficiently large t o  explain most of the 
observed results. 
data for other targets indicates that, in the 
case o f  aluminum where Coulomb effects would not 
be expected to be significant, the n/p ratios 
are close to unity at 300. At 900, however, 
there still remains a significant discrepancy. 

.The Kent State group is planning further 
studies of neutron-producing heavy-ion reactions 
at higher energies, and for heavier incident 
beams beyond the range of interest of biomedical 
research. Within the Radiation Biophyslcs Group, 
further work on neutron production is also plan- 
ned, with.the aim of understanding the corres- 
ponding physics for particles of interest in 
biomedical research and space applications, and 
of improving the computer codes used to calculate 
neutron doses in the Biomedical Facility. 

The average multiplicity for 

Different numbers of 

Preliminary 

Preliminary analysis of the 

MEASUREMENTS OF HEAVY-ION FRAGMENTATION 

The objective of this research is the 
complete characterization of simulated biomed 
heavy-ion beams at the Bevalac by the direct 
measurement of particle fluxes emerging from 
thick absorber, and of their energy spectra. 
apparatus is presently set up in the Beam 40 
beam line. The goals of this research will be 
approached in several steps: 

cal 

The 

1. Measurements along the "central" or beam 
axis, using unmodified beams of carbon, 
neon, and argon (with the same energies as 
are used in biomedical research) as a 
function of the thickness of a polymethyl- 
methacrylate (PMMA) absorber, similar in 
purpose to the standard biomedical water 
column. 
2. Central axis measurements, using ridge 
filters or beam scatterers, to simulate 

biomedical beams at the experimental 
location. 
3. Measurements, as above, away from the 
beam axis, to obtain the distributions 
across the beam spot. Since, to a first 
approximation, in-scattering equals out- 
scattering in the absorber, the distribu- 
tions should not vary significantly until a 
critical region near the edge of the beam 
spot is reached. 
4. Radiobiological and radiation chemistry 
experiments in the completely characterized 
beam, to ascertain the significance of the 
different beam components. 
5. Development of calculations to predict 
the physical characteristics of heavy-ion 
beams in arbitrary configurations. 

Preliminary approaches to the direct measure- 
ment of the physical characteristics o f  the 
heavy-ion beam radiation field, in configurations 
of interest to biomedical applications, have been 
discussed previously (Curtis and Schimmerling, 
1977; Schimmerling et al., 1977). The main 
limitation on all of this preliminary work, as 
well as on other attempts to characterize the 
heavy-ion beam radiation field (Maccabee, 1973; 
Maccabee and Ritter, 1974), lies in the fact that 
particles are identified by three properties: 
mass, charge, and energy (or velocity). Thus, 
at least three independent measurements of every 
particle are required to identify it completely. 

In order to completely identify every 
particle in the radiation field, and measure its 
energy, we have designed and built a multi- 
detector, particle-identification spectrometer 
consisting of a channel plate TOF telescope, 
pulse ionization chambers, and a ten-element 
silicon detector telescope, as well as scintil- 
lation counters and multiwire proportional 
cnambers for beam definition. 
apparatus, as currently installed in the Beam 40 
irradiation cave, are shown in Figure 3. 

plastic scintillators, So (not shown) and SI .  
So is located -50 ft upstream of the apparatus 
and, in conjunction with SI ,  can be used to 
measure the beam energy by TOF. Two scintil- 
lators, S2 and Ai, define the spot at the 
exit side of the absorber that serves as the 
source of the observed central axis fragments 
and primar.y beam particles. Scintillator S2 
is a 1-cm diameter disk embedded in a 4 x 4 in 
PMMA light guide, and A2 is a 4 x 4 in scintil- 
lator with a 1-cm diameter central hole tilled 
with an opaque plastic. The two scintillators 
are used in anticoincidence to define the 
particle source, and contribute a uniform thick- 
ness across the beam spot. 

The multiwire proportional counter MWC 
provides a computer-accessible readout of the 
beam profile that can be used for beam focusing 
and to unfold the beam intensity distribution 
across the beam spot for normalization. The 
multiwire proportional chambers VPM3 and VPM5 
are of the delay-line readout type (Grove et al., 
1972). 

Photographs of the 

The incident beam intensity i s  defined by two 

They provide the position of every 

n 



39 

F i g u r e  3. Photographs o f  t h e  m u l t i d e t e c t o r  p a r t i c l e  i d e n t i f i c a t i o n  
spect rometer  used f o r  t h e  f r a g m e n t a t i o n  exper iments desc r ibed  i n  t h e  
t e x t .  Top: View o f  t h e  'complete apparatus as i n s t a l l e d .  The beam i s  
i n c i d e n t  f rom t h e  r i g h t .  The vacuum enc losu re  c o n t a i n i n g  t h e  TOF 
te lescope  i s  l a b e l l e d  showing t h e  l o c a t i o n s  o f  t h e  channel p l a t e  
d e t e c t o r s .  Bot tom l e f t :  c lose-up view o f  t h e  downstream end o f  t h e  
apparatus.  Bottom r i g h t :  c lose-up v iew  o f  t h e  upstream end o f  t h e  
apparatus.  The d e t e c t o r s  a r e  desc r ibed  i n  t h e  t e x t .  (XBB 803-3439A) 

p a r t i c l e  t r a v e r s i n g  t h e  spectrometer, and a r e  
used f o r  e l e c t r o n i c  c o l l i m a t i o n  and p a r t i a l  
r e j e c t i o n  of m u l t i f r a g m e n t  events. There a r e  
f o u r  100 urn t h i c k ,  p o s i t i o n - s e n s i t i v e  s o l i d - s t a t e  
de tec to rs ,  P i  - P4 (Lamport e t  al. ,  1976) t h a t  
a re  a l s o  b e i n g  t e s t e d  t o r  S i m i l a r  use i n  these  
experiments. 

t h i c k  f o i l s ,  each viewed by a channel -p la te 
e l e c t r o n  w u l t i p l i e r  t h a t  a m p l i f i e s  t h e  secondary 
e l e c t r o n s  produced i n  t h e  t o i l  (Gabor e t  a l . ,  

u1975). These a re  l a b e l l e d  C P 1  and CP2 i n  t h e  
vacuum enc losu re  shown i n  F i g u r e  3. The measured 
TOF r e s o l u t i o n  i s  120 psec (FWHM). 

* I  - 
The TOF te lescope  c o n s i s t s  o f  two 0.005 g/cm2 

The s o l i d , s t a t e  d e t e c t o r  (Gre iner ,  1972) 
c o n s i s t s  o f  t e n  3-mm t h i c k ,  1 - i n  d iameter  
s i l i c o n  d e t e c t o r s ,  l a b e l l e d  01 and D10. The 
c e n t r a l ,  3 / 4 - i n  d iameter  s e n s i t i v e  p o r t i o n  o f  t h e  
te lescope  i s  d e f i n e d  by  two s c i n t i l l a t o r s  w i t h  a 
cen t ra l , '  3 /4 - i n  d iameter  ho le,  A2 and A3, i n  
a n t i c o i n c i d e n c e  w i t n  a t h i n  s c i n t i l l a t o r  S3. 
~ ' f - i n  diameter, 3- in  t h i c k  ria1 c r y s t a l  a t  t h e  
downstream end o f  t h e  apparatus serves as a t o t a l  
a b s o r p t i o n  d e t e c t o r  t o r  some o f  t h e  f ragments 
t h a t  do n o t  s t o p  i n  t h e  s o l i d - s t a t e  d e t e c t o r s .  

Two i o n i z a t i o n  chambers, operated i n  a p u l s e  
mode, p r o v i d e  a charge measurement f o r  each event  
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(Epstein et al., 1971). Ionization chamber IC1 
measures the total charge emerging from the 
absorber, while IC2 identifies only the charge 
of the fragments traversing the TOF telescope. 
The absorber is a remotely contrqllable, double 
PMMA wedge with fixed additional inserts and with 
computer readable settings. 

charge-resolution in the pulse ionization chamber 
will be used to identify the elements in the 
radiation field. 

Multiple fragments will be rejected by 
examination of the particle identitication vari- 
ance distribution in the solid-state detectors 
(Greiner, 1972),  by comparisons between the two 
ionization chambers, and by detection in the wire 
chambers. The angle accepted by the detector is 
determined by CP2, and is of the order of a few 
inrad. The entire apparatus can be rotated about 
S2 which makes extension to off-axis measure- 
ments possible. 

The response of every detector in the 
spectrometer to a single particle satisfying the 
electronic logic requirements is recorded on 
magnetic tape by a dedicated PDP-11/34 computer. 
Data acquisition proceeds using the LBL version 
of a recently available software package, Q D A I  
MULTI, adapted for this detector configuration. 

The complexity of the spectrometer is 
dictatea by tne broad energy and mass range of 
the particles to be detected. 
lightest and most energetic, will traverse the 
entire spectrometer without stopping. The 
heaviest fragments, e.g. stopping argon, will 
deposit -8,000 times more energy per unit length 
than an energetic proton, but will have a 
residual range too short to penetrate the first 
few solid-state detectors. Therefore, particle 
identification will have to be based on different 
criteria depending on whether tne particle stops 
i n  t h e  spectrometer, traverses it without stop- 
ping, or stops before reaching the first few 
solid-state detectors. In the last case, iso- 
topic iaentification is no longer possible, and 

Some of-these, the 

In order to normalize the measurements to the 
exit point of the absorber (the point of 
interest), the solid-state detector telescope can 
be brought up close against S2. 
with one of the veto counters (to detect part- 
icles escaping from it), this telescope can be 
used to measure the total flux into a substantial 
fraction of the exit solid angle for each frag- 
ment. This measurement, together with a Monte 
Carlo transport code, should enable a fairly 
accurate normalizatlon to be made. 

In conjunction 

The combination of TOF and the solid-state 
detector telescope i s  particularly powerful for 
particles that do not stop in the detector. 
Figure 4 shows a two-dimensional scatter plot of 

Figure 4. Two-dimensional scatter plot of velocity in the fragmentation 
spectrometer TOF telescope vs. total energy deposited in the solid-state 
detectors. The labelled curves are calculated from range-energy relations. 
For each element, the rightmost curve corresponds to a light isotope and 
the leftmost curve to a heavier isotope. 
are arbitrary. (XBL 806-10521) 

The units on the coordinate axes 
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v e l o c i t y  vs. t h e  t o t a l  energy depos i ted  i n  t h e  
s o l i d - s t a t e  te lescope,  f o r  a 19Ne t e s t  beam 
Wi th  an i n c i d e n t  energy o f  680 MeV/A, a f t e r  
t r a v e r s i n g  27.9 g/cm2 of PMMA e q u i v a l e n t .  The 
r e s i d u a l  energy o f  t h e  p r i m a r y  beam a t  t h i s  dep th  
was 226 MeV/A. 
energy r e l a t i o n s  have been superimposed on t h e  
d a t a  o f  F i g u r e  4. The elements a r e  w e l l  
separated i n t o  d i s t i n c t  groups t h a t  can a l s o  be 
r e s o l v e d  by  s imp le  i n s p e c t i o n .  T h i s  would n o t  
be p o s s i b l e  u s i n g  o n l y  t h e  i n f o r m a t i o n  o b t a i n e d  
f rom energy d e p o s i t i o n  i n  t h e  s o l i d - s t a t e  
d e t e c t o r ,  s i n c e  t h e  l o w - v e l o c i t y  component o f  one 
element ove r laps  w i t h  t h e  h i g h e r  v e l o c i t y  
component o f  i t s  ne ighbors.  The TOF i n f o r m a t i o n  
i s  seen t o  be i nd i spensab le  f o r  t h e  i d e n t i f i c a -  
t i o n  o f  these fragments, most o f  which do n o t  
s t o p  i n  t h e  d e t e c t o r .  

The dynamic range o f  t h e  d e t e c t o r  had n o t  

Curves c a l c u l a t e d  f r o m  range- 

been op t im ized  f o r  t h i s  measurement, and t h e  
s t a t i s t i c s  a r e  a l s o  inadequate t o  e v a l u a t e  t h e  
i s o t o p i c  r e s o l u t i o n  o f  t he  apparatus. 
e lementa l  compos i t i on  can, neve r the less ,  be 
obta ined.  The d i s t r i b u t i o n  o f  d i f f e r e n t  elements 
i s  shown i n  F i g u r e  5. A c a l c u l a t i o n  o f  t h e  dose 
c o n t r i b u t e d  by  each element, taken as t h e  p roduc t  
o f  r e l a t i v e  LET, and f r a c t i o n a l  f luence,  i s  pre-  
sented i n  Table 2, which shows t h a t  app rox ima te l y  
23% o f  t h e  dose a t  t h i s  depth i s  due t o  
fragments. 

D i s t r i b u t i o n  such as those  shown i n  F i g u r e  5 
r e f l e c t  t h e  beam compos i t i on  a t  t h e  e x i t  o f  t h e  
3 . 3 9 4  long  TOF d e t e c t o r .  I n  o r d e r  t o  e v a l u a t e  
the  beam compos i t i on  a t  t h e  e x i t  o f  t h e  absorber, 
i t  i s  necessary t o  c a l c u l a t e  o r  measure t h e ,  
geomet r i ca l  acceptance o f  t h e  d e t e c t o r ,  i.e., t h e  
f r a c t i o n  of f ragments o f  each t y p e  and energy 
t h a t  a r e  detected,  r e l a t i v e  t o  t h e  number t h a t  
are e m i t t e d  f r o m  t h e  e x i t  f a c e  o f  t h e  absorber. 
A p a r t i c l e  t r a n s p o r t  computer code was developed 
t o  c a l c u l a t e  t h i s  acceptance f o r  our  spect rometer .  
The program uses a Monte Car lo  method t o  e v a l u a t e  
t h e  t r a n s m i s s i o n  o f  t h e  p r i m a r y  beam (and o f  
secondary and subsequent genera t i ons  o f  n u c l e a r  
i n t e r a c t i o n  f ragments)  through an absorber o f  
a r b i t r a r y  th i ckness .  It a l s o  i nc ludes  t h e  
e f f e c t s  o f  m u l t i p l e  Coulomb s c a t t e r i n g  and t h e  
angular  dependence o f  n u c l e a r  f ragmen ta t i on  1. 
(G re ine r  e t  a l . ,  1975; Wefel e t  a l . ,  1979)- 

The 
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Table 2. R e l a t i v e  Dose Components i n  Degraded 19Ne 
Be am 
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P a r t i c l e  R e l a t i v e  LET, R e l a t i v e  Dose 

Ne 1 1 
F 0.71 0.11 
0 0.56 0.07 
N 0.43 0.03 

I 

0.32 
0.22 

0.01 
0.007 

Be 0.14 0.003 

300, 

200. 

a 
W 
m 
x 
3 z 

100. 

0.0 
0 

#- 
I 

F i  u r e  5. 
h m  desc r ibed  i n  t h e  t e x t ,  a f t e r  t r a v e r s -  
i n g  27.9 g/cm2, of PMMA e q u i v a l e n t .  
elements w i t h  atomic number Z g r e a t e r  t han  t h a t  
of t h e  i n c i d e n t  beam a r e  a r t i f a c t s  due t o  detec-  
t i o n  o f  m u l t i p l e  fragments. 
o r d i n a t e  a r e  a r b i t r a r y .  (XBL 806-10519) 

R e l a t i v e  compos i t i on  o f  t h e  19Ne 

The 

The u n i t s  on t h e  

Table 3 i l l u s t r a t e s  t h e  geomet r i ca l  acceptance 
f o r  protons,  deuterons and carbon, i n  t h e  case 
o f  a carbon beam w i t h  an i n c i d e n t  energy o f  
450 MeVIA, a f t e r  t r a v e r s i n g  30 g/cm2 o f  PMMA, 
as a f u n c t i o n  o f  t h e  energy pe r  nuc leon o f  t h e  
d e t e c t e d  p a r t i c l e .  Carbon was chosen f o r  t hese  
i n i t i a l ,  c a l c u l a t i o n s  because exper imenta l  va lues  
o f  the.projectile:fragmentation c ross  s e c t i o n s  
a r e  a v a i l a b l e  (L inds t rom e t  al. ,  19/5a) .  
Est imates o f  t hese  c ross  s e c t i o n s  must be used 
f o r  o t h e r  beams ( S i l b e r b e r g  and Tsao, 1973) 
u n t i l  expe r imen ta l  va lues  a re  ob ta ined  as a 
r e s u l t  o f  t h i s  work and r e l a t e d  heavy-ion 
research.  

The s i g n i f i c a n c e  o f  such measurements may be 
understood by  r e f e r e n c e  t o  seve ra l  r e c e n t  r e s u l t s  
i n  r a d i o b i o l o g y .  OER va lues  a r e  d i f f e r e n t  f o r  
p a r t i c l e s  w i t h  s i m i l a r  LET va lues ( C u r t i s ,  1970). 
Exp lana t ions  f o r  t h i s  d i sc repancy  a r e  based on 
t h e  d i t f e r e n t - e n e r g y  d e n s i t i e s  found a long  t h e  
t r a c k s  o f  d i f f e r e n t  heavy ions,  Which r e s u l t s  
f rom d i f f e r e n t i a l  i n t e r a c t i o n s  o f  t h e  chemical 
i n te rmedar ies  of b i o l o g i c a l  e f fec ts .  Recent 
i n v e s t i g a t i o n s  i n  c e l l u l a r  r a d i o b i o l o g y  ( B l a l t e l y  
e t  a l . ,  1979) c o n f i r m  t h i s  e f f e c t .  T issue 
r a d i o b i o l o g y  s t u d i e s  w i t h  heavy-ion beams have 
a l s o  shown t h a t  a d i scon t inuous  dependence o t  
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Table 3. Geometr ica l  Acceptance f o r  a 450 MeV/A Carbon Beam and 
P e n e t r a t i n g  P a r t i c l e s ,  A f t e r  T r a v e r s i n g  30 g/cm2 o f  PMMA 

P a r t i c l e  Energy Geometr ica l  Acceptance ( % )  
(MeV/A) z =  1 z =  2 Z =  6 

25 
75 

125 
175 
225 
275 
325 
375 
425 
475 

0 
0 .  

2.8 f 0.5 
5.1 f 0.5 
5.6 f 0.4 
6.0 * 0.4 
6.2 * 0.3 
8.4 * 0.4 
9.8 f 0.8 

0 

0 
0 

5 r 9  f 0.4 
7.3 f 0.4 
7.3 * 0.3 
8.2 * 0.3 
9.5 f 0.2 

10.0 * 0.6 
0 
0 

8.1 f 1.0 
9.5 f 0.6 

11.0 f 0.2 
0 
0 
0 
0 
0 
0 
0 

~~~ ~ 

"E r ro rs  a re  quoted o n l y  f o r  t h e  Monte C a r l o  s t a t i s t i c s .  

e f t e c t  on LET e x i s t s  f o r  carbon, neon, and argon 
beams (Alpen e t  al. ,  1980). The n u c l e a r  i n t e r -  
a c t i o n  e f f e c t s  s t u d i e d  by  t h i s  work cannot  be 
excluded as a p o s s i b l e  e x p l a n a t i o n  o f  t hese  
r e s u l t s .  Recent work on p o t e n t i a l l y  l e t h a l  
damage and t h e  n o n a d d i t i v e  e f f e c t s  o f  mixed LET 
r a d i a t i o n s  (Ngo e t  a l . ,  1980) may make t h e  con- 
t r i b u t i o n  of p a r t i c l e s  o f  d i f t e r e n t  LET t o  t h e  
t o t a l  i o n i z a t i o n ,  measured as absorbed dose, even 
more r e l e v a n t  f o r  an unders tand ing  o f  
f r a c t i o n a t e d  i r r a d i a t i o n s .  

The r e s u l t s  t o  be o b t a i n e d  i n  t h i s  work a r e  
a l s o  i m p o r t a n t  i n  o t h e r  ways. For  example, 
p resen t  c a l c u l a t i o n s  o f  range-energy curves a r e  
accu ra te  o n l y  a t  t h e  2% t o  3% l e v e l .  These 
exper iments w i l l  d i r e c t l y  measure t h e  energy o f  
d i f f e r e n t  p a r t i c l e s  as a f u n c t i o n  o f  absorber  
th i ckness ,  and can be expected t o  y i e l d  accu ra te  
range-energy data.  The i o n i z a t i o n  produced by  
eve ry  p a r t i c l e  i s  reco rded  i n  t h e  i o n i z a t . i o n  
chambers as a p r e c i s e l y  measured charge. From a 
knowledge o f  s t o p p i n g  power, i t  i s  thus p o s s i b l e  
t o  o b t a i n  W va lues  i n  v a r i o u s  i o n i z a t i o n  chamber 
gases, as w e l l  as t h e  i o n i z a t i o n  d i s t r i b u t i o n .  

6. FRAGMENTATION STUDIES U S I N G  
NUCLEAR TRACK DETECTORS 

(E. V. Benton, 0. J .  Hi ldeb rand ,  
R. P. Henke, W. H e i n r i c h ,  and 

C. A. Tobias)  

P l a s t i c  n u c l e a r  t r a c k  d e t e c t o r s  have an 
atomic compos i t i on  c l o s e  t o  b i o l o g i c a l  m a t t e r .  
Th ick s tacks  o f  t hese  d e t e c t o r s  a r e  t h e r e f o r e  
good phantoms t o  m o n i t o r  t h e  d i s t r i b u t i o n s  o f  
p r o j e c t i l e  p a r t i c l e s  and fragments i n  t i s s u e .  
I n  exper iments u s i n g  a beam o f  h igh-energy heavy 
ions, t h e  f ragmen ta t i ons  i n  d i f f e r e n t  t a r g e t  
m a t e r i d l s  can oe i n v e s t i g a t e d  by measuring t h e  
fragments beh ind  t h e  t a r g e t  w i th  p l a s t i c  t r a c k  
d e t e c t o r s .  Tne s t o p p i n g  d e n s i t i e s  o f  f ragments 
as a f u n c t i o n  o f  depth measured t h i s  way i s  t h e  

b a s i s  t o  t e s t  and improve model c a l c u l a t i o n s  f o r  
t h e  p ropaga t ion  o f  neavy-ion beams th rough  
m a t t e r .  

An i n i t i a l  exper iment  was p e r f  rmed a t  t h e  
Bevalac w i t h  a beam o f  570 MeV/A # A r .  A v a r i -  
a b l e  water  column was used as t a r g e t  m a t e r i a l ,  
and ad jus ted  t o  9.28 cm water .  A s tack  o f  251 
sheets  o f  250-pm t h i c k  Lexan was exposed t o  
3.01 x l o 4  beam p a r t i c l e s l c m z .  A f t e r  stand- 
a rd  p rocess ing  o f  t h e  Lexan sheets, readou t  and 
e v a l u a t i o n  were performed w i t h  a Quant imet  scan- 
ne r  ( V i d i c o n  camera). The s tack  was scanned f o i l  
by f o i l ;  t h e  scanned a rea  per  f o i l  was 3.79 cm2. 

I n  t h e  n e x t  s tep,  t h e  f e a t u r e s  were t r a c e d  
f rom f o i l  t o  f o i l  and p a r t i c l e  t r a j e c t o r i e s  were 
e s t a b l i s h e d .  The atomic number o f  p a r t i c l e s  was 
ob ta ined  f rom a l e a s t  squares a n a l y s i s  t h a t  
compared f e a t u r e  d a t a  a long t h e  t r a j e c t o r i e s  w i t h  
c a l c u l a t i o n s  based on t h e  t r a c k  e t c h  r a t e  of 
argon t r a c k s  (Henke and Benton, 1979).  

The d i f f e r e n t i a l  energy spec t ra  o f  beam 
p a r t i c l e s  and f ragments i n  d i f f e r e n t  depths o f  
absorber were c a l c u l a t e d  n u m e r i c a l l y  f o r  s teps  
o f  absorber o f  A X  = 0.5 g/m2 and f o r  energy 
i n t e r v a l s  o f  AE = 1 MeV/A, c o n s i d e r i n g  t h e  energy 
l o s s  and f ragmen ta t i on  ( A l l k o f e r  and H e i n r i c h ,  
1974). The spectrum o f  t h e  beam p a r t i c l e s  was 
assumed t o  have a Gaussian form w i t h  
( E ) = 570 MeV/A and u = 0.01 ( E ). 

The c a l c u l a t i o n  o f  t h e  f ragmen ta t i on  o f  t h e  
A beam was per formed f o r  water, s i n c e  Lexan has 
a compos i t i on  t h a t  i s  v e r y  s i m i l a r .  The f r a g -  
men ta t i on  p r o b a b i l i t i e s  i n  water  a r e  dominated 
by t h e  c ross  s e c t i o n s  f o r  hydrogen because two- 
t h i r d s  o f  a l l  n u c l e i  a re  hydrogen. Energy- 
dependent f ragmen ta t i on  c ross  s e c t i o n s  f o r  a 
hydrogen t a r g e t  were c a l c u l a t e d  f rom an e m p i r i c a l  
f o rmu la  o f  S i l b e r b e r g  and Tsao (1973).  For t h e  
c o l l i s i o n s  w i t h  oxygen n u c l e i ,  t h e  f ragmen ta t i on  
cross s e c t i o n s  were determined f rom t h e  hydrogen 
t a r g e t  da ta  u s i n g  a s c a l i n g  f a c t o r  t h a t  i s  based 
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on a f a c t o r i z a t i o n  o f  these c ross  s e c t i o n s  as 
measured f o r  heavy i o n s  a t  Berke ley (L inds t rom 
e t  a l . ,  1975a; W e s t f a l l  e t  al., 1978). The 
f ragmen ta t i on  c ross  s e c t i o n s  f o r  c o l l i s i o n s  w i t h  
oxygen were assumed t o  be energy-independent. 
T o t a l  cross s e c t i o n s  were c a l c u l a t e d  f rom 
e m p i r i c a l  formulas (L inds t rom e t  al. ,  1975b). 

The p o i n t s  i n  F i g u r e  6 a r e  t h e  measured 
f l u e n c e  o f  p a r t i c l e s  w i t h  LET350 > 1.5 GeV cmz/g. 
The c a l c u l a t e d  number o f  t r a c k s  depends on t h e  
c ross  sec t i ons .  The e m p i r i c a l  f o rmu la  o f  
S i l b e r b e r g  and Tsao (1973) used i n  t h i s  c a l c u l a -  
t i o n  has an e r r o r  o f  *30%. The two curves shown 
i n  F i g u r e  6 were c a l c u l a t e d  f o r  t h e  upper l i m i t  
and t h e  lower  l i m i t  o f  t hese  c ross  s e c t i o n s .  
The c a l c u l a t e d  dep th  i n  t h e  s tack  cannot  be 
d i r e c t l y  compared w i t h  t h e  exper imen ta l  d a t a  
because we d i d  n o t  cons ide r  t h e  o t h e r  m a t e r i a l s  
i n  t h e  beam. We a d j u s t e d  t h e  cu rve  o f  t h e  
c a l c u l a t e d  t r a c k  d e n s i t y  t o  t h e  exper imen ta l  
d a t a  by a s h i f t  i n  t h e  absc issa.  

The w i d t h  o f  t h e  measured Bragg peak 
corresponds t o  t h e  r e g i s t r a t i o n  range o f  t h e  
p r i m a r y  p a r t i c l e s  (between 0 and -70 MeV/A). The 
d i s t r i b u t i o n  o f  p r i m a r y  f l u e n c e  i s  a r e c t a n g l e  
smoothed o n l y  a l i t t l e  b y  t h e  range s t r a g g l i n g  
o f  t h e  p a r t i c l e s  (*0.3 mm). Over lapping f e a t u r e s  
near  t h e  s t o p p i n g  p o i n t  a r e  r e g i s t e r e d  as one 
event  and account p a r t l y  f o r  t h e  d e v i a t i o n  f r o m  
t h e  expected shape. 
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F i g u r e  6 .  Tracks counted i n  t h e  Lexan f o i l s .  
d r S D o t s  : exper imen ta l  r e s u l t s .  Upper and lower  

curve:  c a l c u l a t i o n s  f o r  t h e  upper and lower  
l i m i t s  o f  t h e  c ross  sectons.  (XBL 807-10683) 
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The p r e l i m i n a r y  r e s u l t s  o f  F i g u r e  6 show t h a t  
t h e  measured t r a c k  d e n s i t i e s  behind t h e  Bragg 
peak a re  w i t h i n  t h e  l i m i t s  o f  t h e  c a l c u l a t e d  
va lues.  The s t a t i s t i c a l  accuracy o f  t h e  exper- 
imen ta l  d a t a  i s  much b e t t e r  t han  t h e  u n c e r t a i n -  
t i e s  o f  t h e  c ross  sec t i ons .  Therefore,  i t  must 
be p o s s i b l e  t o  de te rm ine  f ragmen ta t i on  c ross  
s e c t i o n s  f rom t h i s  experiment. To do t h i s ,  
Z-specif. ic s topp ing -po in t  d i s t r i b u t i o n s  o f  a l l  
t r a c e d  t r a c k s  w i l l  have t o  be compared w i t h  t h e  
r e s u l t s  o f  a c a l c u l a t i o n  w i t h  h i g h e r  numer i ca l  
accuracy. 

Cons ide r ing  t h a t  t h e  procedures o f  d a t a  
a c q u i s i t i o n  and a n a l y s i s  a r e  b o t h  i n n o v a t i o n s  i n  
t h e  a p p l i c a t i o n  o f  p l a s t i c  nuc lea r - t rack  
d e t e c t o r s  (and these d a t a  r e p r e s e n t  t h e  f i r s t  
a t tempt  a t  a p p l i c a t i o n ) ,  t h e  r e s u l t  i s  
encouraging. The r e s u l t s  o f  a numer ica l  c a l c u -  
l a t i o n  o f  t h e  f r a g m e n t a t i o n  i n  water  a r e  compar- 
a b l e  w i t h  t h e  exper iment .  The method o f  p l a s t i c  
n u c l e a r  t r a c k  d e t e c t o r  a n a l y s i s  presented he re  
can be used t o  s t u d y  p a r t i c l e - s p e c i f i c  c ross  
s e c t i o n  over  l a r g e  energy i n t e r v a l s  i n  a s i n g l e  
experiment. 
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MICRODOSIMETRY RESEARCH 

J. Howard, S. B. Curtis, H. H. Rossi,* and P. J. Kliauga' 

The energy d e p o s i t i o n  p a t t e r n s  deep w i t h i n  
t i s s u e  caused by  t h e  v a r i o u s  heavy-ion beams 
produced a t  t h e  Bevalac a re  c r e a t e d  by  t h e  pas- 
sage o f  many d i f f e r e n t  p r i m a r y  and secondary 
p a r t i c l e s ,  v a r y i n g  i n  LET f rom minimum i o n i z i n g  
e l e c t r o n s  through h i g h  energy p ro tons  and he l i um 
ions  up t o  lower  energy heavy p a r t i c l e s  of t h e  
t y p e  making up t h e  p r i m a r y  beam. Thus, a broad 
spectrum o f  energy d e p o s i t i o n s  can be expected 
a t  any p o i n t  deep w i t h i n  a body o r  water  phantom. 

B i o l o g i c a l  e f f e c t s  produced by these beams 
a t  any p o i n t  a r e  a f u n c t i o n  o f  t h e  r e l a t i v e  con- 
t r i b u t i o n s  o f  t h e  v a r i o u s  p a r t i c l e s  t o  t h e  over-  
a l l  energy d e p o s i t i o n  p a t t e r n  a t  t h a t  p o i n t .  
Many b i o l o g i c a l  e f f e c t s  depend on t h e  r a t e  a t  
which energy i s  depos i ted  pe r  u n i t  t r a c k  l e n g t h  
by  a charged p a r t i c l e .  Thus, f o r  a g i ven  amount 
o f  energy depos i ted  by t h e  beam i n  a g i ven  
volume, t h e  b i o l o g i c a l  e f f e c t s  w i l l  depend upon 
how t h a t  energy i s  deposi ted,  i.e., whether i n  a 
few l a r g e  amounts o r  i n  many s m a l l e r  amounts. 
M ic rodos ime t ry  dea ls  w i t h  t h e  d i r e c t  measurement 
o f  energy losses i n  smal l  gas volumes t h a t  
mimick smal l  spheres o f  t i s s u e .  By o b t a i n i n g  
spec t ra  o f  a m i c r o d o s i m e t r i c  q u a n t i t y  such as 
t h e  l i n e a l  energy, y, i n f o r m a t i o n  can be gained 
on t h e  " q u a l i t y "  o f  t h e  r a d i a t i o n  i n  ques t i on .  
(The l i n e a l  energy, y, i s  d e f i n e d  as t h e  q u o t i e n t  
o f  t h e  energy impar ted t o  m a t t e r  i n  t h e  volume 
of i n t e r e s t  by a s i n g l e  energy d e p o s i t i o n  event  
and t h e  mean chord l e n g t h  i n  t h a t  volume.) Such 
beam q u a l i t y  measurements may be use fu l  i n  
understanding and i n t e r p r e t i n g  b i o l o g i c a l  r e s u l t s  
ob ta ined  a t  v a r i o u s  depths behind a wa te r  column. 
They may a l s o  be used i n  comparing t h e  q u a l i t y  
o f  one beam geometry w i t h  another  and i n  check ing 
t h e  r e p r o d u c i b i l i t y  o f  beam q u a l i t y  f rom one week 
o r  month t o  t h e  nex t .  F i n a l l y ,  t h e r e  i s  one 
t h e o r y  o f  b i o l o g i c a l  a c t i o n  ( K e l l e r e r  and Rossi, 
1972) t h a t  uses average q u a n t i t i e s  c a l c u l a t e d  ! 

f r o m  measured s p e c t r a  o f  l i n e a l  energy f o r  
p r e d i c t i n g  c e r t a i n  b i o l o g i c a l  e f f e c t s .  

+ 
- -  Although, a t  present ,  t h e r e  may n o t  be 

agreement as t o  t h e  va lue  f o r  understanding. -  
b i o l o g i c a l  e f f e c t s  o f  energy d e p o s i t i o n  spec t ra  
i n  t i s s u e  volumes w i t h  characteristicidimensions 
of 1 o r  2 vn, i t  i s  g e n e r a l l y  agreed t h a t  energy 
d e p o s i t i o n  s p e c t r a  ob ta ined  i n  such t i s s u e  
volumes w i l l  g i v e  a measure o f  t h e  q u a l i t y  o f  
t h e  r a d i a t i o n  f i e l d  a t  t h e  p o s i t i o n  o f  tRe a :. 
measurement t h a t  can be used t o  c h a r a c t e r i z e  : t h e  
beam and may p r o v i d e  a b a s i s  f o r  some i n s i g h t ' " -  
i n t o  t h e  b i o l o g i c a l  e f f e c t s  observed. 
end, a c a p a b i l i t y  f o r  measuring energy d e p o s i t i o n  
s p e c t r a  i n  t h e  v a r i o u s  Bevalac beams i s  be ing  
developed. I n  a d d i t i o n ,  an exper iment  has been 
designed t o  measure y spec t ra  as a f u n c t i o n  o f  
impact parameter o r  d i s t a n c e  f rom a p a r t i c l e  

To t h i s ,  

BACKGROUND 

Considerable h e l p  has been ob ta ined  f rom b o t h  
t h e  Columbia group headed by H.H. Ross i  and t h e  
Los Alamos group headed by  J. D i c e l l o .  Indeed, 
t h e  exper iment  t o  measure t h e  energy d e p o s i t i o n  
spec t ra  as a f u n c t i o n  o f  impact parameter has 
been designed t o t a l l y  by  t h e  Columbia group. 
desc r ibed  below, b o t h  groups have made inde- 
pendent measurements on t h e  v a r i o u s  beams. 

I n  January 1977, Rossi and h i s  group f rom 
Columbia U n i v e r s i t y  made an i n i t i a l  s t u d y  u s i n g  
argon and carbon beams. Measurements were made 
u s i n g  4 - i n  w a l l - l e s s  coun te rs  w i t h  1 / 4  i n  and 
1 i n  s p h e r i c a l  f i e l d s .  A f t e r  a l i m i t e d  amount 
o f  d a t a  was c o l l e c t e d ,  a c o l l a b o r a t i o n  between 
LBL and Columbia was e s t a b l i s h e d  t o  overcome t h e  
d i f f i c u l t i e s  o f  execu t ing  such a complex e x p e r i -  
menta l  program f r o m  such a d i s t a n c e .  I n  addi -  
t i o n ,  i t  was f e l t  t h a t  even 4 - in  w a l l - l e s s  
counters  m igh t  be t o o  smal l  t o  measure adequate ly  
t h e  energy d e p o s i t i o n  spectrum, and t h a t  a l a r g e  
tank 2 f t  i n  d iameter  and 8 f t  l o n g  shou ld  be 
f a b r i c a t e d  t o  determine w a l l  e f f e c t s  and t o  
measure s p e c t r a  as a f u n c t i o n  of impact parameter. 
The c o n s t r u c t i o n  o f  a s p e c i a l  8 - i n  heavy-ion 
w a l l - l e s s  coun te r  s p e c i f i c a l l y  f o r  use a t  t h e  
Bevalac was begun a t  Columbia. 

Dur ing  t h i s  t ime,  J. D i c e l l o  o f  Los Alamos 
S c i e n t i f i c  Labora to ry  (LASL) reques ted  t i m e  t o  
make m i c r o d o s i m e t r i c  measurements on t h e  s p e c i f i c  
c o n d i t i o n s  used d u r i n g  t h e  b i o l o g i c a l  exper iments 
o f  M.R. Raju (LASL) a t  LBL. Therefore, i n  t h e  
l a t t e r  p a r t  o f  J u l y  1977, D i c e l l o  and M. Za ider  
brought  t h e i r  complete system t o  LBL and made 
measurements a t  v a r i o u s  p o s i t i o n s  i n  a neon beam 
u s i n g  a l - i n  w a l l e d  coun te r  ( Z a i d e r  e t  a l . ,  
1980). A t  t h a t  t i m e  i t  was t e l t  t h a t  LBL should 

was formed w i t h  t h e  LASL group f o r  t h e  des ign  o f  
a g a s i f l o w  system, p i l e - u p  r e j e c t i o n  systen, and 
a d a t a  a c q u i s i t i o n  and a n a l y s i s  program. 

As 

"' h'ave'its own d e t e k t o r  system, and a c o l l a b o r a t i o n  

=: 

t r a j e c t o r y .  d e p o s i t i o n  ( l ow  y )  p o r t i o n  o f  t h e  spectrum. 

The-next .serres o f  measurements were made i n  
summer of 1978 when f o u r  d i f f e r e n t  beams o f  

approximate'ly' t h e  same energy (500-600 Mev/amu) 
were made a v a i l a b  t o  t h e  Los Alamos group w i t h  
h e l p  f r o m  t h e  LBL oup. The f o u r  i o n s  measured 
were: i r o n ,  neon, argon, and carbon. I n  a d d i t i o n ,  
two d i f f e r e n t  types, of p r o p o r t i o n a l  coun te rs  were 
u s e d - i n  making t h e  measurements: a l - i n  w a l l e d  
coun te r  and a 1 / 2  i n  w a l l - l e s s  coun te r  w i t h  a 
1 /16  i n  d iameter  h e l i c a l  e l e c t r o d e  d e f i n i n g  t h e  
f i e l d .  The i n t e n t  was t o  determine whether t h e  
w a l l - l e s s  coun te r  would measure an a p p r e c i a b l y  
d i f f e r e n t  spectrum than  t h e  w a l l e d  coun te r  u s i n g  
beams w i t h  app rox ima te l y  t h e  same i n i t i a l  energy. 
Small d i f f e r e n c e s  were no ted  a t  t h e  low enerqy 
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While the wall-less chamber can be used in some 
situations where the range of the delta rays is 
small, the Columbia group felt its dimensions 
were inadequate for use with the Eevalac beams. 
In May 1979 these measurements were reported at 
the Sixth International Congress of Radiation 
Research in Tokyo (Dicello, private communication) 
but they have not yet been published. 

of the large tank at LBL was completed, and the 
counter and associated equipment were installed. 
The 8-in heavy-ion counter was transported from 
Columbia to LBL and P. Kliauga and associates 
from Columbia came to LBL to make measurements 
with the tank. The electrode structure for both 
the tank and the 8-in counter are quite similar 
(Fig. 1): a 1 ml stainless steel wire for the 
collector with a 1/4 in diameter ,helix surround- 
ing it. The sensitive volume of the counter is 
defined by field tubes to be 114 in long. 
Measurements were made with a 570 MeV/amu argon 
beam and a 400 MeV/amu carbon beam. Also mounted 
inside the tank (see Fig. 1) is a small scintil- 
lator (1116 by 1/4 by 2 in) light pipe photo- 
multiplier combination on a moveable carriage 
used to locate and provide coincidence with the 
primary particle for the measurement. of spectra 
as a function of impact parameter, and an 18-in 
diameter by 1/4 in tissue equivalent plastic disc 
used to establish equilibrium conditions. The 
disc system also would give an indication of the 
effect of wall spacing on the energy deposition 
spectrum. Some data with intermediate-sized 
beams were obtained, as well as preliminary data 
on the effect of wall distance from the counter 
(K1 iauga et al., 1978a, 1978b). 

In March of 1978, a program was established 
to build a gas flow system,designed at LASL and 
a pile-up rejection system designed at LBL. The 
final piece of apparatus for the flow system was 
received in May 1980 (although we were able t o  
operate the system earlier using a borrowed piece 

During the summer of 1978, the fabrication 

of equipment). 
pile-up rejection system were in operation by the 
summer of 1979 and were used to take measurements 
with the 8-in counter. However, because of a 
defective calibration source, the complete system 
was not ready for optimal operation until June 
1980. 

Both the flow system and the 

P. Kliauga returned to LBL in March 1980 to 
make some measurements with the 8-in counter and 
the large tank counter. Preliminary results from 
these measurements indicated that the tank should 
be even larger to completely describe the full 
spectrum. Since it is practically impossible to 
fill uniformly a space 2 ft or larger in diameter 
with beam, the plans for taking broad beam 
spectra with the 8 in counter or the large tank 
counter were abandoned. We decided instead to 
concentrate on the impact parameter measurements, 
from which broad beam effects could be calculated, 
and the Columbia-LBL group made these measurements 
in the plateau of a neon beam'in June 1980. The 
impact parameter was varied out to a distance of 
24 
counter. 

(tissue equivalent) from the edge of the 

EXPERIMENTAL RESULTS 

The beams produced by the Bevalac for 
biomedical research have energies typically of 
the order of 500-700 MeV/amu. The maximum 
delta-ray energies produced are a few MeV, which 
leads to about 1 cm ranges in tissue. Fortun- 
ately, such energetic events are improbable, and 
a realistic estimate of the container size 
required to introduce negligible distortion in 
the,measured spectra must take into account the 
strongly energy-dependent cross section for 
delta-ray production. A simple computer simula- 
tion comparing total ionization in a finite field 
of heavy ions to total ionization in an infinite 
field of heavy ions showed that an error of about 

C. 
c1nf. 

TE disk 20mil 
mylar window 
8 Sailcloth 

Lucite light '6' 
pipe 

PROPORTIONAL COUNTER SCINTILLATOR ROTATABLE 

Figure , Detail of the large tank counter,with its associated equipment. (XBL 807-3529) 
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2.5 - i - 

10% c o u l d  be expected f o r  a beam o f  30 cm r a d i u s  
a t  68 T o r r  ( s i m u l a t i n g  1 t i s s u e  i n  a 1 / 4  i n  
coun te r )  TE gas. 

S ince beams t h a t  comp le te l y  f i l l  t h e  tank 
u n i f o r m l y  cannot be produced, broad-beam s p e c t r a  
w i t h  complete d e l t a - r a y  e q u i l i b r i u m  cannot  be 
taken  a t  68 T o r r  s i m u l a t i n g  a 1 s i t e  s i ze .  
On t h e  o t h e r  hand, because o f  t h e  broad range o f  
ene rg ies  i n v o l v e d  i t  i s  d i f f i c u l t  t o  o b t a i n  
broad-beam s p e c t r a  a t  l a r g e  s i t e  s i z e s  ( h i g h  gas 
p ressu res )  because o f  t h e  l a r g e  amount o f  energy 
depos i ted  i n  a p r o p o r t i o n a l  coun te r  by a heavy 
ion.  

0.5 

As a conc re te  example, a t  100 keV/pm (450 
MeV/amu 40Ar a t  t h e  p l a t e a u )  and 1 pm p a t h  
l eng th ,  t h e  i o n  produces about 30,000 i o n  p a i r s ,  
which correspond t o  about 10 mV o u t  o f  t h e  pre- 
am l f i e r  w i t h  no gas gain.  
(41Ar near  t h e  Bragg peak), t h e  i o n  produces 
about 300 mV o u t  o f  t h e  p r e a m p l i f i e r .  Wi th  an 
8 s i t e  diameter, these f i g u r e s  become 80 mV 
and 2.4V, r e s p e c t i v e l y .  However, i n  o r d e r  t o  
see t h e  d e l t a - r a y  p a r t  o f  t h e  spectrum, a t  l e a s t  
a moderate gas g a i n  and s e n s i t i v i t y  a re  needed. 
Thus, i t  becomes imposs ib le  t o  observe bo th  
p r i m a r y  and secondary c o n t r i b u t i o n s  t o  t h e  
spec t ra  a t  t h e  same gas g a i n  o r  w i t h  t h e  same 
p r e a m p l i f i e r  s e n s i t i v i t y .  Furthermore, a t  these 
h i g h  gas p ressu res  and low gas g a i n  ( sma l l  f i e l d  
s t r e n g t h )  i o n  recomb ina t ion  i s  a lmost  c e r t a i n l y  
a s e r i o u s  problem. 

For  these  reasons, i t  appears t h a t  t h e  most 

A t  3,000 keV/pm 

p r a c t i c a l  method o f  o b t a i n i n g  accu ra te  m ic ro -  
d o s i m e t r i c  s p e c t r a  o f  heavy i o n s  i s  by  t a k i n g  
" d i f f e r e n t i a l "  spect ra,  i.e., s p e c t r a  o f  a 
n a r r o w l y  c o l l i m a t e d  beam a t  v a r i o u s  d i s t a n c e s  
( impact  parameters)  f rom t h e  s e n s i t i v e  s i t e  
( c o l l e c t i n g  volume). 

An a d d i t i o n a l  exper imenta l  problem occurs 
w i t h  s p e c t r a  taken  near  t h e  peak reg ions .  A f t e r  
t r a v e r s i n g  most o f  t h e i r  range th rough  a water  
absorber, t h e  h e a v i e r  i o n s  such as neon and argon 
undergo cons ide rab le  f ragmen ta t i on  and produce a 
l a r g e  number o f  low-Z f ragmen ta t i on  products .  
These f r a g m e n t a t i o n  p roduc ts  have approx ima te l y  
t h e  same v e l o c i t y  as t h e  beam p a r t i c l e s ,  and a re  
d i r e c t e d  s t r o n g l y  forward.  Therefore,  t h e y  a re  
h i g h l y  s u s c e p t i b l e  t o  t h e  "v"  t y p e  o f  w a l l  e f f e c t  
( K l i a u g a  e t  al. ,  1978b), and t h e y  a re  r e s p o n s i b l e  
f o r  much o f  t h e  low-LET (sma l l  event  s i z e s )  
observed. 

- 
'I, 

1 I I I I I I 1 

The f o l l o w i n g  i s  a d i s c u s s i o n  o f  ou r  r e s u l t s  
f rom t h e  work i n  March, 1980. The d a t a  f rom t h e  
exper iments performed i n  June 1980 have n o t  y e t  
been analyzed. A l l  o f  t he  experiments performed 
i n  March were w i t h  12C ions  o f  app rox ima te l y  
470 MeVIamu. Only one gas pressure was used, 
corresponding t o  a u n i t - d e n s i t y  s i t e  s i z e  of 
1 pm d iameter  s imu la ted  by the  p r o p o r t i o n a l  
coun te r  . 

The p i l e - u p  r e j e c t i o n  system was f u l l y  
( d o p e r a t i o n a l  as was t h e  analog system. An i n t e r i m  

d a t a  a c q u i s i t i o n  system was o p e r a t i o n a l  b u t  
t h e r e  was no o n - l i n e  a n a l y s i s  system and t h e  raw 

d a t a  were taken  back t o  Columbia U n i v e r s i t y  and 
en te red  by  hand i n t o  a PDP 11/45 computer. The 
spec t ra  were taken  a t  two d i f f e r e n t  e l e c t r o n i c  
ga ins  i n  o r d e r  t o  o b t a i n  a b e t t e r  r e s o l u t i o n  a t  
t h e  low energy end, and t h e y  were combined i n t o  
a s i n g l e  no rma l i zed  spectrum f o r  a n a l y s i s .  

used i n  t h e  experiments. 
a v a i l a b l e  f o r  o n l y  two p o i n t s :  
peak r e g i o n s .  
on t h e  p l a t e a u  r e g i o n  w i t h  t h e  heavy i o n  counter .  

F i g u r e  2 i s  a Bragq cu rve  o f  t h e  12C beam 
S u f f i c i e n t  t i m e  was 

t h e  p l a t e a u  and 
F igu res  3A and 3B a r e  s p e c t r a  taken  

F i  u r e  2. Dose vs. depth cu rve  o f  a 474 MeVIamu 

(XBL 807-3526) 
Tz-p--- C beam, taken  w i t h  Bevalac i ns t rumen ts .  

1.0- I 1  I 
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IO2 
y (keV/micrometer) 

F i g u r e  3. M i c r o d o s i m e t r i c  spec t ra :  p l a t e a u  
p o s i t i o n ,  taken w i t n  t h e  8- in  heavy-ion 
counter .  (XBL 807-3527) 
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Figure 3A is the conventional frequency distribu- 
tion in which yf(y) is plotted as a function of 
y on a log scale. 
represents the relative probability of an event 
within the interval of y considered. Figure 38, 
the dose distribution, shows yd(y) as a function 
of y on a log scale, and the area is proportional 
to dose. 
centered at about 1 keV/pm, which is often 
called the delta-ray peak. 

same location, but with an identical type of 
cylindrical wall-less counter mounted in the 
large aluminum tank. The only difference between 
Figures 3 and 4 is the environment of the 
counters. The delta-ray peak in Figure 4A, still 
centered at about 1 keV/pm, i s  much more promi- 
nent, and it shows the influence of wall on the 
smaller counter in suppressing these events. 
Figures 5A and 5B are spectra taken near the 
peak of the Bragg curve, about 1 mn upstream, 
with the large tank. The large number of events 
in the broad peak at small y valves are probably 
all fragmentation products, which are numerous 
at this depth. 

The area under such a curve 

In Figure 3A, note the broad peak 

Figures 4A and 48 are spectra taken at the 

Wall-Effect Measurements 

The tissue equivalent plastic-disc, shown in 
Figure 2, was used to test for the amount of 
wall-effect and presence of charged particle 
equilibrium. ,Since time was not available to 
accumulate full spectra, high electronic gain 
was used to focus on the low-energy part to the 
spectrum that we call the delta-ray peak. The 

0 I I  I I  I I  1 
0.6 I 1  

- B  
0.6 - - 

r 
U 

- 
Y 

0.4 - .  
r - 

0.2 - 
- 

1 1  

16' I IO 102 
0 
Id* 

y (keV/micrometer) 

Figure 4. Microdosimetric spectra: plateau 
position, as Figure 3, but taken with the large 
tank. (XBL 807-3525) 

variable actually measured is the integral o f  
the spectrum from 480 eV to 4.8 keV divided by 
the number of monitor counts (beam particles), 
and the variable is thus a measure of the number 
of low-energy events in this interval per beam 
particle. Figure 6 shows the results. As 
expected, as the disc is moved further from the 
counter, the number of low-energy events 

y (keV/mlcrometer) 

Fi ure 5. Microdosimetric spectra: peak position, + ta en with the 8 in counter. (XBL 807-3523) 

7 
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X 
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( 
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D i s t o n c e  from counter ( inch)  

Figure 6 .  
energy interval from 480 eV to 4.8 keV divided 
by the number of beam particles as a function of 
distance of the tissue-equivalent disc from the 
counter; taken at the plateau position. 

Ratio of the number of events in the 

(XBL 
807-3528) 
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increases (the "wall-effect" decreases). However, 
instead of leveling off at some point, which 
would indicate the minimum size of counter (& required to be truly wall-less, the variable 
reaches a peak and decreases again as the disc 
is moved even further. Delta rays are evidently 
scattered out o f  the beam, and there is no 
compensation for this loss if the beam diameter 
is too small. In other words, charged particle 
equilibrium does not exist because the beam is 
not broad enough; consequently larger beam 
diameters are required. 
experimental results was excerpted from Columbia 
Universitv Annual ReDOrt COO-4733-3 1980 which 

(This discussion of 

microdosimetry of the beams used for both radio- 
therapy and radiobiology. The controversy 
between walled and wall-less detectors (as well 
as the degree of wall-lessness necessary) Will 
have to be resolved. 
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CONCLUSIONS AND FUTURE PLANS 

A reliable, practical microdosimetry system 
is now in place at the Bevalac, and systematic 
extensive studies will begin soon. Future plans 
include (1) reducing the size of the scintillator 
and/or replacing it with another device (such as 
a solid-state detector) that will give us better 
localization of the beam, and (2) providing 
additional scalers and scintillators for better 
normalization of the data. 

It is hoped that the detailed impact 
parameter experiments will lead to a design for 
a small, easily set u p  instrument for routine 
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ENERGY TRANSFER FROM HEAVY PARTICLES 

A. Chatterjee and J. L. Magee 

Several mechanisms are responsible for 
degrading the kinetic energy of a charged 
particle in matter, but for charged particles 
produced in the Bevalac and with energies of 
biomedical interest (about 500 MeV/n or less), 
the energy loss through electronic interaction 
(excitation or ionization) is the single most 
important mechanism. No other mechanism is con- 
sidered here. The energy loss is at first purely 
a physical phenomenon, but in media composed of 
molecules, chemical effects inevitably occur, and 
in living systems, biological effects occur. The 
three classes of effects (physical, chemical, 
and biological) occur on different time scales 
although there may be significant overlapping. 

We often say that the purely physical phase 
of the energy deposit is over in 10-15 sec. 
It is convenient to think of time in a local 
sense, i.e., the origin of time is taken at every 
position as the time of the energy deposit that 
affects the region. From the uncertainty princ- 
iple, AtAEz h,  we can identify a At for an energy 
loss, and we get At -10-17 sec for a 100 eV 
loss and at 10-16 sec for AE = 10 eV. The 
reference time 10-15 sec is the estimated local 
time for secondary electrons to fall into the 
subexcitation range (i .e., below 7 eV). 

the chemical phase start at about 10-11 sec. 
Between 10-15 sec and 10-11 sec many signif- 
icant events occur, and at the present time the 
only way to investigate them is theoretically. 
In this chapter we are primarily concerned with 
features of the initial energy deposit at 10-15 
sec, but some remarks are made below on the pre- 
sumed processes by which the energy transforms 
through the 10-11 sec reference time and beyond. 
Although the very earliest events can create- 
biological damage, most biological processes 
occur on a much longer time scale and will not 
be considered here. 

The diffusion-controlled track reactions of 

The physical energy deposit forms the basis 
of all observed effects, and in this chapter we 
attempt to bring out the important features of 
such energy deposits (or track' structure). Con- 
troversies exist among workers i n  this field 
regarding the information on track structure or 
the physical parameters that are significant, for 
the analysis of track structure effects. For 
example, Kellerer and Rossi (1978) assume that 
if one knows the energy absorbed in a critical 
volume of 1 ,,m size, one may be able to predict 
quantitatively the eventual biological effects. 
Paretzke (1980) claims that one has to know the 
detailed cross section of physical processes and 
then evaluate the energy loss events in various 
channels before any correlation with chemistry 
or biology can be made. Paretzke has completed 
extensive and detailed calculations using Monte 

Carlo methods and cross-section data in the gas 
phase. It is still unknown i n  what way energy 
loss processes in the gas phase are relevant to 
phenomena in condensed phases. Ritchie et al. 
(1980) are examining condensed phase effects on 
initial physical events. 

In this chapter we present some recent views 
regarding energy transfer from energetic heavy 
particles with emphasis on the effects in the 
matter that absorbs the energy. For concreteness 
we use water as the absorbing medium. Our 
approach has been to estimate the radial energy 
density appropriate for 10-15 sec around heavy 
particle trajectories. The final goal is to use 
this energy distribution in correlated studies 
of other effects. The distribution itself is 
composed of two qualitatively different regions 
which we call "core" and "penumbra." So far we 
have investigated the radiolytic decomposition 
of water (chapter 11-5), and we expect that this 
type of track model will be useful in biological 
applications. 

THE PATTERNS OF ENERGY DEPOSIT 

Stopping Power of Heavy Particles 

The best known physical quantity relating to 
a particle track i s  the stopping power. It is 
defined as the energy loss suffered by the inci- 
dent particle in traversing unit length in tne 
medium along its path and it is sometimes refer- 
red to as the linear energy transfer (LET,). 
description of track structure usually has 
stopping-power theory as the starting point. 

The stopping power of heavy particles in 
matter has been investigated (Northcliffe and 
Schilling, 1970; Ziegler, 1977). Figure 1 shows 
the LET, for six different particles in water as 

curves were obtained using a formula proposed by 
Pierce and Blann (1968). Table 1 contains a 
summary of the effective charges (Zeff) on 

Any 

I d .  a function of energy per unit mass (E). These 

.particles in water as a function of E. The 
,effective charge is given by: 

Zeff = Z[1 - exp(- 0.95 vr)] , (1) 

where Z is the atomic number of the particle vr 
is the relative velocity given by Vr = v/v0Zp/3, 
v is the particle velocity, and vo is the 
average velocity of the electron in the H atom 
(vo eZ/h). The stopping power (LET,) of a 
particle with an enerqy per nucleon E is given 
in terms of the stopping power of the proton at 
the same energy: 
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l o k 9  

0.01 
0.01 0.1 1 10 10‘ 10’ 

E(MeV/n) 

F i  u r e  1. The s t o p p i n g  power ( i n  eV/A) o f  s i x  

( i n  MeV p e r  nuc leon ) .  
Z i e g l e r  (1977). Region I i s  cons idered as low- 
LET, r e g i o n  I 1  as medium-LET, and r e g i o n  I11 as 
high-LET. 
u s e f u l  f o r  r a d i a t i o n  chemis t r y  s t u d i e s  w i t h  heavy 
p a r t i c l e s .  (XBL 7911-12802) 

4-- se e c t e d  p a r t i c l e s  i n  H20 vs. s p e c i f i c  energy 
Data a r e  c o n s t r u c t e d  f rom 

Such s e p a r a t i o n  has proven t o  be 

Table 1. Root Mean Square Charge S ta tes  

E(MeV/N) Fermium Argon Neon Carbon He 1 i um Hydrogen 

1000 
800 
600 
400 
200 
100 
80 
60 
40 
20 
10 
8 
6 
4 
2 
1 
0.8 
0.6 
0.4 
0.2 
0.1 

99.50 18.00 
99.39 18.00 
99.17 18.00 
98.67 18.00 
96.76 18.00 
92.54 17.99 
90.51 17.99 
87.38 17.97 
82.02 17.92 
70.84 17.62 
58.45 16.86 
54.47 16.47 
49.47 15.88 
42.78 14.87 
32.65 12.79 
24.40 10.52 
22.14 9.79 
19.49 8.88 
16.22 7.67 
11.77 5.85 

8.47 4.36 

10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10 .oo 

9.97 
9.83 
9.74 
9.58 
9.25 
8.40 
7.27 
6.87 
6.34 
5.60 
4.41 
3.37 

6.00 
6.00 
6.00 
6.00 
6.00 
6.00 
6.00 
6.00 
6.00 
6.0 
5.98 
5.96 
5.93 
5.84 
5.55 
5.03 
4.83 
4.54 
4.11 
3.35 
2.63 

2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
1.99 
1.96 
1.93 
1.89 
1.82 
1.63 
1.40 

1.00 
1 .oo 
1.00 
1.00 
1.00 
1.00 
1.00 
1 .oo 
1.00 
1.00 
1.00 
1 .oo 
1.00 
1.00 
1.00 
1.00 
1.00 
0.99 
0.98 
0.93 
0.85 
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The p r o t o n  s topp ing  power was c a l c u l a t e d  u s i n g  
t h e  Bragg r u l e  w i t h  d a t a  f o r  t h e  atomic t a r g e t s  
H and 0 ob ta ined  f r o m  Z i e g l e r  (1977). The a c t u a l  
da ta  s c a t t e r  w ide l y ,  and a cons ide rab le  amount 
of smoothing was made; t h e  low-energy s topp ing  
power o f  heavy p a r t i c l e s  cannot be considered as 
w e l l  known. 

The concept o f  LET,was f i r s t  i n t r o d u c e d  by 
Z i r k l e  e t  a l .  (1952) i n  o r d e r  t o  d i s t i n g u i s h  i t  
from s topp ing  power. 
w i t h  energy l o s t  by a charged p a r t i c l e  i n  a 
medium, LET, r e f e r s  t o  t h e  energy absorbed 
" l o c a l l y "  by  t h e  medium. The weakness i n  t h e  
concept o f  l i n e a r  energy t r a n s f e r  l i e s  i n  an 
amb igu i t y  as t o  j u s t  how much o f  t h e  t o t a l  energy 
l o s t  by t h e  p a r t i c l e  shou ld  be considered as 
l o c a l l y  deposi ted.  Energy l o s t  t o  bremsstrah lung 
i s  c l e a r l y  n o t  l o c a l l y  deposi ted,  b u t  i n  t h e  
s t o p p i n g  o f  heavy p a r t i c l e s  i n  t h e  energy range 
of b iomed ica l  i n t e r e s t  t h i s  e f f e c t  i s  v e r y  sma l l .  
However, even i n  l o s s  phenomena i n v o l v i n g  
e l e c t r o n i c  i n t e r a c t i o n s  on ly ,  energy can be 
depos i ted  over  l a r g e  reg ions  (compared t o  
C e l l u l a r  d imensions)  by h i g h  energy de l ta - rays .  
In such cases, p a r t i a l  LET va lues have sometimes 
been used, l i m i t i n g  t h e  LET w i t h  c u t o f f  proce- 
dures t h a t  depend on r e c o i l  e l e c t r o n  energy, E ,  
o r  r e c o i l  e l e c t r o n  p e n e t r a t i o n  d i s t a n c e  r. I n  
t h e  former case, t h e  r e s t r i c t e d  LET i s  des ignated 
LET,, and i n  t h e  l a t t e r  case, LETr. 

Use of LET, has been made i n  the  dos ime t ry  
of high-energy heavy p a r t i c l e s  w i t h  p l a s t i c  
f o i l s .  Exper imenta l  evidence i n d i c a t e s  t h a t  
ene rgy - t rans fe rs  up t o  about 350 eV c o n t r i b u t e  
t o  l o c a l  damage which responds t o  an e t c h i n g  
technique (Benton, 1969).  Thus, i t  seems t h a t  
LET350 seems t o  be r e l e v a n t  t o  t h e  a n a l y s i s  o f  
f o i l  e t c h i n g  methods. For l i v i n g  t i s s u e s  such 
p a r a m e t r i z a t i o n  has n o t  been accomplished y e t .  
A t  present ,  i t  i s  ou r  b e l i e f  t h a t  t h e  da ta  of 
n e i t h e r  r a d i a t i o n  b i o l o g y ' n o r  r a d i a t i o n  chemis t r y  
w i l l  be found t o  be s imp le  f u n c t i o n s  o f  any one 
p h y s i c a l  parameter r e l a t e d  t o  t h e  p a t t e r n  o f  
energy d e p o s i t  (Magee and Chp t te r j ee ,  1980). 

Whi le  s topp ing  power dea ls  

Rad ia l  Energy Dens i t y  
I '  

In t h e  r e g i o n  o f  energy l o s s  through , 

e l e c t r o n i c  i n t e r a c t i o n ,  t h e r e  a re  two gross 
c a t e g o r i e s  o f  c o l l i s i o n s :  g l a n c i n g  and knock-on. 
For  heavy charged p a r t i c l e s - ( b u t  n o t  f o r  
e l e c t r o n s ) ,  t h e r e  i s  an approximate e q u i p a r t i t i o n  
of energy loss between these two c a t e g o r i e s  
( C h a t t e r j e e  e t  a l . ,  1973). 

t h a t  t he  t r a c k s  o f  h i g h  energy p a r t i c l e s  a r e  
composed o f  two p a r t s ;  we have des ignated them 
"core"  and "penumbra." The core i s  c r e a t e d  b y  t h e  
g l a n c i n g  c o l l i s i o n s  o f  t h e  p a r t i c l e  w i t h  e x c i t a -  

idtion, i n  t h e  range f r o m  6.5 t o  100 eV ( t h e  s top-  
p i n g  medium i s  w a t e r ) .  Bohr ' s  a d i a b a t i c  c r i t e r -  
i o n  s e t s  a l i m i t  o f  t h e  r a d i a l  d i s t a n c e  f r o m  t h e  

On t h e  most genera l  grounds, i t  can be-argued 
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t r a j e c t o r y  o f  t h e  i n c i d e n t  p a r t i c l e  w i t h i n  which 
molecules can be e x c i t e d  by t h i s  mechanism. 
S i m i l a r  l i m i t s  have a l s o  been ob ta ined  by Brandt  
and R i t c h i e  (1974), based on plasma o s c i l l a t i o n s ,  
and can be g i ven  by: 

BC r c = - .  
% ( 3 )  

We C a l l  rc t h e  c o r e  rad ius .  I n  equa t ion  3, 6 
i s  t h e  v e l o c i t y  o f  t h e  p a r t i c l e  i n  terms o f  t h e  
v e l o c i t y  o f  l i g h t ,  c; and Rp i s  t h e  plasma 
o s c i l l a t i o n  f requency.  

knock-on e l e c t r o n s .  O f  course, some o f  t h e  
energy o f  these e l e c t r o n s  i s  l o s t  i n  t h e  core, 
b u t  most o f  i t  i s  used t o  c r e a t e  t h e  r e g i o n  which 
i s  g e n e r a l l y  much l a r g e r  than  t h e  core, c a l l e d  
t h e  penumbra. I t has a r a d i u s  which we des ig -  
nated as rp. 
c a l c u l a t i o n s  on rad ia l -ene rgy  d e n s i t y  ( C n a t t e r j e e  
e t  a l . ,  1973), rp can be approx ima te l y  f i t t e d  
t o  t h e  f o l l o w i n g  e m p i r i c a l  formula:  

The penumbra i s  composed o f  t h e  t r a c k s  o f  t h e  

Based on o u r  p rev ious  d e t a i l e d  

rp = 396 ( v ) Z . ~ ,  ( 4 )  

where v i s  i n  u n i t s  o f  l o 9  cm/sec. 

Based on d e t a i l e d  s t u d i e s  ( C h a t t e r j e e  and 
Tobias, 1980), t h e  d i s t r i b u t i o n  o f  energy i n  t h e  
co re  and i n  t h e  penumbra can be e m p i r i c a l l y  
g i v e n  as f o l l o w s :  

LET,/2 

'core = 7 + 

LETm/2 
Ppen(') = r < r S r  P '  ( 6 )  

2nr2 E n ( J e r p / r c  

Here; LET, i s  t h e  t o t a l  energy l o s s  pe r  u n i t  
path'length and r i s  t h e  r a d i a l  d i s t a n c e  f r o m  t h e  
p a r t i c l e  t r a j e c t o r y .  
i s  t h e  energy d e n s i t y  due t o  t h e  g l a n c i n g  c o l l i -  
s i ons ;  t h e  second te rm g i ves  a c o n t r i b u t i o n  f rom 
t h e  ene.rgy l o s t  by  t h e  knock-on k l e c t r o n s  i n  
t h e i r  p e n e t r a t i o n  o f  t h e ' c o r e .  The energy 
densi ' ty"-of equa t ion  6 a r i s e s  f r o m  knock-on 
e lect ro 'ns which a r e  stopped between rc and rp. 

Theztrack dimensions rc and rp depend o n l y  
on t h e  p a r t i c l e  v e l o c i t y  6 and n o t  on charge o r  
mass. The energy d e n s i t y ,  however, depends on 
LET, and thus  on t h e  e f f e c t i v e  charge o f  t h e  
p a r t i c l e .  The genera l  p a r t i c l e  t r a c k ,  t h e r e f o r e ,  
depends on two parameters t h a t  can be taken  as 
energy pe r  nuc leon (E) and atomic number o f  
p a r t i c l e  (Z ) .  

The f i r s t  t e rm i n  equa t ion  5 

. 7 .  

The a c t u a l  e f f e c t i v e  charge Zeff 
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Table 2. Track Parameters Independent o f  Particle Charge 

rC rP 
Energy 6 Core Radius Penumbra Radius EMax ,A 
(MeV/n 1 ( 8 )  ( A )  (ev) 

1000 
800 
600 
400 
200 
100 
80 
60 
40 
20 
10 
8 
6 
4 
2 
1 
0.8 
0.6 
0.4 
0.2 
0.1 

0.876 
0.843 
0.794 
0.715 
0.568 
0.430 
0.390 
0.343 
0.284 
0.204 
0.145 
0.130 
0.113 
0.092 
0.065 
0.046 
0.041 
0.036 
0.029 
0.021 
0.015 

90.16 
86.75 
81.69 
73.54 
58.43 
44.21 
40.12 
35.26 
29.23 
20.99 
14.96 
13.40 
11.63 

9.51 
6.73 
4.77 
4.26 
3.69 
3.02 
2.13 
1 .51  

2 . 7 ~ 1 0 6  
2 . 4 ~ 1 0 6  
2.1x106 
1 . 6 ~ 1 0 6  
8 . 4 ~ 1 0 5  
3 . 9 ~ 1 0 5  
3 . 0 ~ 1 0 5  

1 . 3 ~ 1 0 5  
5 . 3 ~ 1 0 4  

1 .6x104 

6 2 x 1 0 3  
2 . 4 ~ 1 0 3  
9 . 6 ~ 1 0 2  
7 . 1 ~ 1 0 2  
4 . 8 ~ 1 0 2  
2 . 8 ~ 1 0 3  

4 . 3 ~ 1 0 1  

2 . 1 ~ 1 0 5  

2 .1~104  

1 . 1 ~ 1 0 4  

1.1x102 

3 . 4 ~ 1 0 6  
2 .5~106  
1 .7~106  
1.1x106 
4 . 9 ~ 1 0 5  
2 . 3 ~ 1 0 5  
1 . 8 ~ 1 0 5  
1 . 4 ~ 1 0 5  
0 . 9 ~ 1 0 5  
4 .4~104  

1 .8x104 
1 . 3 ~ 1 0 4  
8 . 8 ~ 1 0 3  
4 .4~103  

1 . 8 ~ 1 0 3  
1 . 3 ~ 1 0 3  
8 . 9 ~  102 
4 . 4 ~ 1 0 2  
2.2x102 

2 . 2 ~ 1 0 4  

2 . 2 ~ 1 0 3  

23.42 
22.46 
22.31 
21.98 
21.15 
20.17 
19.84 
19.38 
18.80 
17.67 
16.49 
16.17 
15.70 
14.96 
13.75 
12.61 
12.23 
11.74 
11.06 
9.89 
8 - 7 0  

is determined by the interaction of the particle 
with the medium; it depends on the velocity and 
cannot be set arbitrarily. 
values of some of the track quantities that 
depend on the velocity only. 
Table 2 gives A ,  the ratio of the "initial" 
energy density in the core to that in the near 
'C' 

The densities given by equations 5 and 6 are 
average values, and the actual initial values may 
fluctuate greatly around them. For example, the 
core is comprised of spurs which contain, on the 
average, 40 eV; if the LETDo is small enough, the 
core i s  made up of a string of spurs rather than 
a continuous distribution of intermediates. The 
penumbra is made up of tracks of knock-on 
electrons, and it is always more inhomogeneous 
than the core. 

Table 2 contains 

The last column of 

A schematic model for the transverse section 
o f  a heavy particle track is presented in Figure 
2. The circular region in the center is the 
core, bounded by the Bohr adiabatic radius, rc. 
The tracks of the knock-on electrons tenuously 
occupy the region of the penumbra, bounded by rc 
and rp. 
analytically from simple physical arguments; the 
maximum extent of the region i s  dependent in a 
complicated manner on the energy of the secondary 
electrons and also on the diffusion distance of 
these electrons before they become subelectronic. 

The radius rp cannot be calculated 

Previously, our theoretical evaluation of 
radial energy density could be compared with 
experiments only at low energies (Chatterjee, 
et al., 1973).  But recently Varma and Baum o f  
Brookhaven National Laboratory (1980) have made 

Figure 2. Schematic model of track (cross- 
sectional view). The radii rc and rp are 
shown; the lines in the penumbra indicate 
individual electron tracks. The energy deposi- 
tion at the boundary separating the core and the 
penumbra is not as dense as it is in the core, 
but in this region the tracks of electrons do 
over1 ap. (XBL 778-3712) 
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some measurements w i t h  377 MeV/n 20Ne ions.  
They measured dose as a f u n c t i o n  o f  r a d i a l  d i s -  
tance from t h e  t r a j e c t o r y .  A v a r i a b l e  p ressu re  
i o n i z a t i o n  chamber and a double-mesh w a l l  
i o n i z a t i o n  chamber (app rox ima t ing  a w a l l - l e s s  
i o n i z a t i o n  chamber) were used. L inea r  energy 
t r a n s f e r  r e s t r i c t e d  i n  r a d i a l  d i s t a n c e  (LETr) 
was a l s o  determined, and t h e  d a t a  were e x t r a -  
p o l a t e d  t o  o b t a i n  LET,. They s imu la ted  d i s t a n c e s  
from 58 A t o  1010 um i n  a t i s s u e  e q u i v a l e n t  gas 
(by  v a r y i n g  p ressu re ) .  T h e i r  measured values, 
when expressed a t  pe rcen t  LET, were w i t h i n  *6% 
o f  t h e  va lues computed f rom our  semiemp i r i ca l  
f o rmu la  g i ven  by equa t ions  5 and 6. 
LET,. va lues a re  p resen ted  showing t h e  compari- 
son between t h e  t h e o r e t i c a l  es t ima tes  and e x p e r i -  
m e n t a l l y  ob ta ined  d a t a  o f  Varma and Baum f o r  a 
few t y p i c a l  r a d i a l  d i s tances  v a r  i n g  between 
2.9 um and 174 f o r  377 MeV/n {ONe ions.  I t  
i s  c l e a r  f r o m  t h e  t a b l e  t h a t  t h e  va lue  o f  r 
( t h e  maximum r a d i a l  d i s t a n c e  w i t h i n  which t i e  
t o t a l  LET, i s  con ta ined )  i s  somewhat s m a l l e r  t han  
e x p e r i m e n t a l l y  measured values tend  t o  i n d i c a t e .  

More exper iments w i t h  Bevalac i o n s  a re  i n  

(d 

I n  Table 3, 

progress.  
e x t e n s i v e  comparisons w i l l  be made w i t h  t h e  
t h e o r e t i c a l  c a l c u l a t i o n s .  I f  needed, improve- 
ments w i l l  be sought i n  t h e  t h e o r e t i c a l  b a s i s  
f o r  t h e  c a l c u l a t i o n s .  

When t h e  d a t a  a re  a v a i l a b l e ,  more 

I n  t h e  p r e s e n t  s t a t e  o f  development o f  t h e  
t h e o r e t i c a l  model, t h e  p r o d u c t i o n  o f  secondary 
e l e c t r o n s  i s  based on t h e  Ru the r fo rd  s c a t t e r i n g  
formula,  which i s  a v e r y  rough approx imat ion.  
Such an approx ima t ion  was adopted f o r  ease i n  
c a l c u l a t i o n .  We expect  t o  r e f i n e  t h e  c a l c u l a -  
t i o n s  by i n t r o d u c i n g  a spectrum o f  low energy 
( l e s s  than  1,000 eV) e l e c t r o n s ,  which i s  more 
r e a l i s t i c .  E f f o r t s  t o  measure t h e  d i s t r i b u t i o n  
o f  t h e  low energy e l e c t r o n s  a r e  i n  progress and 
are desc r ibed  below. 

Low Energy Knock-On E l e c t r o n  Spectrum 

A s i z e a b l e  f r a c t i o n  o f  t h e  r e c o i l  e l e c t r o n s  
produced when a heavy i o n  passes through m a t t e r  
has low energy ( l e s s  than  a few keV). Such 
e l e c t r o n s  have a s h o r t  range i n  m a t t e r  ( a  few 
ug/cm*). 
energy d i s t r i b u t i o n ,  a t a r g e t  t10-2 ug/cm2 

I n  o r d e r  t o  measure t h e  t r u e  p r imary  

e q u i v a l e n t  must be used. Th is  low t a r g e t  d e n s i t y  
i s  achieved by a d i f f e r e n t i a l l y  pumped gas j e t .  
Measurements o f  t h e  e l e c t r o n  energ ies a r e  made 
us ing  a t i m e - o f - f l i g h t  technique which takes  
advantage o f  t h e  c h a r a c t e r i s t i c s  o f  t he  chevron 
channel m u l t i p l i e r .  

A schematic v iew o f  t h e  spect rometer  than  has 
been b u i l t  i n  ou r  l a b o r a t o r y  i s  shown i n  
F i g u r e  3. The gas j e t  fore-chamber i s  a h i g h  
vacuum vessel  pumped by two 1,000 R/sec d i f f u s i o n  
pumps. Each pump has a water-cooled b a f f l e  
system, b u t  no va l ve ,  i n  o rde r  t h a t  t h e  maximum 
pumping speed can be achieved. The chamber i s  
equipped w i t h  a l l  t h e  necessary plumbing needed 
t o  suppor t  t h e  d i f f u s i o n  pumps, and a l a r g e  
c a p a c i t y  back-pump i s  used. The chamber i s  a l s o  
equipped w i t h  an i o n  gauge and assoc ia ted  
e l e c t r o n i c s  f o r  measurement o f  t h e  i n t e r i o r  
vacuum. 

The " s t a r t "  sample d e t e c t o r  u t i l i z i n g  a 
chevron channel m u l t i p l i e r  p rov ides  a s i g n a l  when 
a heavy i o n  passes th rough  a carbon f o i l  ( n o t  
shown i n  t h e  f i g u r e )  l o c a t e d  a t  known d i s t a n c e  
f rom t h e  gas j e t .  
d e t e c t o r  i s  tlOO psec. A f t e r  pass ing through t h e  
" s t a r t "  d e t e c t o r ,  heavy i o n s  i n t e r a c t  ( i m p i n g i n g  
p e r p e n d i c u l a r  t o  t h e  p lane  of t h e  diagram) w i t h  
atoms i n  t h e  gas j e t ,  producing p r imary  e l e c t r o n s .  
The p h y s i c a l  dimensions of t h e  gas j e t  must be 
reasonably  smal l  and w e l l  def ined.  A c o l l i m a t o r  
and t ransmiss ion  g r i d  10 cm away p rov ides  a 
window i n t o  an e l e c t r o n  a c c e l e r a t i n g  f i e l d .  
E l e c t r o n s  produced by  t h e  heavy i ons  f l y  through 
t h e  f i e l d - f r e e  r e g i o n  f o r  a t i m e  determined by 
t h e i r  energy; i f  t h e i r  t r a c k s  a r e  o r i e n t e d  
p r o p e r l y ,  t h e y  a re  d e t e c t e d  by t h e  chevron 
channel m u l t i p l i e r .  A s i l i c o n  d e t e c t o r  i s  used 
t o  v e r i f y  t h a t  an i o n  has t r a v e r s e d  t h e  gas j e t .  

spectrum t o  avo id  s t a t i s t i c a l  b i a s i n g  o f  t h e  
spectrum by t h e  f a s t e r  e l e c t r o n s .  The s t a r t  
d e t e c t o r  p rov ides  a t r i g g e r  s i g n a l  r e l a t e d  t o  
t h e  t ime  when heavy i on  passes through t h e  gas 
j e t .  By i n s p e c t i n g  t h e  o u t p u t  o f  t h e  e l e c t r o n  
d e t e c t o r  f o r  a f i x e d - t i m e  increment a t  r e g u l a r -  
t i m e  de lays  f rom t h e  s t a r t  pulse, a h i s tog ram o f  
c o u n t i n g  r a t e  vs. f l i g h t  t i m e  can be made. 
Absolute energy c a l i b r a t i o n  can be made by t a k i n g  
advantage o f  t h e  s e n s i t i v i t y  o f  t h e  channel 
p l a t e s  t o  s o f t  X rays .  

Time r e s o l u t i o n  o f  t h i s  

S igna ls  a re  processed as a time-sampled 

When a heavy i o n  i n t e r -  

Table 3. LETr Values f o r  a 377 MeV/n Neon Beam from t h e  Bevalac 

F r a c t i o n  o f  LET, 

Rad ia l  Dis tance (urn) Measured* Ca lcu la ted  

r 
2.9 0.83 0.81 

11 .o 0.89 0.88 
54.0 0.92 0.95 

174.00 0.95 1.00 

*Measured i n  t i s s u e  e q u i v a l e n t  gas. 
?Ca lcu la ted  i n  l i q u i d  water .  
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Figure 3. 
spectrum of low-energy electrons (less than 1 keV) will be measured by 
the time-of-flight technique and using a chevron-channel plate analyzer. 
A special gas jet will be used so that secondary electrons, once pro- 
duced, will have low probability ( t10-2)  of undergoing further col- 
lision before they are detected. Heavy particle trajectories will be 
perpendicular to the plane of the figure. 

A schematic view of the secondary electron spectrometer 

(XBL 756-1588) 

acts with the gas atoms, X rays are produced. 
In some cases, these X rays are detected by the 
channel plate; so in the time spectrum, a small 
peak appears at a time corresponding to the X-ray 
travel time to the detector. 

Initially, instead of the gas jet, we will 
use a thin carbon foil to duplicate the measure- 
ments made by Toburen (1972) and Toburen and 
Wilson (1972). We will use hydrogen and helium 
beams of a few MeV from the van de Graaf 
facility. Such measurements will enable us to 

calibrate our spectrometer before measurements 
with gas jets are made, and subsequently data are 
taken with Bevalac ions. 

In the first experiments with gas jets, we 
will use simple atomic gases such as neon and 
argon. Simple diatomic gases will also be used. 
The electron spectrum measurements will also be 
made with a tissue equivalent gas. We hope that 
the results of these measurements will enable us 
to make a substantial improvement in calculation 
o f  the various physical quantities associated 
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F i  u r e  4. Space-time development o f  smal l  i s o l a t e d  energy d e p o s i t  * i n  a d i l u t e  aqueous system. I n  t h e  p re the rma l  t i m e  p e r i o d  
(t < 3 x 10-12 sec) ,  phenomena i n v o l v e  e l e c t r o n i c  mo t ion  f o r  t h e  most 
p a r t ;  t h e  i o n m o l e c u l e  r e a c t i o n  c r e a t i n g  H3O+ and t h e  l o n g i t u d i n a l  
r e l a x a t i o n  of H20 r e q u i r e  o n l y  p r o t o n  mot ion.  I n  t h e  pos t the rma l  
pe r iod ,  t h e  species t h a t  have a l r e a d y  been c r e a t e d  undergo d i f f u s i o n -  
c o n t r o l l e d  r e a c t i o n s  w i t h  each o t h e r  ( i n d i c a t e d  by t h e  p a r e n t h e s i s  on 
t h e  l e f t  o f  t h e  equa t ion ) .  (XBL 794-1326) 

w i t h  t r a c k  s t r u c t u r e  o f  heavy p a r t i c l e s .  

Space-Time Development o f  Deposi ted Energy 

So f a r ,  most o f  t h e  d i s c u s s i o n  has cen te red  
around t h e  energ t r a n s f e r  phenomena t h a t  occu r  
i n  l e s s  than  sec. In chap te r  11-5 we 
d i scuss  t h e  chemical e f f e c t s  o f  p a r t i c l e  t r a c k s  
w i t h o u t  c o n s i d e r i n g  t h e  many events  t h a t  occu r  
between t h e  i n i t i a l  energy d e p o s i t i o n  and t h e  
t h e r m a l i z a t i o n  t i m e  o f  10-11 sec. Several 
assumptions had t o  be made t o  i n i t i a t e  t h e  
r a d i a t i o n  chemical c a l c u l a t i o n ,  and t h e  v a l i i i t y .  
o f  t h e  assumptions a re  judged on t h e  b a s i s  o f  t t i e  
agreement w i t h  exper iment  o f  t h e  chemical r e s  
obta ined,  e s s e n t i a l l y  on a microsecond t i m e  
scale. The t i m e  p e r i o d  between 10-15 sec and , 

10-11 sec needs t o  be i n v e s t i g a t e d ,  and i t  
Seems t h a t  t h e o r y  i s  t n e  o n l y  a v a i l a b l e  approach. 
Recent ly ,  such an e f f o r t  has begun a t  t h e  Oak 
Ridge N a t i o n a l  Labora to ry  by  a research  team l e d  _L 

by J. E. Turner .  The procedure i s  based on a 
Monte C a r l o  code developed e a r l i e r .  We f u l l y  ' 

expect  t h a t  knowledge o f  t r a c k  s t r u c t u r e  a t  
10-11 sec w i l l  be i nc reased  g r e a t l y  as t h i s  
i n v e s t i g a t i o n  proceeds. 

We have worked on a concept o f  t h e  l o c a l  
space-time e v o l u t i o n  f o l l o w i n g  a smal l  i s o l a t e d  
energy loss i n  wa te r  ( F i g .  4 ) .  From a chemical 
p o i n t  o f  view, t h e  d i s t r i b u t i o n  i n  space o f  

eaq, H30+, and OH a t  
by " i n i t i a l  t r a c k  s t r u c t u r e . "  The r a d i c a l  d i f f u -  
s i o n  model uses such d i s t r i b u t i o n  t o  c a l c u l a t e  
t h e  r e a c t i o n s  d u r i n g  t r a c k  expansion and t h e  
r a d i c a l  r e a c t i o n s  w i t h  scavengers; a l l  o f  these 
processes a re  complete i n  a few microseconds, 
and t h e  p roduc t  y i e l d s  a re  determined. The 
events  t h a t  occur  b e f o r e  t h e r m a l i z a t i o n  ( a  few 
psec) have no t ,  of course, been observed 
d i r e c t l y .  However, t h e  i on -mo lecu le  r e a c t i o n  
t h a t  forms H3O+ and OH a t  t = 2 x 10-14 sec ( i t  
i s  t h e  f a s t e s t  chemical process o f  r a d i a t i o n  
chemis t r y ) ,  and t h e  h y d r a t i o n  o f  t h e  e l e c t r o n  a t  

n g i t u d i n a l  r e l a x a t i o n  t i m e  f o r  wa te r  
10-13 sec )  a re  w i d e l y  accepted. 

t h e  r e a c t i v e  i n t e r m e d i a t e s  a re  formed i n  t h e  
p re the rma l  pe r iod .  A t  t h e r m a l i z a t i o n ,  a l l  o f  t h e  
depos i ted  energy except  t h a t  t i e d  up i n  d i s s o c i a -  
t i o n  o f  wa te r  t o  f o r m  t h e  i n t e r m e d i a t e s  i s  
d i s t r i b u t e d  as a l o c a l  temperature r i s e  i n  t h e  
t r a c k .  

sec i s  what i s  meant 

I n  any case, 

B i o l o g i c a l  systems are, f o r  t h e  most p a r t ,  
concen t ra ted  aqueous s o l u t i o n s ,  and many o f  t h e  
Same processes (as those shown i n  F i g .  4 )  occur  
on t h e i r  i r r a d i a t i o n .  However, r e a c t i o n s  o f  t h e  
b i o l o g i c a l  molecules can occur  a t  any t ime,  
i n c l u d i n g  t h e  p re the rma l  p e r i o d .  

C l e a r l y ,  t h e  t r a c k s  used by  t h e  r a d i a t i o n  
chemist a re  r e l a t e d  t o  t h e  p a t t e r n s  o f  i n i t i a l  
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energy d e p o s i t  ob ta ined  by p u r e l y  p h y s i c a l  con- 
s i d e r a t i o n s .  The chemical "i n i  t i  a l l '  p a t t e r n s  
have l o s t  a c e r t a i n  amount o f  t h e  o r i g i n a l  
d e t a i l - - b o t h  i n  t h e  d i s t r i b u t i o n  o f  energy i n  
species and i n  space. The r a d i a t i o n  chemist  a l s o  
has a c u t o f f  i n  t h e  s i z e  o f  p a t t e r n  o f  i n t e r e s t ,  
e.g., scavengers d e s t r o y  r a d i c a l s  b e f o r e  t h e y  can 
move some maximum d i s t a n c e  such as lo3 
i n  d i l u t e  aqueous systems. 

o r  so 

I t has l o n g  been customary i n  c o n s i d e r a t i o n s  
o f  r a d i a t i o n  chemis t r y  t o  i g n o r e  mechanical 
e f f e c t s  produced by  t h e  h e a t i n g  i n  p a r t i c l e  
t r a c k s .  
p e r m i s s i b l e  f o r  low-LET r a d i a t i o n s  and t r a c k s  o f  
p a r t i c l e s  w i t h  sma l l  Z, b u t  mechanical e f f o r t s  
i n  t h e  t r a c k s  o f  high-Z p a r t i c l e s ,  p a r t i c u l a r l y  
i n  t h e  low energy reg ion,  may be impor tan t .  
U n f o r t u n a t e l y ,  t h e  t h e o r y  o f  these e f f e c t s  has 
n o t  been developed. P lesse t  and P r o s p e r e t t i  
(1977) have presented an e lementary t rea tmen t  o f  
bubble dynamics which i s  a fragment o f  t h e  
r e q u i r e d  theo ry .  

The n e g l e c t  of such e f f e c t s  i s  c e r t a i n l y  

Along w i t h  t h e  energy degrada t ion  processes 
d iscussed here, t h e r e  i s  an i nc rease  i n  l o c a l  
pressure as t h e  l o c a l  temperature b u i l d s  up. I n  
a picosecond o r  so ( l o c a l  t ime) ,  t h e  h i g h  pres-  
sures i n  a t r a c k  produce shock waves t h a t  r u n  
away i n t o  t h e  und is tu rbed  medium. Shock waves 
i n  l i q u i d s  a re  w e l l  understood: shocks produced 
by p a r t i c l e  t r a c k s  a re  weak ( Z e l ' d o v i c h  and 
Raizer ,  1967), t h e r e  i s  no g r e a t  volume change, 
and t h e  molecules a r e  n o t  expected t o  be damaged. 
T h i s  s i t u a t i o n  r e s u l t s  f rom t h e  f a c t  t h a t  t h e  
r e p u l s i v e  p o t e n t i a l s  of molecules a r e  l a r g e  f o r  
decreased separat ions,  so t h e  h i g h  p ressu res  a re  
r e l i e v e d  by a s l i g h t  volume increase.  
o t h e r  hand, t h e  h i g h  temperature i n i t i a l l y  
c r e a t e d  cannot d i s s i p a t e  on t h e  same t i m e  s c a l e  
as t h e  p ressu re  i s  r e l i e v e d ,  so t h e  e l e v a t e d  
temperatures remain. I f  t h e r e  i s  enough excess 
energy, a bubble w i l l  form and expand u n t i l  t h e  
heat  c o n d u c t i v i t y  c o o l s  t h e  r e g i o n  and a l l o w s  t h e  
bubble t o  c o l l a p s e .  These phenomena a r e  so 
p o o r l y  understood t h a t  we do n o t  know how t o  
e s t i m a t e  t h e  c o n d i t i o n  f o r  bubble f o r m a t i o n ;  we 
do n o t  expect  i t  t o  occur  except  f o r  t h e  h e a v i e s t  
p a r t i c l e s  and i n  a low energy r e g i o n .  Perhaps 
o f  more impor tance i s  t h e  f a c t  t h a t  we do n o t  
know what e f f e c t s  t o  expect  f r o m  bubble forma- 
t i o n ,  e i t h e r  i n  d i l u t e  aqueous s o l u t i o n s  o r  i n  
b i o l o g i c a l  systems. These m a t t e r s  a re  scheduled 
f o r  i n v e s t i g a t i o n .  U n c e r t a i n t i e s  abound through-  
out ,  and t h e r e  are many mechanisms t h a t  must be 
understood b e f o r e  a complete t h e o r e t i c a l  founda- 
t i o n  e x i s t s  f o r  t h e  e a r l y - t i m e  phenomena. 

On t h e  

D I S C U S S I O N  

The energy d e p o s i t i o n  by an e n e r g e t i c  heavy 
p a r t i c l e  i n  t h e  e l e c t r o n i c  phase ( d o - 1 5  sec )  
i n  water  i s  q u i t e  w e l l >  understood. 
energy d e n s i t y  i s  summarized i n  equat ions 5 and 
6. It i s  p o s s i b l e  t h a t  t h e  knock-on e l e c t r o n  
spectrum i n v e s t i g a t i o n  desc r ibed  here w i l l  a l l o w  
us t o  make some ref inements i n  t h i s  energy 
d e n s i t y ,  b u t  no ma jo r  changes a re  expected. We 
show i n  chapter  11-5 how t h i s  r e s u l t  can be used 
i n  a model f o r  t h e  r a d i a t i o n  chemis t r y  o f  d i l u t e  

The r e s u l t i n g  

aqueous s o l u t i o n s ,  and we b e l i e v e  t h a t  i t  w i l l  
be o f  va lue  i n  models f o r  r a d i a t i o n  e f f e c t s  i n  
b i o l o g i c a l  systems such as c e l l s .  The f a c t  t h a t  
t h e  l a t t e r  are concen t ra ted  s o l u t i o n s  i n  t h e i r  
s i m p l e s t  d e s c r i p t i o n  i n t roduces  d i f f i c u l t i e s  t h a t  
have n o t  been f u l l y  analyzed. The i n i t i a l  energy 
d e p o s i t  and f l o w  a re  expected t o  be d i f f e r e n t  i n  
such systems. 

t h e  molecules o f  a medium, a l a r g e  number o f  
compl icated processes occur  be fo re  t h e  medium 
undergoes permanent changes. Th is  comp lex i t y  
e x i s t s  even i n  r e l a t , i v e l y  s imp le  systems such as 
water  and i s  g r e a t l y  accentuated i f  t h e  wa te r  
c o n t a i n s  o rgan ic  m a t e r i a l s .  A mammalian c e l l  
c o n t a i n s  (bes ides 80% w a t e r )  DNA and RNA (which 
are s t r i c t l y  po lymers) ,  and p r o t e i n s  (which a re  
macromolecules). I n  such a compl icated system 
almost no knowledge e x i s t s  about t h e  amount o f  
energy t r a n s f e r r e d  t o  DNA o r  RNA. C e r t a i n  
assumptions can be made t o  c a l c u l a t e  t h e  energy 
t r a n s f e r r e d  t o  these molecules by t h e  p r i m a r y  
p a r t i c l e  ( i n  about 10-16 sec), b u t  t h e  f a t e  o f  
t h i s  t r a n s f e r r e d  energy i s  a problem o f  even 
h i g h e r  o r d e r  o f  c o m p l e x i t i e s .  

From t h e  t i m e  t h a t  energy i s  t r a n s f e r r e d  t o  

We have much i n f o r m a t i o n  on energy t r a n s f e r  
t o  l a r g e  molecules by low-LET r a d i a t i o n s .  
Thermoluminescence experiments suggest t h e  
p o s s i b i l i t y  t h a t  e x c i t a t i o n  energy i s  t r a n s f e r r e d  
v i a  s p e c i a l  s t r u c t u r e s .  C o n f i g u r a t i o n s  which may 
be i n v o l v e d  i n  such energy t r a n s f e r  processes a r e  
t h e  a l p h a - h e l i c a l  s t r u c t u r e  o f  p o l y p e p t i d e s  i n  
p r o t e i n s  and p l a n a r l y  s tacked p u r i n e  and 
p y r i m i d i n e  bases i n  double h e l i c a l  s t r u c t u r e s  of 
DNA. Energy t r a n s f e r  processes can a l s o  be 
a f f e c t e d  by m i g r a t i o n  o f  e l e c t r o n s  through a 
" conduc t ion  band" and subsequent t r a p p i n g  o f  
e l e c t r o n s  i n  p o s i t i v e  ho les .  From ESR s t u d i e s  
we a l s o  know t h a t  f r e e  r a d i c a l s  a re  formed i n  
i r r a d i a t e d  l a r g e  b i o l o g i c a l  molecules.  M i g r a t i o n  
o f  these d i s s o c i a t e d  f r e e  r a d i c a l s  may p l a y  an 
impor tan t  r o l e  i n  t h e  energy t r a n s f e r  process. 

above modes o f  energy t r a n s f e r  have been done i n  
environments n o t  a t  a l l  s i m i l a r  t o  those 
encountered i n  normal c e l l u l a r  systems. For  
example, measurements have f r e q u e n t l y  been made 
i n  t h e  d r y  o r  f r o z e n  s t a t e .  I f  water molecules 
are around t h e  macromolecules, t h e  enerqy- 
t r a n s f e r  process and i t s  e f f e c t s  may be q u i t e  
d i f f e r e n t ,  so t h e  r e s u l t s  are n o t  d i r e c t l y  
a p p l i c a b l e  t o  b i o l o g y .  Furthermore, t he  e x p e r i -  
ments have g e n e r a l l y  been performed w i t h  low-LET 
r a d i a t i o n s ,  and thus  a re  p robab ly  n o t  a p p l i c a b l e  
t o  heavy p a r t i c l e  r a d i a t i o n s .  

energy d e p o s i t i o n  p a t t e r n s  presented here t o  
b i o l o g i c a l  a o p l i c a t i o n s .  We p l a n  t o  i nc rease  ou r  
knowledge o f  t h e  chemical e f f e c t s  by t h e o r e t i c a l  
and exper imenta l  s t u d i e s  o f  concentrated 
s o l u t i o n s .  
i n v o l v e  b i o l o g i c a l  systems more e x p l i c i t l y .  

Most o f  t h e  exper iments done t o  e l u c i d a t e  t h e  

There i s  no way t o  go d i r e c t l y  f rom t h e  

The n e x t  phase o f  t h e  program w i l l  
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RADIATION CHEMISTRY OF HEAVY PARTICLES 

J. L: Magee and A. Chatterjee 

The p h y s i c a l  aspects  o f  t h e  energy d e p o s i t  
o f  f a s t  p a r t i c l e s  i n  m a t t e r  a r e  considered i n  
chap te r  11-4. These energy d e p o s i t s  a l s o  
i n i t i a t e  chemical e f f e c t s  which a r e  merged w i t h  
t h e  e a r l y  p h y s i c a l  processes (10-15 sec < t < 10-11 
sec), and become dominant on a l onger  t i m e  s c a l e  
( t  > 10-11 sec). I n  a b i o l o g i c a l  system, t h e  
e a r l y  chemical processes tend  t o  be t h e  same as 
would occur  i n  a n o n l i v i n g  system; b u t  on an 
a p p r o p r i a t e  t i m e  s c a l e  ( t  > 10-3 sec) ,  b i o l o g -  
i c a l  processes t a k e  over .  Here we a r e  o n l y  con- 
cerned w i t h  r a d i a t i o n  chemis t r y  and i t s  r e l a t i o n -  
s h i p  t o  t h e  i n i t i a l  energy d e p o s i t .  The p r i m a r y  
o b j e c t i v e  o f  ou r  t r a c k  s t u d i e s  i s ,  however, 
a p p l i c a t i o n  t o  b i o l o g y .  

c o n s i d e r a t i o n s  o f  r a d i a t i o n  chemis t r y  i s  t h e  
d i l u t e  aqueous s o l u t i o n .  I n  such a system t h e  
energy i s  absorbed almost e x c l u s i v e l y  i n  water, 
and t h e  p r i n c i p a l  chemis t r y  i s  t h a t  o f  r a d i a t i o n  
decomposi t ion o f  water .  
r a d i a t i o n  p roduc ts  depend upon t h e  a d d i t i v e s  
t h a t  a r e  present ,  b u t  t h e  bas i c  r a d i a t i o n  
chemis t r y  i s  e s s e n t i a l l y  t h e  same f o r  a l l  d i l u t e  
s o l u t i o n s .  

The s i m p l e s t  system t o  use i n  t h e o r e t i c a l  

The va r ious  observed 

- H + O H  ( 1 )  
( 2  1 

H20 
(H + H) - H2 
( H  + OH) - H20 ( 3 )  
(OH + OH) - H202 (4 1 

Th is  s e t  o f  equa t ions  i s  a s i m p l i f i e d  s e t  which 
a p p l i e s  t o  t h e  r a d i o l y s i s  o f  a c i d  s o l u t i o n s .  
Equat ion 1 i n d i c a t e s  t h e  i n i t i a l  decomposi t ion 
of H20 by t h e  r a d i a t i o n ;  hyd ra ted  e l e c t r o n s  
p r i m a r i l y  formed a r e  conver ted i n t o  H atoms by 
t h e  ac id ,  a process which r e q u i r e s  about 6 x 10-11 
sec. None o f  t h e  e a r l y  phenomena t h a t  occu r  a t  
s h o r t e r  t imes  a re  considered e x p l i c i t l y  i n  t h i s  
t reatment ,  and we s t a r t  w i t h  an assumed s p a t i a l  
d i s t r i b u t i o n  o f  H and OH r a d i c a l s  a t  6 x 10-11 
sec. 

b 

The parentheses around, the l e f t  s i d e s  o f  
equat ions 2 th rough  4 i n d i c a t e  t h a t  t h e  recombi- 
n a t i o n s  are t r a c k  processes. Under c o n d i t i o n s  
n o r m a l l y  cons idered i n  r a d i a t i o n  chemis t r y  ( l ow  
dose r a t e s ) ,  t r a c k s  a re  independent. T h i s  means 
t h a t  r a d i c a l s  t h a t  escape t h e i r  s i b l i n g s  i n  a 
t r a c k  r e a c t  w i t h  a scavenger b e f o r e  t h e y  can 
r e a c t  w i t h  a r a d i c a l  o r  p roduc t  f rom another  
t r a c k .  A t y p i c a l  scavenger r e a c t i o n  i s :  

OH + Fe+z+OH- + Fe+3 ( 5 )  

which occurs i n  t h e  F r i c k e  dosimeter. The y i e l d  
o f  Fe+3 per  100 eV absorbed i n  t h e  F r i c k e  
system, G(Fe+3), i s  g i v e n  by: 

G(Fe +3 ) = GOH + 3GH + 2GH , 
2 2  

where t h e  terms on t h e  r i g h t  i n d i c a t e  t h e  amounts 
( i n  terms o f  G va lues )  o f  t h e  r e s p e c t i v e  p roduc ts  
which a r e  produced i n  t h e  t r a c k s .  

d i l u t e  s o l u t i o n  i s  a fundamental problem. Y i e l d s  
o f  a l l  p roduc ts  a re  g i v e n  by equa t ions  l i k e  
equa t ion  6. 
G , and GH 
s h c t u r e . 2  2 The t r a c k  s t r u c t u r e  i n  wa te r  i s  
expected t o  be v i r t u a l l y  t h e  same as t h a t  i n  a 
b i o l o g i c a l  system (such as a c e l l  i n  suspension) .  
The s t u d y  o f  r a d i a t i o n  chemis t r y  o f  d i l u t e  so lu -  
t i o n s ,  t h e r e f o r e ,  p rov ides  another  method t o  
i n v e s t i g a t e  t h e  s t r u c t u r e  o f  t r a c k s  as t h e y  a re  
l i k e l y  t o  be p resen t  i n  an i r r a d i a t e d  b i o l o g i c a l  
system b u t  a t  t imes  much longer  than  t h e y  a r e  
a c c e s s i b l e  t o  p u r e l y  p h y s i c a l  measurements. 

The r a d i o l y t i c  decomposi t ion o f  water  i n  a 

The fundamental q u a n t i t i e s  GOH, 
, o f  course, depend upon t h e  t r a c k  

OVERVIEW OF TRACK PROBLEMS 
FOR RADIATION CHEMISTRY 

Heavy p a r t i c l e  t r a c k s  a re  a l l  s i m i l a r  i n  
t h a t  t h e y  c o n s i s t  o f  cores and penumbras (see 
chap te r  11-4). We cons ide r  t r a c k s  i n  a d i f f e r -  
e n t i a l ,  or  t r a c k  segment sense, and two para-  
meters determine t h e  t r a c k  s t r u c t u r e .  An acce l -  
e r a t e d  p a r t i c l e  has an atomic number Z and a 
v e l o c i t y  v. The energy pe r  u n i t  mass E i s  
determined as E = Mc2 [ ( l - 6 2 ) - 1 / 2  -13, where M 
i s  t h e  p r o t o n  mass and 6 i s  t h e  p a r t i c l e  v e l o c i t y ,  
v, d i v i d e d  by t h e  v e l o c i t y  o f  l i g h t ,  c. The 
e f f e c t i v e  charge Z* i s  a un ique f u n c t i o n  o f  13; 
i t  depends on t h e  balance between i o n i z a t i o n  and 
e l e c t r o n  capture,  and Z* determines t h e  LET. 
The spectrum o f  knock-on e l e c t r o n s  determines t h e  
dimensions o f  t h e  penumbra, and i t  depends on 6 .  

p a r t i c l e s  should f o r m  an understandable p a t t e r n  
as one cons ide rs  p a r t i c l e s  over  t h e  a c c e s s i b l e  
ranges of Z and v, o r  6. No r e s u l t  o f  p a r t i c l e  
i r r a d i a t i o n  can be expected t o  be a f u n c t i o n  o f  
one parameter on l y ,  such as t h e  LET. 

A l l  low-LET r a d i a t i o n s  a r e  composed o f  
e l e c t r o n s ,  and thus  t h e  penumbras o f  heavy 
p a r t i c l e  t r a c k s  a r e  low-LET r a d i a t i o n s .  Any t y p e  
o f  r a d i a t i o n  i s  mixed i n  t h e  sense t h a t  i t  con- 
t a i n s  t r a c k s  w i t h  va r ious  energy d e n s i t i e s .  One 
o f  our  o b j e c t i v e s  i n  t h i s  s tudy  i s  t o  understand 
t h e  r e l a t i o n s h i p  between t h e  e f f e c t s  o f  e l e c t r o n  
and heavy p a r t i c l e  i r r a d i a t i o n s .  

o f  a core w i th  w i d e l y  spaced spurs and a penumbra 
made up o f  e l e c t r o n  t r a c k s  t h a t  expand and r e a c t  

The r a d i a t i o n  chemis t r y  o f  t h e  heavy 

The high-energy e l e c t r o n  t r a c k  i s  composed 
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without overlapping. 
is expected to have a similar structure. The 
similarity of these two tracks can relate the 
heavy particle and low-LET radiations, and 
furnish a means to define the concept of 
"quality" of radiation more precisely. 

A high-energy proton track 

Consider the differential yields of a proton 
and an electron of the same velocity in the high 
energy region. 
Chatterjee 1978a,b, 1980b) that the following 
integro-differential equation applies: 

We have shown (Magee and 

G;(Ei) = (1-fi)G + SP 

i 
fmax 

fi  

w'i (E,E)dE 
Ji 
€0 

where G :Ei) is the differential yield of the 
ith particle (proton or electrons); GSp is 
the average yield of a spur (notice that this 
quantity is independent of the particle); fi 
is the fraction of energy loss in knock-on 
electrons for the itk particle); E& and Emax 
are the lower and upper limits of the knock-on 
spectrum for the i& particle; Wi(Ei,E) is the 
probability per unit energy that a knock-on 
electron will be produced with energy E by the 
ith particle of energy Ei; and Ge(E) is the 
yield per 100 eV for an electron which starts 
with energy E ,  and i s  stopped in the medium. 

The validity of equation 7 depends upon the 
fact that all of the entities of the track, i.e., 
the spurs along the core and the knock-on elec- 
trons of the penumbra, develop their chemical 
yields independently., 

Equation 7 furnishes a precise relationship 
between the electron and proton differential 
yields; and at high velocities, they are almost 
the same. To a first approximation, 

1 wi(Ei,€) E - . 

The lower limit of tne integral ci 
100 eV for both particles. 
different, 

is taken as 
The upper l'imits are 

1 = - E  
max 2 e Y 

because an electron can only lose half its 
energy, and 

2 mc 
max 2 ,  1-6 
EP = - 

where m is the electron mass. The fractions of 
energy in knock-on electrons vary slightly 
between the two particles, although they are 
both -0.5. 

Yields of Electron Tracks 

When electron tracks are considered, the 
integro-differential equation 7 involves only one 
dependent variable, Ge, and the equation can be 
considered as a self-consistent equation in Ge(E). 
We require that G ( E )  is known from E = E ~ ,  or 

region, equation 7 can be transformed into a 
differential equation. Notice in this connection 
that the left side of this equation is: 

100 eV, to E =10 P eV. In the high energy 

d Gl(E) =r E Ge(E). (9) 

The differential equation derived from 
equation 7 for the electron h s been investigat 
and an approximate solution valid at hiqh 

d 

velocity' has been obtained (Magee and Chatterjee, 
1978a,b). This solution is: 

a 
2 3 n 0.6 

r) 

where a. is a constant to be obtained from 
calculation or experiment, and a new independent 
variable q = En E/2E0 is introduced. The analytical 
solution given in equation 10 is valid for 
electron energies above 20 keV. I n  the very low 
energy region, an electron track model was used; 
in the intermediate energy region, equation 7 was 
used in the integro-differential form along with 
the track model (Magee and Chatterjee 1978a). 

The unknown function of these equations, Ge(E), 
or Ge(n), i s  the yield of any product in dilute 
solution. We investigated the yields of the 
Fricke dosimeter for all electron energies from 
100 eV to l o 7  eV. The yields for any electron 
irradiation for which the electron spectrum is 
known can be obtained, using these results. 

The specific effects of electron track ends 
are given in this treatment. We see from 
equation 10 that as r) gets large (the bracket 
approaches unity), the term i n  n o - 6  continues 
to make a contribution to Ge(n), so that the 
asymptotic value Gsp is not actually reached 
in the range of energies that are of interest to 
experimentalists. 
considered as giving the track end contribution. 

The term in no.6 can be 
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The nature of Gsp has been considered in a 
special study (Magee and Chatterjee, 1980a). The 
spur yield is made up of contributions from all 
energy losses between 0 and 100 eV, with an 
average value which we have estimated as 40 eV. 
We have shown how our approximate concepts of the 
phenomena that occur early (in less time than 
10-12 sec) are compatible with observed radiation 
chemical yields. 

Yields of Heavy Particle Tracks 

Equation 7 can be used to calculate yields 
for all heavy particles that have spurs which do 
not interact much as they expand. In practice, 
this means the tracks of H and He at energies 
above about 100-200 MeV/n. The radiation chem- 
istry of these particles at high energies are 
thus well known from results with fast electrons. 
For particles of higher Z and for all particles 
at lower energy, two problems must be solved: 
(1) the effects of the overlapping of spurs 
along the core, and (2) the effects of the over- 
lapping of the core and penumbra. These problems 
are considered in a paper by Magee and Chatterjee 
(1980h). The physical energy deposit can be 
separated into parts assigned to the core and 
penumbra, respectively. In chapter 11-4, the 
average energy density in a heavy particle track 
was shown to vary as r-2 where r is the radial 
distance from the trajectory. The separation 
technique (which has been investigated and which 
appears promising) is to assign all o f  the energy 
that is initially deposited at an energy density 
greater than a critical value pi  to the core. 
One can see the reason for such a suggestion in 
a consideration of the competititon of the 
radicals in the track between recombination and 
reaction with a scavenger which is in a spatially 
constant concentration. The rate o f  the recom- 
bination varies as kc2 where k is the rate 
constant and c the concentration that is 
initially proportional to the energy density in 
the deposit; the initial rate of scavenger 
reaction varies as kScSc, where k s  is the rate 
constant and cs is the scavenger concentration. 
I f  the scavenger reaction rate is larger, it is 
reasonable to assume that the energy deposit is 
like that of an isolated electron track; if the 
recombination i s  larger, the energy deposit is 
like that of a track core. If the two rates are 
equal : 

kC1 = kscs, (11) 

where c1 is the radical concentration for this 
condition, we see that one would expect the 
initial energy deposit to be proportional to 
kscs/k or the same value for all particles 
and energies. 

The use of a critical energy density, pi, 
for the separation of a track into core and 
penumbra was investigated in a consideration of 
the Fricke dosimeter system irradiated with heavy 
particles (Chatterjee and Magee, 1980; Magee and 
Chatterjee 1980b). The concept aopears to be 
promising and can perhaps be refined. Calculated 

values of r1 (the radial position at which the 
energy density is initially at the critical 
value) are shown in Figure 1 as a function of 
specific ,energy for six representative particles. 
The particles selected for study cover the entire 
heavy particle spectrum: H, D, and He have been 
widely used for many years; C, Ne, and Ar are the 
principal particles accelerated in the Bevalac; 
Fm has atomic number 100, and is representative 
of the very heavy particles. We see in Figure 1 
that values of rl merge on the low energy side 
with the penumbra radius, rp, and on the high 
energy side with the "physical core" radius, rc. 
For energies below the one at which r1 = rp for 
a given particle, the heavy particle track has no 
penumbra. 

We call the core defined by rl the "chemical 
core" because its size depends upon chemical 
reaction rate criteria. The concept o f  core more 
often used, for example in chapter 11-4, depends 
upon the initial energy deposit only, and such a 
core can be called a "physical core." 

Treatment of the Chemical Core 

Several considerations of the core expansion 
have been made,' and they all lead to a rather 
simple picture of a core made up of a string of 

t ' " " " ' I  ' " " i " l  ' " " " ' ~  '"'"7 

E (MeV/n) 

Figure 1. Chemical core radii rl(E) ( i n  A )  for 
the six selected particles vs. specific energy E 
(in MeV/n). At low energies, all values of rl(E) 
are equal to the penumbra radius, rp; at high 
enerqies, all values o f  rl(E) become equal to 
the physical core radius, rc. Of course, rc 
and rp are common for all particles. (XBL 7910-3807) 
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spurs that expand, and react with each other and 
a scavenger. The basic treatment was introduced 
by Ganguly and Magee (1956). 
differential equation that allows us to calculate 
the rate of radical reaction in the expanding 
track (in a one-radical model) is: 

The type of 

2 dv 2k v 
= - [2n(r2 + 4Dt)I3I2 

’ 

[ + [2n(r2 + 4Dt)l1”] 
z1 

Y 

where v is the number of radicals in a spur, r 
is the initial radius of the spur, D is the dif- 
fusion coefficient, t is the time, and Z 1  is 
the average separation of spurs in the track. 
Notice that as the expansion occurs, and the 
second term in the bracket becomes larger than 
unity: 

2 dv 2nv 
dt - a -  

[ 2  (r2 + 4Dt)]Z1 

Chatterjee and Magee (1980) have shown how 
to obtain the water decomposition yields using 
the Fricke dosimeter system and a numerical 

technique. 
obtained through equation 6. 
occur in this system, along with their reaction 
rate constants, are shown in Table 1. A set of 
coupled equations for the reactions 4 and B of 
Table 1, as they occur in the core, i s  obtained. 
The initial conditions are compatible with the 
initial energy deposit. A s  time increases, the 
radicals initially in the physical core expand 
and engulf the radicals surrounding them, the 
reactions I A  and I B  of Table 1 occur. The pro- 
cess continues until the entire core is engulfed 
(i.e., to the radius rl), and then the reac- 
tions continue (without further engulfing) unti 1 
the scavenger reaction time t = (kscs)-l is 
reached. The radicals H and OH, and the mole- 
cules H2 and H202, existing at that time, are 
designated as the primary water decomposition 
products. 

Of course the Fe+3 yields are 
The reactions that 

Results of some calculations of the water 
decomposition in the core are shown in Figure 2. 
In this approximation the yield depends only on 
the energy per unit distance assigned to the core 
(LETcore). Calculations for all particles 
fall on the same curve. 

Table 1. Reactions in the Fricke System 

Treatment o f  the Penumbra 

The yield of the penumbra must be given by 
an integration over the electron spectrum. 
Consider the expression: 

Reactions 
Reaction Rate Constant 

(liters/mole-sec) 

A.  Recombination of Primary Radicals 
1. H + H + H 2  
2. H + OH + H,O 

1 x 1o1O 
2.4 x l o l o  

L 

3. OH + OH + H202 4 lo9  
B.  Reactions of Radicals and Product Molecules 

4. 
5. 
6. 
7. 
8. 

H + H202 jr H20 + OH 
OH + H202 jr H20 + H02 

OH + H2 jr H20 + H 
HO2 + H jr H202 
HOE + OH jr H20 + O2 

9. H02 + H02 + H202 + 02 
C. Scavenqer Reactions 

10. 
11. 

H + O2 3 H02 
HO, + Fe+2 + HO, + Fe+3 

L 

12. OH + Fe“ + OH-[+ Fe+3 
13. H202 + Fe+‘ + OH- + OH + Fe+3 

1 x lo8 
5 lo7  
6 x lo7  
1 x 1o1O 
1 x 1010 
2 x lo6 

1 x 1o1O 
2 x 106 
3 x 108 
56 

n 
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G' 

LETcore (eV/A) 

Fi ure 2. Differential yields of water 
*ition products in the chemical cores of 
heavy particles vs. LETcore. (XBL 805-9561) 

.%ax 

where €1 and Emax are appropriate limits, 
and w is the function for the ordinary knock-on 
electron spectrum. All of the knock-on electrons 
originate on the track axis and go into the 
chemical core region which is bounded by rl 
(see Fig. l ) ,  the position of the critical energy 
density e l ;  €1 is the minimum energy that 
allows knock-on electrons to reach rl, and must 
be taken as the lower limit. The penetration of 
electrons in the penumbra is a statistical 
problem which has been considered by Chatterjee 
and Tobias (1980), who found that the penumbra 
radius is essentially proportional t o  Emax. 
This result means that the average penetration 
is proportional to the energy. Thus, we take: 6 

E l  = E - El, (15 )  
J 

as the appropriate argument in the-electron yield 
expression, i.e., Ge(E') because electrons 
which go beyond rl leave this amount of'energy 
in the penumbra. 

~ L 

This calculation has b$en carried out for 
water decomposition, and Gpen(E) values are 
shown in Figure 3 for OH and H202 production. 
The penumbra contributions tend to be determined 
by E, the energy per nucleon of the particle. 
There are various lower limits of energy for the 
existence of a penumbra contribution, and these 
are indicated by the vertical lines. We see from 
Figure 1, rl = rp at small energies for all 
particles . 

G' 

M-3 \ \ rn. G'"" I 

o j  ~~ 1 10 101 10 J 

E(MeV/n) 

Figure 3 .  
decomposition products OH and H202 in the 
penumbras of the six representative heavy 
particles vs. specific energy E. 

Differential yields of the water 

(XBL 805-9673) 

Heavy-Particle Track Model 

is given by the equation: 
The differential yield of a heavy particle 

Any particle, of course, has a value of Z; at 
energy E, the particle has an LET and an Fcore; 
LET,,,, = Fcore LET. 

Differential yields obtained in this way have 
the least possible sensitivity to calculational 
procedures. The contributions o f  the core and 
penumbra are determined individually in the most 
reliable manner possible. If the total yield 
[G(E)] is desired, it is obtained by an integra- 
tion, using equation 9. 

decomposition products OH and H202 are shown in 
Figure 4. 
the Fricke dosimeter, and these are shown in 

The track differential yields of the water 

We use equation 6 to obtain yields of 

5'. . Several sets of.experimenta1 points 
In the low energy otted for comparison. 

region for the lightest particles H and He, for 
which most data are available, there is so much 
scatter in the experimental points that it is 

difficulty prevents a satisfactory comparison at 
the high energies for C, Ne and Ar. Fragmenta- 
tion of these ions occurs under the experimental 
conditions (see chapter 11-1 and Chatterjee et 
al., 1976), and we have not actually made a 
calculation for the particles of the experiments. 
Analysis of the fragmentation will be made in 
the future, and then a meaningful comparison 
will be Dossible. 

t to assess the agreement. Another 



68 

c DISCUSSION 

3 t  1 

G' 

3 

E(MeV/n) 

Figure 4. 
decomposition products 'OH and H202 in the 
tracks of the six representative heavy particles 
vs. specific energy E. 

Differential yields of the water 

(CBB 807-8444) 

r I 

21 J 

E(MeV/n) 
0.1 1 10 10) 10' 

Figure 5. 
for the six representative particles vs. specific 
energy E, are given by the solid curves. 
Estimates of values for C, Ne, and Ar from direct 
experimental measurements by Jayko et a1 . (1978) 
are indicated by the dashed lines a, b, and c, 
respectively. In the low energy region (below 
10 MeV/n), estimates have been made from analysis 
of integral G-values by various authors. for H: 
0 ,  Hart et al. (1956);  dashed curve e, Pucheault 
and Julien (1972). For D: 0 ,  Hart et al., 
(1956); dashed curve d, Schuler and Allen 
(1957);  For He: 0 ,  Gordon and Hart (1961);  
dashed curve f, Schuler and Allen (1957).  

Calculated differential yields G'(E), 

(XBL 803-8508) 

The radiation chemistry of dilute aqueous 
solutions has been considered for heavy particles 
with representative 2 values from 1 to 100 over 
the range of energies from 0.1 to 100 MeV/n. The 
possibility exists that other effects will be 
discovered, but it is likely that most of the 
significant phenomena are already taken into 
account, and that Figures 4 and 5 give a good 
overall view of the yields of heavy particles in 
aqueous solutions. Several parameters are 
involved in the calculations, and thus there is 
room for adjustment of the model. Also, the 
yields depend on scavenger concentration. 
plan to improve the model by theoretical studies 
of its dependences on the various parameters and 
also by experimental studies of additional 
chemical systems. A particularly interesting 
system for experimental investigation is a 
modified Fricke dosimeter (Gupta et al., 1978) 
which has large G values for low-LET radiations 
(up t o  85 or s o ) .  This system will allow us to 
investigate the criterion for separation of core 
and penumbra and, in fact, will help us find the 
limits in which such a separation is valid. 

We 

All of these considerations apply to tracks 
that react completely with scavengers before they 
react with neighboring tracks. This is always 
the situation in any system at low rates o f  
irradiation, Thus, the track model set forth 
here should be directly applicable to any aqueous 
system under a low-dose rate. 

The principal objective of this track study 
is the development of a model track which will 
be useful in interpreting the results of heavy- 
particle radiation biology. Efforts to use the 
ideas generated in the study have been made over 
the past three years and will continue. We 
visualize the problem as that of merging the 
purely chemical effects of the radiation with 'the 
biological effects that occur on a longer time 
scale. The initial chemical effects in a 
biological system are, of course, the same as 
would be expected in a nonliving system, and then 
the strictly biological reactions (enzyme 
catalyzed) take over. We have considered the 
problem of cell survival and tried to determine 
how far one can go i n  explaining observed 
survival curves if one assumes that the process 
which causes cell death is a radical-radical 
reaction. As usual, the results are mixed with 
some indications that the mechanism is reason- 
able, and with others that it is significantly 
incomplete. A preliminary report entitled "A  
radical diffusion model of cell survival" was 
presented at the Sixth International Congress of 
Radiation Research (Magee, 1979), and the work 
is continuing. 
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PHYSICAL AND CELLULAR RADIOBIOLOGICAL PROPERTIES 
OF HEAVY IONS IN RELATION TO CANCER THERAPY APPLICATIONS 

E. A. Blakely, C. A. Tobias, F. Q. H. Ngo, and S .  B. Curtis 

Precise delivery of tumor dose, with con- 
comitant low dose to surrounding tissue, is a 
primary feature of charged particle therapy. 
Although normal tissue damage usually limits the 
treatment dose that can be delivered, comparisons 
with conventional modalities show that heavy ions 
can provide effective dose to tumors at depth 
without exceeding normal tissue tolerance. Any 
enhanced incremental dose to the tumor should 
increase the probability of local control. The 
sparing effect of particles on normal tissues and 
the comparatively high level of damage to tumors 
is the result of two factors: first, physical 
dose can be delivered at depth with a lower 
entrance dose; and second, the pnysical dose 
delivered by stopping particles is biologically 
more effective because of the specific energy 
deposition properties of charged particles. 

not the only criterion considered in the selec- 
tion of a therapeutic modality. 
biological radioresistance of hypoxic cells is 
considered the other major feature of high-LET 
radiations. 
difference in radiosensitivity between hypoxic 
and oxic cells. Other radiobiological character- 
istics of heavy ions that are undergoing study 
for their possible clinical significance are: 
the reduction in repair of heavy-ion-induced 
lesions, the reduction in differences of cell 
sensitivity in various cell ages during the 
division cycle, the increased synchronizing 
effect of heavy ions, and the increased radio- 
sensitivity of hyperploid cells. 

Biologically effective dose distributions are 

Reduction of the 

Heavy ions markedly decrease the 

The evaluation of relative advantages of 
various radiation modalities requires quantita- 
tive physical and biological data. Major 
physical aspects o f  heavy-ion beams are discussed 
in Parts I1  and VI of this report). Specific 
biological aspects of heavy ions are discussed 
in each chapter of Part 111. This chapter deals 
with a quantitative comparison of biological 
properties of monoenergetic and extended Bragg 
peak heavy-ion beams, based on in vitro cellular -5 

su 

va 
of 
av 

v i val e x  per iment s . 

KBE AND OEK 

Cellular in vitro measurements of RBE and OER * 

ues have been inade at numerous residual ranges 
each of the Bevalac beams as they have become 
ilable since 1974 (Blakely et al., 1978, 1979; 

Chapman et al., 1977, 1978; Curtis et al., 1980; 
Fu and Phillips, 1976; Gerner and Leith, 1977; 
Goldstein et al., 1980; Hall et al., 1977; Leith 
et al., 1975, 1977; Licke-Hyhle et al., 1979; Ngo 
et al., 1980; Phillips et al., 1977, 1979; Raju 
et al., 1978; Raju, 1980a,b; Roots et al., 1980; 
Schilling et al., 1977; Yang et al., 1979, 1980). 

The beams studied include: carbon (308-400- 
474 MeV/amu), neon (425-557-670 MeV/amu), si 1 icon 
(530 and 670 MeV/amu) and argon (570 MeV/amu). 

eight or more mammalian cell lines have been used 
to study beams with monoenergetic narrow (4 cm), 
and broad (10 cm) Bragg peaks. 
large body o f  RBE and OER information from 
cultured cells has recently been summarized 
(Raju, 1980a) and shows good agreement despite 
the technical differences between the various 
systems. 
observations made with respect to the aerobic 
and hypoxic biological response of a single cell 
line (human kidney T-1) to irradiations at 
various ranges (indicated in Figures 4A and 46) 
of monoenergetic and Bragg peak extended beams. 
Representative survival curves from which the OER 
and RBE values were extracted are shown in 
Figure 5. 

Using a variety of experimental systems, 

Most of this 

Figures 1-3 describe the principal 

The left panel of Figure 1 depicts carbon 
400 MeV/amu monoenergetic data. 
OER remains high and the RBE low over the 
greatest part of the beam's range. However, 
within the last two centimeters of range the 
values quickly change, with the hypoxic RBE at 
10% survival reaching a maximum o f  3.9 * 1.0 and 
the OER dropping to a low of 1.6 f 0.3 at the 
closest range studied upstream of the Bragg peak. 

wnen the Bragg peak of the 400 MeV/amu carbon 
beam is spread to 10 cm with a spiral ridge 
filter (SRF). The stopping of additional 
particles over the last 10 cm upstream of the 
peak results in a reauction o f  the oxygen e f f e c t  
and an increasse of the KBE over a broader region 
of 'the range, especially the last several centi- 
meters. Notice that the physical dose plotted 
at the top of this panel is deliberately sloped 
to give less dose in the distal peak, where the 
particles are most effective. An evaluation of 
the-success of two filter designs for isoeffec- 
tivene-ss at the 50% survival level for this cell 
line will be made later in the chapter. The RBE 
and OER data from the 10% survival level are 
presented here for illustrative purposes. 

In this beam the 

The middle panel demonstrates what happens 

The-results from the 308 MeV/amu carbon beam 
with a 4 cm peak are presented in the right panel 
of Figure 1. The RBE is somewhat higher and the 
OER lower over this shorter extended peak than 
that-measured for the 400 MeV/amu beam with the 
longer peak. This trend is common to most of the 
beams. The lower the initial beam energy, the 
higher the RBE and lower the OER over the full 
width of the extended pealc. However, in most 
cases the RBE was lower and OEK higher in the 
proximal peaK than in the distal peak of each 
beam. 
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F i  u r e  1. 
&j RBE-10 and OER-10 measurements as a f u n c t i o n  o f  range f o r  monoenergetic and 10-cm 
extended Bragg peak 400 MeV/amu carbon beams, and a 4-cm extended Bragg peak 308 MeV/amu carbon 
beam. 
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F i  u r e  2 .  

10-cm extended Bragg peak 425 MeV/amu neon beams, and a 10-cm extended Bragg peak 557 MeV/amu 
neon beam. 

P h y s i c a l  Bragg i o n i z a t i o n  cu rves  and ae rob ic  ( s o l i d  symbols) and hypox ic  (open 
RBE-10 and OER-10 measurements as a f u n c t i o n  o f  range f o r  mononenergetic and 4-cm and 

B i o l o g i c a l  d a t a  a re  based on human k i d n e y  T-1 s u r v i v a l  i n  v i t r o .  (XBL 808-3631) 
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F i g u r e  3. P h y s i c a l  Bragg i o n i z a t i o n  cu rves  and 
ae rob ic  ( s o l i d  symbols) and hypox ic  (open 
symbols) RBE-10 and OER-10 measurements as a 
f u n c t i o n  o f  range f o r  a monoenergetic and a 4-cm 
extended Bragg peak 570 MeV/amu argon beam. 
B i o l o g i c a l  d a t a  a r e  based on human k i d n e y  T-1 
s u r v i v a l  i n  v i t r o .  (XBL 808-3630) 

The neon d a t a  a r e  summarized i n  F i g u r e  2. 
The 425 MeV/amu monoenergetic d a t a  i n  t h e  extreme 
l e f t  panel  a re  s i m i l a r  t o  t h e  carbon data, except  
t h a t  t h e  RBE and OER va lues change e a r l i e r  
upstream o f  t h e  neon pealc and a t t a i n  a maximum 
hypox ic  RBE of 5.3 * 1.3 and a minimum OER o f  
1.2 0.2. 

The d a t a  f o r  t h e  425 MeV/amu beam w i t h  t h e  
4-cm f i l t e r  show t h a t  t h e  OER i s  l e s s  than  2.0, 
and t h a t  t he  hypox ic  RBE i s  g r e a t e r  t han  3.0 over  
most of t h e  peaK reg ion .  A t  a 10% s u r v i v a l  l e v e l  
these e f f e c t s  a re  l e s s  pronounced f o r  t h e  + . 
425 MeV/amu and 557 MeV/amu beams w i t h  t h e  10-cm 
peak, as shown i n  t h e  two panel~s on t h e  r i g h t  
s i d e  o f  F i g u r e  2. The RBE v.alues a re  somewhat , . .  
f l a t t e n e d ,  b u t  t h e  OER va lues  a re  s t i l l  
suppressed. 

4-cm extended peak RBE and OER da ta  as a f u n c t i o n  
o f  range f o r  argon beams w i t h  an i n i t i a l  energy 
of 570 MeV/amu. The monoenergetic argon d a t a  is; 
un ique i n  t h a t  the, hypoxic  and ae rob ic  RBE v a l u  
a r e  maximized i n  a broad peak o f  seve ra l  c e n t i -  
meters  t h a t  l i e s  upstream o f  t h e  p h y s i c a l  Bragg 
peak. The hypoxic  RBE va lue  o f  10% s u r v i v a l  
drops s i g n i f i c a n t l y  f rom 4.4 f 0.6 a t  1.2 cm 
upstream o f  t h e  Bragg peak, t o  3.0 f 0.6 a t  t h e  
c l o s e s t  peak p o s i t i o n .  The ae rob ic  RBE v a l u e  
drops f rom 2.6 f 0.2 t o  1.5 f 0.2 over  t h e  same 
range. 

F i g u r e  3 i l l u s t r a t e s  t h e  imonoenerget 
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F i g u r e  4.1 Beam ranges s t u d i e d  w i t h  r e s p e c t  t o  
t h e  monoenergetic Bragg peak (upper p a n e l )  and 
t h e  4-cm:and 10-cm extended Braqq peaks ( l o w e r  
pane ls ) .  [ ( A )  XBL 777-3591A; (B)  XBL 785-8601] 

'The 4-cm extended-peak RBE and OER va lues  
p l o t t e d  i m t h e  r i g h t  hand panel  of F i g u r e  3 show 
a r a t h e r  f l a t  ae rob ic  RBE response, w i t h  t h e  
g r e a t e s t  e f f e c t  b e i n g  t h e  h i g h  f l a t  hypox ic  peak 
RBE va lues  which a re  a r e s u l t  o f  t h e  v e r y  low OER 
(<1.4) across t h e  e n t i r e  f i l t e r .  RBE cha rac te r -  
i s t i c s  as a f u n c t i o n  of range a re  t h e  ma jo r  con- 
s i d e r a t i o n  i n  t h e  des ign  o f  r i d g e d  f i l t e r s .  The 
unique LET spec t ra  and p r imary  beam f r a g m e n t a t i o n  
p r o p e r t i e s  o f  argon a r e  q u i t e  d i f f e r e n t  f rom 
carbon and neon beams of s i m i l a r  range which have 
been s tud ied .  
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Figure 5. 
Figure 4 of a 308 MeV/amu carbon and a 570 MeV/amu argon beam. 
extended to 4 cm. Survival was measured in vitro with human kidney T-1 cells. (XBL 809-3682) 

Aerobic ( 0 )  and hypoxic (0) survival curves measured at ranges designated in 
The Bragg peaks had been 

The results described above led to the 
proposal to accelerate an ion on the periodic 
table between neon and argon. 
there might be an advantage in using an intermed- 
iate ion which would still have an OER advantage 
like argon, but would generally produce less 
fragmentation and less overkill effect than the 
argon beam, and, therefore, give an effective 
dose distribution at depth that would be more 
like neon. 
silicon studies are presented in Part I11 of this 
report and indicate substantial support for this 
hypothesis. 

It appeared that 

The preliminary results of our 

RANGE FILTERS AND EXTENUED REGIONS OF ISOEFFECT 

The objective of range filter design is to 
extend the effective Bragg peak region, by 
accumulating stopping particles over the broader 
dimensions required in radiotherapy, to give a 
region of isoeffective cell killing. 
several parameters to consider in this task, 
including the beam characteristics of energy 
deposition and fragmentation, the model for cell 
inactivation which is used to predict the low 
dose response in the mixed LET radiation fields, 
the specific available cell line sensitivities 
selected for the modeling and their RBE-LET 
dependence, and the dose level desired for the 
isoeffect. 

There are 

Most of the range filters presently in use 
are ridge filters that were designed by John 
Lyman based on physical beam parameters and 
available biological data. 
tion accumulated with the initial filter designs, 
the information was used to design better 

As cellular informa- 

filters. A representative biological dose- 
response profile was developed, and several 
filters of a newer spiral design were tooled to 
extend Bragg peaks to a width of 4 or 10 cm. In 
some cases different particles require different 
filters in order to achieve isoeffective killing 
across the extended peak. In other cases, the 
physical and biological properties of beams 
appear to be similar enough to allow use of the 
same filter for isoeffectiveness (see below). 

of the available filters using a single cell line 
(T-l), the repair-misrepair (KMR) model for 
cellular inactivation (Tobias et al., 1980) was 
used to computer fit heavy-ion survival data by 
least-squares regression, and to calculate 
aerobic RBE values at the 50% survival level. 
The RMR model was selected because it yields a 
fit to cell survival data that is representative 
of fits made with other available models. This 
model also has other characteristics useful for 
analytical interpretation. 

The RBE-50 values for the various ranges 
studied were multiplied by the measured physical 
dose at each range studied. 
normalized biologically effective dose (BED) has 
been plotted over each of five Bragg curves of 
physical dose in Figure 6. The same 4-cm and 
10-cm SRF was used for each beam studied. The 
data for the 4-cm carbon and neon beams show 
fairly good success in attaining uniformity of 
aerobic cell killing across the peak. However, 
the corresponding OER values plotted below each 
Bragg curve, and the corresponding hypoxic 
biologically effective dose values (not snown), 
revealed that it is not possible to design 

In order to demonstrate the isoeffectiveness 

The resultant 

Q 
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F i g u r e  6. Phys i ca l  Bragg i o n i z a t i o n  curves ( a ) ,  and b i o l o g i c a l l y  
e f f e c t i v e  dose ( 0 )  and OER (0)  a t  50% s u r v i v a l  as a f u n c t i o n  o f  range 
f o r  heavy- ion beams w i t h  4-cm extended Bragg peaks a t  14-cm range 
p e n e t r a t i o n ,  and w i t h  10-cm extended Bragg peaks a t  24-cm range 
p e n e t r a t i o n .  (XBL 809-3681 ) 

f i l t e r s  t o  s imu l taneous ly  achieve i s o e f f e c t i v e -  
ness f o r  b o t h  ae rob ic  and hypoxic  c e l l s .  The 
carbon peak OER va lues  are around 2.0 and t h e  
neon midpeak OER va lues a re  s i m i l a r ,  b u t  t h e  OER 
decreases t o  about 1.6 i n  t h e  d i s t a l  neon peak. 
The 308 MeV/amu carbon and 425 MeV/amu neon beams 
w i t h  4-cm extended peaks are, i n  genera l ,  v e r y  
much a l i k e  i n  terms of t h e  measured parameters 
a t  t h i s  range f o r  t h i s  c e l l  l i n e .  

The b i o l o g i c a l l y  e f f e c t i v e  and p h y s i c a l  dose 
p l o t s  f o r  t h e  longer-ranged 400 MeV/amu carbon 
beam w i t h  t h e  10-cm SRF a re  d e p i c t e d  i n  t h e  upper 
r i g h t  hand panel  o f  F i g u r e  6. There i s  q u i t e  a 
b i t  o f  s c a t t e r  i n  t h e  r e p l i c a t e  es t ima tes  o f  
RBE-50 i n  t h e  p rox ima l  and midpeak reg ions ,  and 
l e s s  s c a t t e r  i n  t h e  d i s t a l  p o s i t i o n .  
t h e  f i l t e r  des ign  of p h y s i c a l  dose appears t o  
s l i g h t l y  overcompensate f o r  e f f e c t i v e  dose i n  t h e  

’ 

However, 
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distal peak. More physical dose in the distal 
end of the peak is needed for isoeffectiveness 
across the full range o f  the peak; The OER value 
for this long range carbon beam is rather high, 
averaging about 2.5 to 2.6 over the 10 cm width, 
but ranging from 2.8 f 0.2 in the proximal peak 
to 1.9 f 0.2 in the distal peak. 

The biologically effective and physical doses 
for the 557 MeV/amu neon beam with the 10 cm SRF 
are plotted in the lower right hand panel of 
Figure 6. 
monolayer experiments show proximal and midpeak 
scatter for neon too; however, the isoeffect is 
somewhat flatter across the 10 cm of the extended 
peak. The OER values across the peak of this 
beam average about 2.1 to 2.3, and range from 
2.3 f 0.2 in the proximal peak to 1.6 f 0.1 in 
the distal peak. 

Notice that data from two replicate 

The final panel in the lower left o f  
Figure 6 presents the 570 MeV/amu argon OER 
values and physical and biologically effective 
doses as a function of range. This beam is 
different from the others because it shows that 
for the 4-cm filter design the biologically 
effective dose is quite similar to the physical 
dose, except that it is slightly less effective 
in the distal end of the peak. However, the 
normalized peaK to plateau dose ratio is still 

quite advantageous (-1.5) in a narrower region 
straddling the physical proximal peak. This beam 
is also quite unique because of its extremely low 
OER, which averages about 1.4 across the entire 
width of the peak, including the preproximal and 
distal regions. 

@ 

The 4-cm filter design appears to be adequate 
for the carbon and neon beams, but it is not 
optimal for the argon beam. The BED distribution 
can be optimized for the argon beam by using a 
SRF design with a much less sloped physical dose. 
The 10-cm filter design appears to slightly over- 
compensate for biological killing in the distal 
peak of the 400 MeV/amu carbon and 557 MeV/amu 
neon beams. 

COMPARISON OF CELL LINE SENSITIVITIES 

The observations described in the above 
discussion are made from data on a single 
cultured cell line. In order to address the 
question of specific variations in heavy-ion 
radiosensitivity between different cell lines, 
the aerobic RBE results for eight cell lines at 
10% survival have been summarized in Figure 7 as 
a function of mean LET,,,. Results from both high 
energy monoenergetic and ridge-filtered heavy-ion 
beams are given. Data from several groups o f  
experimenters are included in the figure. 
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Figure 7. Aerobic RBE-10 vs. mean LET, for monoenergetic and extended Bragg peak I 
data using mammalian cell survival data measured in vitro. The results are 
compiled from nine different cell systems (Blakely et al., 1978, 1979; Lycke-HGhle 
et a l . ,  1979; Ngo et al., 1980; Roots et al., 1980; Chapman et al., 1977; Curtis 
et al., 1980; Leith et al., 1975; Yang et al., 1979, 1980; Goldstein et al., 
1980). (XBL 7810-3663A). 



The cell survival data include a variety of 
tissue culture techniques (e.g., monolayers, 
stirred suspensions, sealed vials) used by 
various investigators, and with concomitant 
variations in the geometry of radiation exposures. 
These differences, as well as inherent cell-line 
characteristics, account for the considerable 
scatter of the data. Nevertheless, there is a 
region that shows aerobic RBE increasing from 1.0 
at low-LET levels (of less than 10 keV/pm), to a 
maximum RBE of 3.0 at about 140 to 160 KeV/um. 
The RBE then decreases rapidly at higher LET. 
The mean LET values for most of the Bevalac data 
lie in the ascending region of the RBE plot. We 
believe that some of the scatter of data repre- 
sent real differences in the radiation sensitivity 
of the different cell strains, which will be 
discussed below. 
the RBE is a rapidly changing function of the 
survival level. At lower doses, the maximum RBE 
is greater for the LET values presented. 

Although not demonstrated here, 

STUDIES WITH THE R-1 RHABOOMYOSARCOMA CELL LINE 

An extensive amount of survival information 
on the range filtered Bevalac beams has been 
obtained using the R2D2 subline of the rat tumor 
R-1 sarcoma (Curtis et al., 1980). Two ranges 
o f  carbon and neon ions (13-14 and 22-24 cm) and 
one range of argon ions (12 cm) were studied 
using both the 4 and 10-cm SKF to extend the peak 
regions. 
stirred during the irradiation. An entire 
survival curve was obtained using the cell 
suspension in one vessel by withdrawing measured 
samples sequentially after small dose increments 
had been delivered. This technique was adapted 
from one used by Chapman et al. (1977). As an 
example of the data obtained, Figure 8 presents 
the dose vs. depth curves for the three short 
range beams spread to 10-cm peak width (middle 
panel), as well as the RBE values (top panel) and 
OER values (bottom panel) at 10% survival, in the 
plateau and at three positions in the extended 
peak region. Kesults o f  R E  and OER studies with 
the rhabdomyosarcoma cell line will be discussed 
below. 

The cells in suspension were continually 

CELL LINE COMPARISONS 

In order to examine in more detail the 
differences in cell line radiosensitivities to 
heavy ions, comparisons o f  two pairs of cell 1 

lines irradiated in monoenergetic and extended 
Bragg peaks have been made. The aerobic BBE 
values at 10% survival from the entire R202 data 
set, and the comparable set-*of kidney T-1 mono- 
layer data, nave been plotted' in Figure 9 again 
dose-averaged LET, values estimated-by Curtis 
et al. (1980). Tne RBE values for both sets of 
data were referenced to 225-kVp X rays. It is . 
oDvious from the figure that the scatter of data 
in this more complete comparison of two cell 
lines does not clearly resolve any specific cell 
line differences. In the mixed LET fields o f  
extended Bragg peaKs it appears that both these 
cell lines show a RBE maximum at an LET near 
200 KeV/um. If there are differences in the LET 
at which the maximum RBE occurs for these cells, 
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Fi ure 8. Physical depth-dose distributions, RBE -+- va ues or oxic cell suspensions at the 10% 
survival level, and OER values of the 10% 
survival level are shown for carbon, neon, and 
argon beams with 10-cm extended peak regions and 
a range of approximately 14 cm in water. The 
error bars represent one standard deviation for 
RBE and OER values measured in two or four 
separate expriments. (XBL 808-3617) 

. I  

c. 

they are small and not resolvable in highly mixed 
LET fields. 

Figure 10 illustrates some clarification of 
this point by comparing data on another pair of 
cultured cell lines. In this study, human T-1 
kidney and Chinese'hamster V-79 cells were 
irradiated in monolayer in monoenergetic beams, 
where the LET spectrum is considerably narrower. 
The aerobic KBE values are plotted against track 
averaged LET, values of,Tobias (published in 
Blakely et al., 1980) for various positions in 
the unmoderated 570 MeV/amu argon beam. The 
figure shows a slight difference in the LET at 
which the RBE is maximized. This is most clearly 
seen at the 50% survival level. It is believed 
that differences in the cross-sectional inactiva- 
tion characteristic for each Cell line are 
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CELL LINE R B ~ L E T  COMPARISON 
PLATEAU 8EXTENDED PEAK 

DOSE-AVERAGED L E T a  (keV/pm 

Fi ure 9. Aerobic RBE-10 values vs. dose-averaged 
*V/pm) from plateau and extended heavy-ion 
Bragg-peak data using human kidney T-1 cells mono- 
layers (Blakely et al., 1978) and rat rhabdomyo- 
sarcoma cell suspensions (Curtis et al., 1980). 
(XBL 809-3679) 

Figure 10. LET dependence of the RBE values for 
human kidney T-1 cells and Chinese hamster V-79 
cells measured with cell monolayers in vitro for 
a monoenergetic 570 MeV/amu argon beam. The RBE 
for V-79 cells has a peak at a lower LET than f a  
human kidney cells. 
is marked; at 10% survival the effect is not 
significant. (XBL 795-9634) 

At 50% survival the effect 

responsible for RBE differences like these. 
Figure 11 demonstrates the consequences of this 
Pffect on the design of SRF, where the mixture - .  . - _  ~ ~ 

of LET values is greater. 

Figure 11 presents the physical depth dose 
distribution for a carbon beam o f  400 MeV/amu 
initial energy with a 10-cm extended Bragg peaK. 
The biologically effective doses (physical dose 
times aerobic RBE at 50% survival normalized to 
entrance dose times aerobic RBE) for three 
different established cell lines from in vitro 
experiments are also plotted. The Chinese 

. . . _ _  

LINEAR QUADRATIC FITS OF Low 
DATA FROM THREE CELL L I N E S  

. Biological ly 

. ef fect ive dose 
- (P. Dose X RBEsoj\, p 

RANGE (cm H20) 

Figure 11. 
for a 400 MeV/amu carbon ion beam with a 10-cm 
extended Bragg peak. 
dose (BED = physical dose x RBE-50) is plotted 
at range positions studied for the human kidney 
T-1 cell monolayers (0) (Blakely et al., 1978); 
Chinese hamster V-79 cell suspensions (0) 
(Chapman et a1 . , 1977); and rat rhabdomyosarcoma 
cell suspensions (A) (Curtis et al., 1980). 
(XBL 809-3677) 

Physical Bragg ionization ( 0 )  curve 

The biologically effective 

hamst V-79 data from Chapman et al. (1977) and 
the rat rhabdomyosarcoma data from Curtis et al. 
(1980), were both taken from experiments in which 
the cells were irradiated in suspension chambers 
1.5 cm wide. 
Blakely et al. (1978) were irradiated in 
monolayer. 

The human kidney T-1 data from 

For this comparison, each cell line has been 
fitted to the linear quadratic model. 
mental variations (both biological and physical) 
may account for many of the differences; however, 
the survival results do not appear to indicate 
perfect isokilling across the 10 cm extended peak 
for each line. 
there appears to be a slight undercompensation 
for biological killing in the distal peak for the 
V-79 cells, while there is an overcompensation 
for killing in the distal pealc for the T-1 cells. 
John Lyman has used this type of information to 
revise filter designs. 

Experi- 

Rather, for this spiral filter, 
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COMPARISONS OF OER AND OGF 

I n  genera l ,  comparisons o f  measured OER 
va lues have shown t h a t  f o r  charged p a r t i c l e  mean 
LET values g r e a t e r  t h a n  100-200 keVlpm, t h e  OER 
i s  ve ry  low (see F i g .  12 ) .  However, such 
comparisons a l s o  show r a t h e r  l a r g e  d i f f e r e n c e s  
i n  LET dependence o f  OER below 100-200 keV/pm, 
e s p e c i a l l y  where t h e r e  a re  d i f f e r e n c e s  i n  t h e  
f ragmen ta t i on  dose component ( B l a k e l y  e t  al., 
1979). 

I t  t h e r e f o r e  becomes o f  i n t e r e s t  t o  compare 
OER va lues from seve ra l  systems i n  t h e  range- 
f i l t e r e d  beams. F i g u r e  13 i s  a p l o t  o f  oxygen 
g a i n  f a c t o r s  (OGF) versus r e s i d u a l  range f o r  
Bevalac beams w i t h  t h e  4-cm and 10-cm SRF. The 
d a t a  a r e  f rom B l a k e l y  e t  a l .  (1978) and C u r t i s  
e t  a1 (1980). The OGF i s  t h e  r a t i o  o f  t h e  OER 
ob ta ined  w i t h  t h e  r e f e r e n c e  low-LET r a d i a t i o n  
source t o  t h e  OER ob ta ined  w i t h  t h e  high-LET t e s t  
beam. Comparisons o f  OGF values e l i m i n a t e  
d i f f e r e n c e s  i n  t h e  e f f i c i e n c y  o f  oxygen removal 
between exper imenta l  techniques.  The r e s u l t s  o f  
F i g u r e  13 show t h a t  f o r  b o t h  c e l l  l i n e s ,  t h e  0GF 
f o r  b o t h  f i l t e r s  i s  g r e a t e s t  f o r  argon, w i t h  neon 

- 
0 

LL 
0 
0 

MEAN LET (keV/p)  

F i g u r e  12. OER (95% con f idence  l i m i t s )  vs. 
t rack-average mean LET: carbon (D), neon (a),  
and argon (0)  beams f r o m  t h e  Bevalac ( B l a k e l y  
e t  al. ,  1979); low-energy hel ium- ion d a t a  
(Barendsen e t  a l . ,  1966), high-energy (up t o  
10 MeV/amu) heavy-ion d a t a  (Todd, 1967); and 
X-ray d a t a  (X). (XBL 787-3362) 
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F i g u r e  13. OGF as a f u n c t i o n  o f  r e s i d u a l  range f o r :  308 MeV/amu carbon, 425 MeV/amu neon, and 
570 MeV/amu argon beams w i t h  a 4-cm extended Bragg peak (upper pane l ) ;  400 MeV/amu carbon, 
557 MeV/amu neon, and 570 MeV/amu argon beams w i t h  a 10-cm extended Bragg peak ( l ower  p a n e l ) .  
Data a r e  f rom human k i d n e y  T-1 c e l l  monolayer s u r v i v a l  measurements ( B l a k e l y  e t  a l . ,  1978) and 
r a t  rhabdomyosarcoma c e l l  suspensions s u r v i v a l  measurements ( C u r t i s  e t  al., 1980). 
(XBL 809-3678) 
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w o  z 

and carbon showing successively less gain at the 
two ranges studied. 

I I I ( I I I I ' I I I  

125 rad SILICON 5 3 0  

SINGLE PORT AND CROSS-FIRED EXPOSURES 

In order to evaluate more realistically the 
therapeutic potential of Bevalac beams, especi- 
ally with the limited range-filter designs 
available, simulated dual opposed-port exposures 
were made. The experi,mental description of our 
method is detailed in Figure 14 for a specific 
beam condition. 
technique using carbon, neon, silicon, and argon 
beams of -14 cm range are presented in Figure 15 
in a stylized version for simplicity. 

In general, the results of single-port and 
dual opposed-port exposures indicate that (1) all 
charged particle beams studied have superior 

The data obtained from this 

SIMULATED CROSS-FIRED BEAMS 

1 . 6 1 L 3 T - - 7  1.2 

O . * I  0.4 

ARGON 
5 7 0 M e V / a m u  

10-3 1-7 7 

RANGE IN WATER (cm)  

Figure 14. 
single-port and simulated cross-fired dual 
parallel-opposed port 570 MeV/amu argon beams. 
(XBL 785-8658) 

Physical Bragg ionization curves for 

I I l l  I I I " I ' I  

' e o  CARBON 3 0 8  151 rad 

0.4 

0.2 

1.6 ( 
z 
n 

120 rad 
o.8b ARGON 570 

0.2 

4 8 12 16 20 24 01 ' 1 1 1 ' ' 1 ' 1 
0 

DEPTH IN WATER (cm) 

Figure 15. Human kidney cell depth survival 
curves following cross fire of carbon, neon, 
silicon, and argon beams for hypoxic and aerated 
cells with a 4-cm extended Bragg peak. The 
oxygen effect in the "tumor" is smallest for 
silicon and argon. (XBL 809-3680) 

physical depth-dose advantage over conventional 
treatment modalities at the same tissue penetra- 
tion depths; ( 2 )  for both the maximum penetration 
depths studied, the midpeak-to-plateau physical 
dose ratio decreased slightly with increasing 
atomic number of the particle; ( 3 )  midpeak-to- 
plateau ratios of biological effectiveness 
(relative to 225-kVP X rays) for all particle 
beams studied were greater than one, with a 
maximum advantage observed for the 14-cm range 
neon and carbon beams; (4) midpeak-to-plateau 
oxygen gain factors were all greater than one 
with the greatest advantage observed for the 
argon and silicon beams; and (5) dual opposed- 
port exposure of particle beams demonstrated that 
more uniformly low OER values, and reduced 
survival can be achieved simultaneously over the 
cross-fired extended Bragg peak region, compared 
to single-port exposures. The cross-fired 
exposures eliminate some of the imperfections in 
SRF design, and permit a reduced entrance and 
exit dose for an equivalent tumor dose from a 
single port exposure. 
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COMPARISON OF THERAPY MODALITIES 

The evaluation of therapeutic advantages of 0 heavy ions described above led us to a comparison 
of these beams with other available therapy 
modalities. The two key features of treatment 
needs are first, to deliver high killing dose to 
a localized tumor target while sparing normal 
tissue lying in the treatment volume, and second, 
to reduce the radioresistance of hypoxic cells. 
Figure 16 is a vector representation that has 
been constructed for conventional low-LET sources 
(protons, neutrons, negative pions, helium, 
carbon, neon, silicon and argon ion beams). The 
vector plots were made to describe the treatment 
of two targets: 
10-14 cm tissue depth (upper panel), and a 
10 cm x 10 cm field at 14-24 cm tissue depth 
(lower panel). In vitro cell data from the 
following papers were used to construct this 
plot: Barendsen, 1968; Berry, 1971; Berry and 

a 10 cm x 10 cm field at 

Andrews, 1964; Bewley et al., 1976; Blakely 
et al., 1978, 1979, 1980; Broerse et al., 1968; 
Chapman et al., 1977, 1978; Curtis et al., 1980; 
Dertinger et al., 1976; Fu and Phillips, 1976; 
Gerner and Leith, 1976, 1977; Goldstein et al., 
1980; Gragg et al., 1976; Hall et al., 1974, 1977, 
1978; Heyder and Pohlit, 1979; Leith et al., 
1975, 1977; Li et al., 1979; Lkke-HGhle et al., 
1979; Mill et al., 1976; Ngo et al., 1977, 1980; 
Phillips et al., 1977, 1979; Raju et al., 1971, 
1972a,b, 1975, 1978; Raju, 1980a,b; Rini et al., 
1979; Robertson et al., 1975; Roots et al., 1980; 
Schilling et al., 1977; Skarsgard et al., 
1979a,b; Tobias et al., 1979, 1980; Todd et al., 
1974, 1975; Tremp et al., 1979; Ueno and 
Grigoriev, 1969; Weibezahn et al., 1979. ' 

The most advantageous position on the figure 
is located at the lower right quadrant. For the 
smaller, more shallow target volume (upper panel 
of Fig. 16),  it appears that 308 MeV/amu carbon, 

VECTOR REPRESENTATION of THERAPY MODALITIES 
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Figure 16. 
shallow field (upper panel) and a large, deep field (lower panel). 

Vector representation of therapy modalities for treatment of: a small, 
(XBL 808-36236) 
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425 MeV/amu neon, and 65 MeV n e g a t i v e  p i o n  beams 
a r e  s u p e r i o r  i n  t h e i r  r a t i o  o f  b i o l o g i c a l l y  
e f f e c t i v e  doses, w i th  t h e  neon beam hav ing  a 
s l i g h t l y  l e s s  e f f e c t i v e  dose r a t i o ,  b u t  a super- 
i o r  OER advantage. Argon (570 MeV/amu), s i l i c o n  
(530 MeV/amu) and seve ra l  neu t ron  energ ies  ( 5  t o  
25 MeV) have t h e  b e s t  OER advantage, and argon 
and s i l i c o n  beams a re  b e t t e r  t han  neu t rons  w i t h  
r e s p e c t  t o  e f f e c t i v e  dose r a t i o .  

Hel ium i o n s  and p r o t o n s  show an enhanced 
b i o l o g i c a l l y  e f f e c t i v e  dose r a t i o ,  b u t  a r e  most 
s i m i l a r  t o  t h e  low-LET r a d i a t i o n s  w i t h  r e s p e c t  
t o  OER, which r e s u l t s  i n  t h e i r  i n t e r m e d i a t e  
placement i n  t h e  v e c t o r  p l o t .  Fo r  a l a r g e r ,  
deeper tumor ( l o w e r  panel o f  F ig .  16), t h e  
r e l a t i v e  placement of each o f  t h e  the rapy  
m o d a l i t i e s  i s  a l t e r e d ,  except  f o r  t h e  l o c a t i o n  
o f  t h e  187 MeVIamu p r o t o n  and 225 MeVlamu h e l i u m  
data.  A t  t h i s  range, t h e  400 MeVlamu carbon and 
228 MeV/amu h e l i u m  beams a r e  q u i t e  s i m i l a r ,  as 
a r e  t h e  557 MeVIamu neon beam and t h e  85 MeVIamu 
p i o n  beam. The neu t ron  beams and low-LET 
m o d a l i t i e s  have d e t e r i o r a t e d  c o n s i d e r a b l y  i n  
t h e i r  e f f e c t i v e  dose r a t i o ,  however, t h e  n e u t r o n  
OER remains v e r y  low. 
(es t ima ted  f o r  a 700 MeV/amu and 670 MeV/amu 
beam, r e s p e c t i v e l y ) ,  a re  expected t o  be as low 
o r  lower  on t h e  OER s c a l e  than  t h e  n e u t r o n  beams, 
w i t h  t h e  a d d i t i o n a l  advantage o f  be ing  a lmost  a 
f a c t o r  o f  two b e t t e r  i n  e f f e c t i v e  dose 
l o c a l i z a t i o n .  

Argon and s i l i c o n  d a t a  

SUMMARY 

A v a r i e t y  o f  exper iments have been c a r r i e d  
o u t  i n  v i t r o  on seve ra l  mammalian c e l l  l i n e s  w i t h  
carbon, neon, s i l i c o n  and argon beams a t  14 and 
24 cm depth p e n e t r a t i o n .  
exper iments s u b s t a n t i a t e  t h e  conceptual  b a s i s  f o r  
p h y s i c a l  and r a d i o b i o l o g i c a l  advantages o f  
acce le ra ted  heavy-ion beams i n  cancer the rapy .  
The b e s t  b i o l o g i c a l l y  e f f e c t i v e  depth dose r a t i o  
f o r  s i t u a t i o n s  co r respond ing  t o  the rapy  needs can 
be ob ta ined  w i t h  a c c e l e r a t e d  carbon beams. A l l  
o t h e r  heavy beams tested,  as w e l l  as p ions,  a r e  
markedly  b e t t e r  t han  t h e  e f f e c t i v e  depth dose 
r a t i o s  ach ievab le  w i t h  neutrons,  X o r  gamma rays .  
A s i g n i f i c a n t  depress ion o f  t h e  OER a t  t h e  
v a r i o u s  depths r e q u i r e d  f o r  t he rapy  has been 
achieved w i t h  s i l i c o n  and argon beams, w h i l e  
these beams s t i l l  r e t a i n e d  advantageous b i o l o g -  
i c a l l y  e f f e c t i v e  depth dose r a t i o s .  
s i o n  o f  t h e  oxygen e f f e c t  w i t h  s i l i c o n  o r  argon 
i o n  beams i s  g r e a t e r  t han  t h a t  ach ievab le  w i t h  
neutrons o r  p ions,  o r  w i t h  heavy i o n s  o f  lower  
atomic number. 

The r e s u l t s  o f  t hese  

The depres- 
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HYPOXIC CELL RADIOSENSITIZERS AND 
HEAVY CHARGED PARTICLE RADIATIONS 

W. M. Saunders* and J. D. Chaprnant 

Beams o f  heavy i o n s  a r e  expected t o  be 
s u p e r i o r  t o  t h e  beams o f  photons p r e s e n t l y  used 
f o r  cancer therapy.  Heavy-ion beams have a b e t -  
t e r  d i s t r i b u t i o n  o f  absorbed dose, and a g r e a t e r  
b i o l o g i c a l  e f f e c t i v e n e s s  than  photon beams. ' 

Furthermore, t h e  chemical  e f f e c t  o f  oxygen i n  
s e n s i t i z i n g  r a d i o b i o l o g i c a l  damage i s  d im in i shed  
f o r  these beams. T h i s  means t h a t  t h e  i nc rease  
i n  RBE observed w i t h  i n c r e a s i n g  LET i s  g r e a t e r  
f o r  hypoxic  c e l l s  t h a n  f o r  oxygenated c e l l s ,  
i.e., t h e  OER i s  decreased. R a d i o r e s i s t a n t  
hypox ic  c e l l s  a re  though t  t o  be an impor tan t  
cause o f  l o c a l  tumor recu r rence  a f t e r  photon 
i r r a d i a t i o n ,  so t h e  f a v o r a b l e  i nc rease  i n  RBE f o r  
hypox ic  c e l l s  i r r a d i a t e d  w i t h  heavy i ons  c o u l d  
prove b e n e f i c i a l  i n  r a d i o t h e r a p y .  

spread Bragg peak, i t  i s  n o t  e l i m i n a t e d .  T y p i c a l  
r e s u l t s  a r e  g i v e n  i n  t h e  f i r s t  column o f  Table 1, 
which shows t h e  OER dec reas ing  as t h e  mass o f  t h e  
i o n  increases,  b u t  n o t  reach ing  1.0. These d a t a  
a r e  f r o m  t h e  work o f  Chapman e t  a l .  (1978), who 
a l s o  s t u d i e d  t h e  e f f e c t  o f  hypoxic  c e l l  s e n s i t i -  
ze rs  on t h e  OER i n  spread Bragg peaks. These 
s e n s i t i z e r s  a r e  f r o m  a c l a s s  o f  e l e c t r o n - a f f i n i c  
drugs t h a t  decrease t h e  r a d i o r e s i s t a n c e  o f  
hypox ic  c e l l s  w i t h o u t  a f f e c t i n g  t h e  r a d i a t i o n  
response of wel l -oxygenated c e l l s .  The e f f e c t  
o f  such drugs on t h e  OER o f  spread Bragg peaks 

Al though t h e  oxygen e f f e c t  i s  lessened i n  a 

i s  summarized i n  t h e  r i gh t -hand  columns o f  
Table 1. There i s  a s i g n i f i c a n t  decrease i n  OER 
f o r  each o f  t h e  t h r e e  hypox ic  c e l l  s e n s i t i z e r s  
s tud ied ,  and f o r  e v e r y  beam o f  heavy i ons  
s tud ied.  The rows i n  Table 1 a re  i n  o r d e r  o f  
i n c r e a s i n g  LET. I n  t h e  "no drug"  column, t h e r e  
i s  a s u b s t a n t i a l  drop i n  OER f rom t o p  t o  bottom. 
However, t h e  o t h e r  columns show much l e s s  v a r i a -  
t i o n ;  t h a t  i s ,  t h e r e  i s  l i t t l e ,  if any, drop o f  
OER w i t h  i n c r e a s i n g  LET. 

Th is  l essen ing  o f  t h e  dependence o f  OER o r  
LET may be o f  p r a c t i c a l  importance i n  t h e  heavy- 
i o n  cancer t rea tmen t  program. 
Bragg peak, t h e  OER decreases and t h e  RBE 
increases f rom p rox ima l  t o  d i s t a l  peak. T h i s  i s  
a r e f l e c t i o n  o f  t h e  i n c r e a s i n g  mean LET f rom 
p rox ima l  t o  d i s t a l  peak. The r i d g e  f i l t e r s  used 
f o r  cancer t rea tmen ts  a r e  shaped t o  compensate 
f o r  t h e  i n c r e a s i n g  RBE across t h e  peak b y  
dec reas ing  t h e  p h y s i c a l  dose such t h a t  t h e r e  i s  
cons tan t  k i l l i n g  o f  oxygenated c e l l s  across t h e  
peak. However, t h e  OER does v a r y  across t h e  
peak, so t h e  k i l l i n g  o f  hypoxic  c e l l s  w i l l  n o t  
be constant .  The d a t a  i n  Table 1 suggest t h a t  
t h i s  v a r i a t i o n  c o u l d  be min imized by  t h e  a d d i t i o n  
o f  t h e  hypoxic  c e l l  s e n s i t i z e r .  

The d a t a  i n  Table 1 a re  n o t  a p p l i c a b l e  t o  t h e  
t rea tmen t  o f  cancer  i n  humans because t h e  h i g h  

Fo r  a g i v e n  spread 

Table 1. Oxygen Enhancement Ra t ios "  f o r  Chinese Hamster C e l l s  
I r r a d i a t e d  w i t h  250-KV X r a y s  o r  Heavy Charged P a r t i c l e  
Beains in t h e  Presence o f  Hypoxic C e l l  S e n s i t i z e r s  

No 5 mM 5 mM 5 mM 
Drug Me t ron idazo le  M ison idazo le  R0-07-0741 

250-kV X r a y s  2.8 1.60 

Helium ions  ( 8  cm, 2.40 1.62 
spread peak) 

( p l a t e a u )  

spread peak) 

Carbon ions  2.55 1.78 

Carbon i o n s  ( 4  cm, 1.65 1.40 

Neon ions  ( 4  cm, 1.57 - 

Argon ions  ( 4  cm, 1.43 - 

spread peak) 

spread peak) 

~ ~ ~~ 

1.27 1.17 

1.30 1.13 

1.46 1.23 

1.23 1.15 

.- 1.10 - 

.- 1.28 - 

._ 

._ 

* A t  10% s u r v i v a l  l e v e l .  



dose o f  drugs used ( 5  mM) would be t o x i c  i n  
humans. The n e x t  s tep  i n  t h i s  p r o j e c t  w i l l  be, 
t h e r e f o r e ,  t o  measure t h e  OER across t h e  peak, 
w i t h  and w i t h o u t  hypox ic  c e l l  s e n s i t i z e r s  i n  
c o n c e n t r a t i o n s  t h a t  c o u l d  s a f e l y  be admin i s te red  
t o  humans (0.5 mM and 1.0 mM). A p r e l i m i n a r y  
experiment has a l r e a d y  been performed by  Chapman, 
B lake ly ,  and Saunders, u s i n g  a hypox ic  c e l l  
s e n s i t i z e r  t h a t  i s  about t o  be r e l e a s e d  f o r  use 
i n  humans in t h e  U n i t e d  S ta tes  (RO-05-9963). The 
d a t a  f rom t h a t  exper iment  are p r e s e n t l y  be ing  
analyzed. 
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CELLULAR DAMAGE AND REPAIR FOLLOWING HEAVY-ION IRRADIATION 

400MeV/omu 
CARBON LBL-F 

F. Q. H. Ngo, E. A. Blakely, T. C. H. Yang, M. J. Yezzi, and C. A. Tobias 
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4 -  

Whi le  g a m a  o r  X r a y s  produce i o n i z a t i o n  i n  
m a t t e r  e s s e n t i a l l y  by secondary e l e c t r o n s ,  heavy 
charged p a r t i c l e s  cause i o n i z a t i o n  events  i n  a 
more complex manner. The major  components 
i n v o l v e d  i n  t h e  energy t r a n s f e r  processes by t h e  
passage o f  a heavy-ion t r a c k  i n c l u d e  t h e  p r i m a r y  
p a r t i c l e s ,  secondary e l e c t r o n s  o r  de l ta - rays ,  and 
nuc lea r  fragments. The r e l a t i v e  c o n t r i b u t i o n  
f r o m  each o f  t hese  components i s  a f u n c t i o n  o f  
t h e  i n c i d e n t  energy and t h e  atomic number and i t  
v a r i e s  Wi th  t h e  depth o f  p e n e t r a t i o n  i n  t i s s u e .  
The phys i cs  o f  heavy-ion beams a re  desc r ibed  i n  
t h i s  r e p o r t  by C h a t t e r j e e  e t  a l .  and Schimmerl ing 
e t  a l .  (see P a r t  11). Understanding t h e  b i o -  
p h y s i c a l  and b i o l o g i c a l  e f f e c t s  o f  heavy i ons  has 
been a cont inuous e f f o r t  a t  LBL. I n  t h i s  
chapter ,  we rev iew  t h e  work accomplished i n  t h e  
pas t  few yea rs  on r e p a i r  and exp ress ion  o f  heavy- 
i o n  caused damage i n  mammalian c e l l s  i n  c u l t u r e .  

Much o f  ou r  knowledge i n  r a d i a t i o n  b i o l o g y  
stems f r o m  t h e  work w i t h  low-LET i r r a d i a t i o n .  
A t  t h e  c e l l u l a r  l e v e l ,  two o p e r a t i o n a l l y  d i s t i n c t  
r e p a i r  processes have been e s t a b l i s h e d :  
o f  s u b l e t h a l  damage (SLD) ( E l k i n d  and Sut ton,  
1960), and r e p a i r  o f  p o t e n t i a l l y  l e t n a l  damage 
(PLD) ( P h i l l i p s  and Tolmach, 1966). Repai r  o f  
SLD desc r ibes  t h e  s u r v i v a l  i nc rease  o f  f r a c t i o n -  
a t e d  o r  s p l i t - d o s e  exposures r e l a t i v e  t o  t h a t  o f  
s ing le-dose exposures on t h e  b a s i s  o f  same t o t a l  
dose. Repai r  o f  PLD o f t e n  r e f e r s  t o  a n e t  
i nc rease  i n  s u r v i v a l  as i r r a d i a t e d  c e l l s  a re  l e f t  
i n  a subopt imal  c u l t u r e  c o r i d i t i o n  (e.g., medium 
w i th  d e f i c i e n t  n u t r i e n t s ,  c e l l s  grown t o  a 
p l a t e a u  phase, low temperatures)  f o r  sometime 
b e f o r e  t r y p s i n i z a t i o n  takes  p lace.  
processes a re  g e n e r a l l y  expected t o  be assoc ia ted  
w i t h  low-LET r a d i a t i o n .  

r e p a i r  

These r e p a i r  

As ide  f rom r e p a i r ,  i t  has a l so  been shown 
t h a t  r a d i a t i o n  damage can be made expressed o r  
f i x e d ,  which r e s u l t s  i n  c e l l  k i l l i n g .  Exp ress ion  
o f  damage has been demonstrated by b r i e f  t r e a t -  
ments o f  hea t  ( B e l l i  and Bonte, 1963; Westra and 
Dewey, 1971) o r  a n i s o t o n i c  s o l u t i o n s  t o  t h e  
i r r a d i a t e d  c e l l s  (Munro, 1969; D e t t o r  e t  a]., 
1972; Raaphorst and Kruuv, 1976; Utsumi and 
E l k i n d ,  1979). 

1 ' " ' 1 ' 1 " 1 1 1 ' 1 1  

- 

570 MeV/omu - 

The i n f o r m a t i o n  d e r i v e d  f r o m  t h e  s t u d i e s  o f  
r e p a i r  and exp ress ion  o f  damage w i t h  heavy i o n s  
i s  fundamental t o  heavy-ion r a d i o b i o l o g y ,  and i t  
i s  e s s e n t i a l  t o  t n e  u l t i m a t e  development o f  b i o -  
p h y s i c a l  models such as t h e  r e p a i r - m i s r e p a i r  
model (Tobias e t  a l . ,  1980; Tobias, e t  al. ,  
P a r t  111). Experiments o f  t h i s  n a t u r e  a re  
p a r a l l e l  t o  t h e  s t u d i e s  on heavy-ion induced 
macromolecular l e s i o n s  (Roots e t  al., P a r t  111), 
mu ta t i on ,  and t r a n s f o r m a t i o n  (Yang e t  a l . ,  
P a r t  111), and complementary t o  t h e  e f f e c t s  on 
c e l l  p r o l i f e r a t i o n  k i n e t i c s  ( B l a k e l y  e t  a l . ,  
P a r t  111) caused by  t h e  high-LET r a d i a t i o n .  

DOSE-FRACTIONATION EFFECTS WITH HEAVY I O N S  

Repai r  and Express ion o f  Damage F o l l o w i n g  
F r a c t i o n a t e d  Exposures 

D o s e - f r a c t i o n a t i o n  e f f e c t s  i n  Chinese hamster 
V79 c e l l s  have been s t u d i e d  w i t h  unmod i f i ed  
carbon, neon, and argon beams o f  i n c i d e n t  
ene rg ies  400, 425, and 570 MeVIMeVlamu, respec- 
t i v e l y .  As shown i n  F i g u r e  1, two r e f e r e n c e  

425 MeV/omu 
NEON 

Range i n  woter [cm) 

F i  u r e  1 
*;muTP$, 425 MeVIamu fONe, and 48h 
produced a t  Bevalac. 
c e l l  monolayers were i r r a d i a t e d  a r e  i n d i c a t e d  by 
t h e  arrows. The r a d i o l o g i c a l  p r o p e r t i e s  a t  each 
i r r a d i a t i o n  p o s i t i o n s  a r e  g i v e n  in Table 1. 
(XBL 7810-3671) 

Bragg i o n i z a t i o n  curves 

The pos i? ions  a t  k i i c h  
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pos t i o n s  a long  t h e  Bragg curve have been chosen 
f o r  these measurements: 
p l a t e a u  r e g i o n  and a p o s i t i o n  near  t h e  Bragg 
peak. The r e s u l t s  a re  shown i n  F i g u r e  2. For  
carbon and neon beams, r e p a i r  o f  s u b l e t h a l  damage 
i s  e v i d e n t  a t  t h e  p l a t e a u  p o s i t i o n  where t h e  
s ing le-dose s u r v i v a l  cu rves  e x h i b i t  s u b s t a n t i a l  
shoulders.  In c o n t r a s t  t o  t h i s ,  a t  t h e  peak 
p o s i t i o n s  o f  t h e  same beams where t h e  s u r v i v a l  
curves show l i t t l e  o r  no ' shou lde r ,  t h e r e  appears 
t o  be a p o t e n t i a t i o n  e f f e c t  due t o  t h e  s p l i t - d o s e  
exposures. 

T n i s  s t u d y  suggests t h a t  f o r  some b i o l o g i c a l  
systems t h e r e  may be a f r a c t i o n a t i o n  ga in  f a c t o r  
f o r  heavy-ion therapy,  a t  l e a s t  f o r  t n e  carbon 
and neon beams. S tud ies  a r e  needed w i t h  beam 
c o n f i g u r a t i o n s  ( r i d g e - f i t e r e d )  c o n c u r r e n t l y  used 
i n  the rapy  i n  o r d e r  t o  q u a n t i f y  t h e  g a i n  f a c t o r .  

a p o s i t i o n  a t  t h e  

F u r t h e r  S tud ies  on Spl i t -Dose P o t e n t i a t i o n  

The p o t e n t i a t i o n  e f f e c t  f o l l o w i n g  s p l i t - d o s e  
i r r a d i a t i o n  w i t h  Bragg-peak carbon, neon, and 
argon ions  was Somewhat s u r p r i s i n g  s i n c e  i t  was 
unexpected on t h e  b a s i s  o f  s u r v i v a l  cu rve  shapes. 

A p h y s i c a l  e x p l a n a t i o n  f o r  t h i s  o b s e r v a t i o n  
can be r u l e d  o u t  s i n c e  t h e  p r o b a b i l i t y  f o r  a 
f i n i t e  number o f  p a r t i c l e s  t o  h i t  a c r i t i c a l  
t a r g e t  molecule i s  t h e  same f o r  a g i v e n  dose 
whetner t h i s  dose i s  d e l i v e r e d  a l l  a t  once o r  i n  
two f r a c t i o n s .  I t  appears t h a t  a b i o l o g i c a l  
e x p l a n a t i o n  i s  more l i k e l y .  
c e l l  p o p u l a t i o n s  were used i n  these  experiments, 
an immediate c o n s i d e r a t i o n  was whether t h e  
apparent  p o t e n t i a t i o n  o n l y  r e f l e c t e d  an accumula- 
t i o n  of c e l l s  in a more s e n s i t i v e  s tage i n  t h e  
c e l l  c y c l e  a t  t h e  t i m e  t h e  second doses were 

Since asynchronous 

d e l i v e r e d .  We at tempted t o  c l a r i f y  t h i s  
pnenomenon u s i n g  a number o f  methods; ou r  
i n v e s t i g a t i o n  concen t ra ted  on t h e  425 Me /amu 
neon-ion beam near t h e  Bragg peak ( p o s i t  on 
des ignated LBL-F as i n  F ig .  1). 

Cel l -Stage D i s t r i b u t i o n  

In orde r  t o  know t h e  change o f  c e l l - s t a g e  
d i s t r i b u t i o n  f o l l o w i n g  heavy-ion i r r a d i a t i o n ,  we 
a p p l i e d  t h e  method o f  f l o w  m i c r o f l u o r o m e t r y  (FMF) 
which measures t h e  DNA con ten t  o f  t h e  c e l l  
p o p u l a t i o n  i n  q u e s t i o n  (Ngo e t  al., 1979). These 
exper iments were conducted u s i n g  t h e  FMF spec t ro -  
scopy a t  t h e  Chemical Biodynamics Labora to ry  o f  
LBL, and t h e  mathemat ica l  a n a l y s i s  o f  t h e  DNA 
h i s tog ram was made by  a computer program 
developed i n  t h e  l a b o r a t o r y  o f  J .  Bartholomew. 
F i g u r e  3 shows t h e  changes i n  t h e  d i s t r i b u t i o n  
o f  c e l l s  i n  t h r e e  phases o f  t h e  d i v i s i o n  c y c l e ,  
GI, S ,  and G2 + M, as a f u n c t i o n  o f  incuba- 
t i o n  t i m e  a f t e r  a s i n g l e  neon exposure g i v e n  t o  
an asynchronous p o p u l a t i o n  o f  V79 c e l l s .  

t o  about  10% s u r v i v i n g  l e v e l .  Under t h e  assump- 
t i o n  t h a t  these FMF d a t a  a r e  a p p l i c a b l e  t o  t h e  
s u r v i v o r s ,  one expects  t h a t  w i t h i n  t h e  i n i t i a l  
5 h a f t e r  a f i r s t  dose t h e r e  i s  a smal l  synchrony 
e f f e c t  which leaves a p o p u l a t i o n  s l i g h t l y  more 
s e n s i t i v e  t o  t h e  second dose; t h i s  e f f e c t  shou ld  
be more p ro found  8 h a f t e r  t h e  f i r s t  dose. T n i s  
e x p e c t a t i o n  was based on t h e  obse rva t i on  t h a t  
c e l l s  i n  G2 + M phase a re  more s e n s i t i v e  t o  
neon p a r t i c l e s  than  those i n  G 1  o r  S (Ngo 
e t  al., P a r t  111). An a t tempt  t o  c o r r e l a t e  t h e  
c e l l - s t a g e  d i s t r i b u t i o n  d e r i v e d  f r o m  FMF t o  
s u r v i v a l  measurements o f  s p l i t - d o s e  exper iment  
i s  hampered by t h e  i n a b i l i t y  o f  t h e  FMF t o  

The dose chosen f o r  t h e  FMF s tudy  corresponded 

n 

F i g u r e  2. 
t i o n a t e d  doses ( c losed  symbols) o f  carbon, neon, and argon ions  a t  t h e  Bragg cu rve  p o s i t i o n s  as 
des ignated.  (XBL 7810-3668A) 

S u r v i v a l  d a t a  f o r  asynchronous V79 c e l l s  i r r a d i a t e d  w i t h  s i n g l e  doses (open symbols) o r  f r a c -  

. - .  _ .  . . . .  ....... . . - -  ~ 
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Fi ure 3. 
h s  of v79 cells in their 61, s, and 
G2M stages of the cell c.vcle Dostirradiation 

The redistributions of the relative 

of a neon-ion exposure at position F.  The data 
were ootained from FMF measurements of DNA 
content. (XBL 808-3651) 

distinguish between nonsurviving and surviving 
cells. Other types of experiments as discussed 
below were subsequently planned in order to 
better understand the significance o f  synchrony 
effect on the observed split-dose potentiation. 

Split-Dose Experiments with 
Room-Temperature Incubation 

At room temperatures, V79 cells are halted 
from progression, which is now one feature that 
can be used to help understand the split-dose 
effect. In the left panel of Figure 4, cells 
were syncnronized by mitotic selection method and 
aoout 5.5 hours later at 37OC they were irradi- 
ated with single- or split-dose schemes. The 
temperature during the course of split doses was 
about 22OC, and the cultures were maintained 
in a 5% CO2 incubator. The data clearly show 
that for the fractionated irradiation there is a 
small potentiation that can be observed without 
the presence of cell progression. 

Another experiment, shown in the right panel 
of Figure 4, compares the split-dose effects 
with and without cell progression for dose- 
fractionation intervals up to 7 hours. The data 
indicate that under either room temperature or 
37OC incubation temperature tnere was a net 
potentiation which was slightly greater when 

DOSE ( G r o y )  

0. I I I I 4 I I 4 
v 79 

425MeV/omu Ne 
Brogg Peok (F) 

N - l  I 
L 

I . -  
Net  p o t e n t l o t t o n  ro t io  = L I Z  1 ,  

I I I I I I I I O 3  

2.95 + 2.95 Gy r 
I "  .: 37°C 

3 

[(ISFigu;; 4. Further studies on the dose-fractionation effects on V79 cells WithlONe 20 at position F. Left 
pane 
dose irradiations. Right panel: survival data of asynchronous V79 cells irradiated with two doses. 
separated by various incubation times. 

survival data for single- and split-doses synchronized V79 cells in mid-S stage following split- 

(XBL 806-3389A) 
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37oC was used. These r e s u l t s  i m p l y  t h a t  c e l l  
syncnrony does p l a y  a r o l e  i n  t h e  exp ress ion  o f  
two-dose p o t e n t i a t i o n ,  c o n s i s t e n t  w i t h  t h e  FMF 
measurements ( F i g .  3 ) ,  b u t  c l e a r l y  syncnrony i s  
n o t  t h e  o n l y  f a c t o r .  

Spl i t -Dose Experiments w i t h  
P a r t i a l l y  Synchronized C e l l s  

S t i l l  another  method by which t h e  s p l i t - d o s e  

I n  t h e  l e f t  panel, synchro- 

e f f e c t s  were i n v e s t i g a t e d  was demonstrated by  t h e  
exper iments shown i n  F i g u r e  5 u s i n g  p a r t i a l l y  
synchronized c e l l s .  
n i z e d  c e l l s  were i r r a d i a t e d  i n  t h e  neon p l a t e a u  
and Bragg peak p o s i t i o n  a t  v a r i o u s  t imes  a f t e r  
m i t o s i s .  As expected, t h e  amp l i t ude  o f  t h e  
c e l l - s t a g e  v a r i a t i o n  i n  response t o  t h e  charged 
p a r t i c l e s  was l a r g e r  f o r  t h e  lower-LET p o s i t i o n  
( p l a t e a u  NeA) than  f o r  t h e  high-LET p o s i t i o n  
(Bragg peak NeF). 
r e s i s t a n t  pnase l a s t e d  l onger  than  we expected 
f r o m  o u r  exper ience  w i th  ce l l -age  response cu rves  
o f  V79 c e l l s .  
r e s u l t  o f  inadequate temperature c o n t r o l  f o r  c e l l  

I n  t h i s  experiment, t n e  

We suspect  t h a t  t h i s  may be a 

p rog ress ion  a t  t h e  l a t e r  phase o f  t h e  experiment. 
However, t h i s  d e f i c i e n c y  does n o t  a f f e c t  ou r  
i n t e r p r e t a t i o n  o f  t h e  s tudy  on s p l i t - d o s e  e f f e c t .  
Tne cu rve  w i t h  t h e  c losed  c i r c l e s  t r a c e s  t h e  
s u r v i v a l  response o f  two-dose i r r a d i a t i o n  where 
t h e  f i r s t  dose was g i ven  a t  2.5 hours and t h e  
second dose was g i ven  a t  v a r i o u s  t imes l a t e r  
d u r i n g  which t h e  samples were i ncuba ted  under 
c o n d i t i o n s  s i m i l a r  t o  t h e  c o n t r o l  s ing le-dose 
samples. A t  2.5 hours, t h e  c e l l s  were p robab ly  
i n  l a t e  GI o r  on t h e  G1/S border .  
c e l l s  a r e  p robab ly  n o t  r e t a r d e d  i n  t h e i r  progress 
by  i o n i z i n g  r a d i a t i o n ,  as suggested by S i n c l a i r  
(1972) and a l s o  by our  FMF measurements shown i n  
F i g u r e  3, we expect  t h a t  t h e  i r r a d i a t e d  c e l l s  
a f t e r  t h e  f i r s t  dose c o n t i n u e  t o  progress toward 
S stage. Thus, t h e  more s e n s i t i v e  response 
assoc ia ted  w i t h  t h e  two-dose scheme s u b s t a n t i a t e s  
t h e  p o t e n t i a t i o n  e f f e c t .  

T n i s  conc lus ion  is a l s o  suppor ted by  t h e  d a t a  
shown on t h e  r i g h t  panel o f  F i g u r e  5. I n  t h i s  
experiment, t h e  f i r s t  dose of t h e  two-dose scheme 
was d e l i v e r e d  6.5 hours a f t e r  m i t o s i s .  For t h e  
p l a t e a u  neon, t h e  s p l i t - d o s e  curve l i e s  above t h e  

Since G1 

NeA (Erogg PlOteOU) 

Single dose, 8 4 0 r o d  

NeF (neor Erogg peok)  

0 : Single dose 472 rod 
0 : Spl i t  aose 236 + t t 23 

V 7 9  Cells t i t  425 MeV/omu Ne ions t 

I I I I I 

NeA 
A : 840 rod 
A :  4 2 0 r o d  4- t f 4 2 0 r o d  

V 7 9  Cells 
425MeV/omu Ne ions 

NeF 

0 : 4 7 2 r o d  
: 2 3 6 r o d  t t t 236 rod 

2 4 6 8 IO 12 14 2 4 6 8 IO 12 14 
TIME AFTER MITOTIC SELECTION (h r )  TIME AFTER MITOTIC SELECTION ( h r )  

F i  u r e  5. S u r v i v a l  responses o f  V79 c e l l s  synchronized a t  m i t o s i s  and i r r a d i a t e d  a t  v a r i o u s  + -cycle  s tages w i t h  s i n g l e  dOSeS (Open) o r  S p l i t  doses ( c l o s e d )  o f  neon ions  a t  e i t h e r  t h e  
Bragg p l a t e a u  (upper cu rves )  o r  t h e  peak r e g i o n  ( l ower  cu rves ) .  
s t a r t e d  a t  2.5 h ( l e f t  pane l )  o r  -7 h r s  ( r i g h t  p a n e l )  a f t e r  m i t o t i c  s e l e c t i o n ,  and t h e  samples 
were k e p t  a t  37oC between exposures. 

The s p l i t - d o s e  t rea tmen ts  

(XBL 808-3566A) 
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I 1 I I I I s ing le-dose curve, which i n d i c a t e s  r e p a i r  o f  
s u b l e t h a l  damage. Fo r  t h e  Bragg peak neon, how- 
ever, t h e r e  appears t o  be a smal l  p o t e n t i a t i o n  
due t o  s p l i t  doses. 

V 7 9  Cells 
R - 1  

8 0 0 r o d  + t +  4 0 0 r o d  
\ 

a 

225 kVp X-roys 

Evidence f o r  a Ne t  P o t e n t i a t i o n  
F o l l o w i n g  S p l i t - D o s e  I r r a d i a t i o n  

w i t h  a Lower Energy Heavy-Ion Beam 

The r a d i a t i o n  q u a l i t y  f o r  low-energy heavy 
i o n s  i s  c o n s i d e r a b l y  d i f f e r e n t  f r o m  t h e  e n e r g e t i c  
charged p a r t i c l e s  a v a i l a b l e  a t  t h e  Bevalac. For  
example, t h e  8.5 MeV/amu argon ions  produced a t  
t h e  SuperHILAC a r e  c h a r a c t e r i z e d  by a lmost  
n e g l i g i b l e  n u c l e a r  f ragments compared t o  t h e  few 
hundred MeV/amu neon o r  argon ions.  I n  a d d i t i o n ,  
t h e  r a d i u s  o f  t h e  d e l t a - r a y  penumbra spreading 
o u t  l a t e r a l l y  f r o m  t h e  t r a c k  o f  t h e  p r i m a r y  
p a r t i c l e  i s  many t imes  s m a l l e r  f o r  t h e  lower  
e n e r g e t i c  p a r t i c l e s  ( C h a t t e r j e e  e t  al. ,  1973; 
C n a t t e r j e e  and Schaefer, 1976). ' Furthermore, t n e  
mean LET o f  t h i s  i o n  beam i s  i n  t h e  o v e r k i l l  
domain, which i s  f a r  beyond t h e  maximum r e l a t i v e  
b i o l o g i c a l  e f f e c t  reg ion .  

I t  i s  o f  fundamental i n t e r e s t  t o  f i n d  o u t  i f  
t h i s  ex t reme ly  h i g h  LET r a d i a t i o n  a l s o  produces 
a p o t e n t i a t i o n  e f f e c t  a t  f r a c t i o n a t e d  i r r a d i a t i o n  
schedule. To address t h i s  ques t i on ,  we have con- 
duc ted  an exper iment  s i m i l a r  t o  those  i n  F i g u r e  5. 
We used t h e  same m i t o t i c - c e l l  p o p u l a t i o n  f o r  b o t h  
X r a y s  and t h e  high-LET argon p a r t i c l e s .  ( X  r a y s  
were chosen as a re fe rence  r a d i a t i o n . )  
shows t h e  c e l l - a g e  response curves o f  1,200 r a d  
X rays  and 2,000 r a d  argon ions.  The o v e r k i l l  
c h a r a c t e r i s t i c  and t h e  almost n e g l i g i b l e  dose- 
response v a r i a t i o n  w i t h  respec t  t o  c e l l  s tage  
a re  apparent f o r  t h e  argon ions.  Never the less,  
a two-dose p o t e n t i a t i o n  was s t i l l  e v i d e n t  w i th  
t h e  o v e r k i l l  p a r t i c l e  beam which c o n t r a s t s  t h e  
two-dose r e p a i r  demonstrated w i t h  X rays .  

F i g u r e  6 

8.5MeVIomu Argon I o n s  
( 1800 keV/pm) 

0 

1200 r o d + t + 8 0 0 r o d  

2 4 6 8 10 12 14 
TIME AFTER MITOTIC SELECTION (hr) 

F i g u r e  6. S u r v i v a l  responses o f  V79 c e l l s  
synchronized a t  m i t o s i s  and i r r a d i a t e d  a t  v a r i o u s  
c e l l - c y c l e  s tages Wi th s i n g l e  (open) o r  s p l i t  
( c losed)  doses o f  X r a y s  (upper)  o r  argon i o n s  
( l o w e r ) .  The same s t a r t i n g  c e l l  p o p u l a t i o n  was 
used f o r  b o t n  r a d i a t i o n  types. The s p l i t - d o s e  
t rea tmen ts  s t a r t e d  a t  5.5 h (- mid S )  a f t e r  
m i t o t i c  s e l e c t i o n ,  and between exposures t h e  
samples were k e p t  a t  37%. (XBL 7910-3823) 

Repai r  o f  Sub le tha l  Damage vs. P r o t e i n  Synthes is  

I n  o r d e r  t o  b e t t e r  understand r e p a i r  o f  
s u b l e t h a l  damage, t h e  molecul  a r  mechanisms 
i n v o l v e d  i n  t h i s  r e p a i r  process need t o  be 
s t u d i e d .  Using a tempera tu re -sens i t i ve  mutant  
o f  t h e  Chinese hamster ovary c e l l s  and X rays,  
Yezzi conducted exper iments t o  determine i f  
p r o t e i n  s y n t h e s i s  p l a y s  a r o l e  i n  t h i s  process 
(Yezz i  e t  a l . ,  1980). Upon t rea tmen t  w i t n  40OC 
t n e  mutant  e x h i b i t s  an i n h i b i t i o n  o f  p r o t e i n  
syn tnes i s ,  wnereas t h e  w i l d  t y p e  c e l l  was 
e s s e n t i a l l y  una f fec ted .  Some r e s u l t s  o f  t h i s  . 
s t u d y  are shown i n  F i g u r e  7. The d a t a  show t h a t  
When t n e  c u l t u r e s  were incubated a t  40OC f o r  
2 h b e f o r e  t n e  f i r s t  dose and ma in ta ined  a t  40OC 
d u r i n g  a 2 h d o s e - f r a c t i o n a t i o n  i n t e r v a l ,  r e p a i r  
o f  r a d i a t i o n  damage was reduced i n  t h e  mutant  
compared t o  t h e  w i l d  type. These obse rva t i ons  
i m p l y  t h a t  p r o t e i n  s y n t h e s i s  i s  i n v o l v e d  i n  t h e  
r e p a i r  of s u b l e t h a l  X-ray damage. 

REPAIR AND EXPRESSION 
OF POTENTIALLY LETHAL DAMAGE 

Express ion  o f  Rad ia t i on - Induced  P o t e n t i a l l y  
L e t h a l  Damage i n  A c t i v e l y  Growing C e l l s  

by A n i s o t o n i c  Treatments 

The e f f e c t s  o f  t rea tmen t  w i t h  a n i s o t o n i c  
s o l u t i o n s  on c e l l u l a r  r a d i o s e n s i t i v i t y  have been 
s t u d i e d  by a number o f  i n v e s t i g a t o r s  (Raaphorst 

.and Kruuv, 1976; D e t t o r  e t  al. ,  1972; Utsumi and 
: E l k i n d ,  1979). An exposure t o  a n o n l e t h a l  dose 

o f  nypo--.or h y p e r t o n i c  s o l u t i o n s  'can enhance t h e  
c e l l u l a r  response t o  X r a y s  o r  f a s t  neutrons (Ngo 
e t  a l . ,  1977). Utsumi and E l k i n d  (1979) found 
t h a t  t h e  e f f e c t  on c e l l s  exposed t o  X r a y s  
f o l l o w e d  by 0.5 M NaCl i n  phosphate b u f f e r  s a l i n e  
(PBS) was m a i n l y  a r e d u c t i o n  i n  t h e  r e p a i r  o f  
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Dose ( G r a y )  

Figure 7.. Survival data of a temperature-sensitive mutant, CHO-TSHI, 
and its wild type, CHO-SCI. 
doses or in fractionated doses according to the protocols described in 
tne figures. (XBL 805-3338A) 

225 k V p  X rays were given in graded single 
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PLD, and has l i t t l e  o r  no e f f e c t  on r e p a i r  o f  
s u o l e t h a l  damage. 

We have designed exper iments by  i n c o r p o r a t  LJ a n i s o t o n i c  s a l t  t r ea tmen ts  w i t h  exposure t o  he 
i o n s  o f  v a r i o u s  q u a l i t y  t o  i n v e s t i g a t e  t h e  
f o l l o w i n g  ques t i ons :  

1. I s  t h e r e  a sequence dependence between 
s a l t  t rea tmen t  and r a d i a t i o n  on t h e  r a d i o -  
s e n s i t i z a t i o n  e f f e c t  o f  t h e  a n i s o t o n i c  
t rea tmen ts  ? 
2. Hor does t h e  s e n s i t i z a t i o n  e f f e c t  o f  
a n i s o t o n i c  t rea tmen ts  v a r y  w i t h  r a d i a t i o n  
Qual i t v ?  
3. Can t h e  a c t i o n  o f  a s i n g l e - h i t  mechanism 
Wi th  r a d i a t i o n  be m o d i f i e d  by  t rea tmen t  wi th  
s a l t  s o l u t i o n s ?  
4. Does t h e  r e p a i r  r a t e  o f  t h e  PLD i n  
q u e s t i o n  d i f f e r  depending on r a d i a t i o n  
qua l  i t y ?  

For  t h i s  s tudy,  we chose carbon and neon 
p a r t i c l e s  a t  t h e  Bevalac w i t h  mean LET, va lues  
o f  16, 38, 85, and 234 keV/um. The a n i s o t o n i c  
and i s o t o n i c  s o l u t i o n s  were prepared i n  PBS w i t h  
c o n c e n t r a t i o n s  o f  NaCl a t  0.04 M ( h y p o t o n i c ) ,  
0.5 M ( h y p e r t o n i c )  and 0.14 M ( i s o t o n i c ) .  The 
pH o f  a l l  t h e  s a l t  s o l u t i o n s  was ad jus ted  t o  
7.3-7.4, a normal pH f o r  t h e  c u l t u r e d  c e l l s .  The 
exposure t i m e  o f  c u l t u r e s  t o  each s a l t  s o l u t i o n  
was 20 minutes a t  37%. The NaCl c o n c e n t r a t i o n s  
f o r  t h e  hypo- and h y p e r t o n i c i t y  were s e l e c t e d  
because eacn t rea tmen t  a lone i s  n o n l e t h a l ,  and 
t h e i r  r a d i o s e n s i t i z a t i o n  e f f e c t s  f o r  c e l l s  p o s t  
X - i r r a d i a t i o n  a re  approx ima te l y  t h e  same. 

The s u r v i v a l  responses o f  V79 c e l l s  exposed 
t o  each r a d i a t i o n  and then  t r e a t e d  w i t h  t h e  
0.14 M NaCl/PBS s o l u t i o n  a r e  shown i n  F i g u r e  8A. 
Treatment o f  t h e  c e l l s  w i t h  t h e  i s o t o n i c  s o l u t i o n  
d i d  n o t  s i g n i f i c a n t l y  a l t e r  t he  r a d i a t i o n  
responses, and was used as ou r  c o n t r o l s .  Exper i -  
ments have Deen completed With b o t h  0.04 M and 
0.05 M NaCl/PBS (Ngo e t  a l . ,  1980a). However, 
due t o  space l i m i t a t i o n ,  o n l y  t h e  s u r v i v a l  d a t a  
p e r t a i n i n g  t o  t h e  c o n t r o l  and the  h y p e r t o n i c j t y  
a r e  presented here.  
e f f e c t s  o f  0.5 i'l NaCl/PBS, g i ven  e i ' t h e r  pr.i 'or' t o  
and d u r i n g  i r r a d i a t i o n  o r  immediate ly  subsequent 
t o  r a d i a t i o n .  The d a t a  c l e a r l y  show t n a t ' t h e  '. 
p o s t i r r a d i a t i o n  t rea tmen t  i s  more e f f e c t i v e  than  
t rea tmen t  g i ven  b e f o r e  and d u r i n g  i r r a d i a t i o n ,  
and t h a t  t h e  r a d i o s e n s i t i z a t i o n  e f f e c t .  o f  t h e  
hypo ton ic  t rea tmen t  d im in i shes  wi th  i n c r e a s i n g  
LET. These r e s u l t s  imp ly  t h a t  a n i s o t o n i c i t y  can 
e f f e c t i v e l y  i n h i b i t  t h e  r e p a i r  process o f  some . ,  
r a d i a t i o n - i n d u c e d  l e s i o n s  a f t e r  t h e y  a r e  formed. ; 
Furthermore, f a s t  r a d i a t i o n  cnemis-try i s  n o t  . . 
r e q u i r e d  i n  t h i s  i n h i b i t i o n  mechanism. 

F i g u r e  8B-E demonstrates. . the,  

To examine t h e  s a l t  e f f e c t s  o f  t h e  i n i t i a l  
and f i n a l  s lopes o f  t h e  r a d i a t i o n  s u r v i v a l  curves 
as a f u n c t i o n  o f  LET, we have c o m p u t e r - f i t t e d  t h e  
s u r v i v a l  d a t a  f o r  each S a l t  t rea tmen t  i n c l u d i n g  
0.04 M NaCl/PBS ( s u r v i v a l  d a t a  n o t  shown). Two 
C l a s s i c a l  models were used f o r  t h e  f i t t i n g ;  t h e  
l i n e a r  q u a d r a t i c  model ( S i n c l a i r ,  1966; K e l l e r e r  
and Rossi ,  1972; Chadwick and Leenhouts, 1973): 

2 S = z E X ~ [ - ~ D  -BD ] 

and t h e  m o d i f i e d  s i n g l e - h i t  m u l t i t a r g e t  mode 
(Zimmer, 1961; Bender and Gooch, 1962): 

Tne s u r v i v a l  parameters Do ( t h e  mean l e t h a l  
dose), and Dq ( t h e  q u a s i t h r e s n o l d  dose) were 
determined f rom e q u a t i o n  ( 2 )  as desc r ibed  e l s e -  
where (Ngo e t  a l . ,  1980b). Table 1 summarizes 
t h e  computer f i t t e d  va lues o f  t h e  parameters a, 
6 ,  Do, and Dq f o r  p o s t i r r a d i a t i o n  t rea tmen ts  
o f  0.04 M, 0.14 M, and 0.5 M NaCl/PBS f o r  each 
o f  t h e  r a d i a t i o n  q u a l i t i e s .  

Hence, t h e  changes i n  t h e  i n i t i a l  and t h e  
f i n a l  s lopes o f  t h e  s u r v i v a l  cu rve  w i t h  r e s p e c t  
t o  t o e  C o n t r o l s  can be def ined by t n e  enhancement 
r a t i o s :  

( a ) a n i  s o t o n i  c i  t y  / ( a  

and 

i s o t o n i  c i  t y / ( D o  

i s o t o n i c i t y  

a n i s o t o n i c i t y ,  

r e s p e c t i v e l y .  F i g u r e  9 demonstrates Such 
changes as a f u n c t i o n  o f  LET. As mown on t h e  
r i g h t  panel  o f  F i g u r e  9, t h e  e f f e c t  o f  s a l t  
t r ea tmen ts  on t h e  f i n a l  s lope  (high-dose r e g i o n )  
decreases as LET increases,  and t h e r e  i s  v i r t u -  
a l l y  no d i f f e r e n c e  between hypo- and h y p e r t o n i c  
p o s t i r r a d i a t i o n  t rea tmen ts .  On t h e  o t h e r  hand, 
t h e  l e f t  panel shows t h a t  t h e r e  may be some 
d i f f e r e n c e s  Detween t h e  hypo- and h y p e r t o n i c i t y  
r e s u l t s  Wi th respec t  t o  e f f e c t s  on t h e  i n i t i a l  
s l ope  ( t h e  low dose r e g i o n ) ,  p a r t i c u l a r l y  f o r  
t n e  lower LET carbon beam. I n  t h e  h y p e r t o n i c  
s i t u a t i o n ,  t h e  enhancement r a t i o  f o r  t h e  i n i b i a t  
s lopes appears t o  decrease w i t h  i n c r e a s i n g  LET, 
b u t  does n o t  reach 1 a t  t h e  n i g h e s t  LET r a d i a -  
t i o n  used i n  t h i s  study. 
s i t u a t i o n ,  t h i s  r a t i o  does n o t  d i f f e r  f rom 1 
s i g n i f i c a n t l y ,  which suggests t h a t  h y p o t o n i c i t y  
i s  l e s s  e f f e c t i v e  compared t o  h y p e r t o n i c i t y  i n  
m o d i f y i n g  t h e  s i n g l e - h i t  mechanism. 

I n  t n e  h y p o t o n i c  

P r e l i m i n a r y  r e s u l t s  have been ob ta ined  
r e g a r d i n g  t h e  r e p a i r  r a t e  o f  t h e  PLD which can 
be made l e t h a l  by  t h e  s a l t  t rea tmen ts .  
snows t h e  d i m i n u t i o n  o f  t h e  s e n s i t i z a t i o n  e f f e c t  
as t h e  t imet  between t rea tmen ts  o f  r a d i a t i o n  and 
0.5 M NaCl/PBS was pro longed.  The k i n e t i c s  o f  
$he l o s s  o f - s e n s i t i z a t i o n  rep resen ts  t h e  r e p a i r  
k inet i ,cs ,associated w i t h  t h e  PLD. 
o f  t h e  i n i t i a l  r e p a i r  was about 15 minutes and 
was e s s e n t i a l l y  independent o f  t h e  q u a l i t y  o f  
r a d i a t i o n . t n a t  induced t h e  l e s i o n s .  T h i s  
r e l a t i v e l y  f a s t  r e p a i r  k i n e t i c s  i s  q u i t e  d i f f e r -  
e n t  f r o m  t h a t  f o r  s u b l e t h a l  damage, s u p p o r t i n g  
t n e  c o n c l u s i o n  reached e a r l i e r  by  Utsumi and 
E l k i n d  (1979) t n a t  t h i s  t y p e  o f  p o t e n t i a l l y  
l e t h a l  damage d i f f e r s  f rom s u b l e t h a l  damage. 

F i g u r e  10 

Tne h a l f - t i m e  
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Figure 8. 
beams o f  four different LET, values. 
isotonic salt/PBS solution for 20 minutes at 37oC postirradiation. 
( 6 )  througn ( E ) :  Tne effects of hypertonic solution (0.5 M NaCl/PBS) 
given before and during irradiation or immediately after irradiation. 
For each radiation, data obtained witn postirradiation treatment o f  
isotonicity served as controls. 

(A)  Survival data of V79 cells irradiated various heavy-ion 
The ce1,ls were treated with 

(XBL 806-3387A) 

E 
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Table 1. Computer-Fitted Values for the Parameters a, 6 ,  Do, and Dq for Equations 1 and 2 

0 

Surv i Val 
Curve 

NaCl/PBS Parameters C (Position A) Ne (Position A) C (Position F) Ne (Position F) 

16 38 85 234 16 38 85 234 

t t r  t t I 

0.05 M a (X 10-3) 3.330 (0.633)" 3.440 (0.330) 6.608 (1.059) 9.248 (0.656) 
6 (X 2.708 (0.550) 5.545 (0.412) 4.875 (1.959) 0.755 (1.264) 

156.3 (0.2) 129.0 (0.2) 110.0 (0.2) 103.8 (0.0) 
269.3 (52.5) 161.6 (33.7) 105.1 (15.7) 18.9 (0.9) 

DO 
Dq 

0.14 M a ( X  10-3) 1.692 (0.171) 2.896 (0.270) 3.640 (0.310) 6.535 (0.418) 
6 (X 1.444 (0.140) 1.484 (0.265) 4.428 (0.533) 2.346 (0.680) 
DO 292.0 (0.2) 230.1 (0.2) 163.0 (0.2) 126.1 (0.1) 
Dq 497.8 (96.7) 288.3 (45.2) 184.4 (34.4) 51.1 (4.4) 

0.04M a (X 10-3) 1.125 (0.696) 3.090 (0.351) 7.963 (0.709) 9.061 (0.399) 
6 (x 6.688 (0.704) 6.453 (0.438) 3.505 (1.313) 1.036 (0.769) 
DO 134.0 (0.4) 123.0 (0.2) 101.6 (0.1) 103.9 (0.0) 
Dq 230.8 (86.7) 154.1 (35.0) 47.8 (4.2) 18.9 (0.7) 

"Figures in parentheses = 95% confidence interval. 

The values of the survival parameters derived from least-squared fitting of the V79 
cell survival data to equations ( l ) ,  and ( 2 )  given in the text. Comparisons are made 
for hypertonic (0.5 M NaCl), isotonic (0.14 M NaCl), and hypotonic (0.04 M NaC1) 
treatments postirradiation of four radiation qualities. 
parameters are: a (rad-I), B (rad-21, Do (rad), and Dq (rad). 

The units for these 

I FINAL SLOPE t IN IT IAL  SLOPE 

1 

Repair of Potentially Lethal Damage 
in Confluent Cells 

Repair of PLD inflicted by heavy ions or 
X rdys has been investigated by T. Yang using the 
delayed plating technique. 
C3H10T1/2, Which are widely used in chemical- 
and radiation-induced transformation studies, 
were grown to a conflict phase at which cell 
proliferation stopped because of contact- 
inhibition characteristics. Survivals are 
compared between confluent cells that were 
tryRsinized immediately after irradiation and 
those tnat were kept in confluent phase for 
various lengths of time Defore plating. 
Prolonged incubation of these cells, up to two 
days, showed no appreciable effect on plating 
efficiency. Some typical experiments are Shown 
in Figure 11. 
interesting finding: repair of PLD was almost 
completed within 6 h after X-irradiation while 
it could take as long as 24 h to a completion 
after an exposure of argon particles. 

A comparison of the survival curves in 
Figure 11C and 11D indicates that repair of PLD 
in the 10T1/2 cells occurs in three types of 
radiation witn widely different LET. 
this phenomenon was found with all heavy ion 

Mouse embryo cells, 

Figures 1 1 A  and 116 show a rather 

I n  fact, 



Table 2. Repair Factors for Potentially Lethal Damage Caused by Ionizing Radiations of Various Qualities 
. in Confluent Mouse 10T1/2 Cells in Culture 

24-Hour 
Energy Residual Range LET, Immediate Plating Delayed Plating Repair Factor* 

Radiation (MeV/n) (cm in water) keV/wn) LD50* LDIOt LOlO+ LOlO+ 

(rad) (rad) (rad) (rad) 

X rays 225 kVp __ -- 3 00 600 500 9 00 1.66 1.53 
Carbon 470 31.9 10 300 600 420 840 1.40 1.40 
Carbon 70 1.3 35 210 420 330 620 1.57 1.47 
Neon 670 32 .O 24 150 380 220 560 1.46 1.47 
Neon 60 00.6 105 60 210 100 320 1.66 1.52 
Argon 570 13.4 85 80 250 120 360 1.50 1.44 
Argon 8.3 0.015 1,500 330 1,100 330 1,100 1.00 1.00 

*LD50 = dose required to yield 50 
'fLOlo = dose required to yield 10 

survival. 
survival. 

Dose that yields a given surviving fraction by a delayed platin 
*Repair Factor = Dose that yields the same surviving fraction by immediate p1ati:g 

W 
03 
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F i  u r e  10. PLD r e p a i r  k i n e t i c s  f o r  a c t i v e l y  + growing 79 c e l l s .  The PLD can be made l e t h a l  
by  h y p e r t o n i c  s a l t  t reatments.  
made between X-rays, carbon p l a t e a u  (A), and 
carbon peak r e g i o n  ( F )  a t  doses as i n d i c a t e d .  
(XBL 805-3346). 

Comparisons a r e  

beams o f  a p p r e c i a b l e  i n c i d e n t  energy (Tab le  2 ) .  
The g e n e r a l i t y  of PLD r e p a i r  observed he re  a f t e r  
high-LET i r r a d i a t i o n  may n o t  be e n t i r e l y  incon-  
s i s t e n t  w i t h  t h e  lacK o f  PLD r e p a i r  With f a s t  
neutrons o r  a lpha  p a r t i c l e s  r e p o r t e d  i n  t h e  
l i t e r a t u r e ,  s i n c e  most o f  t h e  p u b l i s h e d  work 
measured r e p a i r  f o r  o n l y  compara t i ve l y  s h o r t  
p o s t i r r a d i a t i o n  t imes  (e.g., S n i p l e y  e t  al. ,  ~ 

1975; RaJU e t  al., 1977). 
e x c e p t i o n  w i t h  a low-energy-argon p a r t i c l e  beam 
w i t h  an LET va lue  corresponding t o  t h e ' o v e r k i l l  
r eg ion .  There, r e p a i r  o f  PLD appears t o  be 
absent ( r e p a i r  f a c t o r  = 1.00). 

Table 2 Shows a n , ,  

SUMM4RY 

Considerable i n f o r m a t i o n  has been gained w i t h  
r e s p e c t  t o  t h e  e f f e c t s  o f  dose f r a c t i o n a t i o n ,  and 
t h e  r e p a i r  o f  s u b l e t h a l  and p o t e n t i a l l y  l e t h a l  
damage f o r  neavy i o n s  w i t h  a wide range o f  LET 
va lues . 

Two d i s t i n c t  c e l l u l a r  processes a r e  apparent  
wi th  dose f r a c t i o n a t i o n  schemes: c e l l s  can 
r e p a i r  s u b l e t h a l  damage, and can a l s o  be made 
more v u l n e r a b l e  by  a preexposure of r a d i a t i o n ,  
an e f f e c t  we have c a l l e d  ' p o t e n t i a t i o n . "  
shown t h a t  t h e  p o t e n t i a t i o n  i s  a consequence o f  
a t  l e a s t  two mechanisms. With asynchronously  
growing c e l l s ,  rad ia t i on - induced  synchrony i s  one 
mechanism; a second mechanism, as e v i d e n t  f rom 
synchron ized -ce l l  experiments, i s  y e t  unknown. 
I n  t h i s  regard, we hypo thes i ze  t h a t  an i n j u r e d  
c e l l  may become more s e n s i t i v e  t o  t h e  second s e t  
o f  i n j u r i o u s  events, presumably d u r i n g  i t s  course 
o f  r e p a i r  where con fo rma t iona l  o r  t e r t i a r y  
a l t e r a t i o n s  o f  c r i t i c a l  molecules a r e  r e q u i r e d .  
T h i s  nypo thes i s  needs q u a n t i t a t i v e  c e l l u l a r  
b i o c h e m i s t r y  exper iments t o  be proven. 

We have 

Note t h a t  an enhancement o f  r a d i o b i o l o g i c a l  
e f f e c t s  by  high-LET dose f r a c t i o n a t i o n  has been 
observed by o t h e r  i n v e s t i g a t o r s :  e.g., c r y p t  
c e l l  s u r v i v a l  s t u d i e s  ( G o l d s t e i n  and P h i l l i p s  i n  
P a r t  I V ) ,  and l i f e  span s t u d i e s  (A inswor th  i n  
P a r t  V ) .  The c o r r e l a t i o n  between those observa- 
t i o n s  and t h e  p o t e n t i a t i o n  desc r ibed  i n  t h i s  
paper remains t o  be e l u c i d a t e d .  

The f a c t  t h a t  t h e r e  i s  a s p a r i n g  e f f e c t  i n  
t h e  p l a t e a u  r e g i o n  o f  t h e  Bragg cu rve  w i t h  dose 
f r a c t i o n a t i o n  schedules, and t h a t  a p o t e n t i a t i o n  
e f f e c t  e x i s t s  nea r  t h e  peak r e g i o n  i m p l i e s  t h a t  
t h e r e  may be a depth-RBE advantage f o r  f r a c t i o n -  
a ted  heavy-ion therapy.  T h i s  p o s s i b l e  advantage 
would be more apparent  i f  t h e  two-dose p o t e n t i a -  
t i o n  e f f e c t  observed i n  V79 c e l l s  i s  r e l e v a n t  t o  
t h e  r a p i d l y  p r o l i f e r a t i n g  human tumors. 
p o t e n t i a l  usefu lness remains t o  be eva lua ted  by 
ou r  c l i n i c a l  team. 

T h i s  

Two d i f f e r e n t  processes o f  PLD r e p a i r  have 
been observed. 
c e l l s ,  t h e  r e p a i r  o f  t h e  PLD t h a t  can be 
expressed by  h y p e r t o n i c i t y  t rea tmen t  i s  r a p i d ,  
w i t h  a h a l f  t i m e  o f  15 minutes, and t h e  k i n e t i c s  
appears t o  be independent o f  r a d i a t i o n  q u a l i t y .  
I n  con f luen t  mouse c e l l s ,  t h e  r e p a i r  t i m e  o f  PLD 
i n f l i c t e d  by high-LET r a d i a t i o n  may be as l o n g  
as 24 hours, much s lower  than  t h a t  observed w i t h  
X rays .  The d i f f e r e n c e s  found i n  these  c e l l u l a r  
s t u d i e s  i n d i c a t e  t h a t  one i s  d e a l i n g  w i t h  a 
c o m p l e x i t y  o f  r e p a i r a b l e  damage o r  processes, 
some of which a r e  LET dependent. 
t h i s  i n v e s t i g a t i o n  f u r t h e r  s u D s t a n t i a t e s  a 
c u r r e n t  concept t h a t  an apparent s i n g l e - h i t  
i n a c t i v a t i o n  process, as i m p l i e d  by an exponen- 

I n  a c t i v e l y  growing hamster V79 

Furthermore, 

t i a l  dose -e f fec t  curve, cannot e x d u d e  t h e  
e x i s t e n c e  o f  r e p a i r  processes (Ngo e t  a l . ,  
1980b). 
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EFFECTS OF COMBINED LOW- AND HIGH-LET RADIATIONS 

F. Q. H. Ngo, E. A. Blakely, and C. A. Tobias 

BACKGROUND 

Damage i n t e r a c t i o n s  between h igh -  and low-LET 
r a d i a t i o n  has been a fundamental research  s u b j e c t  
i n  r a d i a t i o n  b i o l o g y  f o r  sometime. 
b i l i t y  o f  independence between t h e  a c t i o n s  o f  t h e  
two r a d i a t i o n  m o d a l i t i e s  was i n v e s t i g a t e d  d u r i n g  
t h e  f i f t i e s  and s i x t i e s  w i t h  rega rd  t o  chromosome 
a b e r r a t i o n s  ( W o l f f  e t  a l . ,  1958; Na ta ra jan  and 
Narayana, 1963), c e l l  i n a c t i v a t i o n  (Barendsen, 
1960; Todd, 1964), and l e t h a l i t y  i n  dogs and 
roden ts  ( B l a i r ,  1964). Most o f  these workers 
have concluded t h a t  h igh -  and low-LET r a d i a t i o n  
a c t  independent ly .  T h i s  t o p i c  was reopened i n  
t h e  l a t e  s e v e n t i e s  as f a s t  neutrons were b e i n g  
re -eva lua ted  f o r  r a d i o t h e r a p e u t i c  purposes. 
However, t h e  m a j o r i t y  o f  t h e  exper iments were n o t  
e n t i r e l y  c o n s i s t e n t  w i th  t h e  p r e v i o u s  conc lus ions .  
These l a t e r  exper iments demonstrated t h a t  f a s t  
neutrons and X r a y s  o r  gamma r a y s  show some s o r t  
o f  an i n t e r a c t i v e  e f f e c t  ( R a i l t o n  e t  a l . ,  1975; 
Durand and O l i v e ,  1976; Hornsey e t  al., 1977). 
Never the less,  s i n c e  f a s t  neutrons produce a con- 
s i d e r a b l e  low-LET component, t n e  i n t e r a c t i o n s  
observed may be e x p l a i n e d  by i n t e r a c t i o n s  o f  
s u b l e t h a l  l e s i o n s  produced by  t h i s  component o f  
neu t ron  i r r a d i a t i o n  and by t h e  e x t e r n a l  X o r  
gamma r a y s  (Katz  and Sharma, 1974). 

r e a c t o r  (Argonne N a t i o n a l  Labora to ry ) ,  Ngo e t  a l .  
(1977b) found t h a t  t h e  high-LET r a d i a t i o n  produces 
damage t h a t  i n t e r a c t s  w i th  X-ray-induced damage 
i n  l i v i n g  c e l l s .  S ince t h e  gamma-ray contamina- 
t i o n  i n  t n e  Janus neutrons i s  reduced t o  o n l y  
3-4% o f  t h e  neu t ron  dose, t h i s  obse rva t i on  o f  
damage i n t e r a c t i o n  r a i s e d  t h e  q u e s t i o n  o f  t r u e  
independence between h igh -  and low-LET 
r a d i a t i o n s .  

Beg inn ing  i n  l a t e  1977, we have c a r r i e d  ouf 
sys temat i c  s t u d i e s  on t h e  r a d i o b i o l o g i c a l  e f f e c t s  
o f  combined r a d i a t i o n  m o d a l i t i e s  u s i n g  c u l t u r e d  
mammalian c e l l s .  I n  t h i s  chapter, we w i l l  i ' 
d i scuss  b r i e f l y  some o f  these f i n d i n g s .  

The poss i -  

Us ing f i s s i o n - s p e c t r u m  neutrons a t  t h e  Janus 

RATIONALE ; 

I n  t h e  u rgen t  development 'o f  energy supp ly  
f o r  our  s o c i e t y ,  be i t  f rom t h e  s o l a r  source v i a  
space s a t e l l i t e  s t a t i o n s  o r  n u c l e a r  r e a c t i o n s  -' 
i n c l u d i n g  n u c l e a r  f i s s i o n  and n u c l e a r  f u s i o n ,  t h e  
r a d i a t i o n  r i s k  f o r  t h e  worKers p o t e n t i a l l y  
exposed t o  a m i x t u r e  o f  r a d i a t i o n  q u a l i t i e s  i s  a 
major  c o n s i d e r a t i o n .  
r a d i a t i o n s  e x h i b i t  an independent o r  a syner-  
g i s t i c  e f f e c t  i n  b i o l o g i c a l  systems i s  an 
impor tan t  q u e s t i o n  t h a t  w i l l  nave a s i g n i f i c a n t  
impact on t h e  es t ima tes  o f  human r i s k .  

* 

Whether h igh -  and low-LET 

6id On t h e  o t h e r  hand, b i o l o g i c a l  e f f e c t s  o f  
m ixed - rad ia t i on  beams a re  a l s o  o f  p a r t i c u l a r  

i n t e r e s t  i n  t h e  advancement o f  rad io the rapy .  
Due t o  i n s u f f i c i e n t  beam t i m e  and o t h e r  p r a c t i c a l  
reasons, a l a r g e  number o f  p a t i e n t s  have been 
t r e a t e d  w i t h  combined f a s t  neutrons and photons 
i n  t h e  few c l i n i c a l  neutrons f a c i l i t i e s  i n  t h i s  
coun t ry .  I n  f a c t ,  i n  t h e  c u r r e n t  n a t i o n a l  
p r o t o c o l s  f o r  t h e  c l i n i c a l  neu t ron  t r i a l ,  t h e  
combined mode has become a major  arm f o r  compar- 
i s o n  s t u d i e s .  A l though r e c e n t  c l i n i c a l  r e s u l t s  
suggested t h a t  i n  some s i t u a t i o n s  combined 
neu t ron  and photon t rea tmen ts  appear t o  be b e t t e r  
t han  each o f  t h e  two m o d a l i t i e s  used alone, t h e r e  
i s  a l a c k  o f  b i o l o g i c a l  b a s i s  upon which a 
s c i e n t i f i c a l l y  sound e x p l a n a t i o n  can be o f f e r e d .  
More b a s i c  r a d i o b i o l o g i c a l  s t u d i e s  a r e  r e q u i r e d  
b e f o r e  p o t e n t i a l  advantages o r  d isadvantages can 
be r e a l i z e d  and p r e d i c t e d  f o r  t h e  use o f  mixed 
m o d a l i t i e s  i n  cancer the rapy .  T h i s  has been 
emphasized by  t h e  Committee f o r  R a d i a t i o n  
Oncology S tud ies  (CROS, 1978). While fundamental 
s t u d i e s  on mixed r a d i a t i o n s  have immediate 
re levance  t o  t h e  n a t i o n a l  neu t ron  the rapy  
program, such i n f o r m a t i o n  should a l s o  p r o v i d e  
d i r e c t  i m p l i c a t i o n s  f o r  r a d i o t h e r a p y  w i t h  
p i  mesons o r  heavy charged p a r t i c l e s ,  as each o f  
these p a r t i c l e  beams c o n s i s t s  o f  a wide spectrum 
o f  LET d i s t r i b u t i o n s .  For p r a c t i c a l  reasons 
s i m i l a r  t o  tnose found w i th  f a s t  neutrons,  
combinat ions o f  heavy i o n s  and photons may p rove  
t o  be a w o r t h w h i l e  c o n s i d e r a t i o n  i n  t h e  f u t u r e .  

CLASSIFICATION OF INTERACTIVE EFFECTS 

A v a r i e t y  o f  t e r m i n o l o g y  has been used i n  t h e  
l i t e r a t u r e  f o r  t h e  combined e f f e c t s  o f  two 
d i f f e r e n t  d e l e t e r i o u s  agents on b i o l o g i c a l  
systems (Dewey e t  al., 1972; S t e e l  and Peckham, 
1979; I C R U ,  1979; Tobias e t  al., 1980b). We 
d i s t i n g u i s h  t h e  i n t e r a c t i v e  processes as follows. 
Assume t h a t  t h e  s u r v i v i n g  f r a c t i o n s  f o r  a dose 
o f  agent A and a dose o f  agent B a re  SA(DA) 
and Sg(Ds), r e s p e c t i v e l y ,  and t h e  s u r v i v i n g  
f r a c t i o n  when t h e  two r a d i a t i o n s  a r e  g i v e n  
t o g e t h e r  i s  S(DA + DB). 

3 

We d e f i n e  t h e  
. i n t e r a c t i o n s  as: 

1. Independent, i f  i 

' _ I _ . I  +;?. p r o t e c t i v e ,  i f  

(OA + > sA(DA) SB(DB) 

3. S y n e r g i s t i c ,  i f  

These i n t e r a c t i v e  e f f e c t s  are d iscussed f u r t h e r  
by Tobias e t  a l .  i n  P a r t  111. 
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RESULTS AND D I S C U S S I O N  

Does an Apparent Exponen t ia l  S u r v i v a l  
Curve Imp ly  No Repair? 

High-LET r a d i a t i o n s  cause t h e  so -ca l l ed  
s i n g l e - h i t  i n a c t i v a t i o n  on l i v i n g  c e l l s ,  as 
u s u a l l y  i n d i c a t e d  by  an exponen t ia l  dose- 
e f f e c t i v e  response. 
those c e l l s  t h a t  s u r v i v e  a dose o f  r a d i a t i o n  a r e  
n o t  h i t  by  any p a r t i c l e .  

r a d i a t i o n  techniques.  
and m a t e r i a l s  o f  t h i s  s tudy  have been r e p o r t e d  
(Ngo e t  al. ,  1980b). 
f r o m  exper iments performed by exposing V79 
hamster c e l l s  t o  a 425 MeV/amu neon-ion beam and 
225-KVp X rays .  The d a t a  i n  t h e  l e f t  panel ,  
pooled f r o m  two t o  t h r e e  experiments, show t h a t  
t h e  s u r v i v a l  cu rve  f o r  t h e  high-LET p a r t i c l e s  was 
e s s e n t i a l l y  exponen t ia l ,  whereas f o r  X r a y s  t h e  
cu rve  had a s u b s t a n t i a l  shoulder .  I n  t h e  r i g h t  
panel, c e l l s  were e i t h e r  i r r a d i a t e d  w i t n  neon 
ions  alone, o r  w i t h  neon ions  preceded by  a 
p r i m i n g  X-ray dose. 
t h e  two r a d i a t i o n  t rea tmen ts  was l e s s  than  0.5 h 
d u r i n g  which t h e  c e l l s  were k e p t  a t  i c e  
temperature. 

One ques t i on  i s  whether 

- 
We have i n v e s t i g a t e d  t h i s  problem u s i n g  mixed 

The d e t a i l s  o f  t h e  methods 

F i g u r e  1 shows t h e  d a t a  

The t i m e  r e q u i r e d  between 

DOSE (Gray) 

Id . .  

I f  we assume t h a t  t h e  s u r v i v o r s  f r o m  t h e  
neon-ion i r r a d i a t i o n  were n o t  damaged a t  a l l ,  one 
would expect  t h a t  X r a y s  and neon ions  a c t  
i ndependen t l y  on c e l l  i n a c t i v a t i o n .  For t h e  
combined t rea tmen ts  desc r ibed  above, s u r v i v a l  
r e s u l t s  expected f rom independent a c t i o n  between 
X r a y s  and neon ions  a r e  i l l u s t r a t e d  by  t h e  
dashed curves. However, t h e  observed s u r v i v a l  
d a t a  f o r  t h e  X-plus-neon i r r a d i a t i o n  l i e  below 
t h e  p r e d i c t e d  curves f o r  independence, which 
suggests t h e r e  i s  synergism between t h e  h i g h -  and 
low-LET r a d i a t i o n s .  I n  t h i s  case, t h e  syner-  
g i s t i c  e f f e c t  can be es t ima ted  by  t h e  change i n  
Do o f  t h e  neon s u r v i v a l  curves w i t h  and w i t h o u t  
a p r i m i n g  X-ray dose. These r e s u l t s  i m p l y  t h a t  
a t  l e a s t  some of t h e  s u r v i v o r s  o f  neon 
i r r a d i a t i o n  a r e  s u b l e t h a l l y  i n j u r e d .  

The q u e s t i o n  a r i s e s  as t o  whether a l l  t h e  
s u b l e t h a l  damage due t o  t h e  high-LET neon-ion 
beam i s  caused by t h e  low-LET component 
assoc ia ted  w i t h  t h e  p r imary  p a r t i c l e s .  
es t ima ted  t h a t  f o r  a dose o f  neon-io 

p a r t i c l e s  (mean LET, = 284 KeV/um), app rox ima te l y  
22% o f  t h e  dose was due t o  h igh-  and medium-LET 
heavy n u c l e a r  fragments (mean LET,= 58 keV/um), 
and o n l y  about 3% o f  t h e  dose was due t o  
r e l a t i v e l y  low-LET f a s t  protons,  h e l i u m  ions,  and 

We have 
r a d i a t i o n ,  

9 0  75% O f  t h e  d O S 2  was due t o  high-LET 10Ne 

NEON DOSE (Groy) 
5 -  6 7 

- t \  N - I  i 
PE = 82.5% 

10-1,- 
\ 

Ne only . 
\ 

Do = 126.6(5.2) rad 
\ 

\ \ 
\ 

\ 
\ 

I O 2  -- \ 
\ 

8 0 0 r a d  x-rays t Ne 
Do = 75.4 (2.6) 

I 0-41 I I I I I I I I 
F i g u r e  1. L e f t  panel :  
Bragg peak neon ions  (mean LET, = 234 keV/pm), o r  t o  225-kVp X rays .  
o f  two d i f f e r e n t  p r i m a r y  X-ray doses on t h e  neon-ion s u r v i v a l  cu rve  o f  t h e  same c e l l s .  
dashed l i n e s  assume an independent a c t i o n  between X-rays and neon ions.  
l e t h a l  dose, Dq i s  t h e  quas i - th resho ld  dose and n i s  t h e  e x t r a p o l a t i o n  number. 
denote average p l a t i n g  e f f i c i e n c y  and average c e l l  m u l t i p l i c i t y ,  r e s p e c t i v e l y .  

S u r v i v a l  d a t a  of asynchronized Chinese hamster V79 c e l l s  exposed t o  
The e f f e c t s  

The 
R i g h t  panel :  

DO i s  t h e  mean 
PE and N 
(XBL 791-3023B) 
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f a s t  neutrons (Ngo e t  al., 1980b). Since, pe r  
u n i t  o f  absorbed dose, t h e  neon ions  a r e  a lmost  
e q u i v a l e n t  t o  X r a y s  i n  caus ing  damage i n t e r a c -  
t i o n ,  t h e  l e s i o n s  induced by  t h e  3% low-LET 
component o f  t h e  high-LET beam cannot account f o r  
t h e  e n t i r e  damage i n t e r a c t i o n  observed. 

Another example t h a t  suppor ts  t h i s  v iew i s  
i l l u s t r a t e d  i n  F i g u r e  2 .  I n  these experiments, 
an 8.5 MeV/amu argon-ion beam was chosen because 
o f  i t s  low i n c i d e n t  energy which makes i t  
i n e f f e c t i v e  t o  cause nuc lea r  fragment r e a c t i o n s  
along t h e  p a r t i c l e  paths. The d a t a  shown i n  t h e  
l e f t  panel  compare t h e  s u r v i v a l  curves between 
X r a y s  and argon ions.  The s i n g l e - h i t  i n a c t i v a -  
t i o n  k i n e t i c s  assoc ia ted  With t h e  hign-LET 
p a r t i c l e s  a re  apparent, and t h e i r  i n e f f e c t i v e n e s s  
i n  c e l l  k i l l i n g  r e l a t i v e  t o  X rays  i s  presumably 
due t o  t h e  excess energy d e n s i t y  depos i ted  pe r  
p a r t i c l e  t r a c k .  We have a l s o  shown t h a t  t h e r e  
was l i t t l e  o r  no v a r i a t i o n  i n  t h e  s u r v i v a l  
response w i t h  r e s p e c t  t o  c e l l  c y c l e  s tages f o r  
t h i s  p a r t i c l e  beam ( F i g .  6, i n  chap te r  111-3). 
Never the less,  t h e  d a t a  shown i n  t h e  r i g h t  panel  
o f  F i g u r e  2 i n d i c a t e  t h a t  t h e r e  i s  an i n t e r a c t i o n  
between t h e  heavy i ons  and X rays .  
analyses suggest t h a t  a dose o f  argon i o n s  a c t s  
l i k e  h a l f  o f  t n e  dose o f  X r a y s  i n  caus ing  sub- 
l e t h a l  l e s i o n s  i n  t h e  i r r a d i a t e d  c e l l  p o p u l a t i o n .  

Q u a n t i t a t i v e  
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These r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  view t h a t  
t h e  high-LET p r i m a r y  p a r t i c l e s ,  n o t  n e c e s s a r i l y  
t h e  low-LET components, a r e  capable o f  p roduc ing  
n o n l e t h a l  events .  

Damage I n t e r a c t i o n  Vs. Ce l l -Cyc le  Stages 

A number o f  r a d i o b i o l o g i c a l  p r o p e r t i e s  have 
been shown t o  v a r y  th roughou t  t h e  c e l l - d i v i s i o n  
cyc le .  These i n c l u d e  n o n r e j o i n i n g  DNA double 
s t r a n d  breaks, c e r t a i n  t ypes  o f  chromosomal 
damage, r e p a i r  o f  s u b l e t n a l  damage, s u r v i v a l ,  
growth delay,  mutat ions,  and t r a n s f o r m a t i o n .  I n  
o rde r  t o  b e t t e r  understand t h e  s y n e r g i s t i c  i n t e r -  
a c t i o n  between low- and high-LET i r r a d i a t i o n s ,  
we have at tempted q u a n t i t a t i v e  measurements on 
t h e  degree o f  damage i n t e r a c t i o n  as a f u n c t i o n  
o f  c e l l - c y c l e  stages. 
been r e p o r t e d  elsewhere (Ngo e t  a l . ,  1979). 

E x p o n e n t i a l l y  growing V79 c e l l s  were 
synchronized by t h e  m i t o t i c  s e l e c t i o n  method 
( S i n c l a i r ,  1969). M i t o t i c  c e l l s  were c o l l e c t e d  
and a l l owed  t o  a t t a c h  i n  35-mm diameter  p l a s t i c  
d ishes.  The c e l l s  were i r r a d i a t e d  w i t h  425 MeV/ 
amu neon i o n s  and X rays,  e i t h e r  a lone  o r  i n  
combinatlo;, a t  v a r i o u s  c e l l - c y c l e  s tages as t h e y  
grew a t  37 C under op t ima l  c u l t u r e  cond i tons .  

P r e l i m i n a r y  r e s u l t s  have 

X - R A Y  DOSE ( G v )  

1 0 : X-roys only 
A ' 800 rod Ar (2.8) +X'S 

7 :  1 6 0 0 r o d  Ar  ( 5 . 6 )  t X's 

F i g u r e  2. L e f t  panel: 
X rays  o r  t o  argon i o n s  produced a t  t h e  SuperHILAC. 
o f  argon ions  on t h e  X r a y  s u r v i v a l  curve.  The combined-radiat ion s u r v i v a l  curves were 
normal ized w i t h  t h e i r  o r i g i n s  c o i n c i d i n g  w i th  t h e  o r i g i n  f o r  t h e  X r a y  o n l y  s u r v i v a l  curve.  
800 r a d  and 1,600 r a d  o f  argon p a r t i c l e s  correspond t o  app rox ima te l y  2.8 and 5.6 p a r t i c l e s  pe r  
c e l l  nucleus, r e s p e c t i v e l y .  N denotes average c e l l  m u l t i p l i c i t y .  (XBL 797-3658A) 

S u r v i v a l  da ta  o f  asynchronized Chinese hamster V79 c e l l s  exposed t o  
R i g h t  panel :  t h e  e f f e c t s  o f  p r i m a r y  doses 



Upon comp le t i on  o f  i r r a d i a t i o n ,  c e l l s  were 
t r y p s i n i z e d  and p l a t e d  f o r  s i n g l e - c e l l  s u r v i v a l .  
I n  o r d e r  t o  m in im ize  t h e  p o t e n t i a l  b i o l o g i c a l  
and p h y s i c a l  v a r i a t i o n s ,  i t  i s  d e s i r a b l e  t o  
pe r fo rm t h i s  t y p e  o f  experiment i n  a s i n g l e  day 
u s i n g  t h e  same p o p u l a t i o n  o f  m i t o t i c  c e l l s .  
However, because o f  t h e  s i z e  o f  t h e  exper iment ,  
some p rev ious  a t tempts  have f a i l e d  due t o  e i t h e r  

\ X-roys)', \. f rom 4 . I G y  h 
f rom 1.4Gy Ne dose -1.2 X - r a y  dose Ne dose - 0.4 X-ray dose 
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undes i rab le  q u a l i t y  o f  t h e  synchrony, o r  
unexpected i n t e r u p t i o n  o f  t h e  heavy-ion beam. 

I n  t h e  exper iments d iscussed below, these  
t e c h n i c a l  d i f f i c u l t i e s  were l a r g e l y  overcome. 
The d a t a  shown i n  F i g u r e  3 a r e  f rom two separa te  
exper iments (pane ls  A,B,O f rom one exper iment ,  
and C f rom ano the r ) .  In F i g u r e  3A, t h e  s u r v i v i n g  

S /WM 1 
I I I I I I 

0 2 4 6  8 1 0 1 2 1 4  
TIME AFTER MITOTIC SELECTION ( h r l  

DOSE (Gray)  

DOSE (Gray) 
2 4 6 8 IO 12 14 16 

5.5h ofter Mitos is  

- Ne dose - 0.9 X - r a y  dose 

I O 4  I I I I I I I 



f r a c t i o n s  a r e  p l o t t e d  as a f u n c t i o n  o f  c e l l - c y c l e  
stages f o r  a s i n g l e  dose o f  X rays,  o r  neon ions,  
o r  t h e  same doses o f  X r a y s  and neon ions  g i v e n  
w i t h  l i t t l e  de lay.  The dashed curve was con- 
s t r u c t e d  assuming t h e  two r a d i a t i o n s  a c t  
independent ly .  There i s  a v a r i a t i o n  i n  t h e  
degree o f  t h e  s y n e r g i s t i c  e f f e c t s  th roughou t  t h e  
c e l l  c y c l e .  The degree o f  i n t e r a c t i o n  was smal l  
f o r  c e l l s  a t  GI, G l / S ,  G2+M phases, and was 
r e l a t i v e l y  l a r g e  d u r i n g  t h e  t i m e  o f  DNA 
syn thes i s .  Th i s  p r o p e r t y  i s  more q u a n t i t a t i v e l y  
demonstrated i n  F igu res  38, 3C, and 3D f o r  c e l l s  
a t  t h e  G l l S  bo rde r  (2.5 h a f t e r  m i t o s i s ) ,  e a r l y  
S ( 5  h a f t e r  m i t o s i s ) ,  and l a t e  S ( 7  h a f t e r  
m i t o s i s ) ,  r e s p e c t i v e l y .  Each o f  these synchron- 
i z e d  p o p u l a t i o n s  was i r r a d i a t e d  w i t h  3.3 Gy o f  
neon and seve ra l  graded doses o f  X rays .  By 
comparing and f i t t i n g  t h e  s u r v i v a l  d a t a  o f  t h e  
combined i r r a d i a t i o n s  t o  some p o r t i o n  o f  t h e  
X-ray s u r v i v a l  curve, we have es t ima ted  t h a t  i n  
terms o f  damage i n t e r a c t i o n ,  3.3 Gy o f  neon 
i r r a d i a t i o n  i s  e q u i v a l e n t  t o  1.4 Gy, 3.1 Gy, and 
4.1 Gy o f  X r a y s  f o r  c e l l s  a t  these r e s p e c t i v e  
shapes (2.5 h, 5.5 h, and 7 h a f t e r  m i t o s i s ) .  
The r a t i o  o f  3.3 Gy t o  t h e  e q u i v a l e n t  X-ray doses 
y i e l d s  t h e  e f f e c t i v e n e s s  o f  neon p a r t i c l e s  
r e l a t i v e  t o  X r a y s  i n  causing i n t e r a c t i o n  w i t h  
X rays  f o r  each o f  t hese  c e l l  stages. These 
r a t i o s  a re  no ted  a t  t h e  lower  l e f t  co rne r  i n  each 
panel. Hence, among t h e  c e l l  stages s t u d i e d  i n  
t h i s  experiment, l a te -S  shows t n e  g r e a t e s t  
i n t e r a c t i o n  between neon and X - i r r a d i a t i o n ,  and 
G 1 / S  shows t h e  l e a s t  i n t e r a c t i o n .  

DOSE (Grgy) 
8 10 12 14 

2.5h of ter  Mitosis 
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F i g u r e  4 shows an exper iment  performed w i t h  
570 MeV/amu argon i o n s  ( p o s i t i o n  B, mean LET, = 
117 keVjpm) and X rays .  A s i m i l a r  change i n  t h e  
degree o f  damage i n t e r a c t i o n  w i t h  r e s p e c t  t o  
c e l l  stages was observed. In a d d i t i o n ,  t h e  d a t a  
demonstrate t h a t  a t  each C e l l  s tage t h e  e x t e n t  
o f  i n t e r a c t i o n  i nc reases  p r o p o r t i o n a l l y  t o  t h e  
s i z e  o f  t h e  p r i m i n g  dose. 

Decay o f  Damage I n t e r a c t i o n  

The k i n e t i c s  o f  t h e  l o s s  o f  i n t e r a c t i o n  has 
been s t u d i e d  by  changing t h e  d o s e - f r a c t i o n a t i o n  
t i m e  between two r a d i a t i o n  t reatments.  T n i s  
t o p i c  has been d iscussed i n  a p rev ious  p u b l i c a -  
t i o n  (Ngo e t  al. ,  1980); here, we p resen t  some 
fo l l ow-up  work. I n  F i g u r e  5, t h e  dashed-dotted 
curve rep resen ts  an h y p o t h e t i c a l  p r e d i c t i o n  based 
on independence between 3.3 Gy neon i o n s  and 
5.5 Gy X rays ,  and t h e  a c t u a l  d a t a  a r e  i n d i c a t e d  
by t h e  dashed curve. 
ob ta ined  when c e l l s  were f i r s t  i r r a d i a t e d  w i t h  
b o t h  r a d i a t i o n s  a t  a l a t e  S stage ( 7  hours a f t e r  
m i t o s i s ) ,  o r  t h e y  were i r r a d i a t e d  w i t h  t h e  neon- 
i o n  dose a t  t h e  same stage and incubated b e f o r e  
t h e  X-ray dose was g iven.  The s u r v i v a l  i nc rease  
above t h e  dashed cu rve  a t  about 9 hours, which 
i s  c o n s i s t e n t  w i th  r e p a i r  o f  r a d i a t i o n  damage 
i n f l i c t e d  by  t h e  high-LET p a r t i c l e s .  
s u r v i v a l  decrease a f t e r w a r d s  i s  p a r t l y  due t o  
c e l l  p rog ress ion  i n t o  G2 and M stages. 

The d a t a  p o i n t s  were 

The 

DOSE (Groy) 

5.5h af te r  Mi tos is  
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F i  u r e  4. The e f f e c t s  o f  argon-ion i r r a d i a t i o n s  on t h e  X-ray s u r v i v a l  responses f o r  c e l l s  i n  +- G l / S  2.5 h, l e f t  pane l ) ,  and mid S (5.5 h, r i g h t  pane l )  stages. The d a t a  i n d i c a t e  t h a t  t h e  
e x t e n t  o f  damage i n t e r a c t i o n  increases from G 1 / S  t o  mid S, and a t  each s tage t h e  degree o f  
i n t e r a c t i o n  i nc reases  i n  p r o p o r t i o n  t o  t h e  s i z e  o f  t h e  p r i m i n g  dose. The d a t a  y i e l d  an 
e s t i m a t e  o f  t h e  e q u i v a l e n t  X-ray dose pe r  u n i t  o f  argon-ion dose a t  each c e l l  stage, as 
i n d i c a t e d  i n  t h e  lower  p o r t i o n  on each panel. (XBL 794-3419A) 
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Figure 5. 
irradiated at late S phase witn neon i o n s  and 
X-rays given together or with various time 
intervals between exposures. See text for 
details. (XBL 794-3418) 

Survival data of synchronized cells 

Another experiment, as illustrated in 
Figure 6, was designed to investigate how long 
the synergistic effect lasts. Unsynchronized 
cells were irradiated with high energy plateau 
argon ions and X rays at the doses and sequences 
indicated. The incubation time between the two 
types of radiations varied from 0 up to 24 h. 
For the argon followed by X-ray sequence, the 
survival first increased promptly, and then 
decreased at a slower rate reaching a minimum at 
about 7 to 9 h, after which the survival 
increased again arriving at a plateau at about 
12 h. The first increase can be attributed to 
repair of heavy-ion induced damage. The 
decreased kinetics are probably due to a 
combined effect of a continuous decay in the 
degree of damage interaction and argon-induced 
cell synchrony effects. 

The overall kinetics apparently depend upon 
the sequence of treatment as evident from the 
survival data for the X rays plus argon ions 
sequence. The survival due to the combined 
radiation exDoSures did not reach the dashed line 
for independent action unti 1 approximately 
after the first dose. Based on these resu 
conclude that with respect to cell killing 
V79 cells by sequential treatments of low- 
high-LET radiation: 

1. 
decays with time, which separates the 
radiations; 

there is a synergistic effect that 

12 h 
ts we 
of 
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wo 
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Fi ure 6. Survival data of asynchronous cell 5 - r  popu a ions showing the change of response as a 
function of dose-fractionation time and the 
sequence of radiations between argon ions and 
X-rays. Samples were incubated at 37'C oetween 
treatments with the two modalities. 
(XBL 808-3564) 

2. there is a cell synchrony effect that 
has an initial phase that overlaps with the 
synergistic effect; 
3. the survival kinetics resulting from the 
synergistic and synchrony effects differ 
depending on the radiation sequence. 

A Comparison of Various Heavy-Ion Beams 
on Their Ability to Produce Interaction 

with X rays 

Relationships between RBE and LET have been 
established for a number of biological end 
points. Those most thoroughly studied are the 
cell inactivation and oxygen enhancement effect 
(Barendsen et al., 1966; Todd, 1967; Blakely 
et al., 1979). RBE vs. LET relationships have 
also been reported for chromosome aberrations 
(Barendsen, 1979), 62 block (Lijcke-Hihle 
et al., 1979), direct against indirect radiation 
effects (Chapman et al., 1979; Roots et a]., 
1980), variation of cell-stage response 
(Skdrdsgard, 1966; Bird and Burke, 1975), and 
mutation (Cox et al., 1977). 

. " . - . . . II. .... _ _  . . _..._ .- .__ 
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It is of basic interest to compare the degree 
of synergistic interaction of various high-LET 
beams with X rays. Such information can be 
utilized, for example, to determine the relative 
effectiveness of sublethal lesion production as 
a function of LET (Ngo et al., 1980). To gain 
information in this regard, mixed-radiation 
experiments have been conducted using asynchro- 
nized V79 cells for charged particles with mean 
LET values ranging from 16 to 1,800 keV/?m. 
experiments were performed with synchronized 
populations (e.g., Figs. 3 and 4). Figure 7 
shows the data obtained with five radiation 
qualities from carbon, neon, and argon particles 
produced at tne Bevalac. The physical and radio- 
logical characteristics of these particle beams 
are described in Table 1. 

Some 

By our definitions described earlier, two 
doses of X rays administered together, with 
little or no time delay, act in a synergistic 
manner. Experiments were designed to determine 
how effective per unit dose a high-LET radiation 
beam is, compared to X rays, in causing synergistic 
interaction with X rays. Survival was measured 
for cells that were irradiated with a priming 
dose of heavy ions, which was immediately 
followed by graded X-ray doses. These data were 
compared to the survival data from experiments 
Where the priming heaVy-iOn dose was replaced by 
the same absorbed dose of X rays. To make such 
comparisons, the survival data for the combined 
modes of irradiation have been plotted according 
to the transformations described by equations ( 1 )  
and (2 ) :  

the equivalent dose 

Deq = D~~ + D~ 

and the equivalent survival 

Where the subscripts hi and x represent heavy 
ions and X rays, respectively. In equation (Z),  
the first term is a normalization factor which 
is the survival ratio of X- and heavy-ion 
radiations both given at the same dose size as 
the priming dose of heavy ions. The second term 
is the surviving fraction measured from a 
combined irradiation with heavy ions and X rays.' 

Using these transformations, three 
alternative outcomes are possible. First, if per 
unit of absorbed dose a heavy ions beam is as 
effective as X rays in causing an interaction 
effect, the combined-radiation survival'data 
should be superimposed on the X-ray-only survival 
curve. Second, if the heavy-ion beam is less 
effective than X rays the combined-radiation data 
should lie above the X-ray-only survival curve. 
Third, if the heavy-ion beam is more effective 
than X rays, the combined radiation data should 
lie below the X-ray-only survival curve. 

DOSE (Gray) 

V 

0 X-raysonly  

VAm Carbon LF) dose t x ' s  

A 0  Carbon ( A )  dose + x ' s  

I O3 i 

t 

4 4 0 r a d  Ar + Groded x-ray doses 

, I I , I 

I O3 

Evaluation of the effects of five 
erent high-LET radiations on the X-ray 

response cur've of asynchronous V79 cells. 
were irradiated with various single doses of a 
heavy-ion beam and immediately followed by graded 
doses of X-rays. Survival data for X-irradiation 
only were obtained with the same stock of cells 
as those used for tne combined radiation treat- 
ments in eacn experiment. The survival data from 
the combinea treatments were plotted according 
to the transfortnations described in the text. 
(XBL 791-3025A) 

Cells 
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Table 1. The RBE values for V79 Cell Inactivation and the Relative Effectiveness for Causing 
Damage Interaction Between X Rays and Charged Particle Beams 

Residual Energy in Mean I Relative 
Range* Energy Cell Layer LET,' RBE* Interaction 

Particle Position (cm in water) (MeV/n) (MeV/n) (keV/um) (10% Survival) Effectiveness* 

A 6.8 400 175 16 1.20 0.9 

20 A 6.8 425 235 38 1.47 0.8-0 -9 1 ONe 

;2C F 0.14 400 24 85 2.92 1 .l-1.2 

::Ar E 0.29 5 70 54 245 2.19 3 1.0 

20 F 0.14 425 31 234 2 ..91 0.8 1 ONe 

40 
1 gAr plateau 8.5 -6 1 , 800 0.70 0.5 

*Distance between position of cell monolayer and Bragg peaks. 
+ Values are based on calculations by Blakely et al., 1979. * With respect to 225-kVp X rays. 

The solid curves i n  Figures 7A and C are 
fitted to the survival data for X rays only; such 
a curve is not shown in Figure 7B. Nevertheless, 
within experimental fluctuations for each set of 
data, all the heavy-ion beams in this study are 
comparable to X rays in their effectiveness in 
interacting with X-ray-induced damage. There is 
a possibility that carbon (F) may be slightly 
more effective than X rays, whereas neon (A) and 
neon (F) are slightly less effective. Note that 
tne interdction effectiveness for a low-energy 
argon beam with LET, = 1,800 keV/um was reduced 
to approximately half of the effectiveness for 
X rays (Fig. 2). 

The effectiveness of sublethal lesion 
production is almost independent of the quality 
or LET of radiation. This is in contrast to the 
relationship shown in Table 1 between RBE for 
cell inactivation and LET. An exception was 
observed for the LET value (1,800 keV/um) that 
corresponds to the overkill region. For this 
radiation, ooth cell inactivation and sublethal 
lesion production are less effective compared to 
X rays. 

Mechanisms for the Interaction Effect 

At least three mechanisms could be attributed 
to the synergistic interaction observed. 
the sublethal lesions produced by the neon-ion 
beam and X rays may undergo physical interactions 
that may result in lethal lesions. This 

First, 

mechanism is similar to the cooperative interac- 
tion of lesions for high-LET radiation-induced 
lethal effects suggested by Tobias (1971), and 
the interaction of sublesions which lie within 
some small distance of each other proposed by 
Kellerer and Rossi (1978). 

of repair. Presumably, the damage caused by one 
radiation may affect the repair of damage pro- 
duced by another radiation. The ideas of mis- 
repair (Tobias et al., 1980a; Elkind, 1980) and 
of saturation repair (Laurie et al., 1972; Alper, 
1977) have been discussed by a number of inves- 
tigators and are pertinent to this consideration. 
A third mechanism is that lethality occurs 
because at a critical point for the cell to 
survive, e.g., postirradiation mitosis, too many 
lesions remain to be repaired correctly. Hence, 
this mechanism may be called saturation of 
damage. 

At their late S phase, V79 cells have the 
largest capacity for repair (Elkind and Sinclair, 
1965). This radiobiological property is probably 
true to some extent for the high-LET particles, 
as their cell-age response curves are qualita- 
tively similar to X rays (see Fig. 3A). Since 
we found a greater synergistic interaction in the 
S phase (Probably the largest effect in late S), 
it appears that the second mechanism, i.e., 
inhibition of repair, is the most probable 
mechanism to explain the interaction effect. 

A second mechanism may involve the inhibition 
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MIXED-BEAM RADIOTHERAPY 

Radiotherapy u s i n g  a low-LET r a d i a t i o n  source 
combined w i t h  f a s t  neu t rons  i s  now i n  progress 
i n  t h e  U n i t e d  S ta tes .  Two-port exposures t h a t  
would i r r a d i a t e  tumors w i th  a mixed r a d i a t i o n  
f i e l d  have p o t e n t i a l  uses f o r  f u t u r e  p a r t i c l e  
rad io the rapy .  Some p o t e n t i a l  r a d i o b i o l o g i c a l  
advantages may be i n f e r r e d  f rom t h e  work 
desc r ibed  i n  t h i s  chap te r :  

1. 
due t o  t h e  s y n e r g i s t i c  e f f e c t  i f  t h e  over-  
l a p p i n g  f i e l d s  o f  low- and high-LET r a d i a -  
t i o n s  can be l o c a l i z e d  t o  t h e  tumor t a r g e t  
reg ion .  However, s i n c e  t h i s  e f f e c t  may 
d i m i n i s h  i n  a few hours, i t  r e q u i r e s  a r a p i d  
d e l i v e r y  o f  t h e  two m o d a l i t i e s .  
2. A s y n c h r o n i z a t i o n  e f f e c t  e x i s t s  t h a t  may 
f a v o r  s t e r i l i z i n g  r a p i d l y  p r o l i f e r a t i n g  
tumors by a high-LET p l u s  low-LET r a d i a t i o n  
sequence. 
3. 
i n  S phase than  those i n  G 1  phase may 
p r o v i d e  a f a v o r a b l e  d i f f e r e n t i a t i o n  between 
tumor and normal t i s s u e  f o r  some t ypes  o f  
cancer u s i n g  mixed-beam therapy. 

A t h e r a p e u t i c  g a i n  may be a n t i c i p a t e d  

The g r e a t e r  s y n e r g i s t i c  e f f e c t  f o r  c e l l s  

FUTURE WORK 

The work r e p o r t e d  b r i e f l y  i n  t h i s  chap te r  
rep resen ts  ou r  i n i t i a l  e f f o r t s  i n  t h e  area o f  
m ixed - rad ia t i on  b i o l o g y .  
shou ld  be expanded t o  o t h e r  dimensions such as 
tumor and normal t i s s u e  s tud ies ,  and c a r c i n o g e n i c  
e f f e c t s .  
f i n d i n g s  i n  r a d i a t i o n  b i o l o g y  and cancer research,  
r e s u l t s  t h a t  one would n o t  be a b l e  t o  p r e d i c t  on 
t h e  b a s i s  o f  t h e  e f f e c t s  observed w i t h  one 
r a d i a t i o n  m o d a l i t y  alone. 

m ixed - rad ia t i on  e f f e c t  and i t s  dependency upon: 
( 1 )  dose s i z e ,  p a r t i c u l a r l y  i n  low dose r e g i o n ;  
( 2 )  oxygen e f f e c t ;  and ( 3 )  c e l l s  w i t h  a G1 
stage t h a t  i s  l onger  than  t h a t  o f  t h e  V79 c e l l s  
p r e s e n t l y  used. 

I n  o r d e r  t o  b e t t e r  understand t h e  mechanism 
u n d e r l y i n g  t h e  r a d i o b i o l o g i c a l  e f f e c t s  o f  
combined r a d i a t i o n  t reatments,  b i o l o g i c a l  s t u d i e s  
a t  t h e  mo lecu la r  l e v e l  a re  necessary. In t h i s  
regard,  damage i n  t h e  g e n e t i c  m a t e r i a l s  due t o  
mixed r a d i a t i o n  o f  low- and high-LET n a t u r e s  w i l l  
be examined. Furthermore, we w i l l  c o n t i n u e  t o  
develop a b i o p h y s i c a l  model t o  a s s i s t  ou r  under- 
s tand ing  o f  t h e  mechanism o f  i n t e r a c t i o n  e f f e c t s ,  
and t o  p r e d i c t  r e s u l t s  f rom t h e  a c t i o n  o f  
combined modal i t  i e s .  

Th is  f i e l d  o f  research  

I t  may b r i n g  about new and unexpected 

I n  t h e  f u t u r e ,  we p l a n  t o  i n v e s t i g a t e  t h e  
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MACROMOLECULAR LESIONS AND CELLULAR RADIATION CHEMISTRY 

R. Roots, E. A. Blakely, A. Chatterjee, and C. A. Tobias 

Our s t u d i e s  o f  t h e  i n t e r a c t i o n  o f  dense ly  
i o n i z i n g  p a r t i c l e s  w i t h  macromolecules i n  t h e  
l i v i n g  c e l l  may be d i v i d e d  i n t o  f o u r  p a r t s :  
c h a r a c t e r i z a t i o n  o f  l e s i o n s  t o  c e l l u l a r  DNA i n  
t h e  unmodi f ied Bragg i o n i z a t i o n  curve; charac- 
t e r i z a t i o n  o f  l e s i o n s  t o  c e l l u l a r  DNA i n  t h e  
spread Bragg cu rve  as used i n  r a d i a t i o n  therapy;  
e l u c i d a t i o n  o f  t h e  c e l l u l a r  r a d i a t i o n  c h e m i s t r y  
c h a r a c t e r i s t i c  o f  h i g h  vs. low LET r a d i a t i o n  
q u a l i t i e s ;  and t h e  i n t r o d u c t i o n  o f  novel  tech-  
n iques designed t o  g i v e  a b e t t e r  unders tand ing  
o f  t h e  fundamental p r o p e r t i e s  o f  i n d u c t i o n  o f  
l e s i o n s  and t h e i r  r e p a i r  p o t e n t i a l s  i n  h i g h  LET 
r a d i a t i o n .  

INDUCTION AND R E P A I R  OF DNA LESIONS 
I N  THE UNMODIFIED BRAGG IONIZATION CURVE 

Our e a r l y  t r a c k  segment s t u d i e s  o f  DNA damage 
i n  mammalian c e l l s  induced by densely  i o n i z i n g  
p a r t i c l e  r a d i a t i o n  have been r e p o r t e d  ( R i t t e r ,  
1976; R i t t e r  e t  a l . ,  1977, Tobias e t  a l . ,  1977). 
I n  these i n v e s t i g a t i o n s ,  t h e  i n d u c t i o n  and r e p a i r  
o f  DNA breaks were examined a f t e r  exposures t o  
seve ra l  t ens  o f  k i l o r a d .  

Our l a t e r ,  more d e t a i l e d ,  i n v e s t i g a t i o n s  o f  
t h e  c h a r a c t e r i s t i c s  o f  DNA l e s i o n s  w i t h  r e s p e c t  
t o  r a d i a t i o n  q u a l i t y  i n  t h e  unmodi f ied Bragg peak 
were done w i t h  a maximum absorbed dose o f  2,000 
rad.  For these  experiments, monolayers o f  human 
k i d n e y  T-1 c e l l s  were i r r a d i a t e d  a t  i c e  tempera- 
t u r e  and e i t h e r  processed f o r  DNA s t r a n d  break 
assays o r  r e i n c u b a t e d  f o r  v a r i o u s  t i m e  p e r i o d s  
a f t e r  i r r a d i a t i o n .  The number o f  t o t a l  breaks 
was assayed by t h e  DNA u n c o i l i n g  techn ique  p i o -  
neered by RydDerg (1975) .  The r e p a i r  c a p a c i t y  
o f  human k i d n e y  T-1 c e l l s  t o  r e j o i n  DNA breaks 
induced by a c c e l e r a t e d  heavy-ion beams o f  C6+, 
NelO+, and Ar18+ (308 t o  500 MeV/n) i s  h i g h l y  
dependent upon t h e  q u a l i t y  o f  t he  r a d i a t i o n .  The 
i o n i z a t i o n  d e n s i t i e s  a t  t h e  v a r i o u s  p o s i t i o n s  i n  
t h e  unmodi f ied Bragg i o n i z a t i o n  cu rve  were '  
expressed b o t h  as LET, (keV/um) and i n  terms o f  
t h e  f a c t o r  (Z*)2/82 where Z* i s  t h e  charge o f  t h e  
s t r i p p e d  nuc leus and 6 i s  t h e  r a t i o  o f  i t s  
v e l o c i t y  t o  t h e  v e l o c i t y  o f  l i g n t .  
exp ress ion  g i ves  a b e t t e r  common f i t  and was 
t h e r e f o r e  used. 

As t h e  i o n i z a t i o n  d e n s i t y  increased, t h e  
number o f  DNA breaks per  p a r t i c l e  a l s o  i nc reased  
up t o  a c e r t a i n  LET-value, a f t e r  which i t  l e v e l s  
o f f  as i l l u s t r a t e d  i n  F i g u r e  1. The number of 
DNA breaks pe r  c e l l  pe r  r a d  decreases n o t i c e a b l y  
as t h e  i o n i z a t i o n  d e n s i t y  increases,  so t h a t  t h e  
t o t a l  number o f  DNA breaks per  c e l l  per  r a d  i s  
a t  l e a s t  f o u r f o l d  h i g h e r  a t  a few keV/!.tm than  a t  
100 keV/um. F i g u r e  1 a l s o  shows t h a t  t h e  number 
o f  DNA breaks pe r  p a r t i c l e  t h a t  cannot r e j o i n  
( r e p a i r )  i nc reases  as a f u n c t i o n  o f  LET. T h i s  

The l a t t e r  

1 I l l 1  I I I I I I l l 1  I I  

A )  

A A Carbon 
o 0 Neon 
0 Argon 

( 0 )  

Initial 

Effect 

J 1 1 1 1  A I 
I O 0  IO00 

(Z* )2 /p2 

(A)  The percentage o f  t h e  i n i t i a l  F i g u r e  1. 
number o f  DNA breaks induced by a c c e l e r a t e d  heavy 
i ons  (2,000 r a d )  l e f t  u n r e j o i n e d  a f t e r  1.5 o r  
12 t o  14 h o f  p o s t i r r a d i a t i o n  i n c u b a t i o n  p l o t t e d  
as a f u n c t i o n  o f  t h e  energy depos i t i on ,  ( z * )2 /62 ,  
f o r  c6+ ( A , A ) ,  NelO+ (o,.), o r  ~ r 1 8 +  ( 0 , ~ )  i s  
shown. ( 6 )  The number o f  DNA s t r a n d  breaks pe r  
p a r t i c l e  p l o t t e d  a g a i n s t  energ d e p o s i t i o n  
(Z*)2/62, a f t e r  2,000 r a d  of C f +  (A,A), NeiO+ 
(O,.), o r  At-18' (0,H) p a r t i c l e  i r r a d i a t i o n  i s  
shown. I n i t i a l  number o f  breaks (A,O,D); number 
o f  n o n r e j o i n e d  breaks a f t e r  12 t o  14 h pos t -  
i r r a d i a t i o n  i n c u b a t i o n  (A,O,~). The graphs have 
been f i t t e d  by eye t o  t h e  carbon and neon d a t a  
s i n c e  t h e  argon d a t a  rep resen t  o n l y  one e x p e r i -  
ment. (XBL 785-3111) 

impai red r e j o i n i n g  c a p a c i t y  becomes maximal i n  
t h e  100 t o  200 keV/um range (2*)2/82=1,000). 
Therefore,  a l t hough  seve ra l  t imes more DNA breaks 
a r e  made pe r  c e l l  pe r  r a d  a t  1-2 keV/Vm, than  a t  
100-200 keV/um, t h e  p r o p o r t i o n  o f  breaks pe r  
p a r t i c l e  t h a t  a re  d i f f i c u l t  o r  imposs ib le  t o  
r e p a i r  becomes much h i g h e r  a t  100-200 keV/um 
than  a t  t he  low LET values.  

The r a t e  o f  DNA r e p a i r  i s  dependent upon 
r a d i a t i o n  q u a l i t y ,  as i l l u s t r a t e d  i n  F i g u r e  1. 
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A t  low LET values more than 90% o f  t h e  breaks o f  
t h e  i n i t i a l  break y i e l d  a re  r e j o i n e d  a f t e r  
1-2 hours o f  p o s t i r r a d i a t i o n  i ncuba t ion ,  as 
opposed t o  o n l y  40% i n  t h e  100 t o  200 keV/um 
range. E v i d e n t l y ,  many o f  t he  breaks i n  t h e  
100-200 keV/um range (app rox ima te l y  25%) f a i  1 t o  
r e j o i n  a l t o g e t h e r  as shown i n  t h e  12-14 hours 
p o s t i r r a d i a t i o n  i n c u b a t i o n  cu rve  i n  F i g u r e  1. 
These i r r e p a i r a b l e  DNA l e s i o n s  a re  though t  t o  
c o n s i s t  o f  DNA double s t r a n d  breaks, and p r o b a b l y  
i n v o l v e  a f a i r l y  l a r g e  number o f  DNA n u c l e o t i d e s .  

The peak RBE v a l u e  f o r  c e l l  k i l l i n g  occu rs  
i n  t h e  100-200 keV/pm range ( B l a k e l y  e t  a l . ,  
1979; Roots e t  al. ,  1979); s i m i l a r l y ,  t h e  peak 
RBE va lue  f o r  i r r e p a i r a b l e  DNA s t r a n d  breaks a1 
occurs i n  t h i s  same range. 

so 

I n d u c t i o n  and r e p a i r  o f  DNA breaks i n  
l e p o r i n e  pho to recep to r  c e l l s  i n  v i v o  a f t e r  
heavy-ion i r r a d i a t i o n  i n  t h e  p l a t e a u  r e g i o n s  o f  
h i g h  e n e r g y  NelO+ and Ar-18' have been 
i n v e s t i g a t e d  by Keng and L e t t  (1978) and L e t t  
(1979). F o l l o w i n g  doses o f  100 t o  2,000 rad,  DNA 
strand-break r e j o i n i n g  proceeded r a p i d l y  i n  s i t u ;  
however, a few hours a f t e r  i r r a d i a t i o n ,  a 
t r a n s i e n t  deg rada t ion  was seen a t  a l l  doses. The 
r e j o i n i n g  o f  DNA s t r a n d  breaks then  resumed 
g i v i n g  a p p a r e n t l y  " f u l l y  r e s t o r e d "  DNA t n a t  d i d  
n o t  d e t e r i o r a t e  w i t h i n  a p e r i o d  o f  a few months 
p o s t i r r a d i a t i o n .  

CHARACTERIZATION OF LESIONS TO 
CELLULAR DNA I N  THE SPREAD BRAGG PEAK 

There appears t o  be a marked d i f f e r e n c e  i n  
t h e  r a t e  o f  r e j o i n i n g  o f  DNA breaks i r r a d i a t e d  

a t  n u m e r i c a l l y  e q u i v a l e n t  LET, va lues i n  t h e  
spread as opposed t o  t h e  unmodi f ied Bragg peak. 
Th is  r e f l e c t s  a l a r g e  component o f  r e l a t i v e l y  
low-LET r a d i a t i o n  when t h e  Bragg peak i s  spread 
by t h e  use o f  a r i d g e  f i l t e r .  
induced i n  t h e  10 cm spread Bragg i o n i z a t i o n  
curves o f  400 MeV/n carbon and 557 MeV/n neon 
p a r t i c l e  beams were s t u d i e d  u s i n g  suspension 
c u l t u r e s  o f  Chinese hamster V79 c e l l s  (Roots 
e t  a l . ,  1980a). C e l l s  suspended i n  Ca++-free 
medium were added t o  s p e c i a l l y  designed 3 cm 
wide, 1.5 cm deep g lass  i r r a d i a t i o n  vesse ls  which 
were p laced i n  t h e  prox imal ,  middle,  and d i s t a l  
p o s i t i o n s  o f  t h e  10 cm Bragg peak spread by  b rass  
r i d g e  f i l t e r s  and were i r r a d i a t e d  w i t h  2,000 r a d  
a t  i c e  temperature. A smal l  s t i r r i n g  magnet k e p t  
t h e  c e l l s  i n  suspension d u r i n g  i r r a d i a t i o n .  

A l i q u o t s  o f  0.5 m l  o f  t h e  c e l l  suspension 

DNA l e s i o n s  

were removed b e f o r e  t h e  samples were i r r a d i a t e d  
and j u s t  a f t e r  i r r a d i a t i o n ,  and were p laced  i n  
2 m l  Ca++-free medium f o r  p o s t i r r a d i a t i o n  
i n c u b a t i o n  a t  37'C f o r  0.5, 1.0, 2.0, and 
4-5 hours. A f t e r  i ncuba t ion ,  t he  c e l l  suspension 
was c e n t r i f u g e d ,  t h e  MEM decanted, and t h e  c e l l  
p e l l e t  assayed f o r  DNA breaks. To determine t h e  
i n i t i a l  number o f  breaks, 0.5 m l  a l i q u o t s  o f  t h e  
i r r a d i a t e d  c e l l  suspension were added t o  2 m l  
c o l d  Ca++-free MEM and c e n t r i f u g e d  f o r  p e l l e t i n g  
a t  i c e  temprature.  The DNA s t r a n d  break y i e l d  
was es t ima ted  by t h e  DNA u n c o i l i n g  techn ique  
which was used p r e v i o u s l y  f o r  d e t e r m i n a t i o n  o f  
DNA l e s i o n s  i n  t h e  unmod i f i ed  Bragg peak (Roots 
e t  a l .  , 1979). 

i n  t h e  r e j o i n i n g  r a t e  o f  DNA s t r a n d  breaks 
between c e l l s  i r r a d i a t e d  i n  t h e  unmodif ied Bragg 
cu rve  a t  100-150 keV/um LET values and i n  t h e  

Table 1 i l l u s t r a t e s  t h e  d ramat i c  d i f f e r e n c e  

Table 1. DNA S t rand  Break R e j o i n i n g  Capac i t y  w i t h  Respect t o  R a d i a t i o n  
Q u a l i t y  

~~~~~ ~ 

Type o f  R a d i a t i o n  

F r a c t i o n  o f  I n i t i a l  Strand-Break Y i e l d  

a f t e r  1-2 hours a f t e r  pro longed 
p o s t i r r a d i a t i o n  p o s t i r r a d i a t i o n  

i n c u b a t i o n  i n c u b a t i o n  

1-2 keV/um X r a y s  
(2,000-6,000 r a d ) *  

tO.10 

100-150 keV/um h i g h  energy 0.60 
p a r t i c l e  beams - unmodif ied 
Bragg curve (2,000 r a d ) +  

30-135 keV/um h i g h  energy p a r t i c l e  
beams - extended Bragg curve 
(2,000 r a d ) *  

0 . 1 0  

tO.10 

0.25 

- tO.10 

* Koch and P a i n t e r  (1975) and Roots and Smith (1975). 

+ Roots e t  a l .  (1979). 

' Roots e t  a l .  (1980a). ' 

n 
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10 cm spread Bragg cu rve  (30-135 keV/um) o f  h i g h  
energy carbon and neon p a r t i c l e  beams. I n  t h e  
former case, t r a c k  segment LET, va lues were c a l -  
c u l a t e d  w h i l e  i n  t h e  l a t t e r  case dose-averaged 
LET, va lues f o r  t h e  m idpo in ts  o f  t h e  1.5 cm 
p rox ima l ,  mid, and d i s t a l  i r r a d i a t i o n  p o s i t i o n s  
were c a l c u l a t e d  by S .  C u r t i s .  These va lues a r e  
30, 38, and 65 keV/um, r e s p e c t i v e l y ,  f o r  t h e  
carbon beam, and 58, 75, and 135 keV/um, 
r e s p e c t i v e l y ,  f o r  t h e  neon beam. We recogn ize  
t h a t  LET, va lues cannot  be tused  as a common 
parameter t o  account f o r  t h e  m i c r o d i s t r i b u t i o n  
o f  t h e  energy d e p o s i t i o n  e f f e c t e d  by  d i f f e r e n t  
k i n d s  o f  h i g h  energy p a r t i c l e s ,  i n  p a r t  due t o  
t h e  c o n t r i b u t i o n  b y  f ragmen ta t i on  caused b o t h  i n  
t h e  absence and i n  t h e  presence o f  a r i d g e  
f i 1 t e r .  

The DNA s t r a n d  break r e j o i n i n g  r a t e  was 
approx ima te l y  t h e  same i n  t h e  t h r e e  d i f f e r e n t  
p o s i t i o n s  o f  t h e  Bragg curve f o r  b o t h  t h e  carbon 
and neon i r r a d i a t i o n s  i n  t h e  10 cm spread Bragg 
peak; t h e  i n i t i a l  s t r a n d  break r e j o i n i n g  h a l f  
t i m e  i s  app rox ima te l y  20 min. For X-ray i r r a d i -  
a t e d  c e l l s ,  t h e  i n i t i a l  r a t e  o f  r e j o i n i n g  o f  DNA 
breaks i s  app rox ima te l y  10 min. Table 1 summar- 
i z e s  t h e  c o n t r a s t  between t h e  r e j o i n i n g  e f f i c i e n c y  
o f  DNA s t r a n d  breaks i n  c e l l s  i r r a d i a t e d  i n  t h e  
spread Bragg peak, where approx ima te l y  90% o f  t h e  
i n i t i a l  number o f  DNA breaks a r e  r e j o i n e d  i n  
1-2 hours, as opposed t o  t h e  r e s u l t s  f o r  c e l l s  
i r r a d i a t e d  i n  t h e  unmod i f i ed  Bragg peak where 
o n l y  40% o f  t h e  i n i t i a l  number o f  breaks a r e  
r e j o i n e d  w i t h i n  1-2 hours p o s t i r r a d i a t i o n  i n  t h e  
100 t o  200 k e V / m  range ( F i g .  1). The f i n a l  
e x t e n t  o f  i r r e p a i r a b l e  DNA breaks i s  < 10% f o r  
c e l l s  i r r a d i a t e d  i n  t h e  spread Bragg c u r v e  w h i l e  
i t  i s  about 25% (*6.8%) f o r  c e l l s  i r r a d i a t e d  i n  
t h e  unmod i f i ed  Bragg cu rve  i n  t h e  100-200 keV/!Jm 
range. 

CELLULAR RADIATION CHEMISTRY 
OF DENSELY I O N I Z I N G  PARTICLE BEAMS 

Var ious aspects  o f  c e l l u l a r  r a d i a t i o n  
c h e m i s t r y  h a v e  b e e n  s t u d i e d  i n  b a c t e r i a l  a n d  
mammalian c e l l s  f o r  low l i n e a r  energy t r a n s f e r -  
(LET,) r a d i a t i o n ,  i n c l u d i n g  hyd roxy l  - r a d i  c a l  
mediated c e l l  i n a c t i v a t i o n  and. DNA damage, t h e  
e f f e c t s  o f  t h e  superox ide r a d i c a l  ion,,and t Q e  
mechanism(s) o f  t h e  oxygen e f f e c t .  Only a few, 
h i g h  LET s t u d i e s  have been done w i t h  v a r i o u s  
b i o l o g i c a l  systems t o  assess the;importatice o f  
t h e  r a d i o l y t i c  p roduc ts  o f  water  as a f u n c t i o n  
o f  r a d i a t i o n  q u a l i t y  (,Brustad, 1962; Takeshi ta , -  
and Sawada, 1974; Chapman e tca l . ,  1979; 
1975; Singh e t  a l . ,  1976a,b). ?However, 
t h i s  work was done w i t h  f a s t  neutro-ns'o 
p a r t i c l e  beams hav ing  h i g h l y  composite LET 

We have i n v e s t i g a t e d  t h e  e i t e n t  o f  t h e  
h y d r o x y l - r a d i c a l  mediated l e t h a l i t y  of.mamm 
c e l l s  i n  t r a c k  segment s t u d i e s  f o r  Var ious 
h i  h LET r a d i a t i o n s ,  i n c l u d i n g  He2+, Li3+, C6+, 

570 MeV/n (Roots e t  a l . ,  1980b). We have ob ta ined  
some r e s u l t s  f rom exper iments w i t h  225 kVp X r a y s  
done f o r  comparat ive purposes (Roots, unpubl ished 
da ta ) .  
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Ne 9 -  o+, and Ar18' o f  i n i t i a l  ene rg ies  f rom 11.4 t o  

C e l l  monolayers, grown i n  g lass  vessels ,  were 
i r r a d i a t e d  i n  Dulbecco 's  phosphate b u f f e r e d  
s a l i n e  (PBS) o r  PBS c o n t a i n i n g  a hyd roxy l  r a d i c a l  
scavenger under. a e r o b i c  c o n d i t i o n s .  The 
decreased c e l l  s e n s i t i v i t y  achieved a f t e r  maximal 
scavenging o f  t h e  hyd roxy l  r a d i c a l  i s  a measure 
of c e l l  l e t h a l i t y  mediated by  t h i s  f r e e  r a d i c a l  
species. C e l l u l a r  r a d i o s e n s i t i v i t y  was d e f i n e d  
as t h e  r e c i p r o c a l  o f  t h e  r a d i a t i o n  dose t o  g i v e  
t e n  pe rcen t  s u r v i v a l ,  l!Dlo%. 
compare r a d i o s e n s i t i v i t i e s  ob ta ined  f o r  d i f f e r e n t  
i o n  species, t h e  r a d i o s e n s i t i v i t y  i n  t h e  absence 
o f  t h e  hyd roxy l  r a d i c a l -  scavenger ( e t h y l e n e  
g l y c o l )  was conver ted  t o  u n i t y  f o r  each separa te  
LET value.  
maximal removal o f  OH-radicals b y  e thy lene  g l y c o l  
was then no rma l i zed  w i t h  respec t  t o  t h e  non- 
p r o t e c t e d  case. 

To be a b l e  t o  

The r a d i o s e n s i t i v i t y  ob ta ined  a f t e r  

' I n  F igu re .2 ,  t h e  r a d i o s e n s i t i v i t e s  o b t a i n e d  
f o r  va r ious  r a d i a t i o n  q u a l i t i e s  have been p l o t t e d  
a g a i n s t  t r a c k  segment LET, values. The e x t e n t  
o f  hyd roxy l  r a d i c a l  dependent l e s i o n s  i s  governed 
b y  p a r t i c l e  v e l o c i t y  and 2 number, b u t  LET, i s  
n o t  s u i t a b l e  f o r  c o r r e l a t i o n .  I n  t h e  case o f  t h e  
low energy p a r t i c l e  beams (11.4 MeV/n L i z +  and 
15.6 MeV/n C6+) o r  t h e  low Z va lue  (228 MeV/n 
He2+) where f ragmen ta t i on ,  i s  minimal, t h e  
decrease i n  t h e  e x t e n t  o f  OH-radical induced c e l l  
l e t h a l i t y  w i t h  respec t  t o  LET corresponds t o  t h e  

.- , f  I keV./pm 

F i g u r e  2. R a d i o s e n s i t i v i t y  (1/D10% rad-1) 
o f  Chinese hamster ova ry  c e l l s  p r o t e c t e d  max- 
i m a l l y  a g a i n s t  OH-induced l e t h a l i t y  as a f u n c t i o n  
o f  t r a c k  segment mean LET, (keV/um). Acce le ra ted  
p a r t i c l e  beams were used: 
1,5.6, MeV/n C6+ (A), 228 MeV/n He2+ (O), 308 MeV/n 
C6+ ( A ) ,  425 MeVln NelO+ (0 ) ,  and 570 MeV/n A18+ 
(0). The i n s e r t  shows t h e  dependence o f  G ( o H )  
on t h e  va lue  of LET ( n e u t r a l  pH). Data a r e  taken 
f rom a f i g u r e  pub l i shed  by I .  V. V e r e s c h i n s k i i  
and A. K. Pikaev i n  I n t r o d u c t i o n  t o  R a d i a t i o n  
Chemistry, I s r a e l  Program f o r  S c i e n t i f i c  
T r a n s l a t i o n s  (1964). (XBL 805-3313) 

l l r 4  MeV/n Li3' ( * ) ,  
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decrease in G(oH) as a function of LET as 
depicted in the insert in the figure. Our data 
indicate that OH-radical mediated damage becomes 
insignificant at high-LET values where radical- 
radical recombination is high; however, these 
studies are not yet completed. 

used as a reference point for the high LET 
studies, the OH-radical mediated cell inactiva- 
tion is approximately 60% of the total radio- 
sensitivity for aerobic cells. In hypoxic cells, 
the OH-radical mediated cell inactivation is only 
about 20% (Roots, unpublished data). Our inter- 
pretation is that in hypoxic cells, the majority 
of OH-radical induced DNA lesions is quickly 
restored by endogenous hydrogen donating species 
and that hydroxyl radical mediated lesions can 
result in oxygen dependent as well as oxygen 
independent damage because OH-radical action 
contributes to about one-fifth of the radio- 
sensitivity in anoxic cells. Further, the con- 
tribution to cell killing by OH-radicals is 
highly dependent on radiation quality as shown 
in Figure 2 for irradiated aerobic cells. 
assessment of OH-radical induced damage in 
anaerobic mammallian cells has not yet been done 
far high LET studies; however, it is anticipated 
that as soon as the oxygen effect disappears with 
increasing LET, the OH-radical induced effects 
will be the same for aerobic as for anaerobic 
cells. Since the OH-radical mediated lethality 
is greatly reduced for irradiated anaerobic 
cells, the OH-radical effect probably will be 
fairly independent of LET in anaerobic cells as 
already suggested from the work of Brustad (1962) 
and Manney et al. (1963) for high LET studies 
with haploid yeast cells. 

In summary, from tne work with 225 kVp X rays 

An 

CHARACTERIZATION OF THE TYPES 
OF DNA BREAKS INDUCED WITH HIGH LET 

RADIATION USING A MODEL SYSTEM 

We have begun studies of the detrimental 
effects of various agents (e.g., heavy metals or 
radiation) to cellular DNA using a system that 
separates the DNA lesions into DNA single-strand 
breaks, DNA double-strand breaks, and damage at 
the nucleosomal level. For this assay system we 
are using DNA from Simian virus SV40 in the 
African green monkey cell as the sensitive 
target. The small size of the supercoiled 
covalently closed SV40 DNA permits quantification 
of the above mentioned types of DNA lesions which 
is not possible.with the much larger size 
mammal ian DNA. 
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SILICON: RADIOBIOLOGICAL CELLULAR SURVIVAL AND THE 
OXYGEN EFFECT 

E.A. Blakely, F.Q.H. Ngo, P.Y. Chang, L. Lommel, and C.A. Tobias 

A comparison of t h e  RBE va lues and OER 
p r o p e r t i e s  o f  monoenergetic carbon, neon, and 
argon beams Wi th  i n i t i a l  ene rg ies  o f  s e v e r a l  
hundred MeV/amu has been made as a f u n c t i o n  o f  
r e s i d u a l  range ( B l a k e l y  e t  a l . ,  1979). The 
b i o l o g i c a l l y  e f f e c t i v e  peak-to-plateau dose r a t i o  
was maximized f o r  carbon and neon, and tnen  
d im in i shed  somewhat f o r  argon. However, argon 
i o n s  nad a s u p e r i o r  LET d i s t r i b u t i o n  f o r  o p t i m a l  
r e d u c t i o n  o f  t h e  r a d i o b i o l o g i c a l  oxygen e f f e c t .  
The a n a l y s i s  suggested t h e  p o s s i b l e  t h e r a p e u t i c  
use fu lness  o f  a c c e l e r a t i n g  and b i o l o g i c a l  t e s t i n g  
o f  an i o n  beam w i t h  an atomic number i n t e r m e d i a t e  
between neon and argon. Tobias e t  a l .  (1979) 
proposed, t h e r e f o r e ,  t h a t  perhaps a s i l i c o n  o r  
phospnorus beam would r e t a i n  an e f f e c t i v e  dep th  
dose p r o f i l e  w n i l e  m a i n t a i n i n g  a lower  OER. An 
a n a l y s i s  o f  t h e  1 /62  dependence o f  t h e  c e l l u l a r  
i n a c t i v a t i o n  c ross  s e c t i o n  o f  t h e  400 MeV/amu 
carbon, 425 MeV/amu neon, and 570 MeV/amu argon 
beams (see F ig .  1 )  a l s o  suppor ted t h i s  
hypo thes i s  . 

Two p r e l i m i n a r y  s i l i c o n  experiments have been 
completed. 
c a l c u l a t e d  Bragg cu rve  p h y s i c a l  dose i n f o r m a t i o n ,  
and c e l l  s u r v i v a l  s t u d i e s  under ae rob ic  and 
hypox ic  c o n d i t i o n s  u s i n g  monoenergetic s i l i c o n  
beams o f  two i n i t i a l  ene rg ies  (530 MeV/amu and 
670 MeV/amu). In a d d i t i o n ,  some l i m i t e d  c e l l  

T h i s  chap te r  r e p o r t s  measured and 

Human k i d n e y  T-1 c e l l  i n a c t i v a t i o n  
r o s s  s e c t i o n  versus 1 / 6 2  f o r  400 MeV/amu 6 i igure  carbon, 425 MeV/amu neon, and 570 MeV/amu argon 

beams and es t ima ted  f o r  a 530 MeV/amu s i l i c o n  
beam. (XBL 781 1-1 2333A) 

s u r v i v a l  i n f o r m a t i o n  i s  presented f r o m  an exper- 
iment w i t h  a 530 MeV/amu s i l i c o n  beam which has 
been moderated Wi th a s p i r a l  r i d g e  f i l t e r  t o  
extend t h e  Bragg peak t o  4 cm. 

METHODS 

The c e l l  c u l t u r e  and oxygen d e p l e t i o n  tech -  
n iques used i n  t h e  s e r i e s  o f  exper iments t o  be 
presented have been desc r ibed  i n  d e t a i l  elsewhere 
(B1 a k e l y  e t  al. ,  1979). B r i e f l y ,  app rox ima te l y  
two days p r i o r  t o  i r r a d i a t i o n  -7.0 x l o 4  expo- 
n e n t i a l l y  growing human k i d n e y  T-1 c e l l s  a r e  
p l a t e d  on t o  35 mm d iameter  g l a s s  p e t r i  d ishes.  
Twenty minutes p r i o r  t o  i r r a d i a t i o n ,  t h e  d i shes  
a re  each removed f r o m  t h e  i ncuba to r ,  t h e  medium 
i s  removed by a s p i r a t i o n ,  and 0.3 ml o f  f r e s h  
medium i s  rep laced  b e f o r e  l o a d i n g  each d i s h  
i n d i v i d u a l l y  i n t o  s p e c i a l l y  designed aluminum and 
g lass  chambers. 

m a t e l y  160 t o  240 cm3/min f o r  20-30 minutes.  
A gas m i x t u r e  o f  95% a i r  + 5 %  CO2 i s  used f o r  
t h e  ae rob ic  samples, and 95% n i t r o g e n  + 5 %  CO2 
f o r  t h e  hypoxic  samples. 
t i o n ,  t h e  chambers a r e  sealed o f f  w i t h  a s l i g h t  
p o s i t i v e  p ressu re  o f  25 t o  38 cm o f  water .  

Each sample i s  f l u s h e d  w i t h  gas a t  app rox i -  

J u s t  p r i o r  t o  i r r a d i a -  

Dosimetry f o r  t h e  heavy charged p a r t i c l e  
i r r a d i a t i o n s  was performed u s i n g  t h e  t r a n s m i s s i o n  
p a r a l l e l - p l a t e  i o n i z a t i o n  chambers desc r ibed  by 
Lyman and Howard (1977). The a l ignment  o f  equip-  
ment on t h e  o p t i c a l  bench i s  s i m i l a r  t o  t h a t  
desc r ibed  e a r l i e r ,  except  t h a t  t h e  v a r i a b l e  
t h i c k n e s s  wa te r  absorber, downstream i o n i z a t i o n  
chamber and sample h o l d e r  were about 60 crn 
f u r t h e r  downstream than  t h e y  were p r e v i o u s l y ,  i n  
o r d e r  t o  a l l o w  f o r  g r e a t e r  n a t u r a l  r a d i a l  
expansion o f  t h e  beam. 
used, i t  r o t a t e d  j u s t  upstream o f  t h e  v a r i a b l e  
water  column.' Dose r a t e s  were about 300-500 r a d /  
min f o r - b o t h  s e t s  o f  experiments. 

t i o n  across t h e  r a d i a l  d iameter  o f  t h e  beam, l ead  
s c a t t e r i n g  f o i l s  were i n s e r t e d  upstream o f  t h e  
b iomedica l  cave. The th i ckness  o f  l ead  used f o r  
t h e  530 MeV/amu beam was 0.45 g-cm-2 i n  one 
experiment, and 0.9 g-cm-2 i n  t h e  o the r .  More 
l e a d  (2.-7 g-cm-2) was used w i t h  t h e  670 MeV/amu 
beam. The beam diameter  was u s u a l l y  3 t o  5 cm, 
and t h e r e  was about a 6 %  dose v a r i a t i o n  across 
t h e  c e l l  monolayer. 

When a r i d g e  f i l t e r  was 

. 1.( 

- I n  o rde r  t o  ensure a u n i f o r m  dose d i s t r i b u -  

Phys i ca l  C h a r a c t e r i z a t i o n  o f  t h e  Beams 

F igu re  2 p resen ts  t h e  Bragg curves measured 
f o r  t he  530 MeV/amu s i l i c o n  beams (monoenergetic 
and 4 cm extended peak), and t h e  670 MeV/amu 
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F i g u r e  2. S i l i c o n  Bragg i o n i z a t i o n  r e l a t i v e  dose 
curves vs. range, measured f o r :  
g e t i c  beam w i t h  an i n i t i a l  energy o f  530 MeV/amu; 
( 6 )  monoenergetic beam w i t h  an i n i t i a l  energy o f  
670 MeV/amu; (C) modulated 530 MeV/amu beam w i t h  
a 4 cm extended Bragg peak; ( D )  modulated 
670 MeV/amu beam w i t h ' a  10 cm extended Bragg 
peak. (XBL 808-3628) 

( A )  monoener- 

s i l i c o n  beams (monoenergetic and 10 cm extended 
peak) .  The peak t o  p l a t e a u  p h y s i c a l  dose r a t i o  
i s  4 f o r  t h e  monoenergetic 530 MeV/amu beam, and 
decreases t o  3 f o r  t h e  l onger  ranged 670 MeV/amu 
beam. The s p i r a l  r i d g e  f i l t e r s  designed t o  
extend t h e  Bragg peak 4 o r  10  cm, which have been 
used i n  comparat ive beam s tud ies ,  were a l s o  used 
f o r  t h e  s i l i c o n  beams. It should be noted, how- 
ever, t h a t  f i l t e r s  designed t o  o p t i m i z e  s i l i c o n  
p h y s i c a l  dose d i s t r i b u t i o n s  f o r  i s o e f f e c t i v e  
k i l l i n g  may be more approp r ia te .  

Panels A and B o f  F i g u r e  3 demonstrate 
i o n i z a t i o n  measurements i n  d o s e l p a r t i c l e  f o r  t h e  
530 MeV/amu and 670 MeV/amu s i l i c o n  beams, 
r e s p e c t i v e l y .  The s o l i d  c i r c l e s  r e p r e s e n t  
normal ized Bragg i o n i z a t i o n  r a t i o s .  
imen ta l  p o i n t s  were compared t o  a c a l c u l a t e d  
Bragg cu rve  ( s o l i d  l i n e ) .  
t h e  measured Bragg cu rve  ( s o l i d  c i r c l e s )  and t h e  
computed Bragg c u r v e  i s  due t o  f ragmen ta t i on ;  
t h i s  d i f f e r e n c e  i s  shown by open symbols i n  
F i g u r e  3. 

Beyond t h e  p a r t i c l e  range, t h e  f r a g m e n t a t i o n  
e f f e c t s  ( c i r c l e s  w i th  s o l i d  p o i n t s )  a r e  measured 
d i r e c t l y .  The c o n t r i b u t i o n  f rom fragments i n  t h e  
monoenergetic beam inc reases  f rom a sma l l  v a l u e  
a t  t h e  p l a t e a u  t o  a maximum a few m i l l i m e t e r s  
upstream f rom t h e  Bragg peak. Fragmentat ion 
e f f e c t s  f o r  t h e  530 MeV/amu s i l i c o n  beams appear 
t o  be i n t e r m e d i a t e  between t h e  f ragmen ta t i on '  
l e v e l s  o f  neon and argon, w i t h  a maximum o f  38% 
f ragmen ta t i on  i n  t h e  Bragg peak. The fragmenta- 
t i o n  i s  s l i g h t l y  h i g h e r  (41%) a t  t h e  same p o s i -  
t i o n  i n  t h e  670 MeV/amu s i l i c o n  beam. 

The exper- 

The d i f f e r e n c e  between 
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F i g u r e  3. S i l i c o n  dose depth curves i n  water. 
Actual  normal ized i o n i z a t i o n  r a t i o s  measured ( a ) .  
C a l c u l a t e d  i o n i z a t i o n  c o n t r i b u t i o n s  f rom second- 
a r y  fragments (0).  Ca lcu la ted  Bragg cu rve  (-). 
( 4 )  530 MeV/amu s i l i c o n ;  (B)  670 MeV/amu s i l i c o n .  
[ ( A )  XBL 808-3626; (B )  XBL 808-3627] 

Fragmentat ion e f f e c t s  f o r  t h e  two beam 
energ ies  a r e  more d i f f e r e n t  i n  t h e  p la teau .  A t  
a r e s i d u a l  range o f  10 cm upstream o f  t h e  Bragg 
peak, t h e  f r a g m e n t a t i o n  i n  t h e  530 MeV/amu beam 
i s  15%, whereas i t  i s  31% f o r  t h e  670 MeV/amu 
beam. 

C a l c u l a t e d  mean t r a c k  LET values f o r  t h e  
monoenergetic beam range p o s i t i o n s  (where t r a c k  
segment s u r v i v a l  was measured) are presented i n  
Table 1. 

X-Ray Dosimetry 

X i r r a d i a t i o n  o f  t h e  c e l l s  was performed w i t h  
a P h i l i p s  X-ray u n i t  (Type 11645) operated a t  
220 kVp and 15 mA w i t h  f i l t r a t i o n  o f  0.25 mm Cu 

-....x... . .. . 
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Tab le  1. S i l i c o n  LET Values 

Beam 
P o s i t  i o n  O A  B C D E F G  K M 

Res i du a1 
Range* 13.3 6.8 2.4 1.2 0.54 0.29 0.14 0.04 -1.0 -3.0 
(cm w a t e r )  

Mean t r a c k  

o f  p r i m a r y  
beam (keV/um) 

average LET 58 7 1  107 140 174 220 340 580 -- -- 

Dose average 
LET o f  32 40 56 80 138 165 197 191 161 104 
fragments 
(keV 

* E q u i v a l e n t  water  absorber d i s t a n c e  between p o s i t i o n  and e x p e r i m e n t a l l y  
ob ta ined  Bragg peak; n e g a t i v e  numbers a r e  used beyond t h e  peak. 
numbers i n c l u d e  a c o r r e c t i o n  (0.06 cm) f o r  a b s o r p t i o n  by  i o n  chamber and 
sample h o l d e r .  

The 

and 1 mm A l ,  and a h a l f - v a l u e  l a y e r  o f  0.75 mm 
Cu. The dose r a t e  was u s u a l l y  270 rad/min,  as 
measured w i t h  a c a l i b r a t e d  V ic to reen  condenser 
250 R-meter a t  a t a r g e t  d i s t a n c e  o f  24 cm. 
F u r t h e r  d e t a i l s  of F r i c k e  chemical dos ime t ry  and 
t hermo 1 um i nescen t dos i me t ry (TLD ) a re  p r o  v i ded 
elsewhere ( B l a k e l y  e t  a l . ,  1979). The e x a c t  gas 
d e l i v e r y  method and geometry used f o r  t h e  heavy- 
i o n  exposures were d u p l i c a t e d  f o r  t h e  X-ray 
exper iments.  
ob ta ined  a t  t h e  10% s u r v i v a l  w i t h  these methods. 

X-ray OER va lues of 2.9 * 0.3 a r e  

RESULTS 

Aerobic  and hypox ic  c e l l  s u r v i v a l  cu rves  f o r -  
t h e  s i l i c o n  beams s t u d i e d  a r e  shown i n  composite 
F i g u r e  4. I n  most cases, r e s u l t s  a re  f r o m  a :  
s i n g l e  experiment, a l t hough  i n  a few cases, th'e 
r e s u l t s  a re  pooled f r o m  two experiments. The 
con t inuous  l i n e s  i n  t h e  f i g u r e s  rep resen t  b e s t  
f i t s  made t o  t h e  d a t a  by eye. 

beam ( p o s i t i o n s  0 t o  M) i s  q u a l i t a t i v e l y  
c o n s i s t e n t  w i t h  t h e  changes observed i n  t h e  
shapes o f  t h e  s u r v i v a l  curves f o r  i d e n t i c a l  
p o s i t i o n s  i n  t h e  425 MeV/amu neon and 570 MeV/ 
amu argon beams ( B l a k e l y  e t  a l ,  1979). I n  t h e  
"p la teau"  o f  t h e  beam ( p o s i t i o n s  0 and A), 
s u r v i v a l  curves have a d e f i n i t e  shoulder, and 
t h e r e  i s  a l a r g e  d i f f e r e n c e  i n  c e l l  k i l l i n g  
between ae rob ic  and hypox ic  curves. These 
d i f f e r e n c e s  a r e  d r a m a t i c a l l y  reduced as t h e  range 
t o  t h e  Bragg peak i s  d imin ished.  The s u r v i v a l  
curves change a b r u p t l y  beyond t h e  s t o p p i n g  p o i n t s  
o f  p r imary  beam p a r t i c l e s ,  t h a t  i s  beyond t h e  
Bragg peak a t  p o s i t i o n s  K and M. S u r v i v a l  curves 

The d a t a  f rom t h e  monoenergetic 530 MeV/amu 

a re  n e a r l y  exponen t ia l  a t  t h e  Bragg peak, b u t  
shoulders reappear f o r  curves i n  t h e  r e g i o n  down- 
stream f r o m  t h e  peak. C e l l  k i l l i n g  here i s  due 
t o  t h e  dose f rom f ragments on l y .  

S u r v i v a l  curves measured i n  t h e  s imu la ted ,  
dual  pa ra l l e l -opposed  p o s i t i o n s  (where t h e  4 cm 
extended peaks o f  t h e  530 MeV/amu s i l i c o n  beam 
ove r lap )  a re  des ignated "XF-4'' i n  F i g u r e  4. A 
more d e t a i l e d  d e s c r i p t i o n  o f  c r o s s - f i r e d  beam 
exper iments i s  presented by  B l a k e l y  e t  a l .  i n  
P a r t  111. The a e r o b i c  and hypoxic  c r o s s - f i r e d  
peak s u r v i v a l  curves a r e  s i m i l a r  t o  t h e  s u r v i v a l  
curves which would l i e  between p o s i t i o n s  C and D 
on t h e  monoenergetic s i l i c o n  beam. 

The p a i r  o f  s u r v i v a l  curves which a re  
l a b e l l e d  D* i n  F i g u r e  4 rep resen t  a 0.54 cm 
res ' i dua l  range p o s i t i o n  on t h e  670 MeV/amu beam. 
A comparison o f  t h e  D* s u r v i v a l  curves w i t h  t h e  
D curves o f  t h e  530 MeV/amu beam shows o n l y  
s l i g h t  d i f f e r e n c e s ,  w i t h  t h e  h i g h e r  energy beam 
be ing  l e s s  e f f e c t i v e .  A s t a t i s t i c a l  a n a l y s i s  i s  

c underway t o  determine how s i g n i f i c a n t  t h e  
d i f f e r e n c e s  are.  

> .  

RBE and OER Values 

F i g u r e  5 demonstrates how t h e  OER and a e r o b i c  
hypox ic  RBE va lues a t  10% s u r v i v a l  v a r y  as a 
f u n c t i o n  o f  range f o r  t h e  530 MeV/amu s i l i c o n  
beam. The ae rob ic  and hypox ic  RBE va lues a re  
b o t h  a l i t t l e  l e s s  than  2.0 over  t h e  f i r s t  1 2  cm 
o f  range. A t  g r e a t e r  depth, t h e  RBE va lues 
q u i c k l y  increase,  reach ing  a maximum w i t h i n  t n e  
l a s t  two cen t ime te rs  upstream o f  t h e  Bragg peak. 
The maximum hypox ic  RBE i s  4.6; t he  maximum 
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SILICON 

F i g u r e  4.  S i l i c o n  c e l l  s u r v i v a l  data:  a e r o b i c  (m), hypox ic  (0) .  The l e t t e r  i n  
t h e  upper r i g h t  o f  each Set  o f  curves des igna tes  t h e  range s t u d i e d  i n  Table 1. 
P o s i t i o n s  0 th rougn  M a r e  f rom a monoenergetic 530 MeV/amu beam. 
t h e  c r o s s - f i r e d  peak p o s i t i o n  u s i n g  t n e  530 MeV/amu beam w i t h  t h e  4 cm extended 
Bragg peak as desc r ibed  i n  t h e  t e x t .  
670 MeV/amu beam. Data a r e  f rom one o r  two exper iments f o r  each s e t  o f  curves. 
(XBL 808-3647) 

P o s i t i o n  XF-4 i s  

P o s i t i o n  D* rep resen ts  t h e  D p o s i t i o n  i n  a 
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curve, and aerobic and hypoxic RBE and OER at 10% 
survival as a function of beam range in water. 
( XBL 808-3624 ) 
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aerobic RBE is 2.5. Both peaks occurred at 
position E with a residual range of 0.29 cm. 

plateau of the silicon beam (2.9 at position 0).  
The values decrease slowly with depth at first, 
and then after 12 cm of range quickly drop to a 
low of 1.2 in the Bragg peak. The OER is low 
over a 3 cm region straddling the Bragg peak. 

The OER values are initially very high in the 

Carbon 
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-2 
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DISCUSSION 

Figure 6 is a composite plot of OER and 
hypoxic RBE values at 10% survival over the last 
7 cm of residual range of 400 MeV/amu carbon, 
425 MeV/amu neon, and 530 MeV/amu silicon, and 
570 MeV/amu.argon beams. The comparison 
generally indicates increasing effectiveness and 
decreasing oxygen effect with increasing atomic 
number of the particle, especially in the last 
few centimeters of range near the Bragg peak. 
The order of the relationship of the effects for 
the beams continues even at residual ranges 
beyond the peak, where beam fragments are 
primarily responsible for cell killing. 

The carbon and neon beams both show sharp and 
rather narrow RBE peaks and OER valleys; whereas, 
the silicon and argon RBE peaks and OER valleys 
are somewhat broader. The neon, silicon, and 
argon RBE values peak upstream of the Bragg peak; 
whereas carbon RBE values peak at the Closest 
residual range measured near the Bragg peak. The 
width of the RBE peak increases dramatically as 
a function of residual range with increasing 
atomic number from neon to argon. 

81 I I I I .  I I I I I I I I 

L 4 
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The e f f e c t s  o f  beam range modu la t i on  by 
s p i r a l  r i d g e  f i l t e r s  on c e l l  k i l l i n g  i s  h i g h l y  
dependent on t h e  m i x t u r e  o f  s topp ing  p a r t i c l e s  
a t  each l o c a t i o n  across t h e  d e s i r e d  r e g i o n  o f  
i s o e f f e c t i v e n e s s .  Range modu la t i on  o f  t h e  RBE 
and OER p r o p e r t i e s  o f  t h e  beam t h e r e f o r e  occurs 
concomi tan t l y .  

The s i n g l e  c r o s s - f i r e d  s i l i c o n  exper iment  was 
completed t o  examine p l a t e a u  and c r o s s - f i r e d  peak 
RBE and OER va lues.  
s u r v i v a l  was 3.4 i n  t h e  c r o s s - f i r e d  peak, and 
1.5 i n  t h e  p la teau .  
l i k e  t h e  comparable neon va lues than  l i k e  t h e  
comparable argon va lues.  
i s  1.4 f o r  t h e  c r o s s - f i r e d  peak, which i s  much 
c l o s e r  t o  t h e  argon c r o s s - f i r e d  OER o f  1.3 than  
t o  t h e  neon c r o s s - f i r e d  OER o f  1.8. On t h e  b a s i s  
o f  t h i s  comparison t h e  s i l i c o n  beam has an LET 
d i s t r i b u t i o n  t h a t  i s  more f a v o r a b l e  than  neon o r  
argon f o r  t h e r a p e u t i c  purposes which r e q u i r e  an 
a rgon- l i ke  low OER, b u t  w i t h  a peak-to-plateau 
RBE r a t i o  more l i k e  neon. 

The hypox ic  RBE a t  10% 

These RBE va lues a r e  more 

The OER a t  10% s u r v i v a l  

The comparison o f  RBE and OER va lues  f r o m  t h e  
same r e s i d u a l  range p o s i t i o n  f o r  s i l i c o n  beams 
o f  two energ ies  (530 and 670 MeV/amu) demon- 
s t r a t e s  t h e  expected r e s u l t s .  The hypox ic  RBE 
va lue  a t  10% s u r v i v a l  was 4.4 f o r  t h e  D p o s i t i o n  
o f  t h e  530 MeV/amu s i l i c o n  beam, and t h e  OER was 
1.3. 
3.9 f o r  t h e  comparable D* p o s i t i o n  o f  t h e  
670 MeV/amu beam, and t h e  OER was 1.4. 
Cons is ten t  w i t h  p rev ious  r e s u l t s  w i t h  Other  
beams, t h e  s i l i c o n  beam w i t h  t h e  h i g h e r  i n i t i a l  
energy had a s l i g h t l y  l ower  RBE and a s l i g h t l y  
h i g h e r  OER than  t h e  s i l i c o n  beam w i t h  t h e  lower  
i n i t i a l  energy. 

I n  summary, t h e  s i l i c o n  d a t a  f r o m  two 
exper iments a r e  c o n s i s t e n t  w i t h  e x p e c t a t i o n s  
based on measurements f r o m  neon and argon beams 
o f  s i m i l a r  range. The r a d i o b i o l o g i c a l  p r o p e r t i e s  

The hypox ic  RBE v a l u e  a t  10% s u r v i v a l  was 

o f  t h e  s i l i c o n  beam appear t o  be q u a n t i t a t i v e l y  
i n t e r m e d i a t e  between t h e  neon and argon r e s u l t s .  
L i m i t e d  extended peak and h i g h  energy s u r v i v a l  
measurements i n d i c a t e  t h a t  s i l i c o n  may be o f  
s i g n i f i c a n t  t h e r a p e u t i c  use fu lness  a t  depths o f  
bo th  14 and 24 cm. 

ACKNOWLEDGEMENTS 

The au tho rs  w i s h  t o  acknowledge t h e  ou ts tand -  
i n g  coopera t i on  o f  R. Force, F. Lothrop,  H .  Grunder, 
M. Tegawa, J .  Alonso, R. M i l l e r ,  J .  Howard, 
K. Crebbin, R. Gisser ,  and o t h e r  members o f  t h e  
LBL A c c e l e r a t o r  D i v i s i o n ,  whose s k i l l e d  e f f o r t s  
made these s i l i c o n  beam s t u d i e s  p o s s i b l e .  
e x c e l l e n t  t e c h n i c a l  ass i s tance  o f  T. Yang, 
L. Cra ise,  I .  Madfes, M. Yezzi, F.  Abrams, 
K. Kn igh t ,  R. Zamora, and G. K r a f t  was an e s s e n t i a l  
component o f  t h i s  work. 
i n  p a r t ,  by  t h e  Na t iona l  Cancer I n s t i t u t e  
(Gran t  CA15184). 

The 

Th is  work was suppor ted,  

REFERENCES 

B lake ly ,  E. A., C. A. Tobias, T.C.H. Yang, K. C. 
Smith, and J .  T. Lyman. 1979. I n a c t i v a t i o n  
o f  human k idney  c e l l s  by h i g h  energy mono- 
e n e r g e t i c  heavy i o n  beams. Radiat .  Res. - 80, 
122-160. 

Lyman, J. T. and J .  Howard. 1977. Dosimetry  
and i n s t r u m e n t a t i o n  f o r  he l i um and heavy i ons .  
I n t .  J. Radiat .  Oncol. B i o l .  Phys ics - 3, 81-86. 

Tobias, C. A., E. L. Alpen, E. A. B lake ly ,  J. R. 
Castro, A. Cha t te r j ee ,  G.T.Y Chen, S. B. 
C u r t i s ,  J. Howard, J. T. Lyman, and F.Q.H. Ngo. 
1979. R a d i o b i o l o g i c a l  b a s i s  f o r  heavy-ion 
the rapy  i n  Treatment o f  R a d i o r e s i s t a n t  Cancers. 
(M. Abe, K. Sakamoto, and T. L. P h i l l i p s ,  
eds . ) pp. 159-183. E l  s e v i  e r  /North-Hol 1 and 
Biomedica l  Press, Amsterdam. 

. . . .  .i. , . ... .. .. . . .. . . .. - ~~- ~- 



. ... 

125 

HEAVY-ION CELL-CYCLE RESPONSE AND PROGRESSION EFFECTS 

E. A. Blakely, F. Q. H. Ngo, P. Y. Chang, L. Lommel, W. Kraft-Weyrather,* 
G.'Kraft,' and C. A. Tobias 

V a r i a t i o n s  i n  t h e  r a d i o s e n s i t i v i t y  o f  
c u l t u r e d  mammalian c e l l s  a t  d i f f e r e n t  phases o f  
t h e  d i v i s i o n  c y c l e  have been known s i n c e  t h e  e a r l y  
1960s (Terasima and Tolmach, 1961, 1963; S i n c l a i r  
and Morton, 1963, 1966). I t  was not ,  however, 
u n t i l  t h e  l a t e  1960s and e a r l y  1970s t h a t  h igh -  
LET r a d i a t i o n s  were found t o  d i m i n i s h  t h e  
amp l i t ude  o f  t h e  v a r i a t i o n  between t h e  most 
s e n s i t i v e  and t h e  most r e s i s t a n t  phases. 
has been observed w i t h  f a s t  neutrons ( S i n c l a i r ,  
1970; H a l l ,  1968; Masuda, 1971; H a l l  e t  al., 
1972, 1975; Sapozink and D j o r d j e v i c ,  1974; Gragg 
e t  a l . ,  1978), w i t h  a lpha  p a r t i c l e s  ( H a l l  e t  a l . ,  
1972; Raju e t  al., 1975), w i t h  p ions  (Ra ju  e t  a l . ,  
1978a,b), and w i t h  heavy-ion p a r t i c l e  beams 
(Skarsgard 1966; E l k ind ,  1970; B i r d ,  1972; B i r d  
and Burk i ,  1971, 1975; H a l l  e t  al., 1977; Raju 
e t  a l . ,  1980). 

v a r i a t i o n  i n  r a d i o s e n s i t i v i t y  t o  high-LET r a d i a -  
t i o n  i s  reduced compared t o  t h a t  observed f o r  
X rays,  t h e r e  i s  n o t  s u f f i c i e n t  d a t a  i n  t h e  
l i t e r a t u r e  t o  make q u a n t i t a t i v e  comparisons as 
t o  t h e  magnitude, q u a l i t y ,  and LET dependence o f  
t h e  r e d u c t i o n .  More sys temat i c  s t u d i e s  a r e  
needed t o  e s t a b l i s h  t h e  LET dependence o f  t h i s  
r e d u c t i o n  phenomenon. 

T h i s  

Al though i t  i s  g e n e r a l l y  agreed t h a t  t h e  

The c e l l u l a r  age response t o  low-LET r a d i a -  
t i o n s  can be g e n e r a l i z e d  i n t o  two forms: one 
f o r  c e l l s  w i t h  a s h o r t  GI phase, and one f o r  
c e l l s  w i t h  a l o n g  GI phase ( S i n c l a i r ,  1972). 
Both forms show a s i m i l a r  response a t  c e l l  c y c l e  
ages beyond t h e  s e n s i t i v e  G 1 / S  i n t e r f a c e ,  
t h rough  a max ima l l y  r e s i s t a n t  l a t e  S phase, and 
f i n a l l y  a s e n s i t i v e  G2 and M popu la t i on .  
However, i n  those c e l l s  w i t h  a l ong  GI phase, 
t h e r e  i s  an a d d i t i o n a l  r a d i o r e s i s t a n c e  e a r l y  i n  
GI t h a t  d e c l i n e s  a t  t h e  Gl/S t r a n s i t i o n  t o  a 
va lue  about equal  t o  t h a t  f o r  m i t o t i c  c e l l s .  

Most r e p o r t s  t h a t  demonstrate a reduced age 
v a r i a t i o n  w i t h  high-LET r a d i a t i o n  i n d i c a t e  t h a t  
t h e  v a r i a t i o n  seen i s  q u a l i t a t i v e l y  s i m i l a r  t o  
X rays .  However, t h e r e  i s  a l s o  c o n f l i c t i n g  
ev idence f o r  t h i s  p o i n t ,  s i n c e  Raju e t  a l .  ( 1  
have found t h a t  c e l l s  a re  most s e n s i t i v e  t o  a 
p a r t i c l e s  i n  t h e  l a t e  S phase, whereas t h e  pe 
o f  r a d i o r e s i s t a n c e  appears t o  be i n  G2 o r  e a r l y  
GI. t i v e  and most r e s i s t a n t  s tages o f  t h e  c e l l  c y c l e  
f o r  c e l l s  exposed t o  a lpha p a r t i c l e s  compared t o  
those  exposed t o  X r a y s  has n o t  been exp la ined .  

Th is  apparent r e v e r s a l  i n - t h e  most- sens i -  

I n  a d d i t i o n  t o  s t u d i e s  of c e l l  age rad iosen-  
. s i t i v i t y  u s i n g  t h e  c lonogen ic  c a p a c i t y  o f  t h e  

i r r a d i a t e d  c e l l  as an end p o i n t ,  d i v i s i o n  d e l a y  
and/or  G2 b l o c k  induced by  high-LET r a d i a t i o n s  
have a l s o  been s t u d i e d  w i t h  neutrons (Schneider  
and Whitmore, 1963; Ngo e t  a l . ,  1977), w i t h  p ions  

(Schlag e t  a l . ,  1978), w i t h  a lpha  p a r t i c l e s  
(Raju e t  a l . ,  1980), and w i t h  heavy-ion beams 
(Skarsgard, 1964; E l k i n d ,  1967; Licke-Huhle 
e t  al. ,  1979; M. C o l l y n  e t  al. ,  p r i v a t e  
communication). 

LUcke-HUhle e t  a l .  (1979) q u a n t i t a t i v e l y  
measured c e l l  c y c l e  p r o g r e s s i o n  e f f e c t s  induced 
by  high-energy heavy i o n s  a t  t h e  Bevalac u s i n g  
Chinese hamster V-79 monolayers i n  t r a c k  segment 
exper iments w i t h  monoenergetic heavy-ion beams. 
They observed a p ro found  G2-block t h a t  had an 
LET dependence s i m i l a r  t o  t h e  c e l l  k i l l i n g  end 
p o i n t ,  b u t  w i t h  a g r e a t e r  b i o l o g i c a l  e f f e c t i v e -  
ness. An example o f  t h e  d r a s t i c  G2 b l o c k  
measured a f t e r  400 r a d  o f  carbon peak i o n s  i s  
g i ven  i n  F i g u r e  1. I n  c o n t r a s t  t o  gamma and 
X rays,  t h e y  found heavy i ons  d i d  n o t  a f f e c t  
c e l l  t r a v e r s a l  through t h e  GI and S phase. 

Th is  chap te r  w i l l  p resen t  a summary o f  age 
response and c e l l  p r o g r e s s i o n  s t u d i e s  completed 
o r  c u r r e n t l y  i n  progress a t  t h e  Bevalac and 
SuperHILAC. 

METHODS 

R a d i a t i o n  Sources 

The Bragg cu rves  f o r  t h e  403 MeV/amu carbon 
and 429 MeV/amu neon Bevalac beams s t u d i e s  a re  
p l o t t e d  i n  F i g u r e  2. Dosimetry  and i r r a d i a t i o n  
geometry a r e  d iscussed i n  d e t a i l  elsewhere 
( B l a k e l y  e t  a l . ,  1979). The p o s i t i o n s  marked "F "  
rep resen t  r e s i d u a l  ranges i n  t h e  Bragg peak o f  
each beam. The mean t r a c k  average LET, va lues,  
c a l c u l a t e d  by Tobias (and pub l i shed  i n  B l a k e l y  
e t  a l . ,  1979), a re  85 keV/pm f o r  t h e  carbon peak 
p o s i t i o n ,  and 234 keV/um f o r  t h e  neon peak. A 
s i n g l e  exper iment  was a l s o  done i n  t h e  p l a t e a u  
o f  t h e  carbon beam, i n d i c a t e d  as p o s i t i o n  0 '  i n  
F i g u r e  2. Carbon p a r t i c l e s  a t  t h i s  r e s i d u a l  
range have a mean LET, o f  app rox ima te l y  
11 keV/um. Lead s c a t t e r i n g  f o i l s  were i n s e r t e d  
upstream from t h e  l a s t  s e t  of quadrupole and 
s t e e r i n g  magnets t o  ensure adequate r a d i a l  beam 
u n i f o r m i t y .  

F o r  age response s t u d i e s ,  8.5 MeV/amu and 
570 MeV/amul argon i o n  beams were a l s o  used (Bragg 
curves ,not shown). P o s i t i o n s  des ignated " B o o  and 
"E," w i th  r e s i d u a l  ranges o f  2.4 cm and 0.29 cm, 
r e s p e c t i v e l y ,  were used f o r  t h e  h i g h  energy 
exposures. 
ranges were 117 keV/um and 245 keV/um, respec- 
t i v e l y .  A p l a t e a u  p o s i t i o n  was used w i t h  t h e  low 
energy beam, and t h e  mean LET, o f  these p a r t i c l e s  
was 1,800 keV/,,m. 

The mean LET, o f  p a r t i c l e s  a t  t hese  

X - i r r a d i a t i o n  o f  t h e  c e l l s  was performed w i t h  
a P h i l i p s  X-ray u n i t  operated a t  225 kVp and 
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a f t e r  100, 200, and 400 r a d  o r  400 MeV/amu 
carbon i o n s  a t  d i f f e r e n t  p o s i t i o n s  o f  beam range. 
(From Lkke -Hdh le  e t  al., 1979). 
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F i g u r e  2. 
neon and 403 MeVlarnu carbon beams showing beam 
range p o s i t i o n s  used f o r  s t u d i e s  o f  c e l l  c y c l e  
response and p r o g r e s s i o n  ef fects .  

Bragg i o n i z a t i o n  curves f o r  429 MeV/amu 

(XBL 805-3355) 

15 mA w i t h  a t o t a  f i l t r a t i o n  of 0.35 mm Cu and 
a h a l f - v a l u e  l a y e  o f  1.09 mm Cu. The dose r a t e  
was u s u a l l y  140 rad/min, as measured w i t h  a 
c a l i b r a t e d  V i c t o r e e n  condenser 250 R-meter a t  a 
t a r g e t  d i s t a n c e  o f  40 cm. Samples were i r r a d i -  
a ted  through t h e  suppor t i ng  p l a s t i c  growing 
s u r f a c e  o f  a p a i r  o f  f l a s k s  each p laced  v e r t i c a l  
t o  t h e  h o r i z o n t a l  a x i s  of b o t h  t h e  X-ray and t h e  
heavy-ion beams. 

C e l l  Cyc le Parameters 

Chinese hamster l ung  V-79 c e l l s  ( o b t a i n e d  
f rom D r .  R. B. P a i n t e r ,  San F ranc isco )  were 
r o u t i n e l y  grown as monolayers i n  E a g l e ' s  minimum 
e s s e n t i a l  media w i t h  E a r l e ' s  s a l t s  supplemented 
w i t h  12.8% f e t a l  bov ine  serum and a n t i b j o t i c s .  
The mean p o p u l a t i o n  doub l i ng  t i m e  a t  37 C i n  
h u m i d i f i e d  a i r  w i t h  5% C02 was 10 t o  11 h. The 
V-79 c e l l - c y c l e  genera t i on  t i m e  was approx ima te l y  
10.5 hours as shown i n  t h e  t r i t i u m  p u l s e - l a b e l l e d  
experiment (15 min, 0.05 uCi/ml, 17 C i / m  mole)  
p l o t t e d  i n  F i g u r e  3. C e l l s  were synchronized by  
m i t o t i c  s e l e c t i o n .  C e l l  s y n c h r o n i z a t i o n  methods 
used were s i m i l a r  t o  those of S i n c l a i r  and Morton 
(1965). For  T-1 c e l l s ,  we found i t  necessary t o  
preshake t h e  c e l l  p o p u l a t i o n  f i v e  t imes  p r i o r  t o  
t h e  f i n a l  s e l e c t i o n .  The mean genera t i on  t i m e  
o f  t h e  V-79 c e l l s  (es t ima ted  f rom F i g u r e  3 )  has 
been subd iv ided  i n t o  an average 61 + M/2 o f  
1.75 h, an average S o f  7.5 h, and an average 
G2 + M/2 o f  1.20 h. 

Barendsen, R i j s w i  j k ,  The Nether lands)  were 
r o u t i n e l y  ma in ta ined  under i d e n t i c a l  c o n d i t i o n s  
as t h e  V-79 c e l l s .  

Human k i d n e y  T-1 c e l l s  ( p r o v i d e d  by  D r .  G. W. 

The mean p o p u l a t i o n  d o u b l i n g  

UNIRRADIATED SYNCHRONOUS CH V - 7 9  

HOURS AFTER MITOTIC SELECTION 

F i g u r e  3. Percent  o f  synchronized Chinese 
hamster c e l l s  l a b e l l e d  w i t h  a 15 min p u l s e  o f  , 
3H-TdR a t  v a r i o u s  t imes  a f t e r  m i t o t i c  s e l e c t i o n .  
C e l l  c y c l e  parameters have been es t ima ted  based 
on a genera t i on  t i m e  o f  10.45 hours. 
(XBL 805-3353) 
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time was about 22 h. The concentration of 
glutamine used for stock cultures was doubled for 
experimental T-1 cultures. Published T-1 cell 
cycle generation times have estimated a G1 6rs phase of 14 h, an S phase of 8 h, a G2 phase 
of 5 h, and a mitotic phase of 0.8 h for a 27 h 
population doubling time (Galavazi and Bootsma, 
1966). Our T-1 subclone has a 22 h doubling 
time, and is believed to have a shortened G1 
phase of approximately 9 h. 

PLM Technique 

Twenty-four to forty-eight hours prior to 
irradiation, 6.5 x 105 exponentially growing 
V-79 cells were plated into 25 cm2 plastic, 
T-flasks in order to achieve a final cell number 
of 2-3 x 106 at the time of the experiment. 
Immediately prior to exposure, cultures were 
pulse labelled with 3H-TdR (New England 
Nuclear) for 15-20 minutes (0.1 pCi/ml, 20 Ci/mM). 
Cultures were rinsed well and held at room 
temperature briefly after the 3H-TdR pulse, and 
during the radiation exposure for a total time 
that did not exceed 30 minutes. This process 
labels the S phase cohort. Theocultures were 
then immediately returned to 37 C until they were 
fixed, without colcemid, at the appropriate time 
interval. Control sham-irradiated samples were 
treated in an identical manner to control for the 
temperature excursion at 25’C. After fixation, 
Kodak NTB-2 photographic liquid emulsion diluted 
1:l with distilled water was thinly layered onto 
the growing surface. After one week of exposure 
in the dark the autoradiographs were developed 
and prepared for scoring. Approximately 200-300 
mitoses were scored per point for the determina- 
tion of percent labelled mitoses (PLM). 

Scoring labelled S-phase nuclei from synchro- 
nized populations (as was done in Figure 3 )  is a 
much less tedious microscopic task compared to 
scoring labelled metaphase figures from asynchro- 
nous PLM experiments. However, PLM experiments 
have the advantage of requiring less time- 
dependent cell preparation, which is still a 
major consideration for experiments r 
cyclotron beam availability. Within 
limitations it was possible to prepas 
nous cultures that could, at short no 
labelled with 3H-TdR. In addition, P 
iments enable one to examine fhe;duration of 
immediate delays in G2 phase and mitosis for 
cells that continue to cycle. However, it should 
be noted that the progression of‘cells that will 
survive and those doomed to die cannot be 
distinguished with this technique. Divi 
delay studies by Elkind et al. (1963) wi 
X rays, and more recently by Ngo et al. 
with neutrons, however, have indicated that 
division delay is the same for both.ki’l1 
surviving cells. 

The technique described above yields plots 
of percent labelled mitoses at specific times 
postirradiation. Control samples for each 
experiment provide an estimate of the duration 

@of the G2 + M/2 phase. Preliminary estimates 
of the increased duration of this interval, after 
irradiation with X rays or heavy ions, were 

’ 

obtained from fits of the data made by eye. 
PLM information represents perturbations in cycle 
kinetics of a population of S phase cells that 
moves from S, through G2 phase, into M phase. 
Further work is planned with synchronized popula- 
tions when more beam time becomes available. 
Such experiments wil.1 help clarify some of the 
complicating factors inherent in PLM experiments 
of the design just described. 

The 

Mitotic Index 

The percentage of mitotic cells was 
determined from 500 to 4,000 cell samples from 
each flask. When there were insufficient mitoses 
in the sample, especially at short time points 
after irradiation, more cells were scored. 

Cell Survival 

Cell cultures prepared in an identical 
fashion as described above for the PLM technique, 
except for the pulse treatment, were irradiated 
at various doses with each radiation tested. 
After the exposure, cells (both irradiated and 
unirradiated) were trypsinized, counted, and 
plated into four to eight flasks containing 
complete growth medium at appropriate dilutjons. 
Colonies that formed after incubation at 37 C 
for 6 days (V-79 cells) or 11 days (T-1 cells) 
were stained and counted. 

RESULTS 

Cell Age Response 

Cell age responses of synchronized Chinese 
hamster V-79 cells to 225-kVp X rays or 
425 MeV/amu Bragg peak neon ions (234 keV/pm) are 
presented in Figure 4A. The data were taken from 
a single experiment in which the cell growth 
after mitotic selection was controlled indenti- 
cally for both X and neon irradiations. The 
results show that at doses of X rays and neon 
ions that yield approximately identical killing 
of G1 cells, the amplitude o f  the survival 
variation throughout the cell cycle for X rays 
is approximately 1.5 times greater than for neon. 

cycle variation amplitude increases with increas- 
ing dose of neon ions to a lesser degree than 
for X-rays. This po,int is clearly demonstrated 
in Figure 48 where cells from the same mitotic 
population were used to obtain whole survival 
curves at Gl/S and late S phase with either 
neon ions or X rays. Per unit of absorbed dose, 
the difference in survival response between the 
two ages ismuch reduced for neon compared to 
X rays. This i s  consistent with the concept 
that cell-age response variation decreases with 
increasing LET. 

Survival curves of CHV-79 cells at G1/S and 
mid-S stages from a 570 MeV/amu argon experiment 
are shown in Figure 5. The cells were exposed 
at the “ B a t  position of the Bragg curves where the 

It should be noted, however, that this cell- 
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Figure 4. 
Bragg peak 425 MeV/amu neon ions, determined in the same population. 
and 8.5 Gy of X rays, and 3.3 and 4.7 Gy of Bragg peak neon ions. 
of synchronized G 1 / S  (2.5 h) and late S (7 h) phase Chinese hamster V-79 cells to X rays and 
Bragg peak neon ions. [(A) XBL 794-3416A; ( 6 )  XBL 794-3420] 

Radiation response o f  synchronized Chinese hamster V-79 cells to 225-kVp X rays and 
(A) Age response for 5.5 

(B) Survival dose-response 

DOSE (Gray) 
2 4 6 8 IO 12 14 16 

Survival dose-response of synchronized 
h) and mid S (5.5 h) phase Chinese 

hamster V-79 cells to X rays and Bragg plateau 
570 MeV/amu argon ions. (XBL 794-3423) 

LET is 117 keV/um. The reduction of the age 
response is also obvious in this figure. 

to X rays or to 8.5 MeV/amu argon ions is 
illustrated in Figure 6. The low-energy argon 
ions have an LET, of approximately 1,800 keV/pm, 
which is in the "overkill" range but still yields 
an exponential survival curve (not shown). The 
amplitude of the age response is quite diminished 
with this charged particle beam. 

The relationship between the RBE for cell 
killing and the cell survival level is depicted 
in Figure 7. The Bragg peak 425 MeV/amu neon 
ion data are in the upper panel, and the Bragg 
plateau 570 MeV/amu argon data are in the lower 
panel. 
asynchronous cells is also shown. For neon ions, 
the RBE curves for the synchronized populations 
were derived from survival curves given in 
Figure 46. The RBE curve for the asynchronous 
population was derived from survival curves of 
three different experiments. For argon ions, the 
RBE curves were derived from survival curves 
shown in Figure 5. The results indicate that as 
a consequence of the heavy-ion reduction in the 
age response, S phase cells generally have a 
greater RBE than do G 1 / S  phase cells. Aerobic 
RBE values at low dose (high survival) for the 
neon and argon exposures are between 2.0 and 4.0. 

The cell age response of CHV-79 cells exposed 

In the upper panel, the relationship for 
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Figure 6. 
X rays, and 12.0 and 20.0 Gy of Bragg plateau 
8.5 MeV/amu argon ions determined in the same 
population of synchronized Chinese hamster 
cells. (XBL 7910-3825) 

Age response for 8.0 and 12.0 Gy of 

Synchronized human kidney cell survival 
response to Bragg peak argon ions is presented 
in Figures 8A and 88. The argon survival curves 
are exponential at this LET and show a major 
reduction in differences between cells of 
different ages compared to those seen at low-LET 
(data not shown). The amplitude of the age 
response shows some structure, but is quite flat 
in contrast to published X-ray age response 
studies with T-1 cells (Vos et al., 1966). 
S-phase cells are the most radioresistant, and .-,< 
the Gl/S boundary appears to be the most 
radiosensitive phase. 

PLM Studies 

Figure 9 presents the cell survival measured 
for the asynchronous Chinese hamster cells with 
225-kVp X rays, and peak carbon and neon ions. 
Despite almost a threefold difference in LET, 
both sets of particle data show an approximately 
identical survival curve with an RBE relative to 
X rays o f  2.9 at 10% survival. The LET-dependence 
o f  cell survival and cycle delay will be 
discussed in some detail later. 

V 79 Cel I s  
5 
'I:.- ,Asynch. 

mid S 570MeVIn  Arg 5 7 0 M e W n  Arg mid S I- 

SURVIVING FRACTION 

Figure 7. 
cell killing and the surviving fraction of Bragg 
peak 425 MeVlamu neon ions, and Bragg plateau 
570 MeV/amu argon ions for synchronized CHV-79 
cells at various stages of the cell cycle. In 
the upper panel, the relationship for asynchronous 
cells is also shown. The asynchronous data were 
obtained from three different experiments. 
(XBL 808-3567) 

The relationship between the RBE for 

Figure 10 shows three unirradiated control 
experiments done on different days with slightly 
varying times for transporting the samples from 
.the radiation source buildings to the cell 
:laboratory. This figure is intended to qualita- 
tively illustrate the level of our resolution. 
The curve through the points was best-fitted by 
eye. Notice that the maximum- level of incorpora- 
fion is very high (over 95%). The cell-cycle 
parameters estimated from these curves are in 
reasonable agreement with the synchronized pulse- 
:label led experiment shown earlier (Fig. 3). 
the irradiated experiments to follow, the curve 
of each treatment was analyzed with respect to 
its own control. 

For 

The X-ray data from a single experiment with 
doses of 250, 500, or 750 rad are shown in 
Figure 11A. The eye-fitted curves show a marked 
shift to the right with increasing dose, which 
indicates a prolongation of G2 and/or M phases 
for those S phase cells that made it to mitosis. 
The duration of S phase only shows a slight 



' 1.0000 

0.1000 

-1 * 
2 > 0.0100 

E 
3 
v) 

0.0010 

SYNCHRONIZED HUMAN KIDNEY CELLS B -  

I I 1 I I  1 1 1  1 1 1  I I 

0 1 2 3 4 I 6 7 8 # 10 11 12 
0.0001 1 1 1 1 1 1 1 ' 1 1 1  

DOSE (GRAY) 

/ M GI / s  / Gn / - 

1 1 1 1 1 1 1 1 1 ~ ~ 1 '  

130 

0 o~o-o.o //O 

'C+-o.J '0 

0 

- E. = 58.6% MI.= 73.0% 

F igu re .8 .  
argon ions,  determined i n  t h e  same p o p u l a t i o n .  
(GI, G l / S ,  S, G 2 )  human k i d n e y  c e l l s  t o  Bragg peak argon ions. 
and 4.62 Gy o f  Bragg peak argon ions.  

R a d i a t i o n  response o f  synchronized human k i d n e y  T-1 c e l l s  t o  Bragg peak 570 MeV/amu 
( A )  S u r v i v a l  dose response o f  synchronized 

( B )  Age response f o r  1.87 
[ ( A )  XBL 794-9460; (B) XBL 795-9607] 
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F i g u r e  9. S u r v i v a l  dose response o f  asynchro- 
n i z e d  CHV-79 c e l l s  t o  225-kVp X r a y s  and Bragg 
peak 403 MeV/amu carbon and 429 MeVIainu neon 
ions.  ( X W  805-3354) 

UNIRRADIATED ASYNCHRONOUS CH V-79 
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F i g u r e  10. Pulse l a b e l l e d  m i toses  p l o t  f o r  
u n i r r a d i a t e d  as nchronous CHV-79 c e l l s  pu l sed  a t  
t i m e  ze ro  w i t h  H-TdR. Data a r e  taken f r o m  
t h r e e  d i f f e r e n t  exper iments.  (XBL 808-3357) 
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F i g u r e  11. Pulse l a b e l l e d  mi toses p l o t s  f o r  asynchronous CHV-79 c e l l s  p u l s e  l a b e l l e d  a t  t i m e  
ze ro  w i t h  3H-TdR and i r r a d i a t e d  w i t h :  ( A )  2.5, 5.0, o r  7.5 Gy o f  225-kVp X r a y s  ( 5 )  0.65, 
2.4, o r  3.42 Gy o f  Bragg peak 429 MeV/amu neon ions; (C) 1.89, 2.95, o r  3.78 Gy o f  Bragg peak 
403 MeV/amu carbon ions; (D) 6.7 Gy o f  Bragg p l a t e a u  400 MeV/amu carbon ions  o r  2.95 Gy o f  
Bragg peak 400 MeV/amu carbon ions. [ ( A )  XBL 805-3358; (B) XBL 805-3356; (C) XBL 805-3359; 
( D )  XBL 809-3676] 

i n d i c a t i o n  of p r o l o n g a t i o n  a t  t h e  h i g h e s t  X-ray 
dose s tud ied ,  and cannot be demonstrated as 
s i g n i f i c a n t  based on t h e  p resen t  inadequate 
s t a t i s t i c s .  N o t i c e  t h a t  a t  low dose t h e  maxim 
l e v e l  o f  i n c o r p o r a t i o n  o f  t h e  l a b e l  isvas. h i g h  
as t h e  c o n t r o l s  i n  F i g u r e  10, b u t  the-maximum 
i n c o r p o r a t i o n  appears t o  be s l i g h t l y  decreased 

,.l 
w i t h  h i g h e r  dose. . ,  

The r e s u l t s  f rom a s i n g l e .  neon-peak-expe 
ment a r e  i l l u s t r a t e d  i n  F i g u r e  115. Neon do 
t h a t  cause an even more dramat ic  s h i f t  o f : t h e  
curves t o  t h e  r i g h t  a r e  lower than  those o f  t 
X-ray experiment. Fo r  t h e  h i g h  dose, ' t he i seco  
wave o f  l a b e l l e d  m i toses  i s  p robab ly  p e r t u r b e d  
b y  the  c e l l s  t h a t  a re  b locked i n  M, o r  t h a t  
a t  G1 a t  t h e  t i d e  o f  i r r a d i a t i o n  b u t  have moved 
t o  m i t o s i s .  
t h e  i n t e r p r e t a t i o n  o f  these curves a t  t h i s  t i m e  

G o s t  i r r a d i a t i o n .  

Both o f  t hese  f a c t o r s  comp l i ca te  

F i g u r e  1 1 C  shows t h e  r e s u l t s  o f  each o f  t h r e e  
doses o f  Bragg peak carbon ions .  N o t i c e  t h a t  i t  

c i  

was m o r e . d i f f i c u l t  t o  e s t i m a t e  t h e  de lays  f o r  
t h i s  experiment. As  w i l l  be seen l a t e r ,  t h e  
d e l a y t p l o t  as "a  f u n c t i o n  o f  dose shows more 
s c a t t e r  f o r  t h e  carbon than  f o r  t h e  neon o r  
X-ray data. F -  

F i g u r e  1 1 D  shows d a t a  f rom an e a r l y  PLM 
exper iment  i n  which c e l l s - w e r e  i r r a d i a t e d  i n  t h e  
Bragg*peak o r  i n  theap la teau  o f  a 400 MeV/amu 
carbon beam, at;doses t h a t  r e s u l t e d  i n  e q u i v a l e n t  
c e l l  k i l l i ? g .  
s u r v i v a l  RBE, a G2 + M d e l a y  o f  t h e  c y c l i n g  
c e l l s  ( i r r a d i a t e d  w i t h -  Bragg peak i ons  w h i l e  t h e y  
were i n  S.phase)#was' induced, which was g r e a t e r  
t h a n  t h e  d e l a y  induced'by t h e  low-LET carbon 
p l a t e a u  ions.  

2. 
. I j  

D e s p i t e , t h e  dose c o r r e c t i o n  f o r  

D I S C U S S I O N  

F i g u r e  12 summarizes t h e  s p e c i f i c  G2 + M 
d e l a y  examined as a f u n c t i o n  o f  dose f o r  b o t h  
X-ray and heavy-ion experiments. The p r e l i m i n a r y  
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Fi ure 12. -f-- a unction of dose of 225-kVp x rays (X); Bragg 
plateau 400 MeV/amu carbon ions (c); Bragg peak 
403 MeV/amu carbon ions (C); or Bragg peak 
429 MeV/amu neon ions (Ne). 

Duration of G2 + mitotic delay as 

(XBL 805-3369) 

data are admittedly only approximations but they 
do indicate a linear dose response. The slope 
of the X-ray curve is about 0.2 minlrad. The 
slope of the dotted line drawn through the single 
carbon plateau point is very similar (close to 
0.2) which would be expected since carbon plateau 
at position 0' has a low LET of 11 keV/@. 
Despite the almost identical survival curves 
obtained with the neon and carbon peak ions, the 
slopes of the lines for the mitotic delay end 
point are slightly different for the two ions 
(0.8 minlrad for neon and 0.6 minlrad for carbon). 
With this type of plot it is possible to 
calculate an RBE value for the G2 + mitotic 
delay induced by the particle beams by taking 
the ratio of doses of X ray and a particle beam 
that yields the same level of effect. This has 
been done at several levels of G2 + M delay 
and the results are plotted in Figure 13. 

ion dose for the two end points ( G 2  + mitotic 
delay and cell killing). The top two lines on 
the figure indicate that the RBE for the delay 
end point is independent of heavy-ion dose in the 
dose region studied. This reflects the linear 

Figure 13 shows RBE as a function of heavy- 

Cell survival 4' C peok 
( N e + C  peokl 

Lote S 
osynch 

CH '4-79 1 
'Ool01 v I 00 IO' 

HEAVY ION DOSE IGyI 

Figure 13. 
and G2 + M delay) vs. heavy-ion dose. 
data show response of asynchronous and late S 
phase CHV-79 cells to Bragg peak 403 MeV/amu 
carbon ions and 429 MeV/amu neon ions. 

RBE for two end points (cell survival 
Survival 

(XBL 805-3370) 

relationship between the X-ray and heavy-ion 
response which was seen in Figure 12. The effect 
is the same at all delay levels studied, with the 
RBE for the neon peak observed as greater than 
that for the carbon peak. In contrast, the 
lowest lines on the figure demonstrate that the 
RBE for cell killing has a dose dependence, with 
a higher RBE at the low-dose end for asynchronous 
cells irradiated with the neon or carbon peak 
ions. Cell killing for synchronized late S phase 
V-79 cells was measured in separate experiments 
(Ngo et al., 1980). These data are more repre- 
sentative of the population we are studying. The 
S phase cells are more X-ray radioresistant, and 
the RBE for this synchronized population i s  
greater than that seen for the asynchronous 
population. Note that the RBE for G2 + mitotic 
delay is greater than the RBE for cell killing, 
especially at high doses and even at doses that 
give equivalent cell killing. 

Figure 14 is a plot of RBE as a function of 
mean average LET. 
10% cell survival end point, and the closed 
circles show the result for the 50% survival 
level. The data are based on carbon, neon, and 
argon ion experiments. A single curve has been 
drawn through all the points, although there is 
evidence (Blakely et al., 1979) to indicate it 
is more appropriate to draw a line through the 
data from each ion at LET values above 100 keV/pm. 
To simplify the discussion, this has not been 
done. Carbon and neon at 85 and 234 keV/wn, 
respectively, yield the same RBE for cell killing 
because these data appear to lie on equal sides 
of a peak in the RBE curve. The open triangles 
show the LET dependence of RBE for the G2 + M 
delay . 

A straight line has been drawn through the 
points, but in fact we need to examine the 
results at more LET values to understand the 
relationship fully. It also appears that the 
maximum RBE of the G2 + M delay end point may 
have been missed by not examining an LET of 

The open circles represent the 

- - .. . . . . " . . . .~ _... ... - . . -. . .-. _ _  _ _  .- , . .. 
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Figure 14. RBE for two end points (cell survival 
at 50% and lo%, and G2 + M delay) vs. mean 
track average LET, (keV/pm). Data are taken from 
CHV-79 cell experiments with 400-403 MeV/amu 
carbon, 425-429 MeV/amu neon, and 570 MeV/amu 
argon-ion beams. (XBL 805-3368) 

A G2 +Mitotic delay 
0 50%CelI survivol 
0 10% Cell survivol 

Qo 

CH. V 79 

100 keV/pm, or that it may peak at a greater LET 
than the cell killing end point. Skarsgard (in 
Elkind and Whitmore, 1967) using Chinese hamster 
cells (CH2B2) and low-energy heavy-ion beams 
of helium, lithium, oxygen, boron, and carbon has 
shown that the RBE values for mitotic delay, 
chromatid exchanges, and survival all reach 
maxima for LET values of approximately 150 to 
200 keV/pm, and then fall off for higher values 
of LET. 
determination for mitotic delay than we have used 
here; however, our RBE values for G2 + M delay 
are similar to his, with both sets of data 
reaching a maximum of about 4.0 to 5.0. 

I n  contrast to Skarsgard's results, however, 
we do not see an exponential dose dependence for 
mitotic delay. Our dose dependence appears to 
be linear, similar to that seen by Lucke-Huhle 
et al. (1979). The latter authors used the flow 
microfluorometry (FMF) method to analyze the 
number of cells arrested in G2 + M, and- 
observed similar (i.e., 4.4 to 4.7) RBE values 
for carbon 400 MeV/amu and neon-425 MeVlamu Bragg 
peak Bevalac beams, when the RBE was calculated 
as a ratio of the slopes of the plots of,maximum 
number of accumulated G2 + M cells vs. dose. I 

They obtained even higher values (i.e., 8.3 for 
caroon peak) when they calculated the RBE by 
comparing doses yielding 50% of-the maximum 
number of cells in G2 + M at 8 hours after 
irradiation. 
of the fact that the FMF technique scores all 
cells in the G2 + M block no matter at what 
stage the irradiation or block occurred, whereas 
the PLM technique only scores the G2 + M block 
incurred by cells in S phase at the time of 
irradiation. Using PLM techniques, Geard (1980) 
studied cell cycle progression of Chinese hamster 
V-79 cells irradiated with helium ions of various 

Skarsgard used higher doses for his RBE 

. 

These differences may be a result 

energies and found that radiation-induced delays 
of cellular progression through the cell cycle 
are optimally affected by particles depositing 
about 100 keV/pm. 

The PLM curves for X-ray or heavy-ion 
irradiated V-79 cells in the present report 
indicate that within the resolution of the curve 
fits made by eye, there i s  no obvious increase 
in the duration of the S phase subsequent to 
irradiation. This observation appears to support 
the heavy-ion results of Lucke-Huhle et al. 
(1979), and the pion results of Schlag et al. 
(1979), but indicates PLM curves may not be the 
most sensitive way to estimate S phase delay. 

The PLM studies of Geard (1980) show only a 
slight, and probably not significant, increase 
in the duration of S phase after irradiation with 
helium ions, even at LET values between 63 and 
138 keV/pm. In contrast, Raju et al. (1980) 
using FMF techniques, concluded that there was a 
significant prolongation of the S phase of V-79 
cells irradiated with alpha particles compared 
to comparable cell killing doses o f  X rays. Work 
is in progress to resolve these differences, and 
to elucidate the mechanism of the G2 block and 
division delay for low and high LET radiations. 
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THE REPAIR-MISREPAIR MODEL OF CELL SURVIVAL 

C. A. Tobias, E. A. Blakely, and F. Q. H. Ngo 

In studying heavy-ion radiobiology, we 
attempted to use several well-known models, 
such as the single hit multitarget (Sinclair, 
1966), the linear quadratic (Chadwick and 
Leenhouts, 1973, 1978; Kellerer and Rossi, 1972 
1978), and a form of the repair saturation mode 
(Green and Burki, 1972). None of these models 
fitted the experimental results particularly 
well; the need for further development became 
particularly evident when we began to study the 
effects of split doses and of mixed modalities 
(see Ngo et al., Part 111). 

During the last three years we proposed a 
new model, the repair-misrepair model (RMR), to 
interpret radiobiological experiments with heavy 
ions (Tobias et. al., 1980a). In building this 
model, attempts were made to have a framework 
that actually corresponds to certain biological 
processes that are known to occur in irradiated 
cells. 

In using the RMR model it became apparent 
that some of its features are suitable for 
handling the effects produced by a variety of 
environmental agents in addition to ionizing 
radiation. These include UV radiation, temper- 
ature, and perhaps the effects of some environ- 
mental poisons. In the discussion to follow, 
some general statements will be given that relate 
to this model, as well as some examples of 
applications. The rigorous mathematical deriva- 
tions will not be presented here; they are being 
prepared for publication (see Ngo et al., in 
Part 111; Albright, 1980). 

GENERAL REQUIREMENTS FOR THE RMR MODEL 

A quantitative description of the interac- 
tion of deleterious agents with cells requires a 
consideration of several aspects in addition to 
dose-effect relationships. For example, a model." 
must include time-dependent phenomena in order 
to cover possible repair and enhancement 
effects, a statistical treatment that can deal 
both with molecular and much larger dimensions, 
and an adequate mechanism for handling 
biological complexity. 

DESCRIPTION OF THE REPAIR-MISREPAIR MODEL 
? .  

We assume that two separate sequences of, 
events take place in an irradiated cell. The 
first sequence begins with an initial energy 
transfer consisting of ionizations and excita- 
tions, culminating via fast secondary physical 
and chemical processes in established macromo- 
lecular lesions in essential cell structures. 
Most available experimental data and theoretica 
calculations indicate that this physicochemical 

phase is extremely fast. 
contains the responses of the cell to the 
lesions and consists of the processes of 
recognition and molecular repair. 

The time occurrence of the two processes 
outlined above can be calculated in a number of 
ways. 
basic assumptions: 

The second sequence 

Our treatment depends on the following 

1. For a given agent, the essential macro- 
molecular lesions fall into one, or at most 
a few specific classes. 
2. These lesions are established in a time 
span of about 10-3 seconds or less. 
3. In a living cell external observers do 
not possess the ability to determine the 
exact location and nature of each lesion 
without destroying the cell. However, 
information on the overall yield of various 
types of lesions is available from assay 
procedures on groups of cells that are 
chemically analyzed after they are killed. 
4. Living cells can recognize essential 
lesions in their own structures. They 
probably fail to identify the nature of the 
radiation that caused the lesions because 
the energy transfer occurs much too fast for 
macromolecular recognition. 
5. In normal cells there exists one repair 
process or at most a few enzymatic repair 
processes for each essential macromolecular 
lesion. The enzymatic repair processes may 
last for hours and minutes, and can be separ- 
ated in time from the initial physicochemical 
and later genetic phases. 

These assumptions have been discussed in some 
detail (Tobias et al., 1980a). 

ionizing radiations is given in Figure 1. This 
figure is also a blueprint for the modes of 
theoretical calculations one may wish to carry 
out. It is divided into three phases. 

A schematic drawing showing the effects of 

Phase I :  Initial Energy Transfer 
and Chemical Modification 

During the initial, physicochemical phase of 
interactions one or more types of "relevant" 
lesions are established.in the macromolecular 
structures of cells. These lesions are defined 
as U lesions. U stands for "uncommitted," which 
is what the lesions are before they are subjected 
to enzymatic repair, modification, or amplifica- 
tion. 

A large array of experimental and theoretical 
knowledge has accumulated to indicate that the U 
lesions are formed in less than 10-3 seconds 
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Figure 1. 
misrepair model as described in the text. At the 
end of Phase I the cells have various types of 
uncommitted lesions that are .either repaired, 
misrepaired, or remain as remnant U lesions. 
Radiation may also cause effects on the repair 
system; these effects are represented as r 
effects, which then become expressed during 
Phase 111. (XBL 808-3588) 

Schematic drawing for the repair- 

at amoient temperatures and that the effect of 
most, if not all, important chemical protectors 
and sensitizers is over by that time. There is 
strong evidence that various types of molecular 
injury to the genetic apparatus, specifically to 
DNA, represent U lesions. U lesions can be 
chemically defined and the'ir quantities measured 
only if we use assay procedures that usually kil 
living cells. In this manner the dose dependem 
yield of specific U lesions can be established. 
In individual living cells, however, a "bio- 
logical uncertainty principle" prevents us from 
precisely identifying and locating specific U 
lesions during Phase I. In order to do this we 
would have to apply physical methods that would 
themselves potentially produce more U lesions 
(Tobias et al., 1980a). 
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Typical U lesions in the genet c apparatus, 
including those made by toxic chem cal compounds 
in DNA, are: base alterations and interaction, 
single-strand scission, covalent interstrand 
crosslink, double-strand scission, intercalation 
of foreign molecules in the DNA structure, DNA- 
RNA crosslinks, and DNA-protein crosslinks. 
Elsewhere in the cell we know less about the 
nature of U lesions; they might be membrane 
injury, injury to centromeres, centrioles, 
microtubules of the mitotic spindle, or mitochon- 
drial injury. Although the potential list of U 
lesions appears formidable, analysis of cell 
survival data indicate that for a given deleter- 
ious agent usually a single specific type of U 
lesion is more important than all others combined. 
For example, the prevalent U lesions from UV 
radiation are pyrimidine dimers in DNA; for heavy 
accelerated nuclei there is some evidence that U 
lesions are double-strand scissions of DNA. 

Phase 11: Transformations of Lesions 

Even though external observers cannot detect 
the location and nature of individual U lesions 
with certainty, the macromolecular apparatus can 
do this in times of 10-4 sec or longer because 
of the proximity of the lesions to the detecting 
apparatus, and the possibilities for using low 
lying quantum states as well as electrostatic and 
magnetic forces. 
nucleic acid chains and their characteristic 
relaxation times may have an important part in 
recognizing lesions. 

Vibration and rotation o f  

Phase 11, then, is recognition of U lesions 
and biochemical responses to these lesions which 
may be characterized in molecular "repair," or 
"enhancement." Whereas several classes of repair 
processes have been we1 1 documented (Cleaver, 
1978), it is also known that in dying cells there 
is increased DNAase activity. Recent mammalian 
cell studies by Ngo et al. (Part 111), have 
identified a split dose effect that may be 
regarded as enhancement. 

r Effects 

We recognize r effects as injuries on repair 
systems that usually do not kill cells by them- 
selves; these lesions, however, do modify the 
responses of living cells to the presence of U 
lesions. The r effects usually encompass changes 
in the rate of U lesion repair or enhancement and 
slow down the rate of progression of normal cel- 
lular processes. r effects could be due to 
molecular lesions in repair enzymes, however, at 
this early state of our knowledge, it appears 
more likely that r effects either modify the rate 
of action of existing enzymes or change the rate 
of formation of new enzymes. At least some of 
the r effects are probably caused in Phase I; 
their consequences are detected by measuring rate 
processes in Phase 11. In our earlier publica- 
tion (Tobias et al., 1980a) we have not specified 
r effects as a special class. We wish to enlarge 
the importance of this aspect of the problem, by 
recognizing that r effects can seriously modify 
cellular responses to deleterious agents. 

- - .. _ _  



With the passage of time U lesions are 
enzymatically altered by repair mechanisms. The 
consequences are repaired states, which are 
assumed to have greater time stability than U 
lesions. Split-dose experiments with mamm'alian 
cells have convinced us that X-ray and heavy-ion 
induced U lesions have typical half lives at 37OC 
of about 10 to 100 minutes, whereas R states may 
last at least for one and possibly for several 
cell generations. 

Repair has obvious connotations for U lesions 
in DNA: mending single-strand breaks, replacing 
damaged nucleotide bases, severing interstrand 
links, or rejoining pieces of DNA with two 
strands. Since molecular repair is known to 
consist of error prone processes (Bernardi and 
Nino, 1978) we made the following definitions. 

reestablished DNA molecule has in every respect 
the same structure (including coding) as the 
undamaged DNA at the same location. Misrepair 
is ei,ther incomplete repair or repair where the 
structural integrity of DNA is complete, but the 
coding sequence is changed in some manner. It 
is -obvious that eurepair, if completed rapidly, 
will not cause lethality or permanent alteration 
to cell behavior. In contrast, misrepair can be 
the cause of both mutation and of lethal effects. 

We know from a large body of literature that 

Eurepair is perfect repair, where the 

the result of one type of misrepair is abnormal 
chromosome rejoinings. 
that these are the result of at least two lesions 
in different points of the genome. We suggest 
that for ionizing radiations: 
of U lesion is more important than others; 
(2) there are many of these U lesions produced 
in the mammalian cells at an LO50 dose; 
(3) there are two types of repair processes: one 
proceeding proportionally with the mean concen- 
tration of U lesions present, and the other 
proportionally to the square of the density of U 
lesions. 

It is widely believed 

(1) a single type 

Mathematical Approach 

The processes described above and shown in 
Figure 1 have been analyzed by two different 
mathematical techniques. The first method fol- 
lowed by Tobias et al. (1980b, and this paper) 
employs differential equations,to calculate the 
time dependence of the mean number of lesions in 
the cell. 
Poisson statistics in order to-calculate survival 
and mutation probabilities s method has the 
advantage of relative simp .and ease of the 
process of calculation' and e f-inal formalism. 
However, a weakness stems he fpct that the 
second order process described here does not 
exactly follow Poisson statistics-and that the 
procedure is not correct when the number, of 
lesions per cell is very small. 

This was followed by the use of 

The second method regards the RMR processes 
s a branching Markov chain. 
enote the uncommitted and lethal states with n 
lesions, and So i s  the survival state, then the 
steps of evolution of the cell through three, 

If Un and L, 
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two, one, and no lesions can be represented in a 
diagram as: 

us + us - u1 - so 

I I 
L2 -L1 - Lo 
The goal of the Markov formulation is the 

calculation of the probability Ps(t) that 
the cell has evolved to survival at time t. 
N.  Albright has recently completed such a 
calculation (Albright, 1980). 

approaches are qualitatively and quantitatively 
similar. Differences, amounting to a few percent 
occur at low doses and short time intervals. 

The results of the two mathematical 

The Fate of U Lesions 

For the mean number of lesions per cell, U, 
we obtain a first order quadratic differential 
equation : 

In this equation x is the coefficient of linear 
repair and k the coefficient of quadratic repair. 
The assumption that a and k are constants inde- 
pendent of time and dose is equivalent to the 
assumption that the r effects of a dose (D) of 
ionizing radiation are negligibly small. With 
the further assumption that U(t=o) = Uo(D) and 
U(t+m) = 0 and E = x/k, the solution of 
equation 1 is: 

U(t) is sometimes also called remnant U lesion, 
Ur. We may further postulate that all U lesions 
turn either into linearly repaired or quadra- 
tically repaired moieties RL and RQ, or 
remain as remnant lesions. This leads us to a 
conservation equation: 

U(t) + RL(t) + Rgit) = U(0) = Uo (3  1 

and equation 3 agrees w,i,th the'definition: 

R L  = ltxU(t) dt 

0 
and 

RQ =JtkU2(t) dt 
0 
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In order to use equation 1, we must know the 
dose-dependent yield of various types of U lesions 
per cell as a function of time. 
accept any analytical function for yield. In 
DNA for example, strand breaks induced by X rays 
are usually proportional to dose (Ritter et a1 . , 
1977) : 

Equation 1 can 

Uo = a0 ( 5 )  

From equations 4 and 2 we can evaluate the 
quadratic repairs that have occurred as a 
function of time and dose. For example, when 
the repair time is large, t+m, then the total 
number of quadratically repaired lesions, RQ 
is: 

(6  1 a0 R - a0 - Eln [l + y] 9 -  

The second term in the right hand side of 
equation 6 corresponds to the number of lesions 
that have been repaired by the linear process, 
assuming there is no linear misrepair. 

In Figure 2 we plot the manner i n  which the 
relationships described by equations 1-6 appear 
in survival plots. The shaded area indicates the 
mean number of U lesions as functions of time 
after exposure to radiation. 
describes a "memory" effect: as long as there 
are remnant Ur lesions in a cell, we might 
conjecture that by the presence of U lesions the 
cell "remembers" a previous dose of a deleterious 
agent. If a second deleterious agent affects the 
cell at time t, the new Ur lesions produced by 
this agent could be added to the Ur lesions 
already present. 
that the forms RL and RQ represent "final" 
states in the sense that they do not specifically 
interact with a second dose of the deleterious 
agent. From the equations and the graph, it is 
clear that we used simple kinetics; if it turns 
out that the kinetics of enzyme repair are more 
complex than we assumed, the mathematics can be 
readily modified without changing the overall 
method of approach. 

The treatment here 

We assume, on the other hand, 

Phase 111: Expression of Biological Effects 

The consequence of the presence of RL, RQ, 
and remnant U lesions to individual cells is 
governed by the probability o f  how many of a 
given type lesion can be found at a given time 
in a given cell. Let B be the probability that 
a linear repair process results in eurepair; let 
$ be the probability that a quadratic repair is 
lethal misrepair. An analysis of survival curves 
indicates that for wild type cells and low-LET 
radiation 0.95 5 6 51 and I$ = 1; for repair- 
deficient mutants B < < 1 .  

F 
1.1 CELLS 
RMR TRACK 
SINGLE DOSE 
REPAIR T MODEL 

0.0001~ I I I 1 I ' I ' I ' I ' ' 1 " I I I I I I '  
0 20 40 60 80 100 120 140 160 180 200 220 240 

TIME (minutes) 

Figure 2. Time dependence of the probabilities 
for survival (s) and lethality [ l  - L(t)] as a 
function of time elapsed after a single dose. 
The shape o f  the survival curves depends on the 
values A and k .  The number of cells with 
uncommitted lesions decreases with time. 
(XBL 794-9457) 

uO -At )) BE s = + E (1 - e 

Substituting for Ub from equation 5 and 
assuming that t+m: 

(7) 

Equation 8 has three adjustable constants: a, B 
and E. These constants can be evaluated by 
least-squares calculations from accurate survival 
data. However, the experimental data are usually 
not sufficiently accurate to evaluate all three 
constants from a single survival curve. For 
determination of the constant a it appears better 
to obtain a repairless (r-) mutant. If the 
rate of linear repair is zero, A = E = 0. Then: 

If we assume that the Poisson theory is valid 

then the time dependent RMR survival probability ' S  = e and -In S = a0 = U 0 (9) 
S is: (b-7 (r-) 

-a 0 for the distribution of RL and RQ lesions, 

- .  _ _ _  . - - . . _- --- - -I . . . I ._ __ - _  



The repair ratio is the ratio of survivors with 
or without repair. This is: 

6 can be directly obtained from the initial ratio 
of the slopes of the survival curves of the wild 
type and (r-) mutants: 

For purposes of practical analysis of repair 
curves, it is sometimes useful to plot the log 
repair function: 

The rate of change of this function with dose is 
also useful 

Figure 3 shows the log repair function for 
some o f  the survival curves from T-1 cells 
exposed to silicon beams. 
survival curves for T-1 cells in nitrogen at two 
experimental points along the silicon Bragg 
curve, as fitted by the RMK method. The values 
of a and 6 appear more critical for medical 
applications than those of E. More details on 
experiments exposing T-1 cells to a silicon beam 
are given by Blakely et al. in Part 111. 

Analysis of neon and silicon survival curve's 
indicate that a single type of U lesion appears 
to be sufficient to explain all of the survival 
data and that the yield of U lesions in aerated 
cell suspensions is nearly proportional to LET 
until saturation occurs. The yield of U lesions 
in an hypoxic environment increases with higher 
power o f  LET, until above 100 keV/vm the hypoxic 
and oxic a values are nearly equal. 
of the a oxic and a hypoxic constants are approx- 
imately the same as the oxygen effect ratio: 

Figure 4 shows the 

The ratio 

[OER] = IOxic 
hypoxic 

This is an indication that most of the oxygen 
effect occurs in the physicochemical phase, 
i.e., within the first 10-3 seconds. 
ratio of linear to quadratic repair, E, appears 
to be of the same order of magnitude at various 
LET values. We conclude that oxic and hypoxic U 

The 
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Figure 3. Log-repair plots for survival curves 
of T-1 cells exposed 530 MeV/amu silicon beams 
at various residual range values. At position 
F, where the LET is high, repair is less than at 
positions A or D. (XBL 8010-3735) 
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Figure 4. RMK fits to survival data o f  T-1 cells 
exposed to silicon beams. (XBL 8010-3736) 
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1 es 
and 

o n s - i n  mammalian c e l l s  are s i m i l a r  c h e m i c a l l y  
a r e  r e p a i r e d  a t  about t h e  same r a t e .  

Specu la t i ons  w i t h  Respect t o  
t h e  Mo lecu la r  Nature o f  U Les ions 

H i g h l y  i o n i z i n g  r a d i a t i o n s  a re  p robab ly  
capable o f  p roduc ing  a wide v a r i e t y  o f  l e s i o n s  
i n  DNA. However, t h e  r o l e  o f  double-s t rand 
s c i s s i o n  has emerged as an impor tan t  t y p e  o f  
l e s i o n  w i t h  r e s p e c t  t o  l e t h a l i t y ,  mu ta t i on ,  and 
c e l l  t r a n s f o r m a t i o n .  Chr i s tensen  e t  a l .  (1972) 
showed t h a t  t h e  y i e l d  o f  double-s t rand s c i s s i o n s  
increases r a p i d l y  w i t h  increased LET i n  double 
s t randed forms o f  bacter iophage $X-174 b o t h  i n  
ae rob ic  and i n  anaerobic  environments. I n  y e a s t  
c e l l s ,  s u r v i v a l  has been l i n k e d  w i t h  t h e  y i e l d  
o f  double-s t rand sc i ss ions ,  and i t  i s  suspected 
t h a t  c e r t a i n  r e p a i r l e s s  mutants a re  unable t o  
r e p a i r  double-s t rand s c i s s i o n s .  I n  mammalian 
c e l l s  i n  v i t r o  t h e  t i m e  r a t e  o f  r e p a i r  o f  
double-s t rand s c i s s i o n s  i s  s i m i l a r  i n  magnitude 
t o  t h e  r a t e  o f  r e p a i r  of s u b l e t h a l  damage deduced 
f rom s p l i t - d o s e  experiments, and proceeds i n  v i v o  
a t  37°C w i t h  a 80 t o  120 min h a l f  l i f e .  
s t r a n d  s c i s s i o n  r e p a i r s  much f a s t e r  (7-10 min 
h a l f  l i f e ) .  
s t r a n d  breaks decreases w i t h  i n c r e a s i n g  LET, 
whereas double-s t rand s c i s s i o n  i nc reases  as LET 
increases.  

S ing le -  

We know t h a t  t h e  y i e l d  o f  s i n g l e -  

I o n i z i n g  r a d i a t i o n  can produce double-s t rand 
s c i s s i o n  a t  h i g h  LET as a one-step process w i t h -  
o u t  chemical m o d i f i c a t i o n ;  a t  lower  LET we know 
t h a t  p r o d u c t i o n  of double-s t rand s c i s s i o n s  
depends on t h e  mo lecu la r  m i l i e u  n e x t  t o  DNA, on 
t h e  presence o f  oxygen, o r  on r a d i a t i o n  sens i -  
t i v i t y  and p r o t e c t i o n .  Thus, double-s t rand 
s c i s s i o n s  m i g h t  be t h e  r e s u l t  o f  a s e t  o f  complex 
steps. We a l s o  know t h a t  enzymatic a c t i o n  i n  
c e l l s  can produce double-s t rand s c i s s i o n s .  I n  
g e n e t i c  recombinat ion,  double-s t rand s c i s s i o n s  
a r e  c r e a t e d  and mended enzymat i ca l l y .  

ions,  we p o s t u l a t e  t h a t  i n  dense ch romat in  
m a t e r i a l  a s i n g l e  heavy-ion t r a c k  m igh t  produce 
a s e r i e s  o f  double-s t rand s c i s s i o n s  o r  l e s i o n s  
a long t h e  c o r e  and penumbra o f  t h e  t r a c k  as shown 
i n  F i g u r e  5. 
l e s i o n s  m igh t  i n v o l v e  t h e  loss of some DNA. As 
t h e  s t rands  a re  reconnected, i t  i s  l i k e l y  t h a t  
t h e  r e s u l t  i s  m i s r e p a i r .  I f  m i s r e p a i r  i n t e r a c -  
t i o n  occurs between DNA l e s i o n s  made by  t h e  same 
heavy-ion t r a c k ,  t h e  amount o f  m i s r e p a i r  w i l l  
appear p r o p o r t i o n a l  t o  dose o r  t o  p a r t i c l e  f l u x .  
Thus, i n t r a t r a c k  m i s r e p a i r  may appear as l i n e a r  
m i s r e p a i r  even though a t  t h e  m ic roscop ic  l e v e l  
i t  i s  a h i g h e r  o r d e r  process. A more d e t a i l e d  
c o n s i d e r a t i o n  o f  t h e  r e l a t i o n s h i p  i s  i n  progress.  

We have shown t h a t  t h e  l i n e a r  m i s r e p a i r  
c o e f f i c i e n t  6 i s  r e l a t e d  t o  t h e  p r o b a b i l i t y  t h a t  
a s i n g l e  heavy i o n  w i l l  cause m i s r e p a i r  a long 
i t s  t r a c k .  

I n  o r d e r  t o  v i s u a l i z e  t h e  a c t i o n  o f  heavy 

The p r o d u c t i o n  o f  double-s t rand 

200 B . 

Porticle trock core 

F i g u r e  5. Schematic drawing o f  t h e  submicro- 
scopic  o r g a n i z a t i o n  o f  DNA and nucleosomes i n  
t h e  c e l l  nucleus. The shaded area r e p r e s e n t s  
t h e  t r a c k  core. S ince t h e  energy d e n s i t y  i n  t h e  
t r a c k  co re  i s  v e r y  h igh ,  i t  i s  p o s s i b l e  t h a t  a 
s i n g l e  t r a c k  causes many s t r a n d  breaks and o t h e r  
d e l e t e r i o u s  e f f e c t s  i n  i t s  path.  When these  
l e s i o n s  a r e  ad jacen t  t o  one another, t h e  proba- 
b i l i t y  f o r  m i s r e p a i r  i s  h igh.  (XBL 8010-3733) 

BIOLOGICAL EFFECTS OF MIXED BEAMS 

The RMR model a l l o w s  c a l c u l a t i o n  o f  s u r v i v a l  
curves f o r  mixed beams, f o r  example, m i x t u r e s  o f  
low and h i g h  LET r a d i a t i o n  d e l i v e r e d  s imu l ta -  
neously. Th i s  i s  a complex problem because t h e  
s p a t i a l  d i s t r i b u t i o n  o f  energy depos i t s ,  t h e  
s p a t i a l  d i s t r i b u t i o n  and s t a t e  o f  n u c l e i c  acids, 
and t h e  dependence o f  r e p a i r  c o e f f i c i e n t s  on LET 
must be considered.  However, a n a l y s i s  o f  heavy- 
i o n  d a t a  a l l o w s  some s i m p l i f i c a t i o n s .  Our 
c a l c u l a t i o n s  depend on t h e  v a l i d i t y  o f  t h e  
f o l l o w i n g  statements: 

1. 
e s s e n t i a l l y  s i m i l a r  U l e s i o n s  i n  t h e  same 
c e l l  s t r a i n .  
2. The LET dependence o f  s u r v i v a l  appears 
t o  be due p r i n c i p a l l y  t o  t h e  y i e l d  o f  U 
l es ions ,  a ( L ) ,  and t h e  amount of l i n e a r  
m i s r e p a i r ,  $ ( L ) .  The r e p a i r  r a t e  cons tan t  E 
i s  e s s e n t i a l l y  independent o f  LET. 

Assuming t h a t  these c o n s i d e r a t i o n s  hold,  two 
r u l e s  can be proposed on t h e  b a s i s  o f  s i m p l i f i e d  
RMR theo ry :  

1. 
a c e l l  from v a r i o u s  LET components a re  
a d d i t i v e .  

Low and h i g h  LET r a d i a t i o n s  ( L )  produce 

The U l e s i o n s  p resen t  s imu l taneous ly  i n  



143 

2. The coefficient of linear intratrack 
misrepair for a mixed LET radiation field is 
a dose-averaged value of the d values for 
each component of the field. 

We may express these rules as follows. Let 
the dose in a mixed field of k components be 
represented by: 

k 

f \  

= 1 YiLi i =1 
(14 

where Li represents mean LET of component i and 
vi is flux density. The concentration of U 
lesions due to the i component is: 

And the total Uo lesions present at t = 0 is: 

k 

If fii is the coefficient of linear intra- 
track misrepair for component i, then the mixed 
beam coefficient 6 is: 

The values of equations 14 and 15 can be directly 
substituted into equation 8 to obtain survival 
curves for mixed modalities. Ngo et al. (1980) 
tested the relationships expressed by equation 15 
for mixtures of neon particles and X rays. 

A typical heavy-ion beam, after it has passed 
through absorbers, may be descrioed as being a 
mixture of four general components: (1) the 
parent beam of monoenergetic para1 le1 particles, 
with discrete high LET broadened by straggling 
and multiple scattering; (2) high-LET fragments 
with atomic numbers smaller than the parent beam, 
but a spectrum of velocities; (3) a low-LET 
component representing chiefly fragment protons, 
helium, and light nuclei of high velocities; and 
(4) multiple pronged stars from target nuclei, 
neutrons, gamma rays, and mesons; these comprise 
only 1 2 %  of the local dose. 

Work is in progress to model the particle 
distribution in mixed heavy-ion beams, and to 
calculate survival curves in heavy-ion fields 
based on RMR analysis of monoenergetic particle 
effects . 

Classification of Mixed Modalities 
on the Basis of the RMR Model 

We believe that the RMR model can be w 
generalized to model the cellular effects of a 

variety of environmental agents like UV radia- 
tion, heat, radiomimetic chemicals, mutagenic 
agents. These agents have certain features in 
common. Each may be capable of producing U 
lesions or uncommitted lesions that have the 
potential for killing or causing mutations. 
Generally, the U lesions from each agent are 
different, however, there may be overlap in the 
spectrum of U lesions formed by different agents. 
The repair kinetics of different U lesions are 
probably also dif'ferent. There may be a char- 
acteristic differential equation, similar to 
equation 1, but perhaps differing in some 
respects, for each U lesion. Also, it is 
possible that each agent can have r effects; that 
is the action of each agent can modify repair of 
its own lesions or lesions from other modalities. 
We believe, however, that there are a finite 
number of classes of U lesions that depend on 
the molecular structure of the cell. 

The following is a classification scheme that 
was recently proposed by Tobias et al. (1980b). 
Assume that two modalities x and y produce U 
lesions Ux and Uy. Modality x has r effects 
also: rxx on the repair of x and rxy on the repair 
of y. Modality y causes ryx and ryy; the survival 
probabilities are S x  and Sy. (Note: for the 
present discussion, we define the magnitude of 
r effects as follows: rx i(r)y/xy; if 
rxy = 1, then x(r)y = xy.f = 

Independence 

If the U lesions from x and y are qualita- 

ryx = 1 and the two environmental agents 
Yndependently. The survival probability for 

tively different then U x f  Uy and the repair path- 
ways are independent. If there are no r effects: 

the joint application of two agents, S, is: 

de are not aware o f  the existence o f  two 
toxic environmental agents that are entirely 
independent o f  one another. However, if one dose 
of X rays follows another with a substantial time 
interval between them, they will have independent 
effects if the U lesions produced by the first 
dose are repaired before the second dose was 
applied and if there are no r effects. 

Simple Synergism 

then if simultaneously Ux lesions are produced 
by X and. Uy lesions ,by<#Y,, then the following 
differential equations hold: 

5 ,  - 
If-two agents produce identical U lesions 

- dt. = -XUx - kU2 kU U x -  x y 

2 
Y Y X  

dt dUY = -XUy - kU - kU U 
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Adding and rearranging we obtain: 

d(Ux + Uy) = -A(U~ + U ) - k(U, + UY)’ (20) Y 

Note that if U = Ux + Uy, equation 20 is 
identical to equation 1. Equations 19a and 19b, 
however, are not identical to 1. The last term 
on the right side has been added to each equation. 
These are interaction terms signifying synergism 
between X and Y. The survival is: 

If X and Y are both X rays, equations 19 through 
2 1  signify that X rays are synergistic with them- 
selves. In order to be able to add 19a and 19b, 
simultaneity in time must prevail. If the agent 
X is administered before Y and a time interval T 
occurs between the administration of X and Y, 
then the Ux lesions must be evaluated at time 
T and added to the Uy: 
a long time interval occurs between txe adminis- 
tration of X and Y, then UX(Tw) = 0, the 
synergism terms are zero, and the joint effects 
of two agents ( X  and Y )  are independent, as 
discussed above. 

U = Ux(T) + U . If 

Two doses of X rays administered together, 
or with a time interval between, have simple 
synergism. If a time interval has elapsed, then 
the remnant U lesions must be added. The 
magnitude of the remnant lesion Ur is expressed 
in equation 2. 

Potentiation or Amelioration 

If the U lesions caused by agent X and Y are 
different, U, D Uy, but X alters the repair 
kinetics for lesions Uy such that rxy 
then X potentiates o r  ameliorates the effects of 
Y.  In the former case the rate o f  repair of Uy 
lesions is reduced; in the latter case the rate 
is increased. This should not be confused with 
chemical radiosensitization or protection, which 
occur in the ph sicochemical phase at short time 

1 

intervals (<lo- 3 sec). 
We believe that caffeine, which by itself 

does not produce pyrimidine dimers, potentiates 
for the action of UV radiation. At the molecular 
level there are many ways in which potentiation 
or amelioration might occur. For example, X may 
induce the repair enzymes for the action of Y.  
The enhancement of radiation effects by changing 
the salt tonicity o f  the cellular milieu probably 
belongs in this class. 

to ionizing radiation is probably a case for 
potentiation. 
usually inhibits the repair of U lesions caused 
by ionizing radiation. 
lesions for temperature effect are different from 
those due to ionizing radiations, and we expect 

The effects of temperature on the responses 

A temperature of 4 3 O C  or higher 

We believe that the U 

an asymmetry in the effect. 
administered before X rays been shown to have a 
different result than X rays administered before 
the temperature is increased. 

High temperature 

Asymmetric Synergism 

If the lesion Ux E Uy and if the r effects rxy 
and ryx are different from unity, we have an asym- 
metric combination of synergism combined with 
potentiation or amelioration. We believe that 
two doses of high-LET radiation separated by a 
time interval, or a single dose of high-LET 
radiation followed by another dose of X rays, 
behave in this manner. The order in which the 
two modalities are applied and the magnitude of 
the time interval between them are both 
important. F. Ngo of our laboratory has some 
preliminary evidence that neon is not only 
synergistic with neon but also potentiates a 
second dose (see Ngo et al. in Part 111). 

The addition of a high salt solution to cells 
that are also being exposed to X radiation, which 
causes phenomena usually described as PLD repair, 
probably belongs to the class of,asymmetric 
synergism. High salinity applie,d before neon 
radiation has a different degree-of effect on 
repair than high salinity app)’ied after a dose 
0;F neon radiation. The experimental data are 
shown in Figure 6. 

Cross Reaction of Lesions 

Assume that X and Y produce qualitatively 
different lesions in the same cell or U,? Uy. 
It is possible that in the course of repair of 
Ux and Uy, the repair systems and lesions interact 
in such a manner that new lesions U, result that 
are different from both U, and Uy. 
the case when UV radiation and X rays are acting 
jointly on the same cell. The pyrimidine dimers, 
the most prevalent Ux lesions caused by UV radia- 
tion, are repaired by excision repair which pro- 
ceeds via single-strand incisions in DNA. One 
single-strand scission may interact with another 
single-strand scission produced by X rays, and 
the net result might be the appearance of a 
double-strand scission lesion U,; Uz is not 
efficiently produced by either UV radiation or 
X rays alone. 

This inay be 

USE OF THE RMR MODEL 
TO STUDY LOW-DOSE EFFECTS 

The traditional method of studying low dose 
effects was t o  study the dose-effect relationship 
at various doses and to extrapolate the results 
to very low dose levels. The accuracy of such a 
procedure is poor because of statistical varia- 
tions. A debate i s  in progress over whether or 
not the dose effect relationships for mutation 
or cell transformation are linear or higher 
order functions of dose. The importance of this 
problem is indicated by the extent of public 
interest, and by the involvement of important 
national and international study groups. A 
recent United Nations report (UNSCEAR 1977) and 



DOSE (Gy) 
IO 12 14 

425MeV/amu N e ( A )  - 
- 

- 

F i g u r e  6. 
i n  t h e  j o i n t  e f f e c t  o f  neon r a d i a t i o n  and hyper- 
t o n i c  s a l t  t r ea tmen t  on hamster V-79 c e l l s  ( f r o m  
t h e  work o f  F.Q.H. Ngo). High s a l t  concentra-  
t i o n s  i nc rease  t h e  l e t h a l  e f f e c t  o f  neon 
p a r t i c l e s .  However, t h i s  PLD e f f e c t  i s  s m a l l e r  
when t h e  s a l t  t rea tmen t  precedes exposure t o  t h e  
neon beam, and l a r g e r  when t h e  neon r a d i a t i o n  i s  
g i ven  b e f o r e  t h e  c e l l s  a re  exposed t o  a 
h y p e r t o n i c  environment. (XBL 805-3365) 

T h i s  f i g u r e  i l l u s t r a t e s  t i m e  asymmetry 

a U.S. N a t i o n a l  Academy o f  Science (BEIR 
Committee No. 3), have n o t  been a b l e  t o  ,reach an 
unequivocal  agreement. 

and t o  con t inuous  background r a d i a t i o n .  
t h e  p resen t  e a r l y  form t h e  model may p r o v i d e .  
impor tan t  new i n s i g h t s  i n t o  t h e  low l e v e l  
i r r a d i a t i o n  problem. 

We have a p p l i e d  t h e  RMR model t o  low doses 
Even, in  

i. 

Assume t h a t  t h e r e  i s  a cont inuous and con 
s t a n t  l e v e l  o f  p r o d u c t i o n  o f  U l e s i o n s r a t  t h e  
r a t e  o f  C p e r  u n i t  t i m e  and t h a t  t h e  r e p a i r  
c o e f f i c i e n t s  x and k a r e  cons tan t  i n  t i m e  and 
independent o f  dose l e v e l .  We know t h a t  t hese  
c o n d i t i o n s  a r e  n o t  s t r i c t l y  met; f o r  example, x 
can va ry  i n  t h e  course o f  c e l l  d i v i s i o n .  How- 
ever ,  t h e  assumption may g i v e  i n s i g h t  i n t o  t h e  
na tu re  o f  t h e  process. Equa t ion  1 must be then  
r e w r i t t e n  as: 
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Assuming t h a t  a t  t h e  beginning,  when t = 0, 
Uo = 0, and as t + w U = U W we o b t a i n :  

where E*  = x*/k. W i th  t h e  v a l u e  o f  Uw: 

I 

(23 )  

a *  = x + 2u, k (24 )  

Assume t h a t  c e l l s  have been i n  a con t inuous  
s t a t e  o f  p r o l i f e r a t i o n  f o r  a l ong  t i m e  t, and 
t h a t  t h e  c e l l  d i v i s i o n  p e r i o d  i s  T. We a l s o  
assume t h a t  c e l l s  w i t h  l e t h a l  m i s r e p a i r  d i e  a t  
t h e  t i m e  o f  c e l l  d i v i s i o n  o r  e a r l i e r ,  b u t  t h a t  
un repa i red  U l e s i o n s  a r e  c a r r i e d  through c e l l  
d i v i s i o n  t o  t h e  n e x t  g e n e r a t i o n  o f  c e l l s .  Then, 
t h e  U l e s i o n s  reach  a cons tan t  l e v e l ,  U, when 
dU/dt  = 0 and, i n  each genera t i on  about as many 
new U l e s i o n s  a re  produced as U l e s i o n s  
d isappear  due t o  r e p a i r .  Equat ion 22 becomes: 

(25)  

If a l l  q u a d r a t i c  r e p a i r  i s  l e t h a l  m i s r e p a i r  and 
i f  t h e  c o e f f i c i e n t  o f  l e t h a l  l i n e a r  m i s r e p a i r  i s  
6 as d e f i n e d  above, t hen  t h e  number o f  l e t h a l  
l e s i o n s  produced i n  t h e  c e l l  pe r  g e n e r a t i o n  i s :  

CT = A *  UwT + kU2 T 
W 

kUzT + ~ * ( l  - 6) uwT 2 (26)  

The p r o b a b i l i t y  of s u r v i v a l  pe r  genera t i on  i s :  

Sgen = exp[-kU$T + ~ * ( 1  - 6)UwT] (27)  

A t  a g i v e n  t i m e  t h e  remnant l e s i o n s  p e r  c e l l  
UR = U,. ,If an acu te  dose of r a d i a t i o n  X i s  
a p p l i e d  p roduc ing  Ux l e s i o n s  then  t h e  new l e v e l  
o f  U l e s i o n  w i l l  be: I U = UR + Ux. I f  UR i s  n o t  
zero, t h e n - t h e  RMR model (equa t ion  8 )  p r e d i c t s  a 
f i n i t e  i n i - t i a l  s l ope  f o r  t h e  s u r v i v a l  cu rve  even 
a t  t h e  l owes t  X dose l e v e l s .  

V a r i a n t s  Produced by  M i s r e p a i r  

I n  each generat ion,  a f r a c t i o n  o f  m i s r e p a i r  
i s  n o t  l e t h a l .  However, s i n c e  m i s r e p a i r  
i n v o l v e s  abnormal DNA sequences, t h e  c e l l s  t h a t  
c a r r y  m i s r e p a i r  w i l l  be des ignated as v a r i a n t  
mutants. These mutants  e x i s t  even i n  t h e  
absence of normal recombinat ion.  
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Case 1: Assume that the variants (M) have 
no particular advantage. They would then have 
the same generation times as the normal cell 
population. 
eliminated, but grow in proportion to "normal" 
cells. 
multiple mutants could accumulate. 

Case 2: It is more likely that the variants 
produced have an "advantage" or a "disadvantage" 
in comparison with normal cells that have only 
uninjured or eurepaired DNA. The advantage might 
express itself in a variety of ways; for example, 
M may have a decreased generation time, and 
greater resistance to physical and chemical 
agents. A possiblity is that the newly arising 
M forms have improved repair efficiency when 
compared to the parent uninjured cells. 
occurs if E or 8 is greater, or k smaller than 
norma 1 . 

The variants then would not be 

In the course of many generations, 

This 

The proportion of cells with advantageous 
repair may gradually outgrow normal cells; 
because of better repair, fewer of the M 
variants will die in each generation. 

if the misrepair process alters control genes, 
causes improved structure of repair enzymes, or 
produces aneuploidy i n  which genes that code f o r  
repair enzymes reoccur more than in a single 
COPY - 

Increased repair efficiency might come about 

There are various evidences in the literature 
that some repair systems are under genetic 
control. In bacteria, the "SOS" repair systems 
are "inducible" and in certain strains of algae 
repair can also be induced (Radman, 1975; Howard 
and Cowie, 1978). In yeast many genetic species 
are known for repair (Ho and Mortimer, 1976). 
Loss of a control gene in an inducible system due 
to radiation injury might result in a "constitu- 
tive" repair system. 

continuous background level of radiation can 
potentially cause a shift toward higher repair 
capacity in the population. Since radiation 
produces a variety of misrepair, we hypothesize 
that at a high dose rate, the advantages might 
be lost. For a given strain of cells then, there 
might be an optimal radiation background at 
which, at the expense of producing some lethals, 
the viable members of the population have an 
optimal repair capacity. 

Since the well-known experiments of Russell 
on mice (1963a,b), it has been known that the 
mutagenic effects of low-LET radiation are 
largely repaired in germ cells, particularly in 
oocytes. We must wonder, however, whether or not 
misrepair occurs along with eurepair in these 
cases as postulated in our model. 

From the above analysis it is evident that a 

Causes of Generation of New U Lesions in 
Background 

We discussed the possibility that various 
deleterious agents can produce U lesions similar 
to lesions produced by ionizing radiation. The 

rate of generation of such lesions, C in 
equation 22, might depend not only on cosmic ray 
background and on natural radioactivity, but also 
on the combined effects of all environmental 
agents. 

It is also possible that U lesions are 
generated in cells due to normal biochemical, 
metabolic and self-reproductive activities. Many 
cells possess enzymes that can cause incision in 
DNA and a number of metabolic processes have 
strong oxidizing agents or free radicals as 
intermediate products. 

Given the rules for additivity of U lesions, 
and the possibilities that various agents also 
have r effects, it is quite possible that the 
quantitative effect of a dose of ionizing radia- 
tion is different at various times on the same 
cellular system. Cells have memories for U 
lesions generated earlier in time, and cells that 
have earlier lived in an environment where repair 
has been advantageous for them, may have 
developed improved repair capacities. 

The problem of the biological effects of low 
level irradiation cannot be separated from the 
problems of joint effects of all environmental 
agents acting on cells together. It is important 
then to establish the environmental and internal 
causes of cell death and accumulation o f  U 
lesions in normal background environments. The 
RMR model presents a quantitative framework for 
testing how the effects of these various agents 
interact with each other. 

In order to understand environmental effects, 
we need to: 

1. analyze the chemical nature of U lesions 
from each type of environmental agent; 
2. measure the yield of various types of U 
lesions from specific environmental poisons; 
3. quantitatively measure r effects on 
repair mechanisms. 

These procedures would help to establish the 
degree of toxicity of various mixed environments. 
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CELL TRANSFORMATION AND MUTAGENESIS 

T. C. H. Yang, F. Q. H. Ngo, J. Howard, and C. A. Tobias 

Carcinogenesis and mutagenesis are two of the 
most important biological effects of ionizing 
radiation. With the progress of cell culture 
techniques, studies on the dose-response rela- 
tionship and the mechanism(s) of radiation- 
induced cell transformation and mutation become 
possible. The cell systems used by most inves- 
tigators for studying radiation transformation 
are established mouse fibroblast lines. When a 
normal fibroblast is grown in vitro and treated 
with carcinogens, its cytological and growth 
characteristics can be altered and show many 
characteristics of a malignant cell, including 
the loss of contact inhibition and the ability 
to form tumors upon reinjection into syngeneic 
hosts. The oncogenic transformation in vitro is 
a complex process and in many respects strongly 
resembles carcinogenesis in vivo. The process 
of radiation induced cell transformation in vitro 
requires time and cell proliferation. Several 
development stages are involved: the initiation 
and fixation of radiation induced damage, a pro- 
liferative phase of expression, and a quiescent 
phase of expression. 
technique, an incubation period of 4 to 6 weeks 
(about the same time as for chemical induced cell 
transformation and about twice longer than viral 
(SV40)  transformation) is required before the 
radiation transformed foci of cells can be 
identified and scored. 

Using the present assay 

As for mutation studies, various mammalian 
cell systems are available, including Chinese 
hamster lung (V79), embryonic (Don) or ovary 
(CHO) cell lines. Most quantitative data on 
mutation induction by radiation have been 
obtained on the basis of selection with purine 
o r  pyrimidine analogues, i.e., HGPRT- (resist- 
ance to 6-thioguanine (6TG) or other purine 
analogues) and TK- (thymidine kinase deficiency 
or resistance to thymidine analogues). 
tion to the HGPRT genes, mutation at other loci 
have been found and used for studying radiation 
mutagenesis, e.g., resistant to ouabain. Follow- 
ing radiation exposure, a stage of mutation 
lesion fixation through cell division and a& 
period of expression are necessary before mutants 
can be identified. : P  

Within the last few years, the transformation 

In addi- 

and the mutation of cells by ionizing radiation 
has been studied in depth by many investigators. 
Most quantitative data, however, have been 
obtained for low-LET radiation, and a limited 
amount of information is available for high-LET 
particles (Cox et al., 1977; Yang and Tobias, 
1980). In general, high-LET radiation has been 
found to be more effective in producing cell 

Gr$ ecause of the potential applications of heavy- ransformation and mutation than X or gamma rays. 

ion radiation in cancer therapy, there is a need 
for information on the carcinogenic and mutagenic 

effects of heavy ions. We have initiated a 
research program to systematically study the 
dose-effect relationships of cell transformation 
and of mutation for heavy ions with various 
charges, velocities, and LET values. In the past 
three years, we have collected data in order to 
answer some specific questions: (1) How effec- 
tive are high-LET heavy ions in producing cell 
transformation? What is the dose-effect rela- 
tion? ( 2 )  Can heavy ions enhance viral trans- 
formation and act as a cocarcinogen? Is the 
cocarcinogenic effect LET dependent? And how? 
( 3 )  Can cells repair heavy-ion induced enhance- 
ment lesions? How much? (4) What is the 
mutagenic effect of high energy heavy ions? 
(5) How does the RBE for cell killing compare 
with that for cell transformation, cocarcinogenic 
effect, and mutagenesis? 

The present goal of this research project is 
to collect quantitative data that are useful for 
estimating and understanding the potential risk 
involved in space flight and in heavy-ion cancer 
therapy, e.g., the late effects in normal tissues 
due to mutation and cell transformation. The 
ultimate goal is to use heavy-ion radiation as a 
research too l  to elucidate the fundamental 
mechanism(s) of mutagenesis, DNA repair, and 
carcinogenesis. The mechanistic studies on 
mutagenesis and cell transformation will help to 
provide a firm base for developing a sound 
scientific theory that can be used to evaluate 
the potential hazards of low dose and low dose 
rate of both low- and high-LET radiation. 

ONCOGENESIS 

Little work on cell transformation with high 
LET radiation has been reported, and only the 
carcinogenic effect of neutrons has been studied 
in reasonable detail (Borek, 1976; Han and 
Elkind,?1979). Studies on cell transformation 
with heavy ions were initiated in our laboratory 
less than a year ago, and some of the preliminary 
results'are reported here. A mouse embryo cell 
line--C3HlOT1/2 (cl8)--was obtained from Dr. C. 
Heidelberger's laboratory at the University of 
Southern California. Only well-confluent cells 
-were used for studying radiation cell transform- 
ation. After exposure to radiation, cells were 
trypsinized into singlets and plated into 100-mm 
dishes at a density that gave about 500 survivors. 
Medium was changed once a week and cells for 
transformation were fixed and stained after 5 to 
6 weeks of incubation at 37'C. 
checked under a Zeiss dissecting microscope, and 
the colonies that showed multiple layers of 
cells, i.e., a loss of density inhibition of 
growth classified as Type I 1  and 111 according 
to Reznikoff et al. (1973a,b) were scored as 
transformed. The colony-forming ability was 

The plates were 



determined by p l a t i n g  i r r a d i a t e d  c e l l s  i n t o  * 

100-mm d ishes  a t  a low d e n s i t y  which gave about 
100 t o  150 s u r v i v o r s  pe r  d i s h  a t  t h e  end o f  9 
days o f  i n c u b a t i o n .  
t han  9 c e l l s  were counted as s u r v i v o r s .  

Colonies t h a t  con ta ined  more 

Resu l t s  o f  two experiments w i t h  470 MeV/n 
carbon beam a r e  shown i n  F i g u r e  1. Note t h e  
i n i t i a l  r a p i d  i nc rease  o f  t r a n s f o r m a t i o n  f r e -  
quency pe r  s u r v i v a l  w i t h  dose t h a t  appears t o  
reach a p l a t e a u  a t  about 600 r a d  f o r  b o t h  X rays  
and 470 MeV/n (LET, = 10 keV/Um) carbon ions .  
Th is  dose-response r e l a t i o n s h i p  i s  s i m i l a r  t o  
t h a t  seen by o t h e r  i n v e s t i g a t o r s .  
o f  doses s tud ied ,  carbon p a ' r t i c l e s  w i t h  a r e s i d -  
u a l  range i n  wa te r  o f  about 1.4 cm (-70 MeVIn; 
LET = 34 keV/Um) c o n s i s t e n t l y  gave a h i g h e r  
f requency o f  t r a n s f o r m a t i o n  pe r  v i a b l e  c e l l  t h a n  
X rays .  When t h e  t r a n s f o r m a t i o n  f requency p e r  
s u r v i v o r  (-3 x 10-3) induced by an X-ray dose 
t h a t  g i ves  a 50% l e t h a l i t y  (-220 r a d )  i s  t aken  
as t h e  reference p o i n t ,  t h e  RBE f o r  470 MeV/n and 
70 MeV/n carbon i o n s  was found t o  be about 1.0 
and 1.8, r e s p e c t i v e l y .  A comparison between RBE 
va lues f o r  c e l l  t r a n s f o r m a t i o n  and c e l l  k i l l i n g  
f o r  v a r i o u s  r a d i a t i o n  q u a l i t i e s  i s  shown i n  
Table 1. For t h e  same c e l l  l i n e  (C3HlOT1/2), t h e  
RBE i s  about t h e  same f o r  b o t h  c e l l  k i l l i n g  and 
oncogenic t r a n s f o r m a t i o n  f o r  a g i v e n  qua- l i t y  o f  
i o n i z i n g  r a d i a t i o n .  The d a t a  o b t a i n e d - w i t h  
430 keV neutrons suggest t h a t  t h e r e  may be a 
s i g n i f i c a n t  d i f f e r e n c e ,  by a f a c t o r  about 2, 
between t h e  RBE v a l u e  f o r  c e l l  l e t h a l i t y  and 
c e l l  t r a n s f o r m a t i o n .  Th is  d i f f e r e n c e ,  however, 
becomes l e s s  s i g n i f i c a n t  when t h e  RBE i s  t aken  
a t  lower  doses, i .e.,  a t  h i g h e r  s u r v i v a l  l e v e l s .  

It i s  n o t  known a t  p resen t  wh-ether the  RBE 
f o r  oncogenic t r a n s f o r m a t i o n  i s  t h e  same as f o r  
c e l l  k i l l i n g  f o r  a l l  high-LET r a d i a t i o n .  F u r t h e r  
i n v e s t i g a t i o n  on t h i s  q u e s t i o n  i s  e s s e n t i a l ,  be- 
cause i t  w i l l  y i e l d  i n s i g h t s  on t h e  mechanism(s) 
o f  r a d i o g e n i c  c e l l  t r a n s f o r m a t i o n .  For example, 
i f  t h e  RBE and LET r e l a t i o n s h i p  i s  p r e c i s e l y  t h e  
same f o r  b o t h  end p o i n t s ,  c e l l  t r a n s f o r m a t i o n  
l e s i o n s  a re  l i k e l y  r e l a t e d  t o  the  r e p a i r a b l e  
l e t h a l  damages, and t h e  oncogenic t r a n s f o r m a t i o n  
o f  c e l l s  may be a r e s u l t  o f  m i s r e p a i r  o f  these 
l e s i o n s .  

In t h e  range 
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F i g u r e  1. 
carbon ions  i n  i n d u c i n g  oncogenic t r a n s f o r m a t i o n  
of mouse embryo c e l l s  (C3HlOT1/2). (XBL 
807-10658) 

Dose-response curves f o r  X r a y s  and 

C O C A R C I N O G E N I C  EFFECT 
There a r e  numerous types o f  oncogens, e.g., 

r a d i a t i o n ,  chemical ,  and v i r a l  oncogens i n  ou r  
environment, and i t  i s  p o s s i b l e  t h a t  some tumors 
a r e  caused by more than  o one carc inogen.  
i n t e r a c t i o n  between c e r t a i n  types o f  carc inogens 
can be more than  a d d i t i v e ,  i.e., s y n e r g i s t i c .  
Animals t r e a t e d  w i t h  a combinat ion o f  chemical 
carc inogens and oncogenic v i ruses ,  f o r  example, 
develop a h i g h e r  i nc idence  o f  tumors than  animals  
i n o c u l a t e d  w i t h  v i r u s  o r  chemical a lone  (Chieco- 
B ianch i  e t  a l . ,  1963; Duran-Reynals, 1954). 

The 

Table 1. RBE Values f o r  C e l l  K i l l i n g  and T rans fo rma t ion  f o r  High-LET 
Rad ia t i on .  

RBE ( a t  50% s u r v i v a l )  

Radi a t  i o n  C e l l s  S u r v i v a l  T r a n s p o r t a t i o n  References 

Neutrons prim'ary hamster 1 5  33 Borek (1976) 
(430 keV) embryo c e l l s  

Neutrons C3HlOT1/2 c e l l s  2.6 2.6 Han and E l k i n d  
(GENUS) (1979) 

Carbon C3HlOT1/2 c e l l s  1.0 1.0 
(470 MeV/n) 

Carbon C3HlOT1/2 c e l l s  1.8 1.8 
(70 MeV/n) 

I 



Several p o l y c y l i c  hydrocarbons have been 
shown t o  a c t  s y n e r g i s t i c a l l y  i n  v i t r o  w i t h  RNA 
tumor v i r u s e s  t o  t r a n s f o r m  roden ts  c e l l s  (Freeman @ e t  a l . ,  1970; Rhim e t  a l . ,  1971). R a d i a t i o n  has 
been found t o  enhance v i r a l  t r a n s f o r m a t i o n  o f  
mammalian c e l l s  i n  c u l t u r e  a l so .  The e f f e c t  o f  
X r a y s  on t h e  s e n s i t i v i t y  o f  hamster k i d n e y  
(BHK21) c e l l s  t o  t r a n s f o r m a t i o n  by  polyoma v i r u s  
was f i r s t  examined by Stoker  (1963), and an 
enhancement o f  v i r a l  t rans fo rma t ion  was observed. 
S i m i l a r  e f f e c t s  were found by P o l l o c k  and Todaro 
(1968) when t h e y  s t u d i e d  t h e  change i n  c e l l  
t r a n s f o r m a t i o n  f requency o f  SV40 i n f e c t e d  mouse 
f i b r o b l a s t s  (3T3 c e l l s )  and human d i p l o i d  s k i n  
f i b r o b l a s t s  i r r a d i a t e d  w i t h  250-kVp X rays .  The 
f requency o f  c e l l  t r a n s f o r m a t i o n  by oncogenic 
v i r u s  can a l s o  be enhanced by U.V. r a d i a t i o n  
( L y t l e  e t  a l . ,  1970). Enhancement o f  v i r a l  
t r a n s f o r m a t i o n  by  o t h e r  carc inogens i s ,  t he re -  
f o r e ,  a w e l l - e s t a b l i s h e d  genera l  phenomenon, and 
r a d i a t i o n  can be considered as an e f f e c t i v e  
cocarcinogen. 

Heavy i o n s  occu r  i n  n a t u r e  i n  numerous 
laces,  e. a lpha  p a r t i c l e s  e m i t t e d  f rom 

510Pb and j i b P o  i n  i n s o l u b l e  smoke p a r t i c l e s ,  
r a d i o n u c l i d e s  t h a t  a re  by-products o f  n u c l e a r  
f u e l  cyc les ,  contaminants  o f  n u c l e a r  research  
s i t e s ,  uranium mines, c e r t a i n  n u c l e a r  medicine, 
and cosmic r a y s  i n  space. There fo re ,  i t  i s  
p r a c t i c a l  as w e l l  as impor tan t  t o  o u r  fundamental 
knowledge, t o  know t h e  p o t e n t i a l  coca rc inogen ic  
e f f e c t  of high-LET r a d i a t i o n  i n  c e l l  t ransforma- 
t i o n  by oncogenic v i r u s e s .  We i n i t i a t e d  e x p e r i -  
ments a few yea rs  ago t o  s t u d y  t h i s  i n t e r e s t i n g  
problem. 
(C3HlOT1/2) as a model system, and t h e  methods 
developed by Po l l ock  and Todaro (1968), e x t e n s i v e  
s t u d i e s  have now been c a r r i e d  o u t  on t h e  enhance- 
ment o f  c e l l  t r a n s f o r m a t i o n  by SV40 f o l l o w i n g  
exposure t o  carbon, neon, o r  argon i o n  beams 
produced a t  t h e  Bevalac and SuperHILAC. 

Using c u l t u r e d  mouse embryo c e l l s  

I 

F i g u r e  2A shows a p l o t  o f  t h e  average number 
o f  t r a n f o r m a n t s  pe r  c e l l  p l a t e d  as a f u n c t i o n  o f  
dose. W i th  no r a d i a t i o n ,  t h e  f requency  o f  t r a n s -  
formation by SV40 virus was about 7 to 8 x 
The f requency  o f  t r a n s f o r m a t i o n  was'enhanced by 
r a d i a t i o n  two t o  t h r e e  t imes,  and reached a peak 
around 300 r a d  f o r  X r a y s  and about 200 r a d  f o r '  
neon p a r t i c l e s  (425 MeV/n; LET, = 34 keV/,,m). 
A t  h i g h e r  doses, as c e l l  k i l l i n g  becomes dominant, 
a decrease i n  t h e  enhancement e f f e c t  was found. 
The r a t e  o f  t h i s  decrease was s lower  f o r  X r a y s  

I I I I I I 
3-4-78 
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EFFECT OF NEON IONS (425  MeVhmu) AND X-RAYS ( 2 2 5  kVp) 
ON SV-40 VIRAL TRANSFORMATION OF C3HIOT1/2 CELLS (CI 6/11) 
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k.. . . . . . . !lop/, 1: , ;re , 1 
- 5 .  7 t han  i t  was f o r  neon ions .  The r e s i r l t s  o f  the' 

e f f e c t  o f  X r a y s  and neon ions  on t h e  number o f  
t rans fo rman ts  pe r  s u r v i v o r  a r e  shown,in F,igure 28. o<,n. 

I 

The inc rease  o f  t h e  enhancement r a t i o  as a func-  ' 0  00 200 300 400 500 600 700 800 
t i o n  o f  r a d i a t i o n  dose i s  c u r v i l i n e a r  f o r  b o t h  DOSE (RADS1 

neon p a r t i c l e s  and f o r  X rays.  The RBE v a l u e  f o r  2 :  \ I 1  

neon i o n s  i n  t h e  enhancement e f f e c t  decreased as I 
t h e  dose was increased.  f o r  t h e  50% l e t h a l  dose 
of neon i o n s  (about  140 r a d ) ,  which caused a ,' F i g u r e  2; .Enhancement e f f e c t - o f  neon p a r t i c l e s  
f i v e f o l d  i nc rease  o f  v i r a l  t rans fo rma t ion ,  t h e ,  ( 4 2 5 / n )  and X r a y s  i n  v i r a l  t r a n s f o r m a t i o n .  
RBE was about 2.28. The 10% s u r v i v a l  dose (about  (A)  The number o f  t rans fo rman ts  per  c e l l  p l a t e d  
310 r a d ) ,  gave an enhancement r a t i o  o f  about 15 i n  SV40-infected C3HlOT1/2 c e l l s  as a f u n c t i o n  
and RBE o f  about 1.84. Carbon ions  (400 MeV/n) o f  r a d i a t i o n  dose. ( 5 )  The r e l a t i o n s h i p  between 

i t h  LETco va lues o f  about 11 keV/pm gave t h e  same t h e  enhancement r a t i o  (a  r a t i o  o f  t rans fo rman t  
enhancement r a t i o  f o r  X r a y s  over  t h e  dose range pe r  s u r v i v o r  o f  i r r a d i a t e d  c e l l s  t o  t h a t  o f  non- 

i r r a d i a t e d  c e l l s )  and r a d i a t i o n  dose. [ ( A )  XBL s t u d i e d  (up t o  about 500 r a d ) ,  as shown i n  
F i g u r e  3A. The k i n e t i c s  o f  t h e  enhancement o f  785-8403; (B)  784-8251] 

Q 
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v i r a l  t r a n s f o r m a t i o n ,  however, approached l i n e -  
a r i t y  f o r  570 MeV/n argon ions  w i t h  LET, about 
85 t o  90 keV/um (F ig .  38). For  heavy i ons  w i t h  
ex t reme ly  h i g h  LET values, e.g., 5 MeV/n argon 
p a r t i c l e s  (LET, = 2,000 keV/pm), t h e  enhancement 
e f f e c t  was much lower  than X rays .  Th is  may be 
because t h e  c ross -sec t i ona l  area f o r  c e l l  k i l l i n g  
w i t h  low energy argon ions  i s  c l o s e  t o  t h e  s i z e  
o f  n u c l e a r  area, i.e., h i t t i n g  t h e  nuc leus w i t h  
a lower  energy argon p a r t i c l e  may cause a l e t h a l  
event  (Yang e t  a l . ,  1977). The c e l l  k i l l i n g  thus 
becomes a dominant e f f e c t  f o r  heavy i o n s  w i t h  
h i g h  LET. 

RBE o f  t h e  enhancement e f f e c t  i nc reases  w i t h  LET, 
reaches a maximum peak around 100 t o  200 keV/um, 
and then  decreases t o  va lue  l e s s  than  1, as shown 
i n  F i g u r e  3C. 

Based on our  d a t a  p r e s e n t l y  a v a i l a b l e ,  t h e  

The p r e c i s e  r e l a t i o n s h i p  between 
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F i g u r e  3. 
i o n s  w i t h  v a r i o u s  charges and energ ies.  
(A)  Enhancement o f  SV40 v i r a l  t r a n s f o r m a t i o n  o f  
C3HlOT1/2 c e l l s  w i t h  X rays  o r  400 MeV/n carbon 
p a r t i c l e s .  ( 6 )  T rans fo rma t ion  f requency p e r  
s u r v i v a l  as a f u n c t i o n  o f  dose f o r  570 MeV/n 
argon ions  and X r a y s .  
LET, f o r  r a d i a t i o n  enhancement o f  v i r a l  t r a n s -  
fo rma t ion .  [ (A)  XBL 785-8402; (B)  807-10659; 
(C) 807-106871 

R a d i a t i o n  enhancement e f f e c t  o f  heavy 

(C) RBE as a f u n c t i o n  o f  

RBE and LET, however, w i l l  n o t  be known u n t i l  
more d a t a  a r e  obta ined,  e s p e c i a l l y  i n  t h e  LET 
r e g i o n  between 100 t o  1,000 keV/um. 

The q u e s t i o n  as t o  whether t h e  r a d i a t i o n -  
induced l e s i o n  t h a t  enhances t h e  v i r a l  t r a n s -  
f o r m a t i o n  o f  c e l l s  can be r e p a i r e d  i s  c l e a r l y  an 
i n t e r e s t i n g  and impor tan t  one. For i o n i z i n g  
r a d i a t i o n ,  t h e r e  a r e  two well-known r e p a i r  p ro -  
cesses: s u b l e t h a l  damage r e p a i r  and p o t e n t i a l  
l e t h a l  damage r e p a i r .  The r o l e  o f  these two 
r e p a i r  processes i n  t h e  enhancement e f f e c t  has 
been s tud ied ,  b u t  t hus  f a r  o n l y  a v e r y  l i m i t e d  
amount o f  d a t a  has been ob ta ined  and r e p o r t e d  
(Coggin, 1969). An ex tens i ve  s tudy  on t h e  e f f e c t  
o f  p o t e n t i a l  l e t h a l  damage r e p a i r  on t h e  enhance- 
ment o f  v i r a l  t r a n s f o r m a t i o n  by X r a y s  and heavy 
i o n s  has been done i n  ou r  l a b o r a t o r y  (Yang e t  a l . ,  
1980). When c e l l s  were ma in ta ined  a t  a c o n f l u e n t  

RADIATION ENHANCEMENT OF S V 4 0  TRANSFORMATION OF C3HIOT !$ CELLS 

RBE v5 LET FOR ENHANCEMENT OF SV40 TRANSFORMATITIONOF CELLS IN V-0 

8 I ' ' ' 1  ""I ' ' ' I " " I  ' ' ' ' 
r 

5 I I 
I I 

' /  \ I  

//nl 

MEAN L E T  (KeV/pm) 

IO' 



153 

3-4-78  

s t a t e  a t  37-C f o r  8 h a f t e r  i r r a d i a t i o n  b e f o r e  
t h e y  were p l a t e d  i n t o  d ishes  a t  low d e n s i t y ,  
t h e r e  was an i n c r e a s e  i n  c e l l  s u r v i v a l  f o r  b o t h  
X r a y s  and neon p a r t i c l e s  (see Ngo e t  a l . ,  P a r t  
111). The enhancement e f f e c t  o f  v i r a l  t rans form-  
a t i o n ,  however, was decreased f o r  b o t h  X r a y s  and 
neon i o n s  when t h e  v i r a l  i n f e c t i o n  was delayed. 

25- 

0 5 20- 
DI 

I- z 
W 5 15- 
V z 
I 
2 

a 

10- 

F i g u r e  4 d e p i c t s  t h e  r e s u l t s  o f  neon i o n s  on 
c e l l  t r a n s f o r m a t i o n .  The enhancement e f f e c t  o f  
neon i r r a d i a t i o n  on t h e  v i r a l  t r a n s f o r m a t i o n  o f  
c e l l s  decreased t h e  l o n g e r  t h e  SV40 i n f e c t i o n  was 
delayed. The enhancement r a t i o  dropped by  a 
f a c t o r  o f  1.67, i .e.,  f rom about 5 t o  3, when t h e  
v i r a l  i n f e c t i o n  was done 8 h a f t e r  t h e  c e l l s  were 
i r r a d i a t e d  w i t h  a dose o f  138 r a d  (LD50). A 
f u r t h e r  decrease o f  t h e  enhancement r a t i o  was 
observed when t h e  SV40 i n f e c t i o n  was performed 
18 h a f t e r  i r r a d i a t i o n .  For a dose o f  310 rad,  
which i s  a l e t h a l  dose f o r  10% s u r v i v a l ,  t h e  
enhancement r a t i o  decreased f rom about 15 t o  6 
f o r  an 8 h delay,  and f rom 15 t o  1.8 f o r  an 18-h 
de lay .  

A q u a n t i t a t i v e  s t u d y  on t h e  e f f e c t  o f  sub- 
l e t h a l  damage r e p a i r  on enhancement has a l s o  been 
conducted i n  o u r  l a b o r a t o r y  (Yang and Tobias, 
1980). R e s u l t s  showed an i n c r e a s e  i n  s u r v i v a l  
and a decrease i n  enhancement o f  v i r a l  t rans form-  
a t i o n  when c e l l s  r e c e i v e d  a c o n d i t i o n i n g  dose o f  
250 r a d  X r a y s  and were then i r r a d i a t e d  w i t ;  
v a r i o u s  doses a f t e r  an 8-h i n c u b a t i o n  a t  37 C, 
as compared t o  t h e  e f f e c t s  o f  s i n g l e  exposure. 
The v i r a l  i n f e c t i o n  was done immedia te ly  a f t e r  
t h e  second r a d i a t i o n  dose. For c e l l s  i r r a d i a t e d  
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E f f e c t  o f  SV40 i n f e c t i o n  t i m e  on t h e  
nhancement o f  v i r a l  t r a n s f o r m a t i o n  i n  C3H10T1/2 

c e l l s  i r r a d i a t e d  w i t h  neon p a r t i c l e s  (425 MeV/n). 
(XBL 784-8252) 

w i t h  s p l i t  doses, t h e r e  was o n l y  a s h i f t  o f  t h e  
enhancement curve  w i t h o u t  any change o f  i t s  
s lope, which i s  s i m i l a r  t o  t h a t  o f  a s u r v i v a l  
curve. 

These exper imenta l  r e s u l t s  i n d i c a t e  t h a t  
mammalian c e l l s  can e f f e c t i v e l y  r e p a i r  most o f  
t h e  rad ia t i on - induced  enhancement l e s i o n s .  Our 
more r e c e n t  s t u d i e s  showed t h a t  t h e  k i n e t i c s  o f  
r e p a i r  i s  about t h e  same f o r  b o t h  enhancement 
e f f e c t  and s u r v i v a l .  The b i o l o g i c a l  e f f e c t  
changes e x p o n e n t i a l l y  w i t h  t i m e  and reaches a 
p l a t e a u  about 6 h a f t e r  X - i r r a d i a t i o n .  Caf fe ine ,  
which i s  a r e p a i r  i n h i b i t o r ,  a p p l i e d  t o  c e l l s  
a f t e r  i r r a d i a t i o n  and SV40 i n f e c t i o n  caused an 
inc rease o f  v i r a l  t r a n s f o r m a t i o n  and X-ray 
enhancement e f f e c t ;  hydroxyurea showed no e f f e c t .  

To e x p l a i n  t h e  enhanced t r a n s f o r m a t i o n ,  i t  
has been sugges-ted t h a t  r a d i a t i o n  produces s t r a n d  
breaks i n  c e l l u l a r  DNA t h a t  promote t h e  a t t a c h -  
ment o r  i n t e g r a t i o n  o f  v i r a l  genomes d u r i n g  DNA 
r e p a i r  s y n t h e s i s  ( P o l l o c k  and Todaro, 1968; 
Coggin, 1969; L y t l e  e t  a l . ,  1970; Casto, 1973). 
A t  t h e  t i m e  we i n i t i a t e d  o u r  research  work we d i d  
n o t  know: ( 1 )  what t y p e ( s )  o f  DNA s t r a n d  breaks 
i s  i m p o r t a n t  i n  r a d i a t i o n  enhancement e f f e c t ,  o r  
( 2 )  whether t h e  r e p a i r  o f  rad ia t i on - induced  DNA 
l e s i o n s  d i r e c t l y  a i d s  t h e  i n t e g r a t i o n  o f  v i r a l  
genomes i n t o  t h e  h o s t  DNA. 

Our d a t a  f r o m  heavy i o n  s t u d i e s  have p r o v i d e d  
new i n f o r m a t i o n  on t h e s e  two ques t ions .  Since 
h i g h  LET heavy ions  a r e  more e f f e c t i v e  i n  produc- 
i n g  DNA double s t r a n d  breaks than s i n g l e  s t r a n d  
breaks (Chr is tensen e t  a l . ,  1972), s i n c e  t h e  
enhancement e f f e c t  i s  g r e a t e r  f o r  high-LET heavy 
p a r t i c l e s  t h a n  f o r  low-LET r a d i a t i o n ,  and s i n c e  
t h e  enhancement o f  v i r a l  t r a n s f o r m a t i o n  i s  pro- 
p o r t i o n a l  t o  t h e  square o f  t h e  X-ray dose (Yang 
e t  a l . ,  1980), DNA double s t r a n d  breaks appear 
t o  be t h e  m a j o r  l e s i o n s  i n v o l v e d  i n  t h e  r a d i a t i o n  
enhancement e f f e c t .  The r e p a i r  s t u d i e s ,  f u r t h e r -  
more, suggest t h a t  these doub le  s t r a n d  breaks 
may be t h e  r e p a i r a b l e  ones and t h a t  t h e y  a r e  
r e l a t e d  t o  t h e  s low- repa i r  l e s i o n s  observed i n  
asynchronous hamster c e l l s  by R i t t e r  e t  a l .  
(1977) and by  Roots e t  a l .  (1979). Recent ly  we 
have o b t a i n e d  some exper imenta l  r e s u l t s  t h a t  
suggest t h e  r e p a i r  o f  rad ia t i on - induced  enhance- 
ment l e s i o n s  a t  G 1  phase does n o t  a i d  t h e  
i n t e g r a t i o n  o f  SV40 v i r a l  genomes i n t o  c e l l  
n u c l e a r  DNA. However, t h e  importance o f  t h e  
r e p a i r  process i n  S phase i n  p romot ing  t h e  
at tachment o f  v i r a l  DNA i n t o  h o s t  chromosomes o f  
i r r a d i a t e d  c e l l s  needs f u r t h e r  i n v e s t i g a t i o n .  

MUTAGENESIS 

We i n i t i a t e d  s t u d i e s  on t h e  mutagenic 
p o t e n t i a l  o f  e n e r g e t i c  heavy i o n s  about s i x  
months ago. Two d i f f e r e n t  g e n e t i c  markers 
(ouabain r e s i s t a n t  and 6-TG r e s i s t a n t )  and t h r e e  
c e l l  l i n e s  (C3H10T1/ZY V79, and CHO c e l l s )  were 
chosen f o r  t h e  m u t a t i o n  work. Using t h e  tech- 
n iques  developed by Landolph and He ide lberger  
(1979), t h e  i n d u c t i o n  o f  ouabain r e s i s t a n t  muta- 
t i o n  i n  C3H10T1/2 c e l l s  by  U.V. l i g h t ,  X rays ,  
10.2 meV/n l i t h i u m  ions, 8.5 MeV/n argon par-  
t i c l e s ,  and a lpha p a r t i c l e s  o f  241Am were examined. 



No mutant was found in cells treated with radia- 
tion, except U.V. light. 
ionizing radiation, including high-LET heavy 
ions, cannot effectively induce ouabain resistant 
mutation. This finding was not unexpected, since 
Thacker et al. (1978) reported a negative result 
in V79 cells treated with gamma rays and 
accelerated helium ions. 

Results showed that 

The use of 6-thioquanine to study mutation 
induction in Chinese hamster ovary cells (CHO) 
by heavy ions yielded positive results. 
Asynchronous CHO cells in exponential growing 
phase were irradiated with neon ions (425 MeV/n; 
LET,= 30 keV/@), subsequently seeded at a low 
density, and incubated for 8 to 10 days before 
selecting for mutants with 6-TG medium. 
respread method was used to obtain the mutation 
frequency, and the results are given in Figures 5 
and 6. Both neon ions and X rays increased the 
number of mutants per viable cell curvilinearly 
with an increase in dose. Neon particles appear 
to be highly effective in producing mutation, as 
compared to X rays. 
determined by taking the mutation frequency per 
viable cell (-5 x 10-5) induced by an X-ray 
dose given 10% survival (-550 rad) as the 
reference point, was about 3.6. 
between the RBE for mutation induction (-3.6) and 

The 

The RBE value, which was 

A comparison 
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Figure 5. Dose-response curves of CHO cells 
irradiated with X rays or neon particles 
(425 MeV/n): Survival (A) and 6-TGr mutation 
(6). [(A) XBL 807-10690; (6) 807-106921 
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for cell killing (-1.4) at 10% survival level 
indicates that, compared to X rays, neon ions can 
produce more mutation lesions than lethal 
injuries. 

preliminary data with 15.6 MeV/n carbon ions. 
Compared with 225 kVp X rays, low energy carbon 
particles (LET, -126 keV/um) appear to be very 
effective in producing both cell killing and 
6-THr mutation, as shown in Figure 6. These 
mutation data, although preliminary, do consist- 
ently suggest that high-LET radiation can be very 
mutagenic and are qualitatively in agreement with 
other investigators' results (Cox et al., 1977). 

Using V79 cells, F.Q.H. Ngo has obtained some 

PLANS FOR FUTURE RESEARCH 

Within a relatively short period of time, our 
heavy-ion research program on cell transformation 
and mutagenesis has yielded some interesting 
information. We now have a better understanding, 
for example, about the role of the repair 
mechanism in the radiation enhancement effect, 
and the nature of molecular lesions that are 
induced by radiation and may be responsible for 
the enhancement of viral transformation. Studies 
on the mutation induction and cell transformation 
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Figure 6 .  The effects of carbon ions (15.6 MeV/n) on cell survival and mutation in V79 cells, 
as compared to X rays. 
spontaneous mutation (-3-4 x per survivor). (XBL 808-3562A) 

Mutation data of V79 cells are not corrected with respect to 

with heavy ions give us more insight into the 
molecular mechanisms of cell transformation. 
The negative result of obtaining ouabain-resistant 
mutation with heavy ions and the high yield of 
cell transformation by high-LET radiation suggest 
that the lesion (possibly point mutation) for 
ouabain mutation is not the one or the only one 
involved in the cell transformation. 

In the next three years, we plan t o  continue 
our studies on mutation and ce 
with heavy ions and9to determi 
tion of mutation and oncogeni,c transformation per’ 
heavy particle of various LET values and charges. 
This information will be useful for estimating 
the potential hazards of cosmic rays. The 
effects of fractionated doses o f  high-LET radi,a- 
tion on mutaqenesis and cell transformation an 
the possible synergistic interaction between 
high- and low-LET radiation in inducing mutation 
and oncogenic transformation will be studied. 7 

This information will be importantdfor heavy-ion : 
cancer therapy and for assessing radiation risk, 
since a synergistic effect of cell killing 
between high- and low-LET radiation has been 
we1 1 demonstrated (Ngo et al., 1977, 1978). 

For our fundamental understanding the 
mechanism o f  radiogenic cell transformation and 
the cocarcinogenic effect of radiation, experi- 
-, ents will be performed to examine the cell cycle 

6mIJ ependency of cell transformation and enhancement 
of viral transformation by radiation. The role 
of repair mechanisms in oncogenesis, cocarcino- 

genesis, and mutation will be explored further. 
We will study the kinetics of repair of trans- 
formation lesions, enhancement damages, and 
mutation injuries induced by heavy-ion radiation. 
Data from these studies can provide information 
on the nature o f  molecular structure alterations 
in DNA which are related to oncogenesis and 
mutagenesis. 

in origin, a study on the radiation oncogenesis 
o f  epithelial cells is certainly important. We 
plan to initiate some work on culturing mammalian 
epithelial cells and conducting some preliminary 
radiation experiments with these cells. 

ions by applying the cell transformation 
technique. The nontransformed and highly 
oncogenic cells of same cell line will be used 
as model systems to study the radioresponses of 
normal and tumor cells. In addition, various 
chemicals that can modify the expression o f  
tumorigenesis, e.g., retinoicfacid, will be 
tested with the heavy-ion transformed cells. 
the transformed cells are highly sensitive to 
some modifiers, a prevention of heavy-ion induced 
oncogenesis through a chemical means may become 
feasible and useful for cancer therapy and for 
space travelers. 

Because most o f  human cancers are epithelial 

We can? isolate cells transformeb by heavy 

If 

In sum, we have obtained some interesting 
results related to cell transformation and muta- 
tion, and we believe that a continuation of 
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research work w i t h  heavy-ion r a d i a t i o n  f o r  
another  t h r e e  yea rs  w i l l  r e s u l t  i n  v a l u a b l e  d a t a  
t h a t  w i l l  be impor tan t  f o r  r i s k  assessment, f o r  
r a d i a t i o n  cancer therapy,  and f o r  a fundamental 
understanding o f  carc inogenesis .  
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SPECIFIC GENE MUTATIONS INDUCED BY HEAVY IONS 

(rs M. Freeling,* C. W. Karoly,* and D. S. K. Cheng* 

Acce le ra ted  heavy i ons  cause chromosome 
breaks w i t h  h i g h  e f f i c i e n c y  and a l s o  induce 
mutants  i n  s p e c i f i c  genes. A genera l  r e v i e w  o f  
heavy-ion r a d i a t i o n  g e n e t i c s  can be found i n  t h e  
LBL r e p o r t  c o v e r i n g  Bevalac research f rom 1974- 
1977 ( F r e e l i n g  and Yang, 1977). It was concluded 
t h a t  we need t o  have exac t  knowledge o f  t h e  
mo lecu la r  n a t u r e  o f  heavy-ion induced mutants  i n  
h i g h e r  p l a n t s  and animals. There a re  seve ra l  
p r a c t i c a l  reasons f o r  s t u d y i n g  t h e  n a t u r e  o f  DNA 
l e s i o n s  induced by heavy i ons :  

1. I n  theory,  heavy i ons  should be u n i q u e l y  
capable o f  i n d u c i n g  mutants t h a t  r e q u i r e  
m u l t i p l e  double-s t rand break p o i n t s  w i t h i n  a 
l o c a l i z e d  p i e c e  o f  DNA. 
l i n e s  o f  ev idence t h a t  i n d i c a t e  " r e g u l a t o r y  
m u t a t i o n s "  a r e  induced by break p o i n t  assoc- 
i a t e d  events  (Free1 i n g  and Woodman, 1979). 
I f  so, heavy i o n s  may p r o v i d e  a g r i c u l t u r e  
w i t h  a means t o  i nc rease  u s e f u l  v a r i a b i l i t y  
which has n o t  been eva lua ted  u s i n g  s p a r c e l y  
i o n i z i n g  r a d i a t i o n .  
2. I d e n t i f i c a t i o n  o f  p o t e n t i a l  sources o f  
env i ronmenta l  mutagens u s i n g  i n  s i t u  m o n i t o r s  
i s  j u s t  now beginning.  The a l c o h o l  dehydrog- 
enase-1 ( A d h l )  system expressed i n  maize 
p o l l e n  h a m o v e d  one o f  t h e  more p romis ing  
i n  s i t u  m o n i t o r s  ( F r e e l i n g ,  1978, 1980). 
The heavy ion- induced mutants which we have 
i s o l a t e d  and s t u d i e d  a re  now be ing  i n c o r p o r -  
a ted i n t o  t h e  mon i to r .  
3. Most i m p o r t a n t l y ,  heavy i ons  p r o v i d e  a 
p o t e n t i a l  t o o l  w i t h  which t h e  g e n e t i c i s t  
m igh t  change t h e  gene i n  ways n o t  p o s s i b l e  
u s i n g  p o i n t  mutagens o r  spa rce l y  i o n i z i n g  
r a d i a t i o n .  We now know l i t t l e  about t h e  
n a t u r e  o f  t h e  gene i n  h i g h e r  organisms. We 
should know more when t h e  behaviors  o f  
i n t e r e s t i n g  mutants-such as those induced 
by heavy ions--are reduced t o  the  l e v e l  o f  
n u c l e o t i d e  sequence. 

Th is  r e p o r t  summarizes our  heavy-ion research  

There a r e  seve ra l  

r a t i o n a l e ,  progress,  and p lans  f o r  t h e  near 
f u t u r e .  We a r e  engaged i n  one major  and two 
m ino r  p r o j e c t s .  The major  p r o j e c t  i n v o l v e s  
s e l e c t i n g  a group o f  maize 
by heavy i o n s  and c o r r e l a t i n g  t h e i r  a l t e r e d  
behav io r  (e.g., a l t e r e d  organ s p e c i f i c i i t y  o f  
express ion,  s t a b i l i t y  o f  express ion,  e t c . )  w i t h  - 
a l t e r e d  DNA n u c l e o t i d e  sequences and sequence 
arrangements. Th is  research r e q u i r e s  merg ing t h e  
techniques o f  c l a s s i c a l  gene t i cs  and recombinant 
DNA technology.  
couraging.  Our secondary p r o j e c t s  i n v o l v e  
(1) t h e  use o f  t h e  Adh gene i n  t h e  f r u i t  f l y ,  
Drosoph i l a  melanogaster, as a second system w i t h  
which t o  q u a n t i f y  t h e  s o r t  o f  s p e c i f i c  gene 
mutants induced by heavy i ons  as compared t o  
X rays,  and ( 2 )  t h e  development o f  a maize Adhl 
p o l l e n  i n  s i t u  m o n i t o r  f o r  env i ronmenta l  mutagens. 

mutants  induced 

Our r e s u l t s  t o  da te  a r e  en- 

H E A V Y - I O N  INDUCED MUTANTS AT Adhl 
The - Adhl gene i n  maize p resen ts  p a r t i c u l a r  

advantages t h a t  f a c i l i t a t e  comparat ive mutagene- 
s i s  s t u d i e s .  The p r o d u c t  o f  t h e  Adhl gene, ADHL, 
i s  expressed f rom t h e  h a p l o i d  g e n K o f  a p o l l e n  
g r a i n .  A t y p i c a l  maize p l a n t  sheds seve ra l  
m i l l i o n  p o l l e n  g ra ins .  A t  s p e c i f i c  t imes d u r i n g  
p l a n t  development, those c e l l s  t h a t  g i v e  r i s e  t o  
p o l l e n  were sub jec ted  t o  200-500 r a d  o f  e i t h e r  
C6' (500 MeV/amu) o r  NelO+ (400 MeV/amu) a t  
t h e  Bevalac. Some o f  t h e  c e l l s  i n  t h e  p o l l e n  
l i n e a g e  s u f f e r e d  chromosomal damage. I f  aneu- 
p l o i d  gametes r e s u l t ,  t h e  p o l l e n  a b o r t s  because 
t h e  presence o f  n e a r l y  a l l  chromosomal reg ions  
a re  necessary f o r  p o l l e n  tube  growth. 
severe chromosomal derangements a re  f i l t e r e d  ou t .  
Among t h e  e u p l o i d  p o l l e n ,  some w i l l  be low o r  
l a c k i n g  on ADH a c t i v i t y  and w i l l ,  f o r  t h a t  
reason, be r e l a t i v e l y  r e s i s t a n t  t o  t o x i c  concen- 
t r a t o n s  o f  a l l y l  a l c o h o l  ( C  = C-C-OH). ADH+ 
p o l l e n  d i e s  i n  t h e  presence o f  a l l y l  a l c o h o l  
because t h e  enzyme c a t a l y z e s  t h e  f o r m a t i o n  o f  
h i g h l y  t o x i c  a c r o l e i n  (C = C-CHO). Presumptive 
mutants  were recovered as r a r e  k e r n e l s  i n  o t h e r -  
wise b a r r e n  ears.  We a l s o  used Adhl a l l e l e s  
which a re  s p e c i f i c a l l y  marked b y v i r t u e  o f  un ique 
e l e c t r o p h o r e t i c  m o b i l i t y  o f  t h e i r  p r o d u c t  ADHs, 
and by  o t h e r  g e n e t i c  markers. F i g u r e  1 diagrams 
our  s e l e c t i o n  scheme (reproduced f r o m  F r e e l i n g  
and Cheng, 1978). 

c a t e g o r i e s :  (1 )  con f i rmed  and c h a r a c t e r i z e d  new 
Adhl a l l e l e s :  p) , ( 2 )  complex chromosomal rearrangements 
i n v o l v i n g  t h e  chromosomal arm ( 1 L )  on which Adhl 
maps and genera t i ng  aneuplo ids f o r  t h e  Adhl gene 
reg ion ,  and ( 3 )  seve ra l  mutants  o r  abe r ran ts  t h a t  
a re  s t i l l  be ing  cha rac te r i zed .  

Thus, 

Our heavy i on - induced  mutants  f a l l  i n t o  t h r e e  

Adhl-S195la (NelO+) and Adhl-S3020 

Most i n t e r e s t i n g  a re  our  two heavy-ion- 
induced Adhl  a l l e l e s .  S1951a i s  underexpressed 
i n  t h e  s c u t e l l u m  and s imu l taneous ly  overexpressed 
i n  t h e  r o o t .  Th i s  o rgan- rec ip roca l  behav io r  a c t s  
i n  - c i s  t o  t h e  Adhl s t r u c t u r a l  gene. 

- c i s - a c t i n g  s p e c i f i c  gene muta t i ons  i n  h i g h e r  
organisms ( rev iewed by Paigen, 1979; D ick inson  
and Carson, 1979), - b u t  t h e  s imul taneous regu la -  
t i o n h o f  two organs 3 s  unique. 

There a re  seve ra l  o t h e r  i n t e r e s t i n g  cases o f  

The second mutant, 
S3020, was thought  t o  have been a d e l e t i o n  o f  t h e  
Adhl  gene. When p o l l e n  f rom seven S3020/S3020 
h o m o a l l e l i c  p l a n t s  was co l t l ec ted  a n d i n e d o  
recogn ize  r e v e r t a n t  ( b l  ue-opaque) i n d i v i d u a l s ,  a 
phenotyp ic  r e v e r t a n t  f requency o f  about 2 x 10-6 
was c a l c u l a t e d  (15/7,352,000). Th i s  f requency 
i s  i n  l i n e  w i t h  expec ta t i ons  based on r e v e r t a n t  
f requenc ies  f o r  15-ethyl-methanesulfonate induced 
Adhl s t r u c t u r a l  gene mutants ( F r e e l i n g ,  1978). 
E v e r ,  occas iona l  (1/12) -- S3020/S3020 p l a n t s  
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Figure 1. Chemical selection, recovery and classification of Adhl-mutants. The 
paternal or target Adhl allele, Adhl-S, is abbreviated ls, etc.hero- 
phoretograms depictxiquant i t a 5 E T a n d i  ng patterns and intensities after native 
starch gel electrophoresis. 0 denotes origin; + denotes the anode. The ADH 
activities reflected in these diagrams are from the wild-type F1 (wt), Adhl- 
negative heterozygote (A) and Adhl-underproducer heterozygote ( B )  extractsobtained 
from F1 scutellar slivers. 
where subunit 1s is specified by Adhl-S, etc. 
marker isozyme region of gel d e n o m  activity and usually not-present activity. 
respectively. (XBL 808-10929) 

T h e b u n i t  composition(s) of each band is indicated 
The dashed and dotted bands in the 

Reproduced from Freeling and Cheng, 1978, p. 108. 

registered huge ADH' pollen frequencies 
(1/30 - 1/500), which was totally unexpected o f  
a deletion. Adhl-S3020 is mysterious. 

that affect Adhl alone, we have several more that 
are being confirmed, and are trying again with 
NelO+ during the summer 1980. 
several more mutants before a spectrum of mutant , 
types can be established. However, it is probably 
significant that our two heavy-ion-induced Adhl 
alleles are not within the 21 mutant spectrum 
established for ethyl methanesulfonate (Free1 ing, 
1978). Preliminary evidence indicates that S3020 
maps genetically to one end o f  the - Adhl structural 
gene and prevents recombination in that region. 
Definitive evidence awaits studies on the DNA 
sequences that underlie the behavior of our new 
mutants. 

Although we have only two confirmed mutants 

We will need 

As a second priority in our heavy-ion mutant 
screening project, chromosomal aberrations which 
involve 1L are being cataloged. 
accessibility of the male meiotic stages, pachy- 
tene analyses provjde the definitive assignment 
of break points. Figure 2 shows a pollen sample 
from an F1 plant that is independently segregat- 
ing 1:l for ADH-dysfunction and aborted pollen. 
This situation can be explained in at least two 
ways. 
selected with an unlinked reciprocal transloca- 
tion heterozygote in its genetic background. 
Second, the Adhl gene itself could have been 
bisected andinactivated by a reciprocal trans- 
location break point. In actuality, the first 
alternative was the case, but we are particularly 
interested in using heavy ions to disconnect 
components of e. 

Given the 

First, that a new E- mutant has been 

." --- .. - . . -. .. . ... - _  __.. ~ .. .. -. ... _ _  ~ ~ . -  ~. . . .." . . , . ... 
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Figure 2. 
the presence (blue and opaque) or absence (yellow 
and transluscent of ADHl activity). This popu- 
lation demonstrates the simultaneous 1:l segre- 
gation of ADH+ : ADH- and plump : small 
(aborted). In this case, the explanation is an 

Maize pollen stained specifically for 

MOLECULAR BIOLOGY 
OF HEAVY ION INDUCED MUTANTS 

There i s  only one way to visualize directly 
the genetic end point of mutagenesis, and that 
is to recover and study the mutant lesion as a 
closed, recombinant DNA molecule. The first step 
to obtaining primary sequence information on 
Adhl-A195la and Adhl-S3020 is to obtain a recom- 
binant plasmid carrying a sequence complementary 
to some coding sequence of E; this molecule 
is called an - Adhl "probe." In all likelihood, 
we now have this probe. 

In collaboration with Dr. W. C. Taylor 
(Department of Genetics, University of California, 
Berkeley), we have constructed a cDNA library 
from anaerobic maize root mRNAs. From previous 
work on radiolabelled anaerobic roots and trans- 
lation of anaerobic root messages in a rabbit 
reticulocyte cell-free system (Sachs et al., 
1980; Fer1 et al., 1980), it was clear that an 
mRNA population could be prepared where 12% was 
expected to be mRNA-Adhl. 

Fiqure 3 is a fluoroqraph from a two- -- Adhl+/Adhl- heterozygote in a reciprocal 
translocation heterozygote background. (XBB 808-9054) 

dimensional polyacrylamide separation of 

Figure 3. Fluorogr s o f  native SDS two- 
d imens i onal' pol yacr 
proteins labelled unde 
leucine was incorpoFated during the 12-17 h of 
anaerobiosis. The "spots" reflect initial rates 
of translation in the maize root. The unmarked 
arrow marks ADHl polypeptide; ADHl comprises 
about 12% of 3H-leucine incorporated. 
designation TP refers to a class of translational 
modifier polypeptides. Reproduced from Sachs 

The 

et al., 1980, p. 762. (XBB 808-9061 ) 
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anaerobic  pep t ides  l a b e l l e d  w i t h  [3H]-leucine 
f o r  5 h;  &lhJ "spo ts "  are l a b e l l e d .  
RNA was i s o l a t e d  f r o m  maize r o o t s  60 h a f t e r  
s u b j e c t i n g  them t o  anaerob ios i s .  Polyadenylated 
mRNA was p u r i f i e d  f rom t h e  >1OOs polysomal f r a c -  
t i o n s  by o l i g o  (dT) c e l l u l o s e  chromatography. 
Double-strand cDNA was syn thes i zed  f rom t h e  p o l y  
A-RNA templates.  The cDNA was t a i l e d  w i t h  o l i g o  
(dC) and i n s e r t e d  i n t o  t h e  P s t I  s i t e  o f  E. coli 
plasmid pBR322 which had been t a i l e d  witn o l i g o  
(dG). E. c o l i  s t r a i n  SK2267 was t rans fo rmed  w i t h  
t h e  recombinant plasmid. Presumptive i n s e r t s  
were i d e n t i f i e d  by p a t t e r n  o f  a n t i b i o t i c  r e s i s t -  
ances i n h e r e n t  t o  t h e  pBR322 v e h i c l e  and con- 
f i r m e d  by t h e  f i l t e r  h y b r i d i z a t i o n  techn ique  o f  
Gruns te in  and Hogness (1975) u s i n g  p o l y n u c l e o t i d e  
k i n a s e - l a b e l l e d  anaerobic  mRNA as t h e  probe. 
The exac t  me thodo log ica l  , d e t a i l s  and c i t a t i o n s  
w i l l  be r e p o r t e d  elsewhere. Our r e s u l t  i s  an 
anaerobic  cDNA l i b r a r y  o f  over  100 recombinant 
molecules. We expect  t h a t  12 o f  them w i l l  
h y b r i d i z e  w i t h  Adhl cod ing  sequence. 

We a re  now u s i n g  a number o f  methods t o  
i s o l a t e  t h e  Adhl  probe f rom t h e  l i b r a r y .  I n  t h e  
end, we w i l l =  t h e  probe t o  recove r  pure 
inRNA-ADH1 i d e n t i f i e d  by i t s  i n  v i t r o  t r a n s l a t i o n  
product .  

Polysomal 

Given a probe f o r  t h e  Adhl  cod ing  sequence, - 
we can immediate ly  beg in  a comparison o f  Adhl- 
S1951a and Adhl-S3020 w i t h  t h e i r  p r o g e n i t o r  
m: Adhl-S. These comparisons would beg in  
by a c a s u a l c o m p a r i s o n  o f  t h e  number and s i z e s  
o f  
w i t h  v a r i o u s  r e s t r i c t i o n  endonucleases; t h e  
r e l e v a n t  t echn ique  here i s  Southern h y b r i d i z a t i o n .  
Even tua l l y ,  we hope t o  sequence t h e  m u t a t i o n a l  
l e s i o n s  c loned  i n  a lambda phage v e h i c l e .  

fragments r e s u l t i n g  f rom genome d i g e s t i o n  

I n  summary, we almost c e r t a i n l y  have an 
probe. I n  theo ry ,  any DNA-level a l t e r a t i o n  a t  
Adhl  can now be known a t  t h e  l e v e l  o f  n u c l e o t i d e  
sequence. 
- 

DROSOPHILA AS A COMPLEMENTARY SYSTEM 

One o f  us (C.W.K.) has embarked on a d o c t o r a l  
p r o j e c t  seek ing t o  compare t h e  e f f e c t  o f  acce l -  
e r a t e d  heavy-ion r a d i a t i o n  t o  t h a t  o f  X r a y s  a t  
a s p e c i f i c  gene. We chose Adh i n  t h e  f r u i t  f l y ,  
D rosoph i l a  melanogaster, a s x r  t a r g e t  gene f o r  
mutagenesis because much i s  a l r e a d y  known about 
r a d i a t i o n  g e n e t i c s  i n  t h i s  organism ( rev iew  by 
Sankaranarayanan and Sobels, 1976), and Adh i s  
among i t s  b e s t  understood genes ( r e v i e w e d n  
D ick inson  and S u l l i v a n ,  1975). 

We have dev ised a mutagenesis scheme where 
mature sperm a re  i r r a d i a t e d  w i t h  e i t h e r  p l a t e a u  
LET heavy i ons  o r  X rays .  The i r r a d i a t e d  males 
c a r r y  an e l e c t r o p h o r e t i c a l l y  d i s t i n c t  Adh a l l e l e ,  
- AdhF, and t h e  c l o s e - i n  markers p u r p l e  (pr) and 
c innabar  ( c n ) .  About 200 mutagenized males are 
mated w i t h  a t e n f o l d  excess o f  t e s t e r  females. 
These females a r e  h e t e r o z y g o t i c  a t  t h e  Adh r e g i o n  
o f  chromosome 2. One chromosome i s  d o m K n t l y  
marked w i t h  c u r l y  (Cy)sand has been made n u l l  f o r  
ADH v i a  a p o i n t  l e s i o n  i n  t h e  Adh gene (AdhnB); 
t h e  o t h e r  chromosome c a r r i e s  a d e l e t i o n  which 

covers Adh, as w e l l  as seve ra l  f l a n k i n g  genes 
(F ig .  4- Therefore,  these females a re  devoid 
of ADH. 

The F1s are  ADH' un less  an Adh- mutant  
occurred a f t e r  mutagenesis o f  t h e m a l e  pa ren t .  
ADH- eggs and l a r v a e  grow on 1-pentyne-3-01 
where ADH+s d i e  (So fe r  and Hogness, 1972). 
Therefore,  o n l y  ADH-low o r  -negat ive l a r v a e  w i l  
s u r v i v e  (F ig .  48). If t h e  reason f o r  b e i n g  m- 
i s  due t o  a d e l e t i o n  o f  t h e  Adh reg ion ,  t hen  an 
abundance o f  f l i e s  w i t h  exposed markers ad jacen t  
t o  t h e  Adh should emerge; a l a r g e  d e l e t i o n  o f  
t h i s  t y F w o u l d  p robab ly  be v i a b l e  o n l y  i n  t h e  
Cy heterozygote.  An equal f requqncy o f  Cy and 
unmarked f l i e s  emerging w i t h  no exposed markers 
would be t h e  expected r e s u l t  o f  a mutagen t h a t  
makes b a s e - s u b s t i t u t i o n s  o r  v e r y  smal l  d e l e t i o n s  
on ly .  A l l  mutants  a re  checked f o r  ADH a c t i v i t y  
a t  t h e  l e v e l  o f  agarose ge l  e l e c t r o p h o r e s i s  and 
s t a i n i n g .  We have t r i e d  t h i s  system and i t  seems 
t o  work, b u t  we have n o t  y e t  a t tempted t o  gener- 
a t e  d a t a  comparing t h e  r a t e  o r  t y p e  o f  mu ta t i ons  
induced by heavy i ons  o r  X rays .  We propose t o  
do t h i s  i n  f u t u r e  s t u d i e s .  

There i s  a w e a l t h  o f  d a t a  t o  be found i n  t h e  
l i t e r a t u r e  demons t ra t i ng  t h a t  c e l l s  o f  t h e  p o l l e n  
l i n e a g e  i n  maize m o d i f y  a double-s t rand break 
s u c h  t h a t  no i n t r a g e n i c  mu ta t i ons  ( p o i n t  muta- 
t i o n s )  have been recovered (see F r e e l i n g  and 
Cheng, 1978, f o r  rev iew  and d i s c u s s i o n ) .  L. J. 
S t a d l e r  made t h i s  p o i n t  some t i m e  ago ( S t a d l e r  
and Roman, 1948). I t  seems reasonable t o  assume 
t h a t  nucleases e n l a r g e  t h e  p r imary  l e s i o n  such 
t h a t  i t  almost always causes p o l l e n  a b o r t i o n .  
On t h e  con t ra ry ,  i r r a d i a t i o n  o f  D rosoph i l a  sperm 
leads t o  p o i n t  mu ta t i ons ,  as w e l l  as chromosomal 
a b e r r a t i o n s .  There i s  e x c e l l e n t  evidence t h a t  
double-s t rand break p o i n t s  i n  sperm DNA remain 
more-or-less i n t a c t  u n t i l  a f t e r  f e r t i l i z a t i o n  o f  
t h e  egg (Sankaranarayanan and Sobels, 1976). 
Therefore,  t h e  d a t a  ob ta ined  i n  Drosoph i l a  shou ld  
more a c c u r a t e l y  r e f l e c t  d i f f e r e n c e s  i n  p r i m a r y  
1 es ions. 

POLLEN MUTAGEN MONITORS 

The use o f  i n  s i t u  s t a i n i n g  o f  Adhl- mutant  
maize p o l l e n  g r a i n s  (as i n  F ig .  2 )  *ends 
u t i l i t y  as an env i ronmenta l  m o n i t o r  ( F r e e l i n g ,  
1978, 1980). As w i t h  t h e  Ames t e s t  i n  Salmonella, 
t h e  power o f  t h e  r e v e r s i o n  m o n i t o r  i s  no g r e a t e r  
t han  t h e  s e n s i t i v i t y  o f  t h e  Adhl- a l l e l e s  t o  
be r e v e r t e d .  There a re  over  100 e t h y l  methane- 
su l fonate- induced p o i n t  mutants a t  Adhl. 1 Adhl- 
S3020, induced by C6+, appears t o  be a chromo- 
somal a b e r r a t i o n  t h a t  swi tches Adhl o f f  w i t h o u t  
d e l e t i n g  i t  (e.g., an i n s e r t i o n o r a n  i n v e r s i o n ) .  

One would n o t  expect  p o i n t  mutagens t o  r e v e r t  
t h i s  mutant a l l e l e .  Perhaps acce le ra ted  heavy 
i ons  w i l l .  We hope t o  i d e n t i f y  a s e r i e s  o f  Adhl- 
a l l e l e s ,  whose r e v e r s i o n  t o  a more normal s t a t e  
can be used t o  q u a n t i f y  p a r t i c u l a r  l e s i o n s  i n  DNA. 
S3020, among o t h e r  mutants, may  a l l o w  us t o  . 
q u a n t i f y  m u l t i p l e  double-s t rand breakage agents. 
Wi thout  t a k i n g  t h e  n a t u r e  o f  t h e  t e s t  a l l e l e s  
s e r i o u s l y ,  c e r t a i n  mutagenic agents cou ld  e a s i l y  
go undetected. 

- 

- -  

- 
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Figure 4. A scheme for comparative mutagenesis of the Adh region of 
chromosome I 1  in Drosophila melanogaster. 
with gene designations, map position ( X  recombination units) and the 
extent of the deletion on the Scorev7 chromosomes are indicated. 
(B) The cross and chemical selection scheme; the Cy chromosome is 

(A) The chromosomal region 

actually CyOnB. Parentheses enclose phenotypes. (XBL 808-10928) 

CONCLUSIONS AN0 FUTURE DIRECTIONS 

This project seeks exact knowledge on the 
nature of specific gene mutations induced by 
heavy ions. 
mutants at the @ gene in maize are regulatory 
in nature. They probably do not involve changes 
in coding sequences. Using cDNA, prepared to 
isolated mRNA containing mRNA-ADH1, we now have. 
a library of recombinant plasmids including, in 
theory, a probe for Adhl. We hope to studyfthe 
mutants we now have =others now being tested, 
or to be induced, to obtain a spectrum of heavy- 
ion mutations. Data will be at both genetic ' 
behavior and nucleotide sequence levels. 

mutagenesis system at of Drosopnila melano- 
gaster is being developed and will be used to 
compare heavy ions and X rays. 

We have begun to apply our basic knowledge 

Our C6'- and NelO+- induced 

A particularly powerful comparative 

f the nature of the gene and heavy-ion muta- 6IJ genesis to practical problems in agriculture and 
monitoring the environment for mutagens. 
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IN VIVO TUMOR RADIOBIOLOGY OF HEAVY CHARGED PARTICLES 

S.B. Curtis and T.S. Tenforde 

The response of tumor c e l l s  systems t o  
i r r a d i a t i o n  w i t h  carbon, neon and argon beams a t  
v a r i o u s  p o s i t i o n s  i n  t h e  p l a t e a u  and extended- 
peak r e g i o n s  o f  t h e  Bragg i o n i z a t i o n  cu rve  i s  
be ing  eva lua ted  f r o m  exper iments conducted b o t h  
i n  v i v o  and i n  v i t r o .  The r a d i o b i o l o g i c a l  end 
p o i n t s  be ing  s t u d i e d  i n c l u d e :  tumor volume 
response, c e l l u l a r  s u r v i v a l  a f t e r  tumor i r r a d i a -  
t i o n  i n  s i t u ,  c e l l - k i n e t i c  parameters measured 
by t h e  f l o w  c y t o f l u o r o m e t r i c  and t ime- lapse 
c inematographic  techniques,  and s u r v i v a l  o f  o x i c  
and hypox ic  c e l l s  i r r a d i a t e d  i n  suspension. The 
r e s u l t s  o f  t h e  f i r s t  t h r e e  t ypes  o f  measurements 
w i l l  be presented i n  t h i s  chapter ,  and t h e  
i n  v i t r o  OER and RBE de te rm ina t ions  f o r  tumor 
c e l l s  i r r a d i a t e d  as a suspension w i l l  be pre- 
sented i n  one chap te r  by B l a k e l y  e t  a l .  i n  
P a r t  111. 

TUMOR SYSTEMS 

The tumor l i n e  used f o r  t h e  m a j o r i t y  o f  ou r  
i n  v i v o  and i n  v i t r o  exper iments i s  t h e  R 1  
rhabdomyosarcoma which was o r i g i n a l l y  developed 
a t  t h e  R a d i o b i o l o g i c a l  I n s t i t u t e  (REPGO/TNO) i n  
t h e  Nether lands by  Re inho ld  (1965, 1966) and by  
Barendsen and h i s  co l l eagues  (Hermens and 
Barendsen, 1967, 1969, 1975; Barendsen and 
Broerse, 1969, 1970). Two s u b l i n e s  o f  t h e  R 1  
tumor have been used i n  these experiments: 
(1) t h e  Rl /LBL s u b l i n e  t h a t  was used i n  many o f  
ou r  i n i t i a l  s t u d i e s  o f  rad ia t i on - induced  tumor 
growth d e l a y  and c u r e  ( C u r t i s  e t  a l . ,  1978), b u t  
which l a c k s  t h e  i n  v i v o  t o  i n  v i t r o  p l a t i n g  
c h a r a c t e r i s t i c ;  ( 2 )  t h e  R2D2 sub l i ne ,  which has 
an acceptable 18% i n  v i v o  t o  i n  v i t r o  p l a t i n g  
e f f i c i e n c y  and has t h e r e f o r e  been used f o r  
s t u d i e s  o f  c e l l  s u r v i v a l  f o l l o w i n g  tumor i r r a d i a -  
t i o n  in s i t u .  The R2D2 s u b l i n e  has a l s o  been 
used f o r  l i m i t e d  measurements of r a d i a t i o n -  
induced growth delay,  and has been t h e  tumor 
s u b l i n e  used f o r  i n  v i t r o  c e l l  s u r v i v a l  s t u d i e s .  

Two o t h e r  tumor l i n e s  have been used i n  
c o l l a b o r a t i v e  research  e f f o r t s ’  i n v o l v i n g  t h e  
tumor r a d i o b i o l o g y  group a t  LBL and t h e  group 
headed by  E. Ma la i se  a t  t h e  I n s t i t u t  Gustave- 
Roussy i n  V i l l e j u i f ,  France: (1) A human 
melanoma c e l l  l i n e  has been used f o r  s t u d i e s  o f  
i n  v i v o  c e l l  s u r v i v a l ,  p o t e n t i a l l y  l e t h a l  damage 
r e p a i r ,  and hypox ic  c e l l  s e n s i t i z e r .  e f f e c t s  i n  
comoinat ion w i t h  heavy-ion and 6oCo gamma 
i r r a d i a t i o n .  Th is  tumor l i n e  tias an 85% hypox ic  
f r a c t i o n  o f  c e l l s  when growing i n  immunodef ic ient  
nude mice (Guichard e t  al., 1977), and has been 
adapted f o r  c e l l  s u r v i v a l  assay u s i n g  t h e  i n  v i v o  
t o  i n  v i t r o  technique.  ( 2 )  The EMT6 tumor c e l l  
l i n e ,  which was o r i g i n a l l y  d e r i v e d  f rom t h e  KHJJ 
tumor (Rockwell  e t  a l . ,  1972), has been used f o r  
i n  v i t r o  c e l l - k i n e t i c  s t u d i e s  f o l l o w i n g  photon 
or c h a r g e d - p a r t i c l e  r a d i a t i o n .  

I n  s t u d i e s  performed by J. T. L e i t h ,  K. T. 
Wheeler, and t h e i r  co l leagues,  c e l l  s u r v i v a l  
f o l l o w i n g  i n  s i t u  tumor i r r a d i a t i o n  w i t h  charged- 
p a r t i c l e  beams has been measured f o r  r a t  b r a i n  
g l iosarcoma 9L tumors. The r a d i o b i o l o g i c a l  pro- 
p e r t i e s  o f  t h e  9L tumor l i n e ,  which was o r i g i n a l l y  
induced i n  F i sche r  r a t s  by i n t ravenous  i n j e c t i o n  
o f  N-n i t rosomethy lurea,  have p r e v i o u s l y  been 
desc r ibed  by  L e i t h  e t  a l .  (1975a). 

RADIATION-INDUCED GROWTH DELAY MEASUREMENTS: 
RBE VALUES FOR SINGLE AND FRACTIONATED 

DOSE SCHEDULES AND H Y P O X I C  CELL 
SENSITIZER EFFECTS 

S i n g l e  R a d i a t i o n  Doses 

Measurements were made of t h e  volume response 
o f  Rl/LBL tumors t o  graded s i n g l e  doses o f  o r t h o -  
v o l t a g e  X rays ,  and t o  beams o f  a c c e l e r a t e d  
carbon, neon, and argon ions  i n  t h e  p l a t e a u  
r e g i o n  and i n  t h e  d i s t a l  p o s i t i o n  o f  a 4-cm 
extended-peak r e g i o n .  Values o f  r a d i a t i o n - i n d u c e d  
growth d e l a y  were c a l c u l a t e d  as t h e  d i f f e r e n c e  
i n  t i m e  f o r  t h e  i r r a d i a t e d  and n o n i r r a d i a t e d  
tumors t o  reach  t w i c e  t h e  volume measured on t h e  
day o f  i r r a d i a t i o n .  For each r a d i a t i o n  m o d a l i t y ,  
t h e  growth d e l a y  as a f u n c t i o n  o f  absorbed dose 
i s  presented i n  F i g u r e  1. 
values,  c a l c u l a t e d  as t h e  r a t i o  o f  X-ray t o  
c h a r g e d - p a r t i c l e  doses r e q u i r e d  t o  produce growth 
de lays  o f  20 and 50 days, r e s p e c t i v e l y ,  a r e  g i ven  
i n  Table 1. 
drawn f r o m  these data:  (1) The RBE va lues f o r  
peak neon and argon i o n s  a r e  s l i g h t l y  h i g h e r  than  
f o r  peak carbon ions .  However, t h e  s tandard  
d e v i a t i o n s  o f  t h e  RBE va lues a r e  s u f f i c i e n t l y  
l a r g e  (see F ig .  1 )  t h a t  t h e  d i f f e r e n c e s  observed 
f o r  t h e  t h r e e  cha rged-pa r t i c l e  beams i n  t h i s  
s e r i e s  o f  exper iments cannot be regarded as 
s t a t i s t i c a l l y  s i g n i f i c a n t .  
induced by  p l a t e a u  r a d i a t i o n  a re  s i g n i f i c a n t l y  
d i f f e r e n t  f o r  t h e  t h r e e  c h a r g e d - p a r t i c l e  beams, 
as r e f l e c t e d  b y  RBE50 va lues o f  1.3, 1.8, and 
2.9 f o r  t h e  carbon,’neon and argon beams, 
r e s p e c t i v e l y .  As a consequence, t h e  peak-to- 
p l a t e a u  RBE50 r a t i o s  f o r  t h e  carbon and neon 
ions  a re  1.77 and 1:44, r e s p e c t i v e l y ,  w h i l e  t h a t  
f o r  argon ions  i s  0.86. The r a t i o  f o r  b o t h  t h e  
carbon and neon beams i s  thus s i g n i f i c a n t l y  
g r e a t e r  t han  U n i t y ,  which c o n s t i t u t e s  a f a v o r a b l e  
c o n d i t i o n  f o r  tumor the rapy  i n  t h e  extended-peak 
i o n i z a t i o n  r e g i o n .  I n  c o n t r a s t ,  t h e  peak-to- 
p l a t e a u  RBE50 r a t i o  f o r  argon i o n s  i s  l e s s  t h a n  
u n i t y ,  under which c o n d i t i o n  t h e  l e v e l  o f  t i s s u e  
damage i n  t h e  p l a t e a u  i o n i z a t i o n  r e g i o n  c o u l d  
exceed t h a t  f rom t h e  peak r a d i a t i o n  used f o r  
tumor therapy.  

The RBE20 and R B E ~ o  

The f o l l o w i n g  conc lus ions  can be 

( 2 )  The growth de lays  
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Figure 1. The radiation-induced growth delay to 
reach twice the volume measured at the time of 
irradiation is plotted for R l / L B L  tumors exposed 
to X rays and to plateau and peak radiation from 
beams of carbon, neon and argon ions. 
were positioned in the distal 1.5 cm o f  a 4-cm 
extended-peak ionization region for each of the 
charged-particle radiation modalities. The range 
in water of the carbon, neon, and argon beams 
were 24, 14, and 12 cm, respectively. RBE values 
calculated at the 50-day growth delay level are 
given for each of the charged-particle beams in 
both the plateau and peak ionization regions. 
The number in parentheses next to each data point 
on the growth delay curves indicates the number 
of tumors used, and the error bar represents one 
standard deviation. (XBL 785-3203) 

Tumors 
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Table 1. RBE Values for Radiation-Induced Growth Delay of R1 Tumors 
In Vivo Following Single and Fractionated Dose Schedules 

t t 
Fractionation Initial Energy Tumor * RBEZ0 RBE50 Schedule I o n  (MeV/u) posit ion 

1 Fx I2C 400 P1 ateau 1.3 1.3 

I2C 400 Peak 2.8 2.3 

"Ne 400 P1 ateau 1.7 1.8 

40Ar 5 70 P1 ateau 3.3 2.9 

4 Fx/3d 1ZC 400 Peak 2.3 2.0 

5 Fx/4d 12C 400 Peak 2.6 2.8 

"Ne 400 Peak 2.9 2.6 

40Ar 5 70 Peak 3.0 2.5 
* 

"Ne 400 Peak 2.8 2.6 

"Ne 400 Peak 3.2 3.0 

6 FxI5d 12C 400 Peak 2.7 2.3 

8 Fx/lOd 1% 40 0 Peak 2.4 2.3 

"Ne 400 Peak 2.7 2.9 

10 Fx/lld 12C 400 Peak 2.4 2.5 * 
20Ne 400 Peak 3.6 3.3 

The peak ionization region was extended to a width of 4 cm using a 
variable-thickness absorber (ridge filter), and tumors were 
positioned in the distal 1.5 cm region. 

The RBE20 and RBE50 values were calculated from the ratio of 
the X-ray dose to the charged-particle dose required to produce 
growth delays of 20 days and 50 days, respectively. 

Extrapolated value. 

* 

+ 

* 

Fractionated Radiation Doses 

Growth delay RBE values have also been ' 

measured for peak carbon-ion and neon-ion 
radiation administered as 4, 5, and 6 daily 
doses, as 8 doses in a 10-day interval, and 
10 doses in an 11-day interval.' The RBE20 an 
RBE50 values for these fractionation-setiedule 
are summarized in Table 1, and the.growth'delay 
curves for the 5-fraction and 10-fraction 
schedules are shown in Figure 2. In all o f  the 
fractionation regimens, recovery was observed 

For the peak carbon ions, sub- 
stantial recovery was observed only with the GWith 10-fraction rays. schedule. With peak neon ions, there 
was no evidence of recovery in a fractionated 
dose schedule. 

Hypox'ic Cell Sensitizers 
Combined with Single and Fractionated Doses 

' Radiation-induced growth delay measurements 
have been made for Rl/LBL tumors exposed to large 
single doses of X rays in combination with the 
hypoxic cell sensitizers Ro 07-0582 (misonidazole) 
and Ro 05-9963 (the 0-demethylated derivative of 
misonidazole). 
growth delay induced by single doses of peak 
carbon and neon ions has also been measured. In 
addition, the effect of misonidazole combined 
with X rays, peak carbon ions, or peak neon ions 
has been determined when the sensitizer and 
radiation were administered in four daily frac- 
tions, In all cases, the sensitizers were 
administered 30-60 min prior to irradiation in 

The effect of misonidazole on the 
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Figure 2. Radiation-induced growth delay curves 
for Rl/LBL tumors are plotted as a function of 
total dose for single and fractionated radiation 
schedules with X rays, peak carbon ions, and peak 
neon ions. For the carbon- and neon-ion expo- 
sures, the tumors were positioned in the distal 
portion of a 4-cm extended peak. RBE values 
calculated at the 20-day and 50-day growth delay 
levels are given for peak carbon ions and peak 
neon ions administered as single doses, as 
5 daily fractions, and as 10 fractions in 11 days 
(i.e., 5 daily fractions for two consecutive 
weeks). Significant recovery during fractionated 
charged-particle radiation was observed only for 
the 10 fraction carbon-ion irradiation. (XBL 
805-3287) 

order to achieve a maximum drug level in the 
tumor at the time of radiation. Plots of the 
radiation-induced growth delay as a function of 
dose are shown for each of these experimental 
conditions in Figures 3 and 4, and the RBE values 
and drug enhancement ratios at the 20-day and 
50-day growth delay levels are given in Table 2. 

The results of these studies demonstrate that 
misonidazole has a significant effect on the 
response of Rl/LBL tumors to single doses of 
X rays, giving enhancement ratios of 1.8 to 2.1 
when the drug was administered i.p. at a 
500 mg/kg dose level. For the 4-cm extended-peak 
regions of carbon and neon beams, misonidazole 
was found to exert a small potentiating effect on 
tumor cell killing. The drug enhancement ratios 
were 1.1 to 1 . 3  for peak carbon ions and 1.2 for 
peak neon ions. 

When misonidazole and X-irradiation were 
administered in four daily fractions, the drug 
enhancement ratio decreased significantly. This 
effect would be expected since reoxygenation of 
hypoxic R 1  tumor cells occur within the fractiona- 
tion interval, i.e., 24 h, and this process 
reduces the net gain obtained by misonidazole 
sensitization of hypoxic cells. 
neon beams, dose fractionation had no significant 
effect on misonidazole enhancement o f  radiation 
damage. This finding is not unexpected in view 
of the reduced dependence on oxygen of cell 
killing by charged-particle radiation with a 
high LET. 
clearly diminish the importance of reoxygenation 
on tumor radiation response in a fractionated 
dose schedule, and this could account for the 
similar effects of the hypoxic cell sensitizer 
misonidazole when used in combination with single 
and fractionated doses of high-LET radiation. 

to examine the effect of the 0-desmethyl metabo- 
lite of misonidazole, Ro 05-9963 (Flockhart 
et al., 1979), on the growth delay induced in 
Rl/LBL tumors by both low- and high-LET radiation. 
Initial studies with X rays have yielded single- 
dose enhancement ratios of 2.1 to 2.4 for this 
compound when injected i.p. at a dose level of 
1,500 mg/kg. 
than the enhancement ratios obtained for 
misonidazole (1.8 to 2.1). 

With carbon and 

The reduced oxygen effect would 

Preliminary studies have also been undertaken 

These values are slightly greater 

POSTIRRADIATION CELL SURVIVAL 
AND TUMOR REGROWTH CHARACTERISTICS 

Cellular survival curves for R1 tumors (the 
R2D2 subline) exposed in vivo to 225-kV X rays 
and to 4-cm extended-peak carDon and neon ions 
were measured by an in vitro colony-forming assay 
(Tenforde et al., 1980). These survival curves 
are shown in Figure 5 for tumors irradiated 
in situ in both air-breathing and nitrogen-gas- 
asphyxiated rats. In the X-ray survival curve, 
a hypoxic break occurs at a dose of approximately 
8 Gy, and the ratio of survival fractions in the 
air and hypoxic curves at high radiation doses 
yields a value of 35% for the fraction of chron- 
ically hypoxic cells. Under air-breathing con- 
ditions, the RBE values at the 10% survival level 
for peak carbon and neon i ons  were 1.9 and 3.1, 
respectively. Parallel studies of radiation- 
induced growth delay with the same R1 tumor 
subline yielded RBE50 values of 2.3 and 2.9 
for the peak carbon and neon ions, respectively. 
This finding indicates that comparable RBE values 
are obtained for the growth delay and cell 

- - -- . ” .  . - _... . . .. 
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Figure 3. 
are shown for Rl/LBL tumors receiving combined 
treatment with single doses of X rays and the 
hypoxic cell sensitizers Ro 07-0582 (misonidazole 
and Ro 05-9963 (panel a), peak carbon ions and 
Ro 07-0582 (panel b), and peak neon ions and Ro 
07-0582 (panel c). In order to achieve a peak 
drug concentration in the tumor at the time o f  
irradiation, the sensitizers were administered 
i.p. 30-60 min prior to radiation. The effect 
o f  these compounds on tumor radiation response 
is indicated by the enhancement ratios calculated 
at the 20-day (ER20) and 50-day (ER 0 )  
growth-del ay 1 eve1 5. 

Radiation-induced growth delay curves 
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Figure 4. 
are shown for Rl/LBL tumors receiving fraction- 
ated treatments with a combination of misonidazole 
(Ro 07-0582) and irradiation with X rays 
(panel a), peak carbon ions (panel b), and peak 
neon ions (panel c). The sensitizers were 
administered as four daily fractions with the 
drug being given i.p. 30-60 m i n  prior to irradi- 
ation. The enhancement ratios demonstrate that 
t h e  sensitizing effect of Ro 07-5082 is reduced 

Radiation-induced growth delay curves 

ated dose regimen with X rays as 
a single dose schedule (Fig. 3). 

the enhancement ratios with peak 
nd peak neon ions are similar for 
nd fractionated-dose schedules. 

(XBL 805-3286) 
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Table 2. RBE Values for Radiation-Induced Growth Delay of R 1  Tumors 
In Vivo Following Combined Treatment with Misonidazole 
(Ro 07-0582) and Charged-Particle Radiation 

Fractionation Radiation t + * ** ** 
Schedule* Modal i ty RBE20 RBE50 ER20 ER50 

~~ ~ ~ 

1.8 2.1 1 Fx + Ro 07-5082 X rays 

1 Fx + Ro 05-9963 X rays -- -- 2.1 2.4 

1.2 1.5 (4 Fx/3d) + Ro 07-0582 

-- -- 

-- -- X rays 

1 Fx + Ro 07-0582 12C 2.1 1.4++ 1.3 1.Ztt 

(4 Fx/3d) + Ro 07-0582 121: 2.0 1.6 1.1 1.2 

1 Fx + Ro 07-0582 20Ne 1.9 1.6 1.2 1.2 

l-t tt 

(4 Fx/3d) + Ro 07-0582 20Ne 2.9 2.3 1.2 1.3 

- 

* For the single fraction schedules, the i.p. dose levels of Ro 
07-0582 and Ro 05-9963 were 500 mg/kg and 1500 mg/kg, respectively. 
For schedules of four fractions in a three-day interval, the daily 
dose of Ro 07-0582 was 300 mg/kg. In a1 1 cases, the i .p. drug 
injection was given 30-60 min prior t o  irradiation. 

The peak X-ray energy was 225 kV. 
beams had an initial energy of 400 MeV/u and the tumors were 
positioned in the distal 1.5-cm region of a 4-crn extended peak 
ionization region. 

The RBE20 and RBE50 values were calculated from the ratio of 
the X-ray dose to the charged-particle dose required to produce 
growth delays of 20 days and 50 days, respectively. 

The ER20 and ER50 values are drug enhancement ratios at the 
20-day and 50-day growth delay levels, respectively. Each enhance- 
ment ratio was calculated as the ratio of radiation doses without 
and with administered sensitizer. 

Both the carbon-ion and neon-ion 

* 

** 

" Extrapolated value. 

survival end points, even though the RBE 
determinations for the growth delay end point are 
made at much higher radiation dose levels (Curtis 
and Tenforde, 1980). 

Cellular response to both plateau and 4-cm 
extended-peak radiation from carbon and neon 
beams was also measured for 9L gliosarcoma tumors 
irradiated in situ and assayed for cell survival 
in vitro (Leith et al., 1975b, 1977; Wheeler 
et al., 1979). Based 011 230-kV X-ray survival 
curves obtained with tumors from air-breathing 
and nitrogen-gas-asphyxiated rats, it has been 
estimated that the fraction of cnronically 
hypoxic cells in the 9L tumor is less than 1% 
(Leith et al., 1975a). For 9L tumors exposed to 
plateau carbon and neon ions, the RBE values 
determined at tne 1% survival level were 1.2 and 
1.4, respectively. In the midposition o f  a 4-cm 
extended-peak ionization region, RBE values o f  
1.6 and 2.6 were obtained for the carbon and neon 

beams, respectively. The greater response 
observed for 9L tumors exposed to peak neon ions 
relative to peak carbon ions is in good agreement 
witn the results described above for cell survival 
of R1 tumors irradiated in situ. 

Potentially Lethal Damage Repair 

Cell survival was assayed in vitro following 
irradiation in situ of human Nall melanoma tumors 
growing subcutaneously in the flanks of athymic 
nude mice. These studies were carried out in 
collaboration with M. Guichard and E. Malaise of 
the Institut Gustave-Roussy. Tumors were irrad- 
iated with neon ions at the midpoint of a 10-cm 
extended peak, and cell survival was assayed at 
0, 6, and 24 h postirradiation. Parallel exper- 
iments were carried out with tumor-bearing mice 
that had been administered a 1 mg/kg i.p. dose 
of misonidazole 60 min prior to irradiation. The 

. . . . , . -. - .. .-. . - . . .. _ _  - .. . 
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Figure 5. Cell survival curves under air-breathing and hypoxic conditions are plotted as a function of 
absorbed dose for R1 tumors (the R2D2 subline) irradiated in situ with carbon-ion and neon-ion beams in 
the distal position of a 4-cm extended peak. The survival curves for X rays are shown as dashed lines. 
Tumors were excised immediately following irradiation, and subsequently dissociated enzymatically and 
plated i n  vitro for determination of the surviving cell fraction. Control plating efficiencies under 
air-breathing and hypoxic conditions were 18.2 1.7% ( N  = 38) and 17.0 * 1.9% ( N  = 27). Error bars 
represent *1 S.E.M. The data presented in the bottom panel demonstrate that comparable RBE values are 
observed f?r cell survival and growth delay end points with both charged-particle beams. (XBL 7810-3647) 
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principal findings were the following: (1) At 
the 10% survival level, the RBE for the peak neon 
ions relative to 6oCo gamma rays was 3.7, which 
was higher than the RBE of 3.0 previously 
obtained for 50 MeV neutrons. (2) Potentially 
lethal damage (PLD) is repaired after neon ion 
irradiation and to an extent comparable to that 
observed following 6oCo and neutron irradiation. 
(3) The enhancement ratio for misonidazole with 
peak neon ions was 1.4, which is similar to the 
values 1.6 and 1.5 obtained for 6oCo and 
neutron irradiation, respectively. (4) With peak 
neon ions, as well as with 6oCo and neutron 
irradiation, preirradiation injection of 
misonidazole was found to inhibit PLD repair. 

Postirradiation Tumor Growth Properties 

Studies have been undertaken to characterize 
the role of cellular repopulation dynamics, 
cellular genetic alterations (specifically, 
heritable nonlethal damage) , and tumor-host 
interactions (specifically, tumor vascularity 
and immunogenicity) in determining the rate of 
regrowth of heavily irradiated Rl/LBL tumors. 
Initial results have indicated that heritable 
nonlethal damage and tumor antigenicity play 
little, if any, role in the regrowth rate of 
X-irradiated tumors (Tenforde et al., 1979).  
Our studies are now focused on the measurement 
of postirradiation cell proliferation kinetics, 
and their role in determining the initial rapid 
rate of regrowth observed following X rays or 
charged-particle radiation. 

neon ions. Preliminary analysis of the data has 
indicated a significant 62 block at approximately 
6-8 h postirradiation; in addition, all three 
radiation modalities appear to induce a long- 
lived block at the Gl/S border. The DNA histo- 
grams obtained at two-hour intervals for 16 n 
following irradiation are currently being sub- 
jected to analysis with a computer model to 
predict alterations in cell-cycle phase 
durations. 

Cell-kinetic parameters of EMT6 cells 
subjected to photon and charged-particle radia- 
tion are also being analyzed by the time-lapse 
cinematographic technique in a second collabor- 
ative effort with E. Malaise of the Institut 
Gustave-Roussy. Results indicate that the RBE 
value for peak neon ions based on the mitotic 
delay end point is 3.3, and based on the division 
probability end point, is close to 2 (Collyn- 
D'Hooghe et al., personal communication). 
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HEAVY-ION RADIOBIOLOGY C 
TUMOR SPHER 

IF MULTICELLULAR 
31DS 

A. Rodriguez and E.L. Alpen 

Biological investigations with accelerated 
heavy ions have been carried out at LBL on a 
regular basis for the past four years. 
majority of the cellular investigations have been 
conducted on cell monolayer and suspension 
culture systems. The studies to date suggest 
that heavy charged particle beams may offer some 
radiotherapeutic advantages over conventional 
radiotherapy sources. The advantages are thought 
to lie primarily in an increased RBE, a decrease 
in OER, and in the advantageous tissue distribu- 
tion of dose (Raju et al., 1976; Chapman et al., 
1978). 

400 MeV/amu carbon ions, 425 MeV/amu neon ions, 
and 570 MeV/amu argon ions using rat brain glio- 
sarcoma (9L) and Chinese hamster lung V79 Cells 
grown as multicellular spheroids. 

lular spheroids were initially investigated by 
Sutherland and co-workers (Sutherland et al., 
1971; Inch et al., 1971; Durand, 1976), who 
reported that individual spheroids have many 
characteristics of solid in vivo tumors that are 
not shared by cells grown in monolayer or sus- 
pension culture. In this culture format of non- 
monoclonal cells grown in three-dimensional con- 
tact, there is variability in cell distribution 
in the cell cycle, decreasing growth fraction 
with increasing spheroid size, variation in state 
of oxygenation in the cells, and some rudimentary 
forms o f  intercellular communication. These 
characteristics have been suggested as the basis 
for enhanced survival for cells grown and irrad- 
iated in the spheroid condition (Durand, 1975; 
Yuhas and Li, 1978; Durand and Sutherland, 1973, 
1975; Sutherland and Durand, 1973; Durand and 
Biaglow, 1974; Sutherland, 1974; Sutherland 
et al., 1970). 

The 

Experiments reported here were conducted with 

The tumor-like characteristics of multicel- 

Our studies were designed to evaluate higti- 
LET radiation survival characteristics 0 
grown in this relatively 
environment. Our primar 
determine the RBE values 
Bragg peak regions of the carbon, neon, and 
argon beams, and evaluate with high and low LET 
radiation, the role of spheroid architecture in 
postirradiation survival of cells grown in this 
format. 

RESULTS WITH 9L SPHEROIDS 

X-Ray Experiments 

Figure 1 shows the X-ray survival data for 
ells from large and small spheroids and for Grs: cells grown as single cell suspensions. Compar- 
ison of survival curves for large and small 

t 

Figure 1. Survival curve for cells irradiated 
with X rays as spheroids (0) and as cell suspen- 
s ions ( 0 ) .  The curve for spheroid cell repre- 
sents the pooled results for small (100 pm) and 
large (300 pm) diameter spheroids. Standard 
deviations are indicated by bars. (XBL 7911-3908) 

spheroid cells indicated that there was no 
significant difference in survival and the data 
were pooled. The large spheroids also did not 
appear to have an appreciable fraction of hypoxic 
cells that might be detected as a deviation of 
de-creased slope a t  low survival fraction compared 
to the small spheroid cell survival curve. The 
survival parameters are derived from the pooled 
data'from large and small spheroids. 

for 
and 
and 
cel 

Table 1 summarizes the survival parameters 
9L cells grown a s  a single cell suspension 
as spheroids for X rays and for carbon, neon, 
argon ion radiation. Survival of spheroid 
s is characterized primarily by a large Do 
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than for cells in suspension, an increase in OQ, 
and little change in N.  The X-ray Do for 
spheroid cells was 260 rad and for suspension 
cells it was 190 rad. 

Experiments with Carbon Ions 

Figure 2 shows survival data plotted for 
single cells and cells from small and large 
spheroids irradiated with 400 MeV/amu carbon ions 
in the plateau region of the Bragg curve (posi- 
tion P in Fig. 3 ) .  Cells from both large and 
small spheroids irradiated in the carbon ion 
plateau region again show some degree of enhanced 
radioresistance when compared to single cells 
irradiated under the same conditions. The Do 
for spheroids is 260 rad and for cells it is 
180 rad (Table 1). This indicates that, at least 
for this high LET radiation, the protective 
effect of spheroid architecture is not abolished 
at an LET of 10 keV/pm. The survival parameters 
for either spheroid cells or suspension cells for 
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Figure 2. Survival curves for cells irradiated 
as spheroids ( 0 )  or as cell suspensions ( A )  with 
400 MeV/amu carbon ions in the plateau reqion of 
ionization (position P, Fig. 3). The data for 
spheroid cells represents the combined results 
for small (100 urn) and large (300 urn) spheroids. 
Standard deviations are indicated by bars. 
(XBL 791 1-3907) 

400 MeV 
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Figure 3 .  
heavy-ion beams. 
spread to 4 cm with a brass spiral ridge filter. 
Samples were placed in the plateau ( P )  with 
0.0 cm water column and in the proximal (Q), mid 
(R), and distal (S) portions of the spread Bragg 
peak. (XBL 808-3648A) 

Depth dose distribution curves for the 
The Bragg peak of the beams was 

carbon plateau irradiation are not significantly 
different than for X-irradiation. Since no 
significant difference exits, the RBE values for 
carbon plateau irradiation relative to the 
225 kVp X-ray irradiated spheroid cells and sus- 
pension cells are approximately 1.0 at 50% and 
10% survival, respectively. The values are 
listed in Table 2. 

To estimate the relative effectiveness for 
cell killing of the various regions of the spread 
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Table 1. Summary of Survival Parameters for 9L Cells Irradiated as Cell 
Suspensions and Spheroids with X-ray or Heavy Ions 

Radiation Do (95% CI)* Dq (95% CI) n (95% CI) 

225 kVp X rays 

cell s 
spheroids 

Carbon 400 MeV/amu 
Plateau: cells 

spheroids 

4-cm Spread Bragg Peak 
Proximal: cells 

Mid: spheroids 
Distal: spheroids 

spheroids 

Neon 425 MeV/amu 
Plateau: cells 

spheroids 

4-01 Spread Bragg Peak 
Proximal : 

Mid: spheroids 
Distal: spheroids 

cells and spheroids 

Argon 570 MeV/amu 
P1 ateau: 

cells and spheroids 

4-cm Spread Bragg Peak 
Proximal : 

cells and spheroids 
Mid: cells and spheroids 

190 (185-195) 250 (245-255) 3.7 (3.3-4.2) 
260 (235-285) 310 (280-340) 3.3 (2.1-5.0) 

180 (160-200) 280 (250-310) 4.7 
260 (232-279) 340 (305-370) 3.7 

180 (172-186) 0 1.0 

210 (200-220) 0 1.0 
190 (181-200) 0 1 .o 

240 (220-255) 70 (63-72) 1.3 

165 (155-175) 260 (250-280) 4.8 
220 (190-250) 275 (240-320) 3.5 

190 (185-200) 0 
160 (150-170) 0 
245 (230-260) 0 

1.0 
1.0 
1 .o 

115 95 2.3 

170 - 
154 - 

1.2 
1.3 

Distal: cells and spheroids 150 - 1.4 

2 .a-7.a) 
2.7-5.1) 

1.0-1.7) 

3.8-6.2) 
1.9-6.1 ) 

* CI: 95% confidence ,in’terval determined from a least squares regression 
fit to the data in the exponential region o f  survival. 

Bragg peak of carbon ions, furthe 
were done comparing the proximal, mid, and ’distal 
regions (positions Q, R, and S, respectively in 
Fig. 3 )  of the Bragg curve. These data are shown 
in Figure 4 for cells from large spheroids and 
suspension cells. Irradiation of spheroids 
the proximal peak portion of the 4-crn 
Bragg peak of carbon appears to sharp 
the cell survival DQ to 70 rad,: howev 
survival does appear to be greater for the 
spheroid cells than for cells from suspensions. 
The further increases in LET associated with 
positions closer to the maximum range of the 
particle lead to survival curves for spheroid 
cells with smaller Do values as one moves 
closer to maximum particle range. The shoulder 

region is suppressed completely in the mid and 
distal portions of the peak. The RBE values are 
shown in Table 2. 

i - .  

ions are shown in” Figure 5. 
ference in survival was seen between cells from 
large or small spheroids, and the data was pooled. 
Cells from spheroids are seen to retain some 
degree of protection relative to single cells 
radiated in suspension a s  evidenced by a larger 
D o  for spheroid cells relative to suspension 

No significant dif- 
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Table 2. RBE Values f o r  9L C e l l s  and Spheroids I r r a d i a t e d  w i t h  Heavy Ions 
R e l a t i v e  t o  225 kVp X rays  

Heavy I o n  
RBE f o r  

50% S u r v i v a l  
RBE f o r  

10% S u r v i v a l  

Carbon 400 MeVlamu 

P1 ateau: c e l l s  
sphero ids 

4-cm Spread Bragg Peak 
Prox imal  : c e l  Is 

Mid: sphero ids 
D i s t a l :  sphero ids 

s p h e r o i d s ,  

Neon 425 MeVlamu 

P la teau :  c e l l s  

4-cm Spread Bragg Peak 

c e l  Is 
s pher'o i d s 

Mid: sphero ids 
D i s t a l  : sphero ids 

sphero ids 

Proximal : 

Argon 570 MeVlarnu 

Plateau:  c e l l s  
sphero ids 

4-cm Spread Bragg Peak 

c e l l s  
sphero ids 

Mid: c e l l s  
sphero ids 

D i s t a l :  c e l l s  
sphero ids 

Prox imal  : 

0.94 
0.94 

3.0 
2.1 
3.4 
3.7 

1.0 
1.1 

2.9 
4.0 
4.4 
2 -9  

2.8 
2 .? 

3.6 
3.4 
2.8 
2.7 
2.6 
2.5 

1 .o 
0.97 

1.7 
1.5 
1.9 
2.1 

1.1 
1.2 

1.6 
2.1 
2.5 
1.6 

2.6 
2.8 

2.0 
2.1 
2.1 
2.2 
2.1 
2.2 

c e l l s .  There i s  a decrease i n  Do f o r  b o t h  
c e l l s  suspensions and sphero id  c e l l s  compared 
w i t h  X r a y s  and f o r  t h e  sphero ids t h e r e  may be a 
r e d u c t i o n  i n  t h e  shoulder  (04 ) .  

I n  t h e  prox imal  peak o f  neon, s i n g l e  c e l l s  
and sphero id  c e l l s  have i d e n t i c a l  s u r v i v a l  curves 
( F i g .  6A). The i m p l i c a t i o n  i s  t h a t  any p r o t e c -  
t i o n  p r o v i d e d  by  sphero id  a r c h i t e c t u r e  has been 

g i ven  i n  Table 2. F i g u r e  68 i s  t h e  d a t a  f o r  t h e  
comparison o f  t h r e e  p o s i t i o n s  i n  t h e  spread neon 
peak. The most e f f e c t i v e  r e g i o n  o f  
i s  t he  midpeak r e g i o n .  ' A t  t h i s  pos 
va lues a re  maximum a t  4.'4 f.or a s u r  
o f  50% and 2.5 f o r  a s u r v i v a l  f r a c t i o n  o f  10%. 

We conclude t h a t  w i t h  t h e  h i g h e r  LET i n  t h e  
d i s t a l  r e g i o n ,  s a t u r a t e d  LET e f f e c t i v e n e s s  i s  
below t h i s  v a l u e  and s i g n i f i c a n t  o v e r k i l l  i s  
observed i n  t h e  d i s t a l  peak w i t h  t h i s  c e l l  l i n e .  

Experiments w i t h  Argon Ions 

S u r v i v a l  i n  t h e  p l a t e a u  r e g i o n  o f  t h e  argon I 

beam (LET 95 keV/pm) was much more s i g n i f i c a n t l y  
reduced f o r  b o t h  c e l l  suspensions and sphero id  
c e l l s  compared t o  X rays .  S u r v i v a l  appeared t o  
be i d e n t i c a l  f o r  c e l l  suspensions and sphero id  
c e l l s  ( F i g .  7 ) .  The RBE va lues f o r  c e l l  suspen- 
s ions  and sphero id  c e l l s  a t  10% s u r v i v a l  were 
2.6 and 2.8, r e s p e c t i v e l y ,  which i s  s i g n i f i c a n t l y  
h ighe r  than  t h e  p l a t e a u  reg ions  o f  carbon and 
neon (Table 2 ) .  

A 
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Figure 4. Survival curves for cells irradiated 
as spheroids in the 4-cm spread Bragg peak of 
400 MeV/amu carbon ions. The positions are 
proximal (O), position Q; mid (A), position R; 
and distal (A) position S. Letters refer to 
Figure 3 .  Survival data points are also shown 
for cells irradiated in suspension in the 
proximal peak ( 0 ) .  (XBL 791 1-3906) 

Cell survival in the 4-cm spread 'Br 
of argon was exponential and, as' in the 
identical results were obtained for bot 
sion cells and spheroid cells 
neon, there was reduced effect 
increased above 150 keV/pm fro 
(95 keV/pm) to the spread peak 
The RBE at 10% survival for spheroid cells in 
the spread peak ranged from 2.1 to 212 (Table 2 )  
and was lower than for the plateau, 

, 

DISCUSSION Grs 
The X-ray survival we found for 9L spheroids 

' 

is different in some respects from results 

1 I I 1 I I i 

e 

0.0001 I I 1 I I I 1 
0 400 800 1200 1600 2000 

Dose (rod) 

Figure 5. Survival curves for cells irradiated 
as spheroids ( a )  or as cell suspensions (0) in 
the plateau region (position P, Fig. 3) of a 
425 MeV/arnu neon-ion beam. (XBL 7911-3905) 

reported .previously with other cell lines. 
grown as spheyoids were more radioresistant than 

Cells 

radiated in :uspension. Durand 
(1972, 1975) have reported that 

(V79) grown as spher- 

~ cells t o  sustain 
roadening the shoulder 

t mechanism that 

o f  the survival curve. Howev'er, with our cell 
system the primary effect of low-LET radiation 
on survival of cells irradiated as spheroids was 
an increase in the Do, whereas Durand and 
Sutherland have reported that the main effect on 
V79 cells irradiated as spheroids was seen as a 
broadening of the shoulder associated with an 
increase in the extrapolation number. 
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Dose (rod) 

Figure 6 .  
iated as large (300 spheroids ( O ) ,  small 
(100 urn) spheroids (0), and as cell suspensions 
( A )  in the proximal portion of a 4 cm spread 
Bragg peak of a 425 MeV/amu neon ion beam 
(position Q). (6) Survival curves for cells 
irradiated as large (300 pm) spheroids in the 
proximal ( O ) ,  mid (0), and distal (A) portions 
(positions P, Q, and R )  of a 425 MeV/amu neon- 
ion beam. (XBL 7911-3904) 

( A )  Survival curve for cells irrad- 

I i 

i 
Figure 7. Survival curves for cells irradiated 
as spheroids (0) and cell suspensions (0,  A )  in 
the plateau, proximal,*mid, and,distal portion 
of the 4-cm spread Bragg peak (positions P, Q, 
R, and S) of a 570 MeV/amu argon ion beam. 
(XBL 797-3640) 

As we mentioned earlier, other workers nave 
observed a number of special characteristics of 
cells grown in the spheroid culture form. Some 
have reported that there exist regions of hypoxia 
and anoxia (Sutherland, 1974; Sutherland and 
Durand, 1973; Durand and Biaglow, 1974) while 
others have found no evidence for a higher oxygen 
tension than expected in the same System 
(Carlsson et al., 1979; Durand, 1980). 
kinetics of cell proliferation in growing spher- 
oids is markedly different from that for mono- 
layer and suspension culture cells (Durand, 1975, 
1976; Durand and Sutherland, 1973; Yuhas and Li, 
1978). The growth fraction is certainly reduced 
as spheroids increase in size, and it is also 
possible that there is significant redistribu- 
tion o f  cells in the cell cycle as the spheroids 
grow. 
presence o f  dead and dying cells in the larger 
spheroids. 

The 

There is, of course, also the demonstrated 

The X-ray cell survival curve for spheroid 
cells in Figure 1 represents two experiments each 
for large (300 urn) and small (100 vn) diameter 
spheroids. The data were combined because it was 
not possible to discern any radioresistant frac- 
tion in the large spheroids that would be 
attributable to hypoxia. 
exhibit a more variable survival response at the 
lower survival levels. We have estimated that a 
hypoxic fraction of less than 3% would not con- 
tribute significantly to the overall cell survi- 
val of the spheroids, and, in any case, we cannot 
find evidence to support partial hypoxia as a 
probable cause for altered radiosensitivity of 
spheroid cells. 

Histological examination of large spheroids 
confirmed that they were composed of three dis- 
tinct regions (Inch et al., 1971; Sutherland 
et al., 1971). The 9L spheroids, 300 in dia- 
meter, develop an outer zone with many dividing 
cells, an intermediate zone containing only a 
few cells in mitosis, and a central zone of 
necros i s . 

It remains to be demonstrated whether the 
altered distribution of cells in the cell cycle, 
a reduced proliferative fraction, or the presence 
of dead and dying cells can possibly contribute 
to altered spheroid radiosensitivity. 

The large spheroids did 

The cellular sensitivity of spheroids grown 
from this rat gliosarcoma line to X rays appears 
to be similar to that found for the same cells 
grown as an in vivo rat brain tumor (Leith et al., 
1975a). The X-ray euoxic DO reported for the 
in vivo tumor was 295 rad compared to the Do o f  
260 rad for the spheroids in our experiments. 
For the tumor cells in a dispersed in vitro sus- 
pension culture, the Do was 190 rad. A hypoxic 
cell fraction was not observed in the in vivo 
tumor, but the sensitivity of the in vivo to 
in vitro assay for hypoxic fraction of in vivo 
tumors would nearly preclude the identificaton 
of a small hypoxic fraction. 

after carbon and neon irradiation in the plateau 
region of ionizatlon is significantly enhanced 
compared to the post-heavy-ion irradiation 

The survival of cells grown as spheroids 

. - .  . . ... ~ ~ ..-.. - 
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s u r v i v a l  o f  c e l l s  ma in ta ined  i n  suspension 
c u l t u r e .  T h i s  enhanced s u r v i v a l  i s  p r i m a r i l y  
seen as an i nc reased  D as w i t h  X r a y s .  The 

u d e g r e e  o f  p r o t e c t i o n  a f f o r d e d  by t h e  sphero id  
c o n f i g u r a t i o n  i s  about t h e  same as t h a t  seen w i t h  
X r a y s  (Do  c e l l s / D o  sphero ids = 1.3). 
sphero id  s u r v i v a l  r e p o r t e d  f o r  o t h e r  h i g h  LET 
r a d i a t i o n  exposures w i t h  Chinese hamster c e l l s  
(V79) (Durand and O l i ve ,  1976, 1977; D e r t i n g e r  
e t  a l . ,  1976) was seen as an i nc rease  i n  ex t rap -  
o l a t i o n  number w i t h  t h e  Do rema in ing  r e l a t i v e l y  
unchanged. Enhancement o f  sphero id  c e l l  s u r v i v a l  
has been observed w i t h  b o t h  l a r g e  and sma l l  
sphero ids f o r  neu t ron  r a d i a t i o n  (Durand and 
O l i ve ,  1977) and p i o n  r a d i a t i o n  ( D e r t i n g e r  
e t  a l . ,  1976) as compared t o  monolayer c u l t u r e s .  

The s u r v i v a l  o f  sphero ids i n  t h e  p l a t e a u  
r e g i o n  o f  i o n i z a t i o n  o f  carbon (LET, 10  keV/pm) 
and neon (LET, 30 keV/um) i s  n o t  g r e a t l y  reduced 
i n  comparison t o  s u r v i v a l  w i t h  X rays.  For  
carbon t h e  e f f e c t  i s  n e g l i g i b l e .  
Do i s  reduced f o r  suspension c e l l s  and sphero id  
c e l l s ;  however, t h e  RBE f o r  t h e  p l a t e a u  i s  c l o s e  
t o  1.0 f o r  b o t h  i ons  i n  e i t h e r  growth format .  
The s u r v i v a l  enhancement o f  sphero ids appears t o  
be abo l i shed  i n  t h e  argon p l a t e a u  where t h e  LET 
i s  95 keV/pm. 

I r r a d i a t i o n  o f  c e l l s  and sphero ids i n  t h e  
p rox ima l  p o r t i o n s  o f  t h e  4-cm spread Bragg peak 
(where s p e c i f i c  i o n i z a t i o n  i s  app rox ima te l y  
60 keV/pm f o r  carbon, 110 keV/pm f o r  neon, and 
370 keV/pm f o r  argon)  leads t o  a marked r e d u c t i o n  
o f  t h e  shoulder  r e g i o n  o f  t h e  c e l l  s u r v i v a l  cu rve  
f o r  e i t h e r  suspension c e l l s  o r  sphero id  c e l l s ;  
however, f o r  carbon i o n s  t h e r e  s t i l l  appears t o  
be some r a d i o p r o t e c t i o n  a f f o r d e d  t h e  sphero id  
c o n f i g u r a t i o n .  The e f f e c t i v e n e s s  o f  t h e  spread 
peaks i n  r e l a t i o n  t o  t h e  p l a t e a u  i s  measured by  
t h e  RBE g a i n  f rom t h e  p l a t e a u  t o  the  peak 
(Table 3 ) .  

Enhanced 

For neon t h e  

The RBE g a i n  f o r  sphero id  c e l l s  a t  

t h e  10% s u r v i v a l  l e v e l  i n  t h e  carbon p rox ima l  
peak was 1.5, f o r  neon i t  was es t ima ted  as 1.8, 
and f o r  argon 0.71. For c e l l  suspensions t h e  RBE 
g a i n  a t  10% s u r v i v a l  l e v e l  was 1.7 f o r  carbon, 
1.5 f o r  neon, and 0.71 f o r  argon. The neon beam 
i s  c e r t a i n l y  more e f f e c t i v e  f o r  c e l l  k i l l i n g  i n  
sphero ids a t  low s u r v i v a l .  However, a t  t h e  50% 
s u r v i v a l  l e v e l  a t  which t h e r a p e u t i c  doses would 
be d e l i v e r e d  t h e  g a i n  f o r  b o t h  neon and carbon 
i s  about t h e  same. The h i g h e s t  RBE i s  seen a t  
t h e  neon midpeak a t  an LET v a l u e  o f  150 keV/pm. 
I n  t h e  d i s t a l  peak, a t  200 keV/pm, t h e  e f f e c t i v e -  
ness o f  neon i o n s  i s  l e s s  than  i n  t h e  midpeak, 
i n d i c a t i n g  t h a t  we have surpassed t h e  LET f o r  
maximum e f f e c t i v e n e s s  i n  t h i s  l o c a t i o n  ( F i g .  8 ) .  
T h i s  i s  f u r t h e r  suppor ted by  t h e  lower  RBE va lues 
o f  t h e  argon beam where t h e  LET i s  above 
95 keV/pm ( F i g .  8)  i n  t h e  peak compared t o  t h e  
p la teau.  

The s u r v i v a l  response w i t h  carbon, i .e.,  
increased k i l l i n g  e f f e c t i v e n e s s  w i t h  i nc reased  
LET, i s  as expected. S i n g l e  c e l l  suspension 
experiments w i t h  Chinese hamster (V79) and human 
k i d n e y  ( T l )  c e l l s  i n  t h e  10-cm spread carbon i o n  
Bragg peak have shown t h a t  t h e  RBE con t inues  t o  
i nc rease  f r o m  t h e  p rox ima l  t o  d i s t a l  peak reg ions  
as a f u n c t i o n  o f  i n c r e a s i n g  LET (Chapman e t  a l . ,  
1977, 1978). S u r v i v a l  o f  c e l l s  f rom sphero ids 
i r r a d i a t e d  i n  t h e  neon spread peak was n o t  as 
expected. C e l l  exper iments w i t h  neon have 
i n d i c a t e d  t h a t  t h e  RBE increases and t h e  OER 
decreases f r o m  t h e  p rox ima l  t o  d i s t a l  peak; t h i s  
i s  again a f u n c t i o n  o f  i n c r e a s i n g  LET (Chapman 
e t  al. ,  1978). Our r e s u l t s  show a lower  RBE i n  
t h e  d i s t a l  peak than  t h e  p rox ima l  o r  mid reg ions .  
The argon peak w i t h  LET above 300 keV/pm a l s o  
shows reduced e f f e c t i v e n e s s .  One p o s s i b l e  
e x p l a n a t i o n  f o r  ou r  f i n d i n g s  o f  reduced c e l l  
k i l l i n g  e f f e c t i v e n e s s  f o r  d i s t a l  neon peak and 
argon 4-cm spread peak r a d i a t i o n  i s  t h a t  f o r  t h e  

Table 3. Plateau-to-Peak RBE Gain f o r  Carbon, Neon, and Argon Beams 

4-cm Spread Bragg Peak 
,Percent  

I on S u r v i v a l  Leve l  Prox imal  M id  D i s t a l  

Carbon i 

c e l  Is 0 3.2 
sphero ids 50 2.2 3.6 4.0 
c e l l s ,  10 1.7 
sphero ids 1 I 10 - 1.6 2.0 2.2 

sphero ids t , 10 1.8 2.1 1.3 

c e l l s  50 1.3 1.00 0.93 
sphero ids 50 1.3 1.00 0.93 
c e l  Is 10 0.71 0.81 0.81 
sphero ids 10 0.71 0.96 0.79 

Argon 
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F i g u r e  8. 
0 1 0 %  s u r v i v a l  ( 6 )  as a f u n c t i o n  o f  dose 
average LET f o r  a 400 MeV/amu carbon beam ( O ) ,  
425 MeV/amu neon beam (0), and 570 MeV/amu argon 

V a r i a t i o n  o f  t h e  RBE f o r  50% s u r v i v a l  

beam (A). (XBL 808-3649) 

sphero id  c e l l  c o n f i g u r a t i o n  t h e  peak e f f e c t i v e -  
ness f o r  t h e  RBE-LET r e l a t i o n s h i p  occurs a t  a 
lower  LET va lue  (100-150 keV/um) r a t h e r  than  a t  
t h e  h i g h e r  v a l u e  seen w i t h  s i n g l e  c e l l s  
(200 keV/pm). 
t r u e  a t  l e a s t  a t  lower  doses as seen i n  F i g u r e  8A 
f o r  50% s u r v i v a l  RBE. A s i m i l a r  t y p e  o f  response 
has been observed independen t l y  w i t h  neon and 
argon beams i n  exper iments on t e s t e s  we igh t  l o s s  
and g u t  c r y p t  c e l l  i n a c t i v a t i o n .  It appears t h a t  
i n  these normal t i s s u e s  t h e  RBE decreases w i t n  
LET above approx ima te l y  100 keV/pm. The midpeak 
neon RBE (2.5) and 00 (120 r a d )  va lues o b t a i n e d  
f rom t h e  9L i n  v i v o  t o  i n  v i t r o  c e l l  s u r v i v a l  
assay ( L e i t h  e t  a l . ,  1975a) a re  s i m i l a r  t o  what 
we have r e p o r t e d  (Tables 1 and 2). I n  a d d i t i o n  
i t  should a l s o  be p o i n t e d  o u t  t h a t  t h e  s u r v i v a l  
enhancement and a l s o  t h e  shou lde r  r e g i o n  a r e  
abo l i shed  a t  an LET above 80 keV/pm. 

Th is  r e l a t i o n s h i p  appears t o  be 

Our r e s u l t s  may i n d i c a t e  t h a t  t h e  sphero ids 
approximate t h e  response o f  o rgan ized  t i s s u e s  and 
tumors more c l o s e l y  than  o t h e r  t ypes  o f  i n  v i t r o  
systems s t u d i e d  so f a r .  An enhancement i n  
s u r v i v a l  o f  sphero id  c e l l s  compared t o  s i n g l e  
c e l l  s u r v i v a l  i s  seen i n  t h e  p l a t e a u  r e g i o n s  o f  
b o t h  neon and carbon beams. The s u r v i v a l  
enhancement has been observed t o  be due t o  an 
increased r a d i o r e s i s t a n c e  r e l a t e d  t o  a l a r g e r  

.... . . . . . . . . . . .  . , .  

DO v a l u e  f o r  9L sphero id  c e l l s .  
and mid p o r t i o n s  o f  t h e  neon peak a r e  more 
e f f e c t i v e  than  s i m i l a r  req ions  o f  t h e  carbon peak 

The p rox ima l  

w i n  reduc ing  t h i s  e f f e c t  of sphero id  morphology 
on. c e l l  s u r v i v a l .  

Studies w i t h  V79 Chinese Hamster C e l l  Spheroids 

S tud ies  on Chinese hamster V79 c e l l s  grown 
as m u l t i c e l l  sphero ids were conducted by  C. 
LGcke-Huhle ( I n s t i t u t  f u r  Genetik und f u r  Tox i -  
k o l o g i e  von S p a l t s t o f f e n ,  Kernforschungsgentrum 
Kar l s ruhe ,  Kar lsruhe,  F.R.G.) and E. A. B l a k e l y ,  
F. Ngo, P. Chang and C. A. Tobias (LBL). The 
beams s t u d i e d  and t h e i r  i n i t i a l  e x t r a p o l a t i o n  
energ ies  were carbon (400 MeV/amu), neon 
(425 MeV/amu), and argon (570 MeV/amu). S u r v i v a l  
o f  c e l l s  d i spe rsed  f r o m  sphero ids (390 f 20 pm 
d iamete r )  and monolayers was measured a t  a p o s i -  
t i o n  i n  t h e  p la teau ,  and a t  a p o s i t i o n  i n  t h e  
m idd le  o f  t h e  4-cm extended Bragg peak. 

F i g u r e  9 compares s u r v i v a l  o f  V79 s p h e r o i d  
c e l l s  w i t h  t h a t  o f  V79 monolayer c e l l s  a f t e r  
exposure t o  X r a y s  and t h e  t h r e e  heavy-ion beams, 
r e s p e c t i v e l y .  
y i e l d i n g  10% s u r v i v a l  was used t o  c a l c u l a t e  a 
s u r v i v a l  r e s i s t a n c e  f a c t o r  (RF) f o r  sphero id  
c e l l s  compared t o  monolayer c u l t u r e s  f o r  each 
t y p e  o f  r a d i a t i o n .  Table 4 shows a summary o f  
a l l  RF and RBE data.  U n f o r t u n a t e l y ,  no d a t a  a r e  
a v a i l a b l e  f o r  t h e  argon p la teau .  

The d i f f e r e n c e  i n  r a d i a t i o n  dose 

F i g u r e  10 compares s u r v i v a l  o f  V79 c e l l s  f r o m  
sphero ids a f t e r  X r a y s  wi th  s u r v i v a l  a f t e r  
exposure t o  400 MeV/amu carbon ions,  425 MeV/amu 
neon ions ,  and 570 MeV/amu argon i o n s  a t  p l a t e a u  
and midpeak p o s i t i o n s .  
sphero id  c e l l s  t o  X r a y s  i s  i n d i c a t e d  by t h e  
pronounced i n i t i a l  shou lde r  o f  t h e  X-ray s u r v i v a l  
curve (broken l i n e ) .  Exposure o f  sphero ids a t  
t h e  carbon and neon p l a t e a u  y i e l d e d  s u r v i v a l  
curves w i t h  shoulders,  however, t h e  s u r v i v a l  
curves f o r  t h e  Bragg peak showed no shoulder  and 
produced much h i g h e r  RBE values than  f o r  t h e  
p l a t e a u  (Table 4 ) .  

r e s i s t a n c e  o f  V79 sphero ids t o  s p a r s e l y  i o n i z i n g  
i r r a d i a t i o n  ( p o s s i b l y  due t o  a c e l l  c o n t a c t  
mediated i nc rease  i n  t h e  a b i l i t y  t o  accumulate 
s u b l e t h a l  damage as demonstrated by a g r e a t e r  
shou lde r ) ,  decreases w i t h  i n c r e a s i n g  LET o f  t h e  
p a r t i c l e s  and was absent a t  v e r y  h i g h  LET va lues  
o f  75-450 keV/prn. As a consequence t h e  RBE 
values,  which a re  based on X-ray d a t a  f o r  
re fe rence ,  were v e r y  h i g h  (4.1 t o  4.2) a t  t h e  
Bragg peaks and c o n s i d e r a b l y  lower  a t  t h e  p l a t e a u  
reg ions ,  t h e  r e g i o n s  o f  lower  LET. A s i m i l a r  
e f f e c t  was found w i t h  9L sphero id,  as p r e v i o u s l y  
r e p o r t e d  f o r  t h e  midpeaks. The RBE v a l u e  o f  1.5 
f o r  t h e  neon p l a t e a u  i s  comparable t o  t h e  v a l u e  
found f o r  p ions  a t  an unspread peak and f o r  
7.5 MeV neutrons (Durand and O l i ve ,  1976; 
D e r t i n g e r  e t  a]., 1976) w h i l e  the  carbon p l a t e a u  
showed t h e  same k i l l i n g  e f f i c i e n c y  as X rays .  
The RBE va lues f o r  t h e  V79 monolayers i n  t h e  
range o f  1.8 t o  2.4 a r e  comparable t o  d a t a  pub- 
l i s h e d  by o t h e r s  (Chapman e t  al., 1977, 1978; 
B l a k e l y  e t  a l . ,  1979) u s i n g  t h e  same heavy-ion 
beams a t  midpeak p o s i t i o n s .  

The g r e a t  r e s i s t a n c e  of 

The r e s u l t s  demonstrate t h a t  t h e  i nc reased  

. . . . . . .  - -  . . . . . . . . . . . . . . . . . . . . .  .- . . . .  
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Figure 9. Comparison between survival o f  spheroid cells (0) and survival of cells 
from monolayer cultures ( A )  after exposure to X rays and to the various ions 
studied at a plateau (open symbols) and midpeak position (closed symbols), 
respectively. (XBL 808-1 0893) 

Table 4. Summary o f  RBE and RF Values 

RF* 
Spheroids 

Type o f  Position i n  Mean Dose R B E l O  
Ioniz i ng Ionization Average LET Monolayer 
Radiation Curve (keV/um) 

X ray 2.5 1 .o 1.0 2.0 

400 MeV/amu Middle of 4-cm 75 1.8 4.2 0.9 
Carbon Ions spread peak 

plateau ' 11 1.0 1.0 2.0 

425 MeV/amu Middle o f  4-cm .140 2.4 4.1 1.2 
Neon Ions spread peak 

plateau 30 1.4 1.5 1.8 

570 MeV/amu Middle of 4-cm 450 ' 2.1 4.1 1 .o 
Argon Ions spread peak 

* Spheroid to monolayer dose ratio at 10% survival. 
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CARBON IONS NEON IONS ARGON IONS 

DOSE [GRAY]  
F i g u r e  10. 
-(A) and midpeak (0 )  p o s i t i o n .  
a re  f r o m  one exper iment  o n l y .  For  comparison, s u r v i v a l  a f t e r  X-ray exposure (0) i s  
i nc luded .  (XBL 808-10891 ) 

S u r v i v a l  o f  V79 sphero id  c e l l s  a f t e r  exposure t o  heavy-ion beams a t  a 
Each p o i n t  rep resen ts  t h e  mean *S.E. Argon d a t a  

For  t h e  r a d i o t h e r a p i s t ,  t h e  e f f e c t i v e n e s s  o f  
spread peaks i n  r e l a t i o n  t o  t h e  p l a t e a u  i s  o f  
s p e c i a l  i n t e r e s t .  A l though t h e  beams we used d i d  
n o t  have t h e  same range, t h e  peak /p la teau  RBE 
r a t i o  i n  ou r  exper iments was most advantageous 
f o r  t h e  l onger  ranged carbon beam. Hea l thy  
t i s s u e  i n  f r o n t  o f  a tumor would be p r o t e c t e d  by  
a f a c t o r  o f  4.2 as compared t o  c e l l  k i l l i n g  o f  
t h e  tumor c e l l s  cen te red  w i t h i n  t h e  spread carbon 
peak. 
o n l y  2.7 i n d i c a t i n g  a h i g h e r  dose average LET a t  
t h e  neon midpeak compared t o  carbon. For t h e  
argon beam no p l a t e a u  d a t a  were ob ta ined .  
maximum RBE g a i n  f o r  t h e  carbon beam agrees w i t h  
t h e  r e s u l t s  o f  Chapman e t  a l .  (1977) u s i n g  t h e  
same beam f o r  V79 suspension c u l t u r e s  and T i  
monolayer c u l t u r e s .  

For neon i o n s  t h e  peak /p la teau  r a t i o  was 

A 

High LET r a d i a t i o n  as used i n  t h i s  s t u d y  i s  
known t o  e l i m i n a t e  a s i g n i f i c a n t  p o r t i o n  o f  
hypox ic  c e l l s  (Chapman e t  al. ,  1978). Spheroids 
o f  a s i z e  used i n  t h i s  s t u d y  have about 4% t o  6% 
o f  such c e l l s  as i n d i c a t e d  by  back e x t r a p o l a t i o n  
o f  t h e  second shoulder  i n  t h e  s u r v i v a l  c u r v e  
(Su the r land  and Durand, 1976). The dose -e f fec t  
curves ob ta ined  f o r  sphero ids a f t e r  heavy-ion 
i r r a d i a t i o n  c e r t a i n l y  demonstrate a marked e f f e c t  
on t h a t  p o p u l a t i o n  by  d i m i n i s h i n g  t h e  second 
shoulder  o f  t h e  s u r v i v a l  curve.  However, doses 
a p p l i e d  i n i t h i s  s e t  of exper iments were n o t  h i g h  

e s t i m a t i o n  o f  t h e  amount enough t o  a l l o w  an exac t  
o f  hypox ic  c e l l s  b e i n g  k 

._  ._ 

l l e d .  

- - _  - . -  

F i g u r e  11 shows a s e r i e s  o f  DNA h is tograms 
t h a t  demonstrate t h e  c e l l  c y c l e  k i n e t i c s  o f  o u t e r  
c y c l i n g  and i n n e r  n o n c y c l i n g  sphero id  c e l l s  a f t e r  
exposure t o  320 r a d  midpeak neon ions,  a dose 
t h a t  may be used i n  f r a c t i o n a t i o n  p r o t o c o l s  f o r  
r a d i o t h e r a p y .  The DNA d i s t r i b u t i o n s  o f  o u t e r  and 
i n n e r  c o n t r o l  c e l l s  d i f f e r  i n  t h e i r  amount o f  G1 
and S phase c e l l s .  A f t e r  i r r a d i a t i o n  and subse- 
quent  i n c u b a t i o n  a t  37'C, i n n e r  noncyc l  i n g  c e l  Is 
showed h a r d l y  any k i n e t i c  change w h i l e  o u t e r  
c y c l i n g  c e l l s  r a p i d l y  began t o  accumulate i n  
G2 + M phase. 

The mathemat ica l  a n a l y s i s  o f  t h e  DNA 
d i s t r i b u t i o n s  a t  24 hours a f t e r  exposure t o  neon 
r e v e a l e d  a maximum o f  G 2  + M accumulat ion o f  
35% a t  10 hours p o s t i r r a d i a t i o n .  The drop i n  GI 
f o l l o w e d  by a decrease o f  c e l l s  i n  S phase f o r  
o u t e r  c e l l s  i s  t h e  r e s u l t  o f  t h a t  b lock  i n  
G2 + M .  
c e l l s  i n  t h e  i n n e r  c e l l  f r a c t i o n  and a v e r y  sma l l  
decrease o f  GI c e l l s ,  however, n o t  s i g n i f i c a n t  
enough t o  be i n t e r p r e t e d  as a r e c r u i t m e n t  o f  
i n n e r  c e l l s  due t o  t h e  b lock  i n  G2 + M o f  t h e  
o u t e r  c e l l s .  A dose o f  800 r a d  o f  carbon i o n s  
y i e l d e d  a G2 + M accumulat ion o f  61%, 8 hours 
p o s t i r r a d i a t i o n  exposure ( d a t a  n o t  shown), b u t  
s t i l l  t h e r e  was no i n d i c a t i o n  f o r  a r e a c t i v a t i o n  
o f  i n n e r  n o n c y c l i n g  c e l l s  u n t i l  120 hours a f t e r  
i r r a d i a t i o n .  

There was a s l i g h t  i nc rease  o f  S phase 

The f o r m a t i o n  o f  t h a t  b lock  agrees w i t h  t h e  
f i n d i n g s  desc r ibed  f o r  monolayer c e l l s  o f  t h e  

- .  .. - ~ . ... . . . ~ ~ .- - .. . . . . . - . .. . 
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Figure 11. DNA-distributions of outer cycling 
and inner noncycling spheroid cells before and 
until 16 h after exposure to 320 rad midpeak 
neon ions. (XBL 808-10892) 

same cell line. However, the extent of blockage 
is different at equal doses. Spheroids show a 
smaller effect with respect to G2 + M blockage. 
An explanation might be that the outer cell 
fraction of spheroids (obtained by fractionated 
trypsinization) is somewhat contaminated by non- 
cycling cells leading to quantitatively smaller 
changes if compared to purely exponentially 
growing monolayer cells. 

However, the block in G2 + M caused by 
high-LET irradiation was considerably higher 
than that found after Co gamma irradiation 
(Dertinger and Seiter, 1977), a fact of interest 
for radiotherapy protocols. Nevertheless, the 
large number of noncycling cells that did not 
respond in any way detectable by the method of 
flow-microfluorometric evaluationswill be still I 

a problem. The reason for no cycle changes in 
the inner cells may be that the cells are 
"crowded." Had we allowed more time for cells 
to die and lyse, more nutrients may have been 
available to start the 'inner cells cycling. 
know that this occurs in actual tumors. 

We 

/ '  

In conclusion, the fact that the increased 
resistance of cells growing under&extensive 
three-dimensional contact, which benefits 
survival after low LET radiati,on, was not . 
detected after irradiation with heavy ions at*a 

advantage in the radiotherapy planned with heavy 
charged particle beams. 

spread peak should provide an additional. - .  

GOALS FOR THE COMING YEAR crs 
For the coming year we will gather more data 

to complete the single dose survival curves for 

. . , . . .. - . . . . . . 
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cells grown in suspension and as spheroids. In 
addition to cell survival, we will be examining 
the growth kinetics of intact spheroids and 
develop models for spheroid growth evaluation. 
We will also determine a TCD-50 dose for the 
carbon, neon, argon, and helium beams. 

spheroids after irradiation. Perturbations in 
cell-cycle distribution will be analyzed at 
selected doses for intact spheroids at periods 
after irradiation. This analysis will be made 
using flow-microfluorometric and tritium labeled 
thymidine techniques. 

We will initiate studies of cell kinetics in 

We will also initiate divided dose experi- 
ments to directly evaluate the effects o f  
spheroid architecture on repair of sublethal and 
potentially lethal injury. 
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THE RELATIVE BIOLOGICAL EFFECT OF HIGH 2, 
HIGH LET CHARGED PARTICLES FOR SPERMATOGONIAL KILLING 

E.L. Alpen and P. Powers-Risius 

E a r l y  i n  t h e  development o f  r a d i a t i o n  b i o l o g y  
as a new sc ience  t h e  t e s t i s  was t h e  s u b j e c t  o f  
i n v e s t i g a t i o n  by  research  groups. However, 
Lorenz e t  a l .  (1947) and Eschenbrenner e t  a l .  
(1948) e s t a b l i s h e d  t h e  f i r s t  q u a n t i t a t i v e  b a s i s  
f o r  t h e  e f f e c t s  o f  i o n i z i n g  r a d i a t i o n  on t h e  
organ. F u r t h e r  developments o f  d e f i n i t i v e  models 
f o r  we igh t  l o s s  o f  t h e  t e s t e s  as an a n a l y t i c a l  
t o o l  f o r  c e l l  s u r v i v a l  s t u d i e s  o f  t h e  germinal  
e p i t h e l i u m  o f  t h e  mouse t e s t i s  were then  s e t  o u t  
by Kohn and Kallman (1954, 1955). They concluded 
t h a t  we igh t  l o s s  i s  an exponen t ia l  f u n c t i o n  o f  
t h e  r a d i a t i o n  dose, and t h a t  we igh t  l o s s  i s  due 
p r i m a r i l y  t o  c e l l  death i n  t h e  germinal  e p i t h e -  
l ium,  an o b s e r v a t i o n  t h a t  i s  w e l l  c o r r e l a t e d  w i t h  
h i s t o l o g i c a l  change. The model o f  Kohn and 
Kallman has been w i d e l y  used i n  examining t h e  
r e l a t i v e  e f fec t i veness  of r a d i a t i o n  o f  v a r y i n g  
LET, some o f  which has been reviewed by Gerac i  
e t  a l .  (1977). 

A more s o p h i s t i c a t e d  t rea tmen t  o f  t e s t i s  
we igh t  l o s s  d a t a  was r e p o r t e d  by  Krebs (1968), 
b u t ,  u n f o r t u n a t e l y  t h i s  method i s  n o t  a v a i l a b l e  
i n  t h e  open l i t e r a t u r e .  The Krebs '  method 
assumes t h a t  t n e  r e s i d u a l  we igh t  o f  t h e  t e s t i s  
a t  minimum p o s t i r r a d i a t i o n  va lue  i s  rep resen ted  
by t h e  sum o f  two exponen t ia l  r e l a t i o n s h i p s :  one 
d e s c r i b i n g  t h e  c e l l  s u r v i v a l  o f  t h e  r a d i o s e n s i -  
t i v e  spermatogonia, and t h e  second d e s c r i b i n g  t h e  
c e l l  l o s s  i n  t h e  r a d i o r e s i s t a n t  i n t e r s t i t i a l  c e l l  
f r a c t i o n .  Using t h i s  model, t h e  f i r s t  expo- 
n e n t i a l  r e l a t i o n s h i p  p rov ides  t h e  usual  para-  
meters, Do and n, f o r  t h e  c e l l  s u r v i v a l  curves. 
The Krebs '  method i s  an improvement over  t h e  Kohn 
and Kallman method s i n c e  i t  c o r r e c t s  f o r  dose 
dependent we igh t  l o s s  i n  t h e  i n s e n s i t i v e  f r a c t i o n  
which Kohn and Kallrnan assumed t o  be u n a f f e c t e d  
by the  r a d i a t i o n  dose. I n t e r e s t i n g l y ,  i f  one 
Computes t h e  Do  f rom Kohn and Kal lman's  expo- 
n e n t i a l  f u n c t i o n  i t  i s  approx imate ly  90 rad ,  
which compares Wi th  t h e  Krebs Do  o f  80 r a d  f o r  
t h e  same r a d i a t i o n  source (250 kVp X r a y s ) .  

E a r l y  workers, as w e l l  as Kohn and Kallman, 
have r e p o r t e d  t h a t  f r a c t i o n a t i o n  o f  t h e  dose 'ove r  
hours t o  a few days has no e f f e c t ' o n  we igh t  l oss .  
Krebs r e p o r t s  an e x t r a p o l a t i o n  number o f  1.0 f o r  
h i s  t e s t i s  c e l l  s u r v i v a l  f u n c t i o n  which, i n  l i g h t  
o f  more modern i n t e r p r e t a t i o n s  o f  s u b l e t h a l  
i n j u r y ,  would c o n f i r m  lack  o f  recove ry  i n  t h i s  
c e l l  s u r v i v a l  system. 

I t  has been our  purpose t o  examine t h e  
e f f e c t s  o f  h i g h  LET r a d i a t i o n s  produced w i t h  
acce le ra ted  heavy-ion beams on t h i s  c e l l  s u r v i v a l  
system. I f  t h e  e x t r a p o l a t i o n  number i s  indeed 
snown t o  be 1.0 f o r  t h i s  system, t h e  e f f e c t s  o f  

6J; u r v i v a l  f u n c t i o n ,  independent o f  t h e  confounding 
\LET can be examined on t h e  exponen t ia l  c e l l  

v a r i a b l e  o f  t h e  presence o f  a shoulder .  

BEAM CHARACTERISTICS AND DOSIMETRY 

For these s t u d i e s  we used he l i um ions  a t  an 
i n i t i a l  energy of 228 MeV/n produced a t  t h e  184- 
i nch  Synchrocyc lot ron;  t h e  o t h e r  i ons  used were 
produced on t h e  Bevalac, i n  which t h e  f u l l y  
s t r i p p e d  ions  were f i r s t  acce le ra ted  t o  8.5 MeV/ 
nuc leon i n  t h e  SuperHILAC, f o l l o w e d  by i n j e c t i o n  
i n t o  t h e  Bevatron. 
assoc ia ted  LET values a r e  shown i n  Table 1. 

F u r t h e r  d e t a i l s  o f  t h e  184 i n c h  Synchrocyclo- 
t r o n  and t h e  Bevalac a r e  g i ven  by  C u r t i s  e t  a l .  
(1978) and by  Lyman and Howard (1977). C u r t i s  
e t  a l .  a l s o  d e s c r i b e  t h e  beam l i n e  arrangement 
and animal exposure f a c i l i t i e s  i n  some d e t a i l .  
Fu r the r  d e t a i l s  o f  d o s i m e t r i c  methods a r e  pro- 
v ided  by  B l a k e l y  e t  a l .  (1979). The dos ime t ry  
o f  t h e  i o n  beams was accomplished w i t h  p a r a l l e l  
p l a t e  i o n i z a t i o n  chambers i n  t h e  beam l i n e .  The 
i o n  chamber c l o s e s t  t o  t h e  animal was used t o  
determine accumulated dose and t o  t e r m i n a t e  t h e  
exposure a t  t h e  p r e s e t  va lue  o f  dose. 
system i s  a l s o  desc r ibed  by C u r t i s  e t  a l .  (1978). 

s t a t e  have Bragg peaks o n l y  a few m i l l i m e t e r s  i n  
width,  an i r r a d i a t i o n  fo rma t  t h a t  i s  n o t  p a r t i c -  
u l a r l y  u s e f u l  except  f o r  t h i n  l a y e r s  o f  t i s s u e ,  
o r  f o r  c e l l s .  To produce more u s e f u l  beams t h e  
Bragg peak i s  spread by r o t a t i n g  s p i r a l  r i d g e  
f i l t e r s  o f  brass.  These beams i n  t h e i r  modulated 
fo rm a re  a l s o  used i n  p a t i e n t  therapy.  I n  t h e  
s t u d i e s  r e p o r t e d  here,  t h e  heavy i ons  a r e  spread 
t o  4 cm; a 10 cm spread c o n f i g u r a t i o n  was used 
f o r  t h e  h e l i u m  ions.  The depth dose d i s t r i b u -  
t i o n s  a re  shown i n  F i g u r e  1 f o r  t h e  i o n s  and 
energ ies  used. A l so  shown i n  F i g u r e  1 a r e  t h e  
p o s i t i o n s  i n  Which r a d i a t i o n  exposures were made 
t o  p la teau ,  p rox ima l ,  and d i s t a l  m o d i f i e d  peak 
reg ions .  The i r r a d i a t i o n  p o s i t i o n  i n  t h e  Bragg 
peak i s  c o n t r o l l e d  by  t h e  i n t e r p o s i t i o n  a v a r i -  
a b l e  water  column absorber e q u i v a l e n t  t o  t h e  
depth p o s i t i o n s  shown i n  F i g u r e  1. These v a r i o u s  
r e s i d u a l  ranges a l l o w  t h e  s e l e c t i o n  o f  a wide 
range of LET va lues f o r  a g i ven  ion.  

The p a r t i c l e  ene rg ies  and 

Th is  

The heavy-ion beams i n  t h e i r  unmodulated 

I o n  i r r a d i a t i o n s  were done j n d i v i d u a l l y  w i t h  
a 3 x 5 cm c o l l i m a t e d  f i e l d  cen te red  on t h e  
scrotum and i n c l u d i n g  t h e  lower  abdomen o f  t h e  
mouse. The i o n  dose r a t e s  were s e l e c t e d  i n  t h e  
range o f  25-200 r a d  pe r  m inu te  by  a t t e n u a t i o n  o f  
t h e ' i o n  beams t o  l ower  dose r a t e s ,  which p e r m i t -  
t e d  acceptable exposure t imes o f  1-3 minutes pe r  
mouse over  t h e  whole dose range used. 

Low-LET i r r a d i a t i o n s  were done w i t h  a 6oCo 
t e l e t h e r a p y  source w i t h  t h e  same mouse exposure 
f i e l d ,  b u t  seven mice were exposed s imu l taneous ly .  
Dosimetry f o r  t h e  6oCo source was done w i t h  a 
V ic to reen  condenser R-meter which had been 
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Table 1. P h y s i c a l  C h a r a c t e r i s t i c s  f o r  Heavy-Ion Beams 

I o n  P o s i t i o n  i n  De s i gnat  i on Dose Average 
(Energy) Bragg Peak LET (keV/pm) 

4Helium P1 ateau 0 
(228 MeV/amu) Prox imal  peak D 

D i s t a l  peak A 

1.6 
4 
6 

12Carbon P1 ateau 0 
(440 MeV/amu) Prox imal  peak D 

D i s t a l  peak A 
D i s t a l  + 0.5 cm B 
T a i l  C 

11 
55 
85 

105 
30 

2ONeon P1 ateau 0 35 
(420 MeV/amu) Prox imal  peak D 110 

D i s t a l  peak A 150 
D i s t a l  + 0.5 cm B 225 
T a i  1 c 100 

40Ar g on P1 ateau 0 
(670 MeV/amu) Prox imal  peak D 

D i s t a l  peak A 

90 
380 
650 

1.6 -" 

0.2 c b.1. 
I '. 

0 4 8 12 16 20 24 0.0 I " ' ' ' 1 ' ' ' 
Range (cm of water) 

F i  u r e  1. +- u t i  i z e d  i n  t h i s  s tudy.  The i r r a d i a t i o n  p o s i -  
t i o n s  a re  l e t t e r e d  so t h a t  t h e y  correspond t o  
t h e  t e x t s  and t a b l e s :  p o s i t i o n  "0" i s  i n  t h e  
p l a t e a u  r e g i o n  o f  i o n i z a t i o n ;  p o s i t i o n  "D"  i s  
t h e  p rox ima l  p o s i t i o n  o f  t h e  Bragg peak, p o s i t i o n  
" A "  i s  t h e  d i s t a l  peak p o s i t i o n ,  p o s i t i o n  "B"  i s  
t h e  f a r  d i s t a l  r e g i o n  o f  t h e  peak, and p o s i t i o n  
"C"  i s  t h e  t a i l  r e g i o n  o f  t h e  Bragg peak. 

Depth dose d i s t r i b u t i o n s  f o r  i o n  beams 

(XBL 809-3669) 

c a l i b r a t e d  a g a i n s t  an NBS secondary s tandard.  
The dose r a t e  used was i n  t h e  same range as t h a t  
used f o r  heavy-ion beams. 

ME THO DS 

The mice used were B6D2fl male mice, 
12-15 weeks o l d  a t  t h e  s t a r t  o f  t h e  experiment, 
which were ob ta ined  f r o m  Jackson Labora to r ies ,  
Bar Harbor, Maine. They were housed seven t o  a 
cage w i t h  food  and water  ad l i b i t u m ,  b o t h  b e f o r e  
and a f t e r  i r r a d i a t i o n .  P r i o r  t o  i r r a d i a t i o n s ,  
a l l  animals were l i g h t l y  anes the t i zed  w i t h  sodium 
p e n t o b a r b i t a l ,  as were t h e  c o n t r o l  u n i r r a d i a t e d  
mice. 

A t  t h e  t i m e  o f  s a c r i f i c e  t h e  animals were 
k i l l e d  by c e r v i c a l  d i s l o c a t i o n ,  t h e  t e s t e s  were 
removed, and d i s s e c t e d  f r e e  o f  t h e  epid idymides.  
The two t e s t e s  were weighed t o g e t h e r  on a Cahn 
microbalance t o  t h e  neares t  0.1 mg. Occas iona l l y  
anatomic d e f e c t s  a r e  noted a t  s a c r i f i c e ;  f o r  
example, s i n g l e  t e s t i s ,  a t r o p h i e d  t e s t i s ,  o r  
g r o s s l y  abscessed t e s t i s .  I n  these i n f r e q u e n t  
cases b o t h  t e s t e s  a re  d i sca rded  and d a t a  were n o t  
recorded. 
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DATA ANALYSIS 

The data were analyzed without grouping. 
Analysis was done by a computer fitted regression &$ analysis to the data of the form: 

-ksD -k ID 
WD = WSe + WIe 

where 

WD = remaining testes weight after dose D 
Ws = radiation sensitive weight in the 
testes at D = 0 
WI = radiation insensitive weight in the 
testes at D = 0 
k S  = inactivation constant for the radia- 
tion sensitive fraction 
k I  = inactivation constant for the radia- 
tion insensitive fraction 

Since Ws, WI, k s  and k I  are all 
unknown, the best fit is achieved by the computer 
in an iterative fashion. It is assumed that the 
slope of the response at high dose is due solely 
to the I subscript terms, and an initial value 
for WI and k I  are computed. 
liminary parameters for the insensitive fraction, 
the initial weights for all values o f  dose are 
corrected to obtain a first estimate of the 
regression equation for the sensitive fraction. 

With the pre- 

With a first estimate of Ws and k s ,  the 
parameters are iteratively adjusted until 
stability or convergence of estimate of the 
parameters is obtained. Of course, the para- 
meters of greatest interest are Ws and k s ,  
and from these parameters the extrapolation 
number and the Do ( l / k S )  are derived. 

derived from the original source data is, at 
best, difficult. To achieve homogeneity of 
variance for the fit of the regression equations, 
testes weights are weighed by a factor equal to 
the absolute value of the testes weight. Since 
the smaller variance is associated with the 
larger weights, this procedure assigns more 
importance to the larger weights in determining 
the best fit regression. Confidence limits for 
the Do and the extrapolation numbers have been 
determined by directly calculating the 95% con- 
fidence limit values for the slope of the 
regression. From these slope limits, the equiv- 
alent 95% confidence limits for the Do are 
computed from the reciprocal of the slope, and 
for the extrapolation number from the respective 
intercepts at D = 0. Since the confidence limits 
for these latter values are for derived para- 
meters, we have refrained from statistical 
comparisons such as student t tests for Do or RBE 
values . 

Statistical analysis of data so intricately 

Figure 2 shows the original data for two 
typical data sets: 6oCo and plateau 20Ne. 

1 1 I 
I I I I 1 I 

Rodlotion sensi t ive  weight  

n 

1 

Dose (rod)  

100 200 300 400 
D o s e  (rod1 

Figure 2. 
fitted curves derived from the original data for the sensitive fraction and insensitive 
fraction. 
ions in the plateau region of the peak. 

Typical curves for testis weight loss as a function o f  radiation dose, showing the 

Panel A is data for 6oCo irradiation and Panel B is data for irradiation with neon 
(XBL 807-3447) 
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The 95% con f idence  l i m i t s  f o r  weights  assoc ia ted  
w i t h  each dose p o i n t  a re  Shown, b u t  i t  shou ld  be 
noted t h a t  t h e  r e g r e s s i o n  a n a l y s i s  i s  done on 
nongrouped data.  

RESULTS 

Before s t a r t i n g  t h e  major  s t u d i e s  on e f f e c t  
o f  LET on t e s t e s  Weight l oss ,  i t  was necessary 
t o  e s t a b l i s h  a p p r o p r i a t e  s a c r i f i c e  t imes  f o r  t h e  
h i g h  LET exposures. Both Kohn and Kallman (1955) 
and Krebs (1968) had c a r e f u l l y  s t u d i e d  t h e  t i m e  
dependence o f  we igh t  l oss .  
t h a t ,  f o r  X rays ,  a n a d i r  i s  reached between days 
24 and 34 and t h a t  a n a l y t i c  outcome was n o t  
s i g n i f i c a n t l y  a f f e c t e d  by  t h e  cho ice  o f  s a c r i f i c e  
day i n  t h i s  t i m e  window. To assure t h a t  t h e  same 
t i m e  dependence e x i s t e d  f o r  t h e  heavy-ion i r r a d -  
i a t i o n s ,  s t u d i e s  were done on t i m e  dependence o f  
weight  loss f o r  a wide range o f  doses and LET 
values.  The d a t a  a l l  c o n f i r m  t h a t  t h e  n a d i r  
occurs a t  t h e  same t ime,  r e g a r d l e s s  of  LET. 
Rather than p resen t  these data, which a r e  con- 
f i r m a t o r y ,  we have chosen t o  show g r a p h i c a l l y  i n  
F i g u r e  3, t h e  t i m e  dependence o f  we igh t  l o s s  f o r  
6oCo exposure and one 20Ne exposure c o n d i t i o n .  

T h e i r  r e s u l t s  show 

r I I I I I I I I 

COBALT TESTES I A  
I .o 

7 

i 0.8 
D 
Q) 
.- 
3 - 
e 
c 
C 
0.6 

14 
c 
0 

V 

.- + 

e 

0.2 
Day 1 o Day 28 

A " 7 'I 33 
" 14 

- 

v " 21 

I I I I I I I I 
200 400 600 8 00 0.0; 

Dose ( r o d )  

The increased b i o l o g i c a l  e f f e c t i v e n e s s  o f  t h e  
neon beam i s  e a s i l y  seen i n  t h e  i nc reased  we igh t  
loss a t  lower  dose; however, i t  i s  e q u a l l y  c l e a r  
t h a t  t h e  t i m e  o f  t h e  weight - loss n a d i r  i s  
e s s e n t i a l l y  t h e  same f o r  t h e  two r a d i a t i o n  types, 
even though i t  takes seve ra l  hundreds o f  r a d  more 
dose t o  achieve t h i s  n a d i r  w i t h  t h e  low LET 
r a d i a t i o n .  Given these d a t a  we choose t o  con- 
t i n u e  t o  do a l l  animal s a c r i f i c e s  a t  28 days 
a f t e r  exposure. 

The D o  va lues f o r  we igh t  loss o f  t h e  
r a d i a t i o n - s e n s i t i v e  we igh t  f r a c t i o n  o f  mouse 
t e s t e s  f o r  a l l  r a d i a t i o n  c o n d i t i o n s  a r e  shown i n  
Tab le  2. 
i s  107 rad,  w i t h  a 95% conf idence l i m i t  o f  about 
6 rad.  Th is  can be compared t o  Krebs '  v a l u e  o f  
80 r a d  f o r  250 kVp X rays.  Other va lues  a r e  n o t  
e a s i l y  comparable, s i n c e  d i f f e r e n t  a n a l y t i c a l  
methods were used f o r  t h e  data. T y p i c a l l y  how- 
ever, Kohn and Kallman (1955) found a v a l u e  o f  
90 R and Geraci e t  a l .  (1977) r e p o r t  a D50 f o r  
250 kVp X rays,  which can be c a l c u l a t e d  t o  g i v e  
a D o  o f  350 r a d .  

a t  wide r a n g i n g  LET values v a r y  f rom a low o f  

The Do f o r  6oCo g i ven  i n  t h i s  t a b l e  

The Do values f o r  t h e  v a r i o u s  heavy i ons  

I I I 1 I I I I 
L O L  NEON TESTES -1 
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0.6 .- 
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Table 2.  Radiation Survival Curve Parameters for the Radiation 
Sensitive Weight Loss Fraction of Mouse Testes 

Radiation Do 95% CI Extrapolation RBE* + 

Modality Number 95% CI 

6OCO 109 (101-113) 1.12 --- 

4Helium 
Plateau (0) 94.5 (87.9-102) 1.06 1.13 (1.05-1.21 ) 
Proximal peak ( D )  94.6 (85.6-106) 1.06 1.13 (1.01-1.25) 
Distal peak ( A )  82.8 (74.4-93.5) 1.02 1.29 (1.14-1.44) 

12Car bon 
Plateau (0) 75.8 (70.1-82.6) 1.05 1.41 (1.30-1.53) 
Proximal peak ( D )  71.4 (66.6-77.0) 0.96 1.49 (1.39-1.62) 
Distal peak ( A )  64.2 (58.3-71.4) 0.96 1.69 (1.50-1.83) 
Distal +0.5 cm (B) 55.2 (43.8-74.6) 0.94 1.94 (1.45-2.45) 
Tail (C) 68.4 (56.4-88.2) 1.18 1.56 (1.22-1.89) 

20Neon 
Plateau (0) 55.9 (49.0-65.2) 1.11 1.91 (1.64-2.18) 
Proximal peak ( D )  47.9 (42.3-55.2) 1.00 2.20 (1.94-2.52) 
Distal peak ( A )  58.8 (54.8-63.4) .97 1.82 (1.69-1.95) 
Distal + 0.5 cm ( 6 )  69.2 (58.0-85.9) .98 1.55 (1.27-1.88) 
Tail (C) 53.6 (44.6-67.2) 1.10 2.00 (1.62-2.44) 

40Arg on 
Plateau (0) 35.4 (29.7-43.8) 0.88 3.02 (2.40-3.67) 
Proximal peak ( D )  59.6 (53.7-67.0) 0.87 1.79 (1.62-2.02) 
Distal peak (A) 58.3 (50.2-69.6) 0.99 1.83 (1.57-2.17) 

* The RBE is calculated as the ratio of Do (6oCo) divided by DO 

' The confidence limit shown has no rigorous significance, since it is 

(ion). 

computed by taking the ratio of the limiting values of the ion 
D o  and the 6oCo Do, assuming the latter is known without 
error (CI = confidence interval). 

30 rad to a high of 95 rad. 
values to give derived RBEs are shown in the last 
column o f  Table 2 ,  and these range from 1.1 to 3. 

The ratio o f  DO 

The extrapolation numbers in column 4 of 
Table 2 show that we have no evidence to reject 
the hypothesis that the extrapolation number 
differs significantly from l.OL. 
trapolation number for all ions at all positions 
is 1.01 0.06. 

Since an extrapolation number near unity 
predicts no recovery from sublethal injury, we 
chose a fractionated exposure design to examine 
this possibility. A direct comparison was made 
in three positions of the carbon-ion Bragg peak: 
plateau, proximal peak, and distal peak. Mice 
ere irradiated either with single doses or with 

the dose divided in three equal fractions given 
over five days. 

The mean ex- 

The ratio DO(single)/DO 

(fractionated) for the three positions was found 
to be 0.85, 0.95, and 1.08 for the plateau, 
proximal, and distal peaks, respectively. These 
data offer convincing proof that little or no 
recovery of sublethal injury occurs in this cell 
renewal system. 

Several other observations can be drawn from 
the data in Table 2.  Initial experiments were 
done for the exposure conditions as the plateau 
(0); proximal peak ( D ) ;  and distal peak, whicn 
conform to the regions of plateau ionization, 
initial rise of the Bragg peak of ionization, and 
the maxinium range, respectively. Each of these 
positions correspond to increasing LET with 
movement towards maximum range. 

Since the DO appeared to be changing 
rapidly with LET in the terminal range region of 
the curve, and since the Do for distal neon was 



higher than that for the midpeak, we decided to 
examine in closer detail the dependence of Do 
on LET in the terminal range regions of the Bragg 
curve. The additional measurements were made at 
a position 0.5 cm (position B) further than the 
previous distal position, and in the tail of the 
Bragg curve (position C) for carbon and neon. 
These data along with the earlier determinations 
are shown in Figure 4, where position A is the 
original distal peak exposure, position B is the 
distal + 0.5 cm position, and C is the Bragg tail 
position. 
original data, a repeat determination was done 
at position A for neon. The original neon distal 
peak Do was 57.5 f 4.9 rad. 
determination yielded a Do of 56.1 * 3.6 rad, 
which is in good agreement with the earlier 
determination. 

To assure comparability with the 

The replicate 

For neon (Fig. 4), the more distal position 
showed a continuing increase in Do over that 
for the earlier distal position, which confirms 
that, for neon, the peak effectiveness is already 
surpassed at both positions. The LET values 
associated with position A and B are 105 keV/um 
and 150 keV/um, respectively. In the tail of the 
neon Bragg peak, there is again increased effect- 
iveness associated with a lower (100 keV/um) LET 
value. However, this value is not that Signif- 
icant because a large fraction o f  the radiation 
dose in the tail is from nuclear fragments of 
neon of lower mass than the original ion. 

For carbon ions (Fig. 5) ,  the far distal peak 
(position B) shows a further significant decrease 
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Water c o l u m n  (cm)  

Figure 4. 
associated with the irradiation position in the 
neon 4 cm extended Bragg peak. 
annotated are as described in the text. The Do 
values are given witn their 95% confidence 
intervals. 
determined in two replicate studies performed 
several months apart. (XBL 7810-3640) 

The Do determinants are shown 

The positions 

At position (A), the Do values are 
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Figure 5. The same as Figure 4, but for carbon 
ions. The Do values associated with the 
irradiation position shown are given with their 
95% confidence 1 imi t . (XBL 781 0-3639) 

n 

in DO, indicating yet increasing effectiveness 
at an LET o f  100 keV/pm with this ion. The tail 
again shows decreased effectiveness associated 
with a lower LET (position C y  70 keV/um) and the 
presence of fragments. 
calculated RBE values for the various ions and 
LET values. The beam positions are indicated by 
a letter that refers to the beam positions 
identified in Figures 1, 4, and 5. 

These data are given without confidence 
limits since, as mentioned earlier, it is not 
readily possible to determine confidence limits 
for such highly derived data with sound statis- 
tical procedures. The confidence limits for the 
Do values are obtained by computing the 95% 
confidence interval values for the slope of the 
regression line and taking reciprocals of these 
limits as limits for Do. 
further confounded when a ratio is formed with 
the 6oCo Do which has its own associated 
error. Confidence limits for ratios are compli- 
cated to derive, but when the underlying compo- 
nents of the ratio are derived rather than 
measured variables the determination of these 
limits is not a sound statistical procedure. 

Figure 5 also shows the 

These limits are 

Generally, the RBE rises continuously and 
monotonically for all LET values associated with 
4He and 12C from 6 to 100 keV/pm. 
other hand, the data for 20Ne and 40Ar do not 
appear to fit to any possible extension of this 
curve. The plateau neon RBE is significantly 
higher than the values for carbon at approximately 
the same LET. For example, proximal peak and 
plateau carbon ions yield an RBE of 1.4 and 1.5 
associated with LET values of 11 and 55 keV/pm, 
respectively, while neon plateau with ant inter- 
mediate LET at 30 keV/um'has ,an RBE,of 1.9. This 
discrepancy in RBE at constant LET is even more 

On the 
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pronounced when t h e  argon p l a t e a u  a t  100 keV/pm 
(RBE = 3.0) i s  compared t o  t h e  neon p rox ima l  peak 
a t  110 keV/um (RBE = 2.2) o r  t h e  d i s t a l  peak 
carbon a t  105 keV/pm (RBE = 2.0). These d a t a  
i n d i c a t e  an e f f e c t  o f  i o n  mass o r  charge t h a t  i s  
independent o f  LET. 

a t t a i n e d  w i th  carbon a t  105 keV/um, b u t  f o r  b o t h  
neon and argon t h e  peak o f  t h e  RBE-LET c u r v e  must 
f a l l  a t  o r  below an LET v a l u e  o f  100 keV/um. 
Only when f u r t h e r  s t u d i e s  a re  done f o r  t hese  two 
ions  i n  t h e  range o f  LET va lues f rom 30 t o  
100 keV/,,m can we say w i t h  c e r t a i n t y  where t h e  
peak e f f e c t i v e n e s s  l i e s  f o r  t h e  LET dependence 
o f  spermatogonia l  k i l l i n g .  

F i g u r e  6 shows t h e  RBE va lues  o b t a i n e d  f o r  
t h e  t a i l  o f  t h e  carbon and neon curve. These 
have n o t  been i n c l u d e d  i n  t h e  l i n e  connec t ing  t h e  
v a r i o u s  LET p o s i t i o n s  because much o f  t h e  r a d i a -  
t i o n  i n  t h e  t a i l  i s  c o n t r i b u t e d  by  fragments o f  
s m a l l e r  mass t h a n  t h e  o r i g i n a l  i on ,  and LET 
de te rm ina t ions  a r e  n o t  r e l i a b l y  computed f o r  t h i s  
c o n f i g u r a t i o n .  I n  b o t h  cases, t h e  p o i n t  f a l l s  
w e l l  o f f  t h e  l i n e :  below t h e  l i n e  f o r  neon and 

Peak e f f e c t i v e n e s s  may o r  may n o t  have been 

w 2.0 
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F i g u r e  6. 
each i o n  a re  shown, a long w i t h  r e l a t e d  p o s i t i o n  
n o t a t i o n  c o n s i s t e n t  w i t h  F igu res  1, 4, and 5. 

he [ C ]  va lues a re  exc luded f rom t n e  p l o t t e d  
i nes  because t h e  beam has unusual cha rac te r -  

i s t i c s  i n  t h i s  p o r t i o n  o f  t h e  Bragg peak. 
(XBL 807-3444) 

The RBE f o r  va r ious  beam p o s i t i o n s ? f o r :  

above t h e  l i n e  f o r  carbon. We t e n t a t i v e l y  
a t t r i b u t e  t h i s  o b s e r v a t i o n  t o  t h e  l a r g e r  amount 
o f  f ragmen ta t i on  i n  t h e  neon beam, which g i v e s  
r i s e  t o  lower  mass p a r t i c l e s  o f  l e s s e r  
e f f e c t i v e n e s s .  

D I S C U S S I O N  

The mouse t e s t i s  has been w i d e l y  used as a 
model system f o r  stem c e l l  s u r v i v a l ,  u s i n g  a wide 
range o f  end p o i n t s .  Residual we igh t  a t  about 
28 days has been used by  Lorenz e t  a l .  (1947), 
Eschenbrenner e t  a l .  (1948), Kohn and Kallman 
(1954), and Krebs (1968). More r e c e n t l y ,  Geraci 
e t  a l .  (1977) used t h i s  end p o i n t  and o t h e r s ,  
i n c l u d i n g  DNA c o n t e n t  o f  t h e  t e s t e s  and thymid ine  
i n c o r p o r a t i o n ,  b o t h  a t  t h e  same p o s t i r r a d i a t i o n  
i n t e r v a l .  Wi thers e t  a l .  (1974) have used a 
q u a n t i t a t i v e  morphologic  end p o i n t  o f  regenera t -  
i n g  spermatogenic e p i t h e l i u m  i n  i n d i v i d u a l  
t u b u l e s  t o  develop a c e l l  s u r v i v a l  curve.  A t  t h e  
l a r g e  dose l e v e l s ,  excess o f  800 rad ,  t h e y  a re  
c e r t a i n l y  e s t i m a t i n g  c e l l  s u r v i v a l  f o r  a r a d i o -  
r e s i s t a n t  p o p u l a t i o n  o f  spermatogenic p recu rso rs .  
These r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  r e p o r t e d  
f i n d i n g s  o f  Clow and G i l l e t t e  (1970). Table 3 
l i s t s  t h e  Do  va lues f r o m  tnese sources f o r  
comparison w i t h  our  r e s u l t s .  I n  some cases 050 
values o r  o t h e r  parameters were r e p o r t e d  i n  t h e  
o r i g i n a l  paper, b u t  where p o s s i b l e  t h e y  have been 
conver ted t o  DO values.  Others, u s i n g  s i m i l a r  
end p o i n t s  have found s i m i l a r  wide r a n g i n g  va lues 
f o r  t e s t i s  s e n s i t i v i t y  (B ianch i  e t  a l . ,  1969). 

t h e  observed end p o i n t s  depends t o  a g r e a t  e x t e n t  
upon the  wide v a r i a b i l i t y  i n  r a d i o s e n s i t i v i t y  o f  
t h e  v a r i o u s  developmental s tages i n  t h e  l i f e  
c y c l e  f rom stem c e l l  t o  spermatozoan. Th is  
v a r i a b i l i t y  as a f u n c t i o n  o f  development s tage  
has been w e l l  d e f i n e d  i n  t h e  c l a s s i c  s t u d i e s  o f  
Oakberg (1957; Oakberg and C la rk ,  1961) and 
o the rs .  The e a r l y  stages, A, and AS, 
r e s p o n s i b l e  f o r  p o p u l a t i o n  maintenance i n  t h e  
stem c e l l  r o l e  a re  q u i t e  r a d i o r e s i s t a n t ,  w h i l e  
l a t e  developmental stages, t y p e  B, a re  q u i t e  
r a d i o s e n s i t i v e .  Depending upon whether one i s  
u s i n g  a r e g e n e r a t i o n  end p o i n t  such as t h a t  o f  
Wi thers e t  a l .  (1974) when t h e  A0 /As  p o p u l a t i o n  
e f f e c t  would predominate, o r  a volume o r  mass end 
p o i n t ,  i n  which l a t e r ,  more numerous forms would 
predominate, a q u i t e  d i f f e r e n t  es t ima te  o f  
s e n s i t i v i t y  w i l l  r e s u l t .  

C e r t a i n l y ,  mucn o f  t h e  g r e a t  v a r i a b i l i t y  i n  

I 

We b e l i e v e j t h e  28-day r e s i d u a l  we igh t  end 
p o i n t  measures m o s t l y  t h e  s e n s i t i v i t y  o f  l a t e r  
stages, s i n c e  these  stages make up the  b u l k  o f  
t h e  spermatogonia l  mass o f  t h e  t e s t i s .  
r e c t i o n  f o r ”  t h e . h i g h  r a d i o r e s i s t a n c e  o f  S e r t o l i  
c e l l s  and i n t e r s t i t i a l ,  c e l l s  as determined by  
s u b t r a c t i o n ,  as we have done, g i ves  a b e t t e r  
e s t i m a t e  f o r  Do  o f  t h e  s e n s i t i v e  popu la t i on ,  
and t h i s  c o r r e c t i o n  p robab ly  e x p l a i n s  t h e  
d i f f e r e n c e  between ou r  Do va lues and those  o f  
Geraci e t  a l .  (1977). 

heavy ions,  t h e  most s i g n i f i c a n t  obse rva t i on  i S  
t h a t  LET a lone  does n o t  account f o r  v a r i a t i o n  i n  
r a d i a t i o n  response o f  t h e  spermatogonial popula- 

The co r -  

From t h e  s t a n d p o i n t  o f  t h e  r a d i o b i o l o g y  o f  
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Table 3.  Comparison of Do Values 

Do (rad) Reference Radiation 

Kohn and Kallman (1954) 250 kVp X rays 90 

Krebs (1968) 

Geraci et a1 

Geraci et a1 

Geraci et a1 

Withers et a 

1977) 

1977) 

1977) 

(1974 

250 kVp X rays 80 

weight 250 kVp X rays 350 

DNA content 250 kVp X rays 540 

H3TdR uptake 250 kVp X rays 70 

137cs 180 

Clow and Gillette (1970) 300 kVp X rays 380 

tion we are measuring. Clearly, for constant LET 
but for different particles, the results are 
quite different; the effectiveness increases with 
particle mass. 
with our observation on the response of the 
clonogenic stem cells of the small intestine 
crypts (Alpen et al., 1980). On the other hand, 
with in vitro systems, Blakely et al. (1979) had 
found only minor differences for different ions 
at more or less constant LET. Their end point 
was survival of human T-1 kidney cells. It 
remains to be seen whether this finding will be 
a constantly observed difference when comparing 
in vitro and in vivo cell survival systems. 

These findings are consistent 

Finally, to address the question of RBE with 
this end point compared to other high LET radia- 
tions, we have found RBE values to be relatively 
low compared to RBE values for fast neutrons 
using similar systems. Geraci et al. (1977) 
reports RBE values (for testis weight loss and 
testis DNA content), ranging from 2.1 to 3.3. 
These values for fast neutrons are generally in 
accord with many other reports. Only with argon 
ions do we find values as high as those reported 
for neutrons. 
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SURVIVAL OF INTESTINAL CRYPT CELLS AFTER EXPOSURE TO HIGH 2, 
HIGH ENERGY CHARGED PARTICLES 

E. L. Alpen, P. Powers-Risius, and M. McDonald 
6d 

The purpose o f  t h e  exper iments desc r ibed  
h e r e i n  i s  t o  e v a l u a t e  t h e  r e l a t i v e  b i o l o g i c a l  
e f f e c t i v e n e s s  o f  h i g h  energy charged p a r t i c l e s  f o r  
c e l l  k i l l i n g  i n  normal t i s s u e s .  For  t h i s  evalua-  
t i o n  we chose t h e  mouse c r y p t - c e l l  s u r v i v a l  assay 
o f  W i the rs  and E l k i n d  (1970). 

i t s  response t o  X and gamma r a d i a t i o n  b y  a broad 
shou lde r  on t h e  c e l l  s u r v i v a l  curve, and an expo- 
n e n t i a l  s u r v i v a l  reg ion .  It i s  n o t  p o s s i b l e  t o  
measure t h e  b read th  o f  t h e  shoulder  as expressed 
i n  t h e  usual  DQ parameter, b u t  Hornsey and V a t i s t a s  
(1963) have es t ima ted  t h e  DQ w i th  usua l  photon ir- 
r a d i a t i o n  t o  be 400 rad.  T h e i r  e s t i m a t e  was made 
b y  d i v i d e d  dose techniques,  b u t  t h e  v a l u e  i s  
s h a r p l y  l ower  t h a n  t h e  usua l  DQ es t ima tes  o f  700 t o  
900 r a d  r e p o r t e d  b y  .others (Zyw ie tz  e t  al. ,  1979). 
The Do f o r  photon i r r a d i a t i o n  has g e n e r a l l y  been 
r e p o r t e d  t o  be on t h e  range o f  100 t o  150 rad.  

p o i n t  has been w i d e l y  used f o r  comparison o f  
r a d i a t i o n s  o f  v a r i o u s  LET values i n  t h i s  r a p i d l y  
p r o l i f e r a t i n g  t i s s u e ,  p r i n c i p a l l y  f r o m  exposure t o  
neutrons o f  v a r i o u s  energ ies  (Zyw ie tz  e t  a l . ,  1979; 
W i the rs  e t  a l . ,  1970, 1974; Broerse e t  a l . ,  1971; 
Hornsey and F i e l d ,  1974; Fu e t  al., 1979). 

I n  t h e  course o f  p r e p a r i n g  t o  use a c c e l e r a t e d  
heavy i o n s  f r o m  t h e  Berke ley  Bevalac f o r  r a d i o -  
therapy,  we have under taken t o  s tudy  t h e  response 
o f  t h e  normal t i s s u e s  i m p o r t a n t  t o  t h e  r a d i o t h e r a -  
p i s t .  
p e r  nuc leon !2C, 20Ne, 40Ar, and 228 MeV p e r  
nuc leon 4He ions.  

The i n t e s t i n a l  c r y p t  c e l l  i s  c h a r a c t e r i z e d  i n  

The g a s t r o i n t e s t i n a l  c r y p t  c e l l  s u r v i v a l  end 

We r e  o r t  he re  on t h e  e f f e c t s  o f  400-570 MeV 

BEAM CHARACTERISTICS AND DOSIMETRY 

The he l i um- ion  beam was produced a t  t h e  
Berke ley  184- i n c h  Synchrocyc 1 o t r o n  ; t h e  i n i t  i a1 
energy o f  these p a r t i c l e s  was 228 MeV/nucleon. 
The o t h e r  i ons  were produced a t  t h e  Berke ley  
Bevalac. The h e a v i e r  i o n  beams were f i r s t  acce l -  
e r a t e d  t o  8.5 MeV/nucleon i n  a l i n e a r  a c c e l e r a t o r ,  
and were then  i n j e c t e d  and f u r t h e r  a c c e l e r a t e d  . _  
t o  t h e  d e s i r e d  energy i n  t h e  Bevatron, a machine 
b u i l t  i n i t i a l l y  as a 2 GeV p r o t o n  synchrot ron.  
F u r t h e r  d e t a i l s  on b o t h  t h e  184- inch Synchrocyc lo-  
t r o n  and t h e  Bevalac a r e  g i v e n  by C u r t i s  e t - a l .  - 

(1978) and Lyman and Howard (1977) . , .Cur t is  e t  a l .  
a l s o  d e s c r i b e  t h e  beam l i n e  arrangements and animal 
exposure f a c i l i t i e s  i n  some d e t a i l .  

p l a t e  i o n i z a t i o n  chambers were i n s e r t e d  i n  t h e  beam 

~~~~~1 was used t o  determine t h e  accumulated dose 
and t o  t e r m i n a t e  t h e  exposure a t  t h e  p r e s e t  va lue  
o f  dose. T h i s  system i s  a l s o  desc r ibed  b y  C u r t i s  
e t  a l .  (1978). 

For  dos ime t ry  o f  t h e  i o n  beams, dua l  p a r a l l e l  

The i o n  chamber p o s i t i o n e d  c l o s e s t  t o  t h e  

X - i r r a d i a t i o n  was performed w i t h  a P h i l i p s  
o r t h o v o l t a g e  genera to r  ope ra ted  a t  225 kVp and 15 
mA. The h a l f  v a l u e  l a y e r  was 1.1 mm Cu. Dosimetry  
was done w i t h  a V i c t o r e e n  condenser R meter  c a l i -  
b r a t e d  a g a i n s t  an NBS secondary standard. The dose 
r a t e  was approx ima te l y  130 rad/min. 

For t h e  heavy- ion beams, each mouse was 
i r r a d i a t e d  i n d i v i d u a l l y  a t  dose r a t e s  v a r y i n g  f r o m  
100 t o  600 r a d  pe r  minute.  
dose r a t e s  o f  t h i s  magni tude t h e r e  would be no 
v a r i a t i o n  i n  outcome as a f u n c t i o n  o f  dose r a t e .  
We observed no change i n  e r r o r  o f  e s t i m a t e  when 
poo led  and nonpooled d a t a  were analyzed, which sug- 
ges ts  t h a t  t h i s  dose r a t e  range d i d ,  indeed, have 
l i t t l e  e f f e c t  on o u r  es t ima te .  

It was assumed t h a t  f o r  

The heavy- ion beams were modulated b y  brass 
s p i r a l  r i d g e  f i l t e r s  t o  spread t h e  narrow Bragg 
peak t o  dimensions u s e f u l  i n  rad io the rapy .  I n  t h e  
s t u d i e s  r e p o r t e d  here, a 4-cm spread peak c o n f i g -  
u r a t i o n  was used f o r  t h e  h e a v i e r  ions,  and a 10-cm 
spread peak f o r  t h e  h e l i u m  ions.  
done i n  t h e  r e g i o n  o f  p l a t e a u  i o n i z a t i o n  and i n  
t h e  p rox ima l  and d i s t a l  m o d i f i e d  peak r e g i o n s  as 
d e p i c t e d  i n  F i g u r e  1. The i r r a d i a t i o n  p o s i t i o n  
i n  t h e  Bragg peak was c o n t r o l l e d  b y  t h e  i n t e r p o s i -  
t i o n  i n  t h e  beam l i n e  o f  a v a r i a b l e  wa te r  column 
which p r o v i d e d  absorber  e q u i v a l e n t  t o  t h e  depths 
shown i n  F i g u r e  1 f o r  t h e  v a r i o u s  p o s i t i o n s .  These 
v a r i o u s  r e s i d u a l  range  va lues  a l lowed t h e  s e l e c t i o n  
o f  a wide range o f  LET va lues  f o r  a g i ven  ion .  

I r r a d i a t i o n s  were 

\ \ !  
-----!-. 

I 0.2 . .- \ 
0.0 I ' I I I I ' I I I 

\. J 
0 ' 4  8 '12 16 20 24 28 

Range (cm of water) 

F i g u r e  1. Depth dose d i s t r i b u t i o n s  f o r  i o n  beams 
used. Bragg peaks a r e  spread by use o f  r o t a t i n g  
s p i r a l  r i d g e  f i l t e r s .  The i r r a d i a t i o n  p o s i t i o n s  
a r e  shown i n  t h e  f i g u r e  f o r  each i o n .  

(XBL 784-3062) 



LAFl female mice (Jackson Labs, Bar Harbor, 
Maine) 12-17 weeks old were used for all experi- 
ments. They were housed five to a cage, and given 
food and water ad libitum, both before and after 
irradiation. Prior to all irradiations, the mice 
were lightly anesthetized with i.p.injections of 
sodium pentobarbital. For both ion beams and 
X rays, the radiation field was collimated to a 
3 x 5 cm field which was restricted to the lower 
two-thirds of the mouse's body excluding the upper 
thorax and head. 

Approximately-3 to 3.5 days after irradiation 
the mice were killed by cervical dislocation; 1 cm 
of the jejunum was removed, flushed with physio- 
logical saline, and put into Bouin's fixative. The 
intestinal segment was processed and sections were 
cut at 5 vm and stained with hematoxylin and eosin. 
Nine intestinal circumferences, each separated by 
at least 100 pm from the previous section to assure 
no overlap, were counted for each mouse at 200X 
magnification. 
point for each replication, with 3 to 5 replica- 
tions of each experiment. 

determined using the microcolony method of Withers 
and Elkind (1970). 
crypts per circumference was counted (greater than 
10 living cells in a crypt clone was considered 
a regenerating crypt). To correct for the proba- 
bility of more than one cell surviving and regen- 
erating a viable crypt, the number of surviving 
clonogenic cells per crypt was estimated using the 
Poisson correction as suggested by Withers and 
El ki nd ( 1970). 

There were usually 5 mice per dose 

The survival of intestinal crypt cells was 

The number of regenerating 

Data Analysis 

Uncorrected crypt cell numbers per circum- 
ference were averaged for the nine separate gut 
sections examined on each mouse. The Poisson 
correction was made and the data were then computer 
analyzed for a least-squares fit of the linear 
regression of the log of surviving clonogenic cells 
per circumference as a function of dose. The mean 
corrected surviving clonogenic cell number for each 
animal was treated as an individual datum, and the 
variance among the individual estimates on a single 
animal was ignored. The computer program was so 
constructed that if a dose group had an average 
value for clonogenic cells per circumference within 
90% of the control value it was rejected from the 
analysis. The purpose of introducing such a rejec- 
tion criterion was to prevent undue influence on 
the estimation of the Do, i.e., the terminal 
slope, by values that might be on the transitional 
shoulder region of the curve. 
a rejection criterion is, at best, arbitrary; but 
in preliminary analysis of the data a range of 
rejection criteria was tested. If the value for 
a given dose level of surviving clonogenic cells 
was 90% or more than the control value, the elimi- 
nation of this group had no significant effect on 
the final slope estimate. Using this criterion 
of stability of slope estimation, we settled upon 
90% of the control value as the level below which 
a dose group would be included in the analysis. 

The selection of 

20 0 

The calculations provided an estimate of the 
Do for the terminal exponential portion of the 
clonogenic cell survival curve and the 95% confi- 
dence interval for the Do. Since the Do is only 
the value of the independent variable (dose) for 
a 37% reduction in survival, it was necessary to 
compute the confidence limit in an indirect manner. 
We accomplished this by evaluating the confidence 
limits of the slope of the regression line. The 
95% confidence limit of Do was then obtained by 
evaluating the regression expression using the 95% 
limits for the slope. The extrapolation number 
was also calculated; however, this parameter did 
not appear to be particularly informative since 
small variations in Do were as significant in 
affecting the extrapolation number as were lateral 
shifts in the position of the shoulder. 

RESULTS 

Data on clonogenic cell survival were analyzed 
both in terms of the width of the shoulder and the 
slope of terminal exponential region. The former 
might be expected to be the most strongly influ- 
enced by the higher LET radiations if, in fact, 
the shoulder represents capacity for recovery from 
sublethal injury. 

The LET values associated with the various 
exposure positions in the spread Bragg peak ion 
beams are shown in Table 1. These values are de- 
rived with a computer program developed by Curtis 
(1977).  Typical results and the ranges of values 
to be expected at any position are discussed in 
some detail by him in this reference. The values 
given are the dose average LET at the entrance of 
the beam into the mouse, the midline of the mouse, 
and the exit side of the mouse. The present pro- 
grams that estimate LET distributions are not yet 
sophisticated enough to provide detailed LET spec- 
tra at all locations in the target organ. The 
shortcomings are, however, not unique to heavy-ion 
beams, but they are shared with nearly all radia- 
tion sources, especially those of higher LET than 
usually associated with gamma and X-ray sources. 

Table 1. LET Values for Helium, Carbon, Neon, and 
Argon Ions* 

Dose Average LET (keV/pm) 

Beam He1 ium Carbon Neon Argon 
Position (228 f 400 (420 (670 

MeV/amu ) MeV/amu ) MeV/amu ) MeV/amu ) 
~ ~~~ ~~ ~ 

Plateau 1.6 11 30 95 

Proximal 
peak 4 55 100 3 70 

Distal peak 6 90 180 600 

*From: Blakely et al. (1979).  



201 

Shown in Figure 2 are typical survival curves 
plotted along with the calculated regression line. 

. The mean and the 95% confidence intervals for data 
collected at each dose are also shown in this 
figure. Note, however, that the regression line 
was calculated from ungrouped data, and furthermore, 
that the varying number of animals per point makes 
eye fitting difficult at best. 

The beam position and energy selected for 
different ions permit a comparison among ions for 
biological effectiveness at near constant LET. 
A good comparison can be made among distal peak 
carbon at 90-100 keV/wn, proximal peak neon at 
110-120 keV/pm, and plateau region argon at 
95 keV/um. 

for clonogenic cell survival with the various 
radiations. 
terminal exponential portion of the survival curve, 
excluding all data points (groups of mice) in 
excess of 90% of the appropriate control. As men- 
tioned earlier, this artifice prevents distortion 
of the terminal exponential regression by values 
lying within the transitional region of the 
shoulder. 

1963) it is not possible to derive valid estimates 

Table 2 lists the relevant parameters derived 

The Do given is one computed for the 

As others have noted (Hornsey and Vatistas, 

225 kVp 400MeV'2C 420MeV"Ne 670MeVWAr 
X - R a y s  Plateau Plateau Plateau 

X-Ray , I I I Neon , , , I 
700 900 1100 1300 400 600 800 1000 

Carbon Argon 
DOSE ( r a d s )  

Figure 2. Clonogenic crypt cell survival curves for 
225 kVp X rays and for plateau carbon, neon and 
argon ions. The data points are plotted with their 
95% confidence limits. The calculated regression 
lines are also shown. (XBL 802-31 22) 

Table 2. Crypt Cell Survival Parameters and RBE Values 

Radiation Type Do and 95% Confidence RBE D200 and 95% Confidence RBE 
Interval (rad) Value Interval (rad) Value 

~~ ~ 

225 kVp X ray 158 (145-173) - 890 (816-974) - 
228 MeV/amu Helium 

P1 ateau 
Proximal peak 
Distal peak 

400 MeV/amu Carbon 

P1 ateau 
Proximal peak 
Distal peak 

420 MeV/amu Neon 

P 1 ateau 
Proximal peak 
Distal peak 

670 MeV/amu Argon 

Plateau 
Proximal peak 
Distal peak 

200 (189-215) 
207 (186-232) 
182 (167-200) 

185 (158-223) 
158 (140-182) 
130 (118-144) 

122 (109-139f. ' 
114 (105-125) I 

151 (124-193) * : 

0.79 
0.76 
0.87 

0.85 
1.00 
1.21 

1.29 t 

1.38 . 
1.04 

940 (888-1010) 
850 (763-952) 
800 (734-879) 

I )  

690 (589-831) 
532 (471-612) 
585 (530-647) 

576 (514-656) 
472 (434-517) 
480 (394-613) 

74 (61-94) 2.13 412 (339-523) 
106 (94-122) 1.49 434 (384-499) 
216 (175-282) 0.73 411 (332-536) 

0.95 
1.04 
1.11 

1.29 
1.67 
1.52 

1.54 
1.88 
1.85 

2.16 
2.05 
2.16 
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of the DQ except by indirect procedures with the 
intestinal crypt cell assay. For purposes of 
shoulder comparison, a useful parameter is the dose 
associated with a value for clonogenic crypt cell 
number around or above the control value. This 
dose is, of course, obtained from the regression 
expression for the terminal slope. The last column 
of Table 2 shows the dose for a survival level of 
200 clonogenic cells per circumference. This value 
can be interpreted as an indirect evaluation of 
DQ; we will call this value D200. 

It is, of course, possible to use our data to 
construct another estimate of DQ from the value of 
n derived from the regression equation and the 
estimate of control clonogenic crypt cell number. 
Then Dq may be estimated from the well-known rela- 
tionship, In n = DQ/Do. As mentioned earlier, 
these extrapolations through four or five decades 
of cryptogenic cell survival are quite variable 
and exquisitely sensitive to small differences in 
Do. The choice of the D200 as a substitute for the 
DQ is made with the full knowledge of the relation- 
ship between Do, n, and DQ. 
value at or near the control level of cryptogenic 
cells will probably be quite insensitive to change 
in Do since the center of rotation of the exponen- 
tial portion of the survival curve, as Do changes, 
must be at or near the control crypt-cell value. 
In other words, the control level must always be 
included in the exponential portion, and survival 
near the control level should be more sensitive 
to changes in DQ than in Do. 

type and LET as well as an examination of error 
limits. However, since the Do and D200 are derived 
estimates of the independent variable made from the 
logarithmic regression equations, the usual testing 
of differences among the estimates is not permitted 
by sound statistical practice. For example, the 5 

confidence limits are not symmetrical about the Do 
or D200 because the limits are derived from slopes 
describing a logarithmic dependence of response 
on dose. 

The reference radiation, 225 kVp X rays, is 
slightly more effective than plateau helium ions, 
as might be expected. Plateau helium has an LET 
approximately equivalent to 6oCo gamma rays, and 
the difference in Do is quite similar to the dif- 
ferences usually expected between COCO and 220 kVp 
X rays in most radiobiological responses (Withers 
et al., 1970). All positions in the helium-ion 
beam have Do values somewhat higher than for the 
X-ray reference irradiation, and the shoulder, as 
represented by the D200, is not appreciably differ- 
ent from that for X rays. However, at the maximum 
LET for helium, associated with stopping particles, 
there is approximately a 10% decrease in the 
shoulder value from 890 rad to 800 rad compared 
to X rays. This small difference may be due to 
random variation. For the ions heavier than helium 
there is a continuing decrease in the Do until one 
examines the DO for distal peak neon. At this beam 
position and LET one can observe a large increase 
in Do, with no overlap of the 95% confidence inter- 
val with that for the proximal peak. For argon 
ions again there is a large increase in the value 
of Do above those for neon, for all positions in 
the beam, but plateau and proximal peak argon are 

However, a survival 

Our data permit intercomparison by both ion 

much more effective than distal peak argon in terms 
of Do. 

D200, does not follow the same pattern as the slope 
of the exponential portion o f  the cell survival 
curve. There is, from helium through argon, a 
monotonic decrease in width of the shoulder of the 
cell survival curve, without any significant peak 
in the relationship between LET and shoulder width. 

suggestion of a "saturation effect" with increasing 
LET. The reduced incremental decrease in shoulder 
with increasing LET is expressed as the plateauing 
of the RBE curves for each ion. In fact, for argon, 
all LET values appear to have the same effect on 
the D200. 

The width of the shoulder, as measured by the @ 

For carbon, neon, and argon ions there is a 

DISCUSSION 

The cell survival curve for intestinal clono- 
genic crypt cells is difficult to interpret in 
terms of rigorous radiobiological models for cell 
killing and recovery of sublethal injury. We have 
already mentioned the difficulties associated with 
the formal determination of the D for which we 
have chosen to use the D200, the jose f o r  200 crypt 
cell survival, as the "stand in" variable. For 
purposes of discussion we suggest that the data 
can be best examined by separating the efficiency 
of direct cell killing, as represented by the Do, 
from possible repair of sublethal injury, which 
we assume to be related to the width of the 
shoulder of the cell survival curve as represented 
here by the D200. 

From the data given in Table 2 one may calcu- 
late the RBE values relative to 225 kVp X rays for 
both the Do and the D200 as a function of average 
LET of the particle beam. 
RBE for the Do values as a function of LET for all 
of the particle and beam positions studied. 
Clearly this end point does not follow the expec- 
tation that LET alone will predict radiobiological 
effectiveness for a given radiation quality. The 
effectiveness of helium ions, which represents a 
range of LET from 1 to 6 keV/pm, is not signifi- 
cantly different from what we might expect for 6oCo 
gamma rays; compared to 225 kVp X rays, helium ions 
are decidedly less effective. Only with distal 
peak carbon and heavier ions do we see the signifi- 
cantly increased RBE values that have been associ- 
ated with the high LET neutron irradiations 
(Zywietz et al., 1979; Withers et al., 1970, 1974; 
Broerse et al., 1971; Hornsey and Field, 1974). 
Even for proximal peak carbon, at 58 keV/pm, the 
carbon-ion beam has not exceeded the effectiveness 
of 225 kVp X rays insofar as Do is concerned. All 
of the increased effectiveness of proximal peak 
carbon can be attributed to a decrease in the 
shoulder. As far as Do is concerned, these find- 
ings corroborate observations of others with neu- 
trons. Zywietz et al. (1979) report from their 
data on 14 MeV neutrons that the Do is unaffected 
by the high LET of his radiation source. Clearly,@ 
for particles of higher Z there is a significantly 
increased effectiveness as expressed in smaller 
Do values or RBE values greater than 1.0. 

Figure 3 displays the 

. . . . . . ., . . . . . . . . . . - .. . . . - . . . . . . I - - . - . .. . - . . - . 
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Another important observation to be made from 
these data is the large difference in RBE associ- 
ated with particles of different atomic number or 
mass at the same average LET. 
parison of LET vs. effectiveness can be made at 
the 100 keV/vm value of LET. Distal-peak carbon 
ions with an average LET of 100 keV/pm at an RBE 
of 1.2 can be compared with proximal peak neon at 
100 keV/wn and an RBE of 1.4, and with plateau 
argon at 95 keV/p and an RBE of 2.1. 
for the comparison chosen, the variations in LET 
in the exposure region are not as extreme as, for 
example, distal peak neon or distal peak argon. 

The results described here are quite different 
from those of Todd (1967), who found that a bel 1- 
shaped single-valued function of LET could describe 
the RBE for cell killing in vitro. He found maxi- 
mum effectiveness for his cell line at about 180 
keV/pm, regardless of the mass or charge of the 
particle used for irradiation. 
(1979) have generally confirmed Todd's findings 
with T - 1  cells in vitro. Ttiey also found a peak 
effectiveness at around 140 keV/r?m,- although there 
was evidence that argon ions at about the same *:- 
energy we use did not fit the general curve for 
LET values greater than 100 keV/um. Both Todd -an 
Blakely et al. used unmodified Bragg peak radiation 
in their studies. We must, therefore, make cross 
comparisons with some caution until data on cells 
in vitro irradiated with spread Bragg peaks are 
available. 

The most direct com- 

Furthermore, 

Blakely et al. 

a 

We also confirm the decreased biological 
,effectiveness seen by Todd (1967), Blakely et al. 

%eV/pm, but for our data the LET value associated 
with maximum effectiveness is certainly at or below 
100 keV/um for neon and argon. 

1979), and others for LET values at and above 100 

The exact location 

of this peak cannot be ascertained with the data 
presented here, and further studies must be done 
at appropriately selected energies to examine the 
RBE at LET values from 50-100 keV/vm with both neon 
and carbon. 
effectiveness'has been well passed for neon and 
argon ions. beyond 100 keV/um. It remains an enigma 
why carbon ions have such apparently low effective- 
ness insofar as Do is concerned. Proximal carbon 
ions at 55 keV/pm do not approach the effectiveness 
of neutrons at similar LET values (Zywietz et al., 
1979; Fu et al., 1979). 

the shoulder region of the crypt cell survival 
curve, the RBE values for D200 are plotted for each 
ion and LET in Figure 4. 
ions at 6 keV/um reduce the shoulder as can be seen 
by comparison with 225 kVp X rays. 
from Figure 4, all ions used reduce the shoulder 
of the survival curve appreciably, and, particu- 
larly with argon ions, the reduction appears to 
be reaching a maximum. 

tion at higher LET values is similar but not as 
clear-cut or as dramatic as what is seen for the 
Do values. 
a complete predictop of RBE as seen in the separa- 
tion of curves for carbon, neon, and argon. We 
cannot be sure and are unable to test with this 
data the reality of the fall-off of the D200 RBE 
above a maximum LET as seen for the Do RBE. 
ticularly since argon and neon RBE values appear 
to plateau, we suggest that the small fall with 
carbon above 50  keV/pm may be due to sample varia- 
tion. It is not possible to rigorously test these 
differences by a valid statistical procedure, since 

It is clear that for the Do, peak 

To examine the effect of these radiations on 

Even distal peak helium 

As can be seen 

The fall in effectiveness for shoulder reduc- 

Again one can observe that LET is not 

Par- 

I 1 I I 1 1 1 1  I I l 1 1 1 l  

2.0 

i..l31 

I I I I I I I I  I I I I I l l  

. I  IO I O 0  i o 0 0  
Dose overoge LET (keV/pm)  

Figure 4. The RBE relative to 225 kVp X rays for the 
D200. Tke D is defined in the text as the dose 
at which 2d0!1onogeni c crypt cell s per ci rcumfer- 
ence survive. It is taken as an indirect estimate 
of DQ. (XBL 798-3743) 
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the RBE values are ratios derived from data that 
have already undergone significant mathematical 
manipulation from the underlying data. However, 
the confidence limits for the D200 values for 
carbon proximal and distal peak overlap consid- 
erably (Table 2 ) .  

the parameters of the crypt-cell survival curve 
are uniquely dependent upon LET alone, and that 
to predict the radiobiological outcome with high 
energy heavy ions we must look to other properties 
of the radiation to characterize the biological 
effectiveness. 

From these data we must conclude that none of 

Others have already observed that the charge 
of the ions, as well as possibly the mass or momen- 
tum of the particles, may be more important to a 
description o f  the biological effects of charged 
particle beams (Curtis, 1977). We await further 
theoretical and experimental verification of these 
concepts to possibly explain our observations. 

Finally, we wish to compare our data with a 
wide range of published results for gastrointes- 
tinal crypt-cell assay using neutron beams. Almost 
all of these workers report their findings in terms 
of the dose associated with a 10% survival of 
clonogenic crypt cells. The appropriate D10 values 
for the heavy-ion data reported here are shown in 
Table 3. 

Table 3. D i o  Value for Various Ion Beams 

DIO RBE 
Radiation (1 S.D. ( 1  S.D. 
Source conf. limit) conf. limit) 

(rad 1 

X ray 

Helium 

Plateau peak 
Proximal peak 
Distal peak 

Carbon 

Plateau peak 
Proximal peak 
Distal peak 

Neon 

Plateau peak 
Proximal peak 
Distal peak 

Argon 

Plateau peak 
Proximal peak 
Distal peak 

1360 

1545 (1493-1595) 
1473 (1266-1606) 
1344 (1285-1406) 

1250 (1149-1368) 
1010 (946-1082) 

980 (931-1029) 

945 (889-1006) 
815 (780-852) 
934 (839-1052) 

635 (530-804) 
753 (707-806) 

1063 (1003-1106) 

0.9 ( .91--85)  
0.9 (1.1--85) 
1.0 (1.1--96) 

1.1 (1.2-1.0) 
1.3 (1.4-1.2) 
1.4 (1.5-1.3) 

1.4 (1.5-1.3) 
1.7 (1.7-1.6) 
1.5 (1.6-1.3) 

2.1 (2.6-1.7) 
1.8 (1.9-1.7) 
1.3 (1.3-1.2) 

Zywietz et al. (1979) have summarized most of 
the pertinent references on neutron effectiveness 
in the gut crypt assay. 
the reference radiation varied widely, however, 
in general, for monochromatic 1 4  MeV D/T neutrons, 
the RBE values were 1.9 to 2.1. 
neutrons the RBE values ranged from 1.3 to 2.2. 
Our findings indicate generally similar RBE values 
for accelerated heavy ions with mean LET values 
in excess of 50 keV/pm. It should be pointed out 
again, however, that RBE is not a monotonic func- 
tion of LET, independent of the Z of the particle 
used. 

For the various studies 

For broad spectrum 

RE FERENCE S 

Blakely, E. A . ,  C. A. Tobias, T.C.H. Yang, K. C. 
Smith, and J. T. Lyman. 1979. Inactivation of 
human kidney cells by high-energy monoenergetic 
heavy-ion beams. 

Broerse, J. J., G. W. Barendsen, G. Freriks, and 
L. M. Van Putten. 1971. RBE values of 15 MeV 
neutrons for effects on normal tissues. Europ. 
J. Cancer - 7, 171-177. 

Curtis, S .  6. 1977. Calculated LET distributions 

Radiat. Res. a, 122-160. 

of heavy-ion beams. Int. J. Radiat. Oncol. Biol. 
PhyS. 3, 87-91. 

Curtis, S. B., T. S. Tenforde, D. Parks, W .  A. 
Schilling, and J. T. Lyman. 1978. Response 
o f  rat rhabdomyosarcoma to neon and helium ion 
irradiation. Radiat. Res. 2, 274-288. 

Fu, K. K., T. L. Phillips, D. C. Heilbron, G. Ross, 
and L. J. Kane. 1979. Relative biological 
effectiveness o f  low- and high-LET radiotherapy 
beams for jejunal crypt cell survival at low 
doses per fraction. Radiology 132, 205-209. 

Hornsey, S. and S. 6. Field. 1974. The RBE of 
cyclotron neutrons for effects on normal tissues. 
Europ. J. Cancer lo, 231-233. 

teristics of the survival curve of crypt cells 
of the small intestine of the mouse deduced after 

Hornsey, S. and S. Vatistas. 1963. Some charac- 

whole body X-irradiation. Br. J. Radiol. 36, 
795 -800. 

Lyman, J. T. and J. Howard. 1977. Dosimetry and 
instrumentation for helium and heavy ions.. 
J. Radiat. Oncol. 3, 81-85. 

Todd, P. W. 1967. Heavy-ion irradiation of 
cultured human cells. Radiat. Res.(Suppl. 7) ,  
196-207. 

Withers, H. R. and M. M. Elkind. 1970. Micro- 
colony survival assay for cells of mouse 
intestinal mucosa exposed to radiation. Int. J. 
Radiat. Biol. 11, 261-267. 

1970. The response of stem cells of the intes- 
Withers, H. R., J. T. Brennan, and M. M. Elkind. 



205 

t i n a l  mucosa t o  i r r a d i a t i o n  w i t h  14 MeV neutrons. 
B r .  J. Rad io l .  43, 796-801. 

Withers, H. R., K .  Mason, B. 0. Reid, N.  Dubravsky, Zywietz, F., H. Jung, A.  Hess, and H. D. Franke. 
H. T. Bark ley,  Jr., B. W. Brown, and J. B. 1979. Response o f  mouse i n t e s t i n e  t o  14 MeV 
Smathers. 1974. Response o f  mouse i n t e s t i n e  t o  neutrons.  I n t .  J. Radiat .  B i o l .  3, 63-72. 

neutrons and gamma r a y s  i n  r e l a t i o n  t o  dose f r a c -  
t i o n a t i o n  and d i v i s i o n  c y c l e .  Cancer 34, 39-47. 



. . . I . , . . .. 



20 7 

ESTIMATE OF THE THERAPEUTIC RATIO FOR CHARGED PARTICLE BEAMS 

T. S. Phillips* and L. S. Goldstein* 

The t o l e r a n c e  o f  normal t i s s u e  o f t e n  l i m i t s  
t h e  t o t a l  t h e r a p e u t i c  dose o f  low-LET r a d i a t i o n  
i n  t h e  t rea tmen t  o f  deep-seated, non resec tab le  
tumors. Because o f  t h e i r  s u p e r i o r  p h y s i c a l  and 
b i o l o g i c a l  depth-dose d i s t r i b u t i o n s  and h i g h  RBE 
values i n  hypox ic  c e l l s ,  beams o f  a c c e l e r a t e d  
heavy i ons  have obv ious c l i n i c a l  p o t e n t i a l .  It 
i s  impor tan t  t h e r e f o r e  t o  e s t a b l i s h  t h e  REE i n  
normal and tumor t i s s u e  o f  these beams i n  t h e i r  
c l i n i c a l  geometry (where t h e  Bragg peak i s  
modulated t o  encompass t h e  e n t i r e  tumor volume) 
and a t  doses per  f r a c t i o n  a n t i c i p a t e d  i n  a 
t rea tmen t  p lan.  

seve ra l  normal t i s s u e s  t o  high-LET r a d i a t i o n s  
d e l i v e r e d  i n  sma l l  d a i l y  f r a c t i o n s  i s  t h e  most 
d i r e c t  way t o  e s t a b l i s h  t h e  RBE i n  a s imu la ted  
t rea tmen t  p lan,  such experiments a r e  o f t e n  
t e d i o u s  t o  per form,  i n t r o d u c e  unwanted v a r i a b l e s  
(e.g., t h e  e f f e c t  o f  repea ted  anaesthes ia) ,  and 
may n o t  conform t o  t h e  o p e r a t i n g  schedule a t  t h e  
Beval ac . 

Al though e v a l u a t i n g  t h e  rad ioresponse o f  

Our o v e r a l l  exper imenta l  approach has been: 

1. 
t i s s u e ,  tumors and hypox ic  and euox ic  c e l l s  
i n  v i t r o  t o  s i n g l e  f r a c t i o n  i r r a d i a t i o n  and 
use these d a t a  t o  p r e d i c t  t h e  e x t e n t  o f  
c e l l u l a r  r e c o v e r y  i n  high-LET and low-LET 
reg ions  o f  t h e  beam; 
2. e s t a b l i s h  t h e  dose response cu rve  f o r  a 
r a p i d l y  p r o l i f e r a t i n g  normal t i s s u e  t o  a wide 
range o f  doses per  f r a c t i o n  w i t h  a recove ry  
i n t e r v a l  between doses; 
3. 
(LD50/28 and LD50 160) f o r  f r a c t i o n a t e d  
i r r a d i a t i o n  o f  i d e r m e d i a t e  and s l o w l y  
d i v i d i n g  normal t i s s u e  (esophagus and l u n g ) ;  
4. e s t a b l i s h  t h e  dose-response o f  tumors i n  
a mu 1 t i  parametr i c anal  ys i s ( ce  1 1 k i 1 1 i ng , 
regrowth,  m e t a s t a t i c  invas iveness,  
reoxygena t ion )  t o  f r a c t i o n a t e d  doses. 

e s t a b l i s h  t h e  dose response f o r  normal 

e s t a b l i s h  t h e  dose response cu rve  

MATERIALS AND METHODS 

J e j u n a l  C ryp t  C e l l  Surv-ival 

5 t h i c k  s l i c e s  were made and s t a i n e d  w i t h  
Hematoxyl in, Ph lox ine  13, and Safran. S u r v i v i n g  
c r y p t s  were determined u s i n g  t h e  procedure o f  
Wi thers and E l k i n d  (1970). 

EMT6/SF Tumors 

The EMT-6/SF tumor o r i g i n a l l y  f rom Rockwell  
e t  a l .  (1972) has been ma in ta ined  by a l t e r n a t e  
passage i n  t i s s u e  c u l t u r e  and BALB/c mice f o r  
seve ra l  yea rs  (see G o l d s t e i n  e t  a l . ,  1980 f o r  
d e t a i l s ) .  Experiments were performed when tumors 
implanted on t h e  f l a n k s  o f  BALB/c mice reached a 
d iameter  o f  app rox ima te l y  0.7 cm. A f t e r  i r r a d i a -  
t i o n ,  t h e  tumor was removed and separated f rom 
hos t  t i s s u e .  A s i n g l e  c e l l  suspension was pre-  
pared by chopping t h e  tumor and t r y p s i n i z i n g  t h e  
r e s u l t a n t  b r e i  f o r  10 min. Tumor c e l l s  were 
separated f r o m  d e b r i s  by c e n t r i f u g a t i o n ,  and a 
known number o f  v i a b l e  c e l l s  were p l a t e d  i n  com- 
p l e t e  Dulbecco 's  medium. C e l l  s u r v i v a l  was 
determined by  v i a b l e  c e l l  counts  a f t e r  i n c u b a t i n g  
f o r  9 days a t  37°C. 

EMT-6/SF Tumor C e l l s  

C e l l s  were ha rves ted  f rom f l a n k  tumors as 
desc r ibed  above. An inoculum o f  1.0 x 106 
c e l l s  ( e u o x i c )  o r  5 x 106 c e l l s  (hypox ic )  was 
p laced  i n  1 m l  o f  Ca++-, Mg++-serum-free 
Dulbecco 's  medium and incuba ted  f o r  2 n. The 
v i a l s  t o  c o n t a i n  hypox ic  c e l l s  were h e r m e t i c a l l y  
sealed b e f o r e  i ncuba t ion .  Fo l l ow ing  i r r a d i a t i o n  
t h e  c e l l s  were d i l u t e d  and p l a t e d  as be fo re .  
S u r v i v a l  was determined by co lony  counts. 

Lung and Esophageal I r r a d i a t i o n  

Dahage t o  t h e  esophagus i s  measured as t h e  
LO50 28, and damage t o  t h e  l ung  i s  measured as 
t h e  I D50/160. The mice were anaes the t i zed  and 
suspended v e r t i c a l l y  i n  a l u c i t e  h o l d e r .  A 
2.5 cm x 2.5 cm f i e l d  ( f r o m  t h e  x i p h o i d  process 
t o  t h e  c l a v i c l e )  was used. 

_. I 

Male LAFl mice, 8-12 weeks o ld ,  were g i ven  I , 
abdominal i r r a d i a t i o n  i n  t h e  carbon, neon, o r  
argon beams, o r  whole-body i r r a d i a t i o n  i n  t h e  
h e l i u m  beam o r  i n  a 137Cs i r r a d i a t o r .  The m ice  
were k i l l e d  by c e r v i c a l  d i s l o c a t i o n  and t h e i r 1  I 

je junum exc i sed  3.5 days a f t e r  i r r a d i a t i o n .  The 
organ was f i x e d  o v e r n i g h t  i n  T e l l y s n i c z k y ' s  

l u i d .  A f t e r  f i x i n g ,  e i g h t  s e c t i o n s  were c u t  and 
repared u s i n g  r o u t i n e  h i s t o l o g i c a l  procedures; 

I r r a d i a t i o n  Procedures 

The f o l l o w i n g  i o n  beams were used: h e l i u m  
(225 MeV/amu), carbon (400 MeV/amu), neon (425, 
557, o r  670 MeV/amu), and argon (570 MeV/amu). 
A l l  beams were modu la ted ,w i tn  r i d g e  f i l t e r s  t o  
spread t h e  Bragg peak t o  4 cm o r  10 cm ( 8  cm f o r  
he l i um) .  I r r a d i a t i o n s  were done i n  e i t h e r  t h e  
peak o r  p l a t e a u  reg ion .  
t o  i r r a d i a t i o n s  w i t h  137Cs a t  comparable dose 
r a t e s  (-120 r a d  min-1). 

The da ta  were compared 
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RESULTS 

Acute I r r a d i a t i o n s  o f  Normal Tissue, 

S u r v i v a l  o f  j e j u n a l  c r y p t  c e l l s  f o r  i r r a d i a -  
t i o n  i n  t h e  peak o r  p l a t e a u  r e g i o n  o f  hel ium, 
carbon, neon and argon b e a m  w i t h  4 cm spread 
Bragg peaks r e s u l t e d  i n  s u r v i v a l  curves shown i n  
F i g u r e  1. The Do  f o r  t h e  peak r e g i o n  f o r  
hel ium, carbon, and neon ions  i s  t h e  same as t h e  
Do f o r  t he  p l a t e a u  reg ion ;  f o r  argon, t h e  Do 
o f  t h e  peak i s  g r e a t e r  t han  t h e  Do o f  t h e  
p la teau .  S u r v i v a l  cu rve  parameters a re  summar- 
i z e d  i n  Table 1. The RBE i n  t h e  peak was h i g h e r  
than  t h e  RBE i n  t h e  p l a t e a u  f o r  hel ium, carbon, 
and neon, b u t  t h e  RBE i n  t h e  peak i s  lower  t h a n  
t h e  RBE i n  t h e  p l a t e a u  f o r  argon. RBE d a t a  and 
t h e  peak-to-plateau RBE r a t i o s  a re  summarized i n  
Tables 2 and 3. 

A s i m i l a r  p a t t e r n  was observed f o r  heavy-ion 
i r r a d i a t i o n  o f  EMT-6/SF tumors (F ig .  2, Table 1). 
Hel ium ions  appear l e s s  e f f e c t i v e  than  photons 
i n  t h i s  system, b u t  t h i s  may r e f l e c t  d i f f e r e n c e s  
i n  t h e  tumor a t  t h e  t i m e  o f  i r r a d i a t i o n  r a t h e r  
than  beam e f f e c t i v e n e s s  s i n c e  t h e  s u r v i v a l  char-  
a c t e r i s t i c s  o f  euox ic  and hypox ic  c e l l s  a r e  
e s s e n t i a l l y  t h e  same i n  b o t h  sources (see below).  
The d i f f e r e n c e  i n  t h e  peak-to-plateau RBE r a t i o  
i s  n o t  so pronounced f o r  t h e  argon beam i n  tumor 

as i t  was i n  g u t  t i s s u e  ( F i g .  1, Table 3 . When 
assayed a t  comparable doses, t h e  RBE f o r  carbon, 
neon and argon beams i s  h i g h e r  i n  tumor t h a n  i n  
normal t i s s u e  (Tab le  2 ) .  

The dose response curves o f  t h e  charged 
p a r t i c l e  beams i n  euox ic  (F ig .  3 )  and hypox ic  
( F i g .  4 )  c e l l s  show t h a t  t h e  RBE va lues i nc rease  
w i t h  i n c r e a s i n g  LET. I r r a d i a t i o n  i n  t h e  p l a t e a u  
o f  t h e  argon beam i s  again more e f f e c t i v e  tnan  
i n  t h e  peak reg ion ,  e s p e c i a l l y  i n  euox ic  c e l l s  
( F i g .  3 ) .  Changes i n  t h e  Do a re  more e v i d e n t  
f o r  i r r a d i a t i o n s  o f  hypoxic  c e l l s  t han  euox ic  
c e l l s ,  and t h e  shoulder  i s  reduced and i s  
decreased w i t h  i n c r e a s i n g  LET (Table 1) .  Since 
t h e  snoulder  i s  assoc ia ted  w i t h  accumulat ion o f  
s u b l e t h a l  damage, these da ta  suggest t h a t  more 
nonrepa i rab le  l e t h a l  damage pe r  u n i t  dose i s  
induced by these  charged p a r t i c l e  beams. 

The OER decreases as t h e  LET o f  t h e  beam 
increases (Table 4); t h e  minimum va lue  i s  about 
1.4, which i s  somewhat h i g h e r  than  t h e  OER f o r  
unmodi f ied beams (Barendsen, 1968). The hel ium, 
carbon, and neon beams a l l  ma in ta ined  a f a v o r a b l e  
depth-dose d i s t r i b u t i o n ,  w h i l e  t n e  peak-to- 
p l a t e a u  RBE r a t i o  f o r  argon, e s p e c i a l l y  i n  euox ic  
c e l l s  and gut ,  i n d i c a t e d  an un favo rab le  depth- 
dose d i s t r i b u t i o n  (Tab le  3 ) .  

RBE f o r  acce le ra ted  heavy i ons  i s  h i g h e r  i n  tumor 
Taken toge the r ,  these d a t a  i n d i c a t e  t h a t  t h e  

100 I 

4 5 6 7 8 9 10 1 1  12 13 14 15 16 17 

DOSE, Gy 

0.1 Lo ' ' ' I I ' ' I ' ' 

F i g u r e  1. S u r v i v a l  curves ( least -squares r e g r e s s i o n  a n a l y s i s )  f o r  j e j u n a l  c r y p t  
c e l l s  i r r a d i a t e d  i n  t h e  p l a t e a u  (open symbols) o r  peak ( c l o s e d  symbols) o f  h i g h  LET 
p a r t i c l e  beams: 0---0, p la teau ,  0---0, peak o f  h e l i u m  beam w i t h  8-cm spread Bragg 
peak;v- . -v ,  p la teau ,  v - . . ~ ,  peak o f  he l i um beam w i t h  4-cm spread Bragg peak; 
o-.--o, p ld teau,  .-.-my peak o f  carbon beam w i t h  4-cm spread Bragg peak; A---A, 
p la teau ,  &--A, peak o f  neon beam wi tn  4-cm spread Brag 
peaK o f  argon beam w i t n  4-cm spread Bragg peak;* -*, 939Cs.  (95% con f idence  
i n t e r v a l s  o m i t t e d  f o r  c l a r i t y ) .  

e a k ; 0 - 0 ,  plateau,+-+, 

(XBL 808-11393) 



Table 1. Ca lcu la ted  S u r v i v a l  Curve Parameters 

R a d i a t i o n  

Cesium 

Helium* peak 
p l a t e a u  

Heliumt peak ' 

p l a t e a u  

p l a t e a u  
Carbon peak 

Neon peak 
p l a t e a u  

Argon peak.. 
p l a t e a u  

Cryp t  C e l l s  

Do (95% Conf. I n t . )  N 

135 4.37 

139 (109-190) 0.87 
137 (113-175) 2.22 

122 (93-176) 
120 (73-337) 

122 (109-139 
115 (84-179) 

I.. 

106. (91-126) 
102 (79-145) 

.- ~ 

145 (114-197 
90 (66-140) 

1.16 
6.48 

1.01 
3.01 

0.45 
1.94 

0.08 
0.13 

* 8-cm spread Bragg peak. 
t 4-cm spread Bragg peak. 

EMT-6/SF i n  v i v o  

Do (95% Conf. I n t . )  N 

345 

286 (220-409) 
295 (228-417) 

198 (174-229) 
175 (145-221) 

162 (135-202) 
202 (169-249) 

158 (125-214) 
144 (116-191) 

0.71 

2.47 
3.31 

1.23 
1.02 

1.82 
1.91 

0.57 
0.56 

Euoxi c EMT-6/SF 
C e l l s  

Do (95% Conf. I n t . )  N 

161 (152-170) 5.15 

116 (76-246) 
174 (147-212 

7.88 
1.93 

129 (84-273) 2.60 
148 (104-253) 2.80 

123 (105-145) 1.33 
162 (137-200) 1.83 

111 (89-149) 1.95 
89 (62-158) 0.58 

Hypoxic EMTd/SF 
C e l l s  

Do (95% Conf. I n t . )  N 

442 (332-661) 3.66 

431 
426 

333 
352 

354-552 
3 94-464 

247-508 
240-664 

1.43 
1.58 

nJ 
0 1.21 W 

1.42 

259 (183-447) 2.16 
134 (119-156) 1.24 

193 (134-346) 1.20 
170 (111-356) 0.54 



Table 2. RBE va lues ( t o  137~s) o f  High-LET P a r t i c l e  Beams Measured a t  I s o e f f e c t  Leve ls  o r  as t h e  R a t i o  DO 137CS/Do Test  

Helium* peak , 1.14 0.98 0.98 1.18 1.20 1.04 1.22 1.02 

He1 i u m t  peak 1.26 1.13 -- -- 
p l a t e a u  1.04 0.99 0.87 1.14- 1.12 0.92 1.20 0.98 

-- -- I -- 
-- -- -- -- p l a t e a u  1.18 1.18 -- - 

Carbon peak 1.28 1.18 1.79 1.92 1.42 1.24 1.67 1.33 
p l a t e a u  1.22 1.11 1.50 1.70 1.18 1.07 1.49 1.25 

Neon peak 1.60 1.32 1.70 2.08 1.70 1.30 3.10 2.73 
p l a t e a u  1.44 1.27 1.39 1.67 1.54 1.09 1.88 1.66 

Argon peak 1.48 0.94 2.27 2.07 1.70 1.44 2.82 2.29 
p l a t e a u  2.25 1.50 2.47 2.35 2.58 1.80 3.71 2.61 

Rad1 a t  i o n  J e j u n a l  Crypt  C e l l s  EMTd/SF Tumor C e l l s  Euoxic  EMT-6/SF C e l l s  Hypoxic EMT-6/SF C e l l s  

RBE a t  10% DO 137~51 RBE a t  1% DO 137~51 RBE a t  1% D~ 1 3 7 ~ ~ 1  RBE a t  1% DO 137cs/ 
s u r v i v a l  Do source s u r v i v a l  Do source s u r v i v a l  Do source s u r v i v a l  Do source 

* 8-cm spread Bragg peak. 
4-cm spread Bragg peak. 
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Table 3. Peak-to-Plateau RBE Ratios for Jejunal Crypt Cells or EMT-6/SF Tumor Cells 
Irradiated in High-LET Particle Beams 

/ \ 

Radiation Jejunal Crypt EMT-6/SF Tumor Euoxic EMT-6/SF Tumor Hypoxic EMTd/SF Tumor 
Cells Cells In Vivo Cells In Vitro Cells In Vitro 

13 

He1 ium 1.10 1.10 
1.17" 

Carbon 1.05 1.18 

Neon 1.11 1.24 

1.07 

1.20 

1.10 

1.01 

1.11 

1.65 

Argon 0.66 0.93 0.66 0.76 

* 4-cm spread Bragg peak. 

i 0.001 

DOSE, Gy 

Fi ure 2. h tumor cells irradiated as flank tumors on BALB/c mice. 
Symbols (as in Fig. 1) indicate data points used to calculate survival 
curve. (95% confidence intervals omitted for clarity.) (XBL 808-11392) 

Survival curves (least squares regression analysis) for 
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t 

I I I I I I I I 1 I I I 
1 2  3 4 5 6 7 8 9 1 0 1 1 1 2  

DOSE, Gy 

S u r v i v a l  curves ( l e a s t  squares r e g r e s s i o n  a n a l y s i s )  f o r  F i g u r e  3. 
EMTd/SF tumor c e l l s  i r r a d i a t e d  e u o x i c a l l y  i n  h i g h  LET beams. 
as i n  F i g u r e  1 (95% con f idence  i n t e r v a l s  o m i t t e d  f o r  c l a r i t y . )  

Symbols 

(XBL 808-11394) 

\ b  t 0.001 \ 

2 4 6 8 10 12 14 16 18 20 22 24 
0.0001 

DOSE. Gy 

F i g u r e  4. S u r v i v a l  curves ( l e a s t  squares r e g r e s s i o n  a n a l y s i s )  f o r  
EMT-6/SF tumor c e l l s  i r r a d i a t e d  h y p o x i c a l l y  i n  h i g h  LET beams. 
Symbols as i n  F i g u r e  1 (95% con f idence  i n t e r v a l s  o m i t t e d  f o r  
c l a r i t y . )  (XBL 808-11396) 

- . . . . . . . ._._. . . . . .- . . . .. . . . __ . -. .. I _I -- - . 



21 3 

Table 4. OER Values a t  1% S u r v i v a l  f o r  EMT-6/SF 
Tumor C e l l s  I r r a d i a t e d  I n  V i t r o  

/ \  

'.llrrJ Source P o s i t i o n  OE R 

137cs --- 
Helium peak 

Carbon peak 

Neon peak 

Argon peak 

p l a t e a u  

p l a t e a u  

p l a t e a u  

p l a t e a u  

2.60 

2.43 
2.38 

2.25 
2.09 

1.42 
2.15 

1.58 
1.81 

c e l l s  t h a n  i n  normal t i s s u e .  Th is  r e f l e c t s  t h e  
enhanced k i l l i n g  o f  hypox ic  c e l l s  compared t o  
euox ic  c e l l s  and t h e  reduced OER. The b i o l o g i c a l  
depth-dose d i s t r i b u t i o n  f o r  hel ium, carbon, and 
neon i s  f a v o r a b l e  and complements t h e i r  f a v o r a b l e  
p h y s i c a l  depth-dose d i s t r i b u t i o n .  The depth-dose 
d i s t r i b u t i o n  o f  argon, w h i l e  un favo rab le  compared 
t o  t h e  o t h e r  ions, i s  s t i l l  b e t t e r  t han  t h a t  f o r  
low-LET sources. S u r v i v a l  curves w i t h  heavy i o n s  
have a s u b s t a n t i a l l y  reduced shoulder  compared 
t o  s u r v i v a l  curves w i t h  137Cs and t h i s  observa- 
t i o n  suggests t h a t  even b e t t e r  depth-dose 
d i s t r i b u t i o n  w i l l  r e s u l t  a t  low doses. 

F r a c t i o n a t e d  I r r a d i a t i o n  o f  Je juna l  C ryp t  C e l l s  

The beam geometr ies used i n  t h e  p rev ious  
s tudy  ( w i t h  t h e  excep t ion  o f  t h e  argon beam) were 
i n v e s t i g a t e d  t o  determine t h e  s u r v i v a l  cu rve  
c h a r a c t e r i s t i c s  o f  j e j u n a l  c r y p t  c e l l s  i r r a d i a t e d  
i n  a f r a c t i o n a t e d  r o u t i n e .  A d d i t i o n a l  beam geo- 
m e t r i e s  i n c l u d i n g  i nc reased  range and a 10-cm 
spread Bragg peak were inc luded.  
r o u t i n e s  were designed t o  cover  a complete range 
of doses pe r  f r a c t i o n  i n c l u d i n g  those a n t < i c i p a t e d  
i n  c l i n i c a l  t r i a l s .  

The da ta  a re  shown i n  F igu res  5 through 9 and 

F r a c t i o n a t i o n  

1 3  

t h e  RBE and peak-to-plateau RBE c a l c u l a t i o n s  a r e  
summarized i n  Tables 5 and 6, r e s p e c t i v e l y .  
Rather than  d i scuss  t h e  d a t a  f o r  each i o n  and 
each geometry, o n l y  t h e  most s a l i e n t  f e a t u r e s  o f  
t h e  exper imenta l  r e s u l t s  w i l l  be descr ibed.  The 
d a t a  snow c o n s i s t e n t l y  t h a t  t h e r e  i s  l e s s  
c e l l u l a r  recove ry  when i r r a d i a t i o n  i s  i n  t h e  peak 
r e g i o n  than  t h e  p l a t e a u  r e g i o n  o f  t h e  beams. 
Since t h e  LET i s  h i g h e r  i n  t h e  peak reg ion ,  these 
d a t a  i n d i c a t e  t h a t  t h e  e x t e n t  o f  recove ry  

creases as t h e  LET increases.  F r a c t i o n a t i o n  
t h e  heavy-ion dose t h e r e f o r e  s u b s t a n t i a l l y  

proves t h e  peak-to-plateau RBE r a t i o ,  a f i n d i n g  
o f  obv ious c l i n i c a l  s i g n i f i c a n c e .  For LET such 
as i n  t h e  peak o f  t h e  4-cm neon beams and a l l  

CESIUM 

I I I I I 
8 12 16 20 24 28 32 

0.1 ' 
DOSE, Gy 

F i g u r e  5 .  
i r r a d i a t e d  w i t h  137Cs i n  1 (A), 2 (O), 5(m), 
o r  10 (0) f r a c t i o n s .  (XBL 808-11375) 

S u r v i v a l  o f  j e j u n a l  c r y p t  c e l l s  

p o s i t i o n s  o f  t h e  10-cm argon beam, f r a c t i o n a t i o n  
enhances c e l l  k i l l i n g .  The mechanism f o r  t h i s  
may i n v o l v e  a c e l l  c y c l e  dependent rad ioresponse 
t o  t h e  low LET components i n  these degraded 
beams. However, because o f  t n e  p l e i o t r o p i c  
changes induced by these beams, which can m o d i f y  
t h e  rad ioresponse o f  a c e l l  t o  subsequent r a d i a -  
t i o n ,  an e x p l a n a t i o n  o f  t h i s  i n t e r e s t i n g  e f f e c t  
r e q u i r e s  f u r t h e r  exper imen ta t i on .  Over t h e  dose 
range examined, t h e  RBE increases w i t h  dec reas ing  
f r a c t i o n  s i z e  (F igs .  10-12). 

These data,  w i t h  t h e  excep t ion  o f  enhanced 
k i l l i n g  by f r a c t i o n a t i o n ,  are c o n s i s t e n t  w i t h  
p r e d i c t i o n s  based on t h e  shapes o f  t h e  s i n g l e  
f r a c t i o n  dose response curve. 

Lung and Esophageal I r r a d i a t i o n  

The RBE f o r  t h e  4 cm beams (Table 7 )  a re  i n  
good agreement w i t h  those measured as t h e  DO 
i n  t h e  gu t  except  f o r  t h e  neon p la teau,  which has 
a s u b s t a n t i a l l y  lower  RBE i n  t h e  esophagus. 
l i m i t e d  d a t a  on d a i l y  f r a c t i o n a t i o n  o f  t h e  dose 
i n d i c a t e  t h a t  t h e  RBE i s  enhanced, r e f l e c t i n g  
reduced recove ry  f rom s u b l e t h a l  damaged i n  t h e  
h i g h  LET beam. As i n  gut ,  t h e  e x t e n t  o f  recove ry  
appears r e l a t e d  t o  dose pe r  f r a c t i o n .  The RBE 

The 
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F i  ure 6. 
.&agons) f r a c t i o n s  i n  a 225 MeV/amu helium beam w i t h  an 8-cm Bragg peak (A,B) or a 4-cm 
spread Bragg peak (C,D). 

Survival of je junal  crypt  c e l l s  i r r a d i a t e d  in one ( t r i a n g l e s ) ,  f i v e  ( s q u a r e s ) ,  or 

[ ( A )  XBL 808-11380; ( B )  808-11376; (C) 808-11377; (D) 808-113781. 
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D 

F i  u r e  7. 
-*), o r  t e n  (hexagons) f r a c t i o n s  i n  a 400 MeVlamu carbon beam w i t h  a 4-cm spread Bragg 
peak ( A , B )  o r  a 10-cm spread Bragg peak (c-F).  [ ( A )  XBL 808-11381; ( 6 )  808-11379; ( c )  808- 
11384; ( D )  808-11383; ( E )  808-11382; ( F )  808-113851 

S u r v i v a l  of j e j u n a l  c r y p t  c e l l s  i r r a d i a t e d  i n  one ( t r i a n g l e s ) ,  two ( c i r c l e s ) ,  f i v e  
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F i g u r e  7. ( con t i nued) .  

i s  lower  f o r  pulmonary l e t h a l i t y  (Table 8) t h a n  
gu t  l e t h a l i t y  b u t  t h e  o rde r  o f  e f f e c t i v e n e s s  f o r  
t h e  i o n s  remains unchanged. Reduced r e c o v e r y  i s  
again evidenced i n  t h e  f r a c t i o n a t i o n  data,  and 
t h e  un favo rab le  b i o l o g i c a l  depth-dose d i s t r i b u -  
t i o n . o f  t h e  argon i o n  i s  again demonstrated. 
Data a re  n o t  a v a i l a b l e  y e t  f o r  f r a c t i o n a t e d  
i r r a d i a t i o n  w i t h  a 10-cm spread Bragg peak. 

T r r a d i a t i o n  o f  Other Tumors 

Al though t h e  EMT-6/SF tumor system has been 
used f o r  a l ong  t i m e  i n  , rad iob io logy ,  i t  may n o t  
be t h e  b e s t  system f o r  e v a l u a t i n g  a nonimmuno- 
genic, slow growing human tumor. P r i o r  t o  a 
l a r g e  s c a l e  i n v e s t i g a t i o n  w i t h  heavy ions,  we a r e  
screening seve ra l  d i f f e r e n t  mur ine tumors f o r  
t h e i r  s u i t a b i l i t y  t o  such s t u d i e s .  
e v a l u a t i o n s  a re  s t i l l  incomplete.  

These 

SUMMARY AND CONCLUSIONS 

Our d a t a  c o n s i s t e n t l y  demonstrate t h a t  t h e  
t h e r a p e u t i c  r a t i o  (RBE i n  tumor/RBE i n  normal 

6 8 IO I ?  14 16 18 0.1 

t i s s u e )  o f  t h e  mur ine systems increases w i t h  
i n c r e a s i n g  LET up t o  t h e  LET o f  t h e  peak o f  t h e  
modulated neon beam (approx ima te l y  100 keV/pm). 
A l though t h e  argon beam has some f e a t u r e s  which 
make i t  a t t r a c t i v e  f o r  therapy,  i t s  a p p l i c a t i o n  
may be l i m i t e d  because o f  i t s  un favo rab le  b i o -  
l o g i c a l  depth-dose d i s t r i b u t i o n .  Increases i n  
t h e  t h e r a p e u t i c  r a t i o  r e f l e c t  t h e  enhanced RBE 
f o r  charged p a r t i c l e  beams i n  hypox ic  c e l l s  and 
t i s s u e s  r e l a t i v e  t o  euox ic  c e l l s  and t i s s u e s .  

The b i o l o g i c a l  depth-dose d i s t r i b u t i o n  i n  
normal t i s s u e s  i s  markedly  enhanced wnen a 
recove ry  p e r i o d  i s  i n c l u d e d  i n  a f r a c t i o n a t e d  
i r r a d i a t i o n .  There i s  l e s s  recove ry  f o l l o w i n g  
i r r a d i a t i o n  i n  high-LET beams than  low-LET beams. 
The charged p a r t i c l e  beam has bo th  high-LET and 
low-LET reg ions ,  and s i n c e  t h e r e  i s  reduced 
recove ry  i n  t h e  peak r e l a t i v e  t o  t h e  p la teau ,  
f r a c t i o n a t i o n  enhances t n e  peak-to-plateau RBE 
r a t i o .  The p r o l i f e r a t i v e  s t a t e  o f  t h e  t i s s u e  
in f l uences  t h e  RBE va lues as t h e  RBE i s  h i g h e r  
i n  r a p i d l y  p r o l i f e r a t i n g  t i s s u e s .  R 

These d a t a  suppor t  t h e  con t inued  e x p l o r a t i o n  
o f  charged p a r t i c l e  beams f o r  t h e r a p e u t i c  
a p p l i c a t i o n s .  
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(557 MeVlamu 

F i g u r e  8. S u r v i v a l  of j e j u n a l  Cryp t  c e l l s  i r r a d i a t e d  i n  a 400 MeV/amu neon beam w i t h  a 4-cm 
spread Bragg peak (A,B), o r  a 557 MeV/amu neon beam w i t h  a 4-cm spread Bragg peak (C ,D)  o r  a 
10-cm spread Bragg peak (E-H) .  

( H )  808-114041 

Symbols f o r  f r a c t i o n a t i o n  as i n  F igu re  7. [ ( A )  808-11386; 
(B) 808-11387; ( C )  808-11388; (D) 808-11389; ( E )  808-11391; (F)  808-11390; ( G )  808-11395; 
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63 F i g u r e  9. 
spread Bragg peak (A-D) .  
(B) 808-11402; ( C )  808-11401; ( D )  808-114001 

S u r v i v a l  of j e j u n a l  c r y p t  c e l l s  i r r a d i a t e d  i n  a 570 MeV 
Symbols f o r  f r a c t i o n a t i o n  as i n  F i g u r e  7 

amu 
[ 

argon beam w i t h  a 
A )  XBL 808-11403; 

0-cm 
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Taole 5. RBE Values f o r  One, Two, F ive,  o r  Ten F r a c t i o n  Doses f o r  Modulated Helium, Carbon, 
Neon, and Argon Beams 

Source Energy Ridge P o s i t  i o n  Number o f  F r a c t i o n s  
(MeV/amu) F i l t e r  One Two F i v e  Ten One Two F i v e  Ten 

(cm) 
(10 s u r v i v i n g  c r y p t  dose) (Do 137CslD0 source)  

Hel ium 225 4 peak 1.3 -- 1.6 1.4 1.0 -- 1.4 1.5 
1.0 -- 1.1 1.0 p l a t e a u  1.1 -- 1.2 1.1 

Hel ium 225 8 d i s t a l  peak 1.2 -- -- 1.4 1.0 -- -- 1.4 
p l a t e a u  1.1 -- -- 1.2 1.0 -- -- 1.2 

Caroon 400 4 peak 1.3 1.5 2.1 2.0 1.4 1.1 1.9 2.6 
p l a t e a u  1.3 1.3 1.2 1.2 1.4 1.1 -- 1.5 

Caroon 400 10 d i s t a l  peak 1.5 1.6 2.0 2.0 1.3 1.2 1.7 2.0 
m i  dpeak 1.4 1.5 1.6 1.6 1.4 1.1 1.3 1.7 
prox ima l  peak 1.4 1.4 1.5 1.5 1.2 1.1 -- 1.5 
p l a t e a u  1.3 1.3 1 . 2  1 . 2  1.4 0.8 1.0 1.6 

Neon 425 4 peak 1.5 2.0 2.9 -- 
p l a t e a u  1.5 1.6 2.2 -- 

1.3 1.3 2 .7  -- 
1.4 1.6 1.7 -- 

Neon 557 4 peak 1.4 -- 2.9 2.7 
p l a t e a u  1.4 -- 2.1 1.8 

1.2 -- 2.3 4.3 
1.2 -- 1.5 -- 

Neon 557 l o  d i s t a l  peak 1.8 -- 3.9 3.1 
midpeak 1.5 -- 2.3 2.4 
prox ima l  peak 1.5 -- 2.4 2.4 
p l a t e a u  1.4 -- 1.9 1.9 

1.1 -- 2.3 3.5 
1.5 -- 2.3 3.6 
1.4 -- 2.5 3.0 

1.6 2.7 1 .3  -- 
~~ 

Neon 6 70 l o  d i s t a l  peak 1.2 -- 1.8 2.0 0.9 -- 1.4 2.3 
m i  dpeak 1.3 -- -- 1.9 1.0 -- -- 2.1 

-- -- prox ima l  peak 1.3 -- -- 1.3 1.3 -- 
p l a t e a u  1.2 -- 1.1 1.1 1 .7  -- 0.9 0.8 

Argon 570 

~~ ~ 

l o  d i s t a l  peak 1.8 2.5 -- -- 
midpeak 2.0 2.6 -- -- 
prox ima l  peak 1.9 2.5 -- -- 
p l a t e a u  2.1 2.9 -- -- 

1.1 1 . 7  -- -- 
1.4 2.0 -- 
1.5 2.2 -- -- 
1.4 2.0 -- 

-- 

-- 

.. . . .” . ... . .. . ..~ . .. . .- .. ~ . 
.-- . . ...~. -. .- - . .. . . . .. 



Table 6. Peak-to-Plateau RBE Rat ios f o r  One, Two, F ive,  Ten F r a c t i o n  Doses f o r  Modulated Hel ium Carbon, 
Neon, and Argon Beams 

Source Energy Ridge P o s i t  i o n  Number o f  F r a c t i o n s  
(MeV/amu) F i l t e r  One Two F i v e  Ten One Two F i v e  Ten 

(10 s u r v i v i n g  c r y p t  dose) 
(cm) 

(Do  137Cs/Do source)  

He l i um 225 4 peak 1.1 -- 1.2 1.3 1.1 -- 1.3 1.4 
8 d i s t a l  peak 1.1 -- -- 1.1 1.2 -- -- 1.2 

1.8 
10 d i s t a l  peak 1.1 1.2 1.7 1.6 1.0 1.6 1.6 1.3 

midpeak 1.1 1.1 1.3 1.3 1.0 1.4 1.2 1.0 
prox imal  peak 1.0 1.1 1.2 1.2 0.9 1.4 -- 0.9 

1.0 1.0 -- Carbon 400 4 peak 1.0 1.2 1.8 1.6 

N 
N 
d 

Neon 425 4 peak 

557 4 peak 
d i s t a l  peak 
midpeak 
prox imal  peak 

midpeak 
prox imal  peak 

670 10 d i s t a l  peak 

1.0 1.1 1.3 -- 

1.0 -- 1.4 1.5 
1.1 -- 1.3 1.5 
1.1 -- 1.2 1.3 
1.0 -- 1.3 1.3 

1.0 -- 1.6 1.8 
1.1 -- -- 1.7 
1.1 -- -- 1.2 

0.9 -- -- -- 

1.0 -- 1.5 -- 
0.9 -- 1.4 1.3 
1.2 -- 1.4 1.4 
1.1 -- 1.5 1.1 

0.5 -- 1.6 2.6 
0.6 -- 
0.8 -- -- 2.9 

-- -- 

-- 0.8 0.8 -- 
1.0 1.0 -- 

Argon 570 10 d i s t a l  peak 0.8 0.8 -- -- 
-- -- m i  dpeak 1.0 0.9 -- 

prox imal  peak 0.9 0.9 -- -- 1.1 1.1 -- -- 
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spread Bragg peak ( c i r c l e s )  o r  8-cm spread Bragg 
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F i g u r e  11. 
c r y p t  c e l l s  i r r a d i a t e d  i n  t h e  peak ( c l o s e d  
symbols) o r  p l a t e a u  (open symbols) o f  a 4-cm 
spread Bragg peak ( 0 ,  0) o r  10-cm spread Bragg 
peak ( A ,  A, a,+) carbon beam. 

RBE vs.  dose per  f r a c t i o n  f o r  j e j u n a l  

(XBL 808-11398) 

222 

m 
m 
Ly 

5 
!d 

2 

Q 
2 
4 

> 
F 

LL 
U 
Lu 

Y 
0 

m 

A 

Lu 

I- 

Lu 
cy: 

3.0 

2.5 

2.0 

1.5 

1 .o 

. NEON 4cm SOBP 

1.0' I I I I I I I I l l  J 
1 2 3 4 5678910 20 

DOSE PER FRACTION, Gy 

F i g u r e  12. 
c r y p t  c e l l s  i r r a d i a t e d  i n  ( A )  425 MeV/amu 4-cm 
spread Bragg peak i n  t h e  p l a t e a u  ( 7 )  and peak ( 7 ) ;  
557 MeV/amu 4-cm spread Bra g peak i n  t h e  
p l a t e a u  (0) and t h e  peak ( @ y .  ( 6 )  557 MeV/amu 
10-cm spread Bra g peak i n  t h e  p l a t e a u  (A), 
prox ima l  peak (Ay, midpeak (q, and d i s t a l  

RBE vs.  dose p e r  f r a c t i o n  f o r  j e j u n a l  

peak (e). (XBL 808-11397) 
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High-LET Data f o r  Esophagus Table 7. 

R a d i a t i o n  Range Ridge P o s i t i o n  Number LD50/ 28 R BE 
F i l t e r  o f  
(cm) F r a c t i o n s  

He l i um 26 8 P la teau  1 3700 1.05 
Peak 1 3500 1.10 
P la teau  10 
Peak 10 -- -- 

-- -- 

Carbon 26 4 P la teau  1 3348 1.17 
Peak 1 3150" 1.24 
P la teau  10 -- -- 
Peak 10 3724 2.25 

Neon 15 4 P la teau  1 3440 1.13 
Peak 1 2790 1.40 
P la teau  10 -- -- 
Peak 10 2550* 3.30 

Argon 14 4 P la teau  1 1920 2.03 
Peak 1 2800* 1.40 
P la teau  9 2100 4.00 
Peak 9 -- -- 

* P r e l i m i n a r y  r e s u l t s ,  more da ta  needed. 
-- Not done. 

Table 8. High-LET Data f o r  Lung 

R a d i a t i o n  Range Ridge P o s i t i o n  Number LD50/ 160 RBE 

(cm) F r a c t i o n s  
F i l t e r  o f  

Carbon 26 4 P la teau  1 -- -- 
Peak 1 1275 1.20 

Neon 15 4 P la teau  1 1260 1.20 
Peak 1 1220 1.25 
P la teau  10 -- -- 
Peak 10 1480 2.90 

Argon 14 4 P la teau  1 1043 1.30 
Peak 1 1842 0.80 
P la teau  9 1166" 3.70 
Peak 9 -- -- 

* 
-- Not done. 

P r e l i m i n a r y  r e s u l t s ,  more da ta  needed. 
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RESPONSE OF MOUSE SKIN AND BONE MARROW TO 
HEAVY CHARGED PARTICLES 

drs 
E. J. Ainsworth 

The early radiation-induced skin reaction in 
mouse skin (erythema, moist and dry desquamation) 
and the survival of nematopoietic stem cells 
(CFU-S) are two well-known model systems that 
have been used to explore both fundamental radio- 
biological questions, and to provide guidelines 
considered carefully by radiotherapists in the 
design of their own studies of the tolerance of 
normal numan tissues to single or fractionated 
doses of ionizing radiations. The acute skin 
response in the mouse has beer7 used widely as 
new radiation modalities, such as high energy 
neutrons or negative pi mesons, are being con- 
sidered for radiotherapy, and it is essential to 
determine RBE values i n  connection with develop- 
ment of treatment plans for patients (Fowler, 
1968; Raju and Carpenter, 1978; Leith et al., 
1975, 1976).  Both pig skin and rodent skin, 
along with other proliferative tissues, have been 
used in various calibration studies. Mouse skin 
has the advantage of providing inexpensive 
answers, with large sample sizes, on a timely 
basis. 
that both early and late reactions can be 
studied, but in rodent skin the development of a 
true late-effect end point has proven problematic 
(Douglas and Fowler, 1976; Broerse et al., 1971; 
Fowler, 1968, 1969; Geraci, 1976, 1977; Fu 
et al., 1979; Hopewell et al., 1979). 

When radiation therapy alone is used for 
human cancer treatment, bone marrow tolerance is 
not a dose-limiting factor. However, when a 
combination of ionizing radiation and chemothera- 
peutic drugs are used, acute bone marrow toxicity 
and damage to hematopoietic stem cells may indeed 
have direct clinical relevance. In the case of 
the use o f  combined modalities on younger 
patients, late effects on the hematopoietic 
system and other tissue may be important when 
either retreatment or cancer induction are con- ~ 

sidered. Nevertheless, the principal reason for 
studies with CFU-S are based on the relative ease 
with which early effects (such as cell killing) 
and late effects (such as depression of femur 
CFU-S content) can be measured accurately. 

Previous skin-tolerance studies with heavy 
charged particles have been conducted by Leith 
et al. (1976) and Raju and Carpenter (1978) using 
flank skin and foot response as the end points. 
Both of these studies involved single doses and,. 
some small number of dose fractions (2  or 4). . 
Because of the relationships between RBE and 
dose, and the desirability to determine RBE at, 
therapeutically relevant dose levels, our 
approach was to use a challenge-dose technique 
that we have used previously and that Denekamp 
(1973) has explored extensively using the mouse G oot as a model system. This challenge-dose 
technique assesses injury accumulation and repair 
or recovery following administration of 

Tne pig skin reaction has the advantage 

1 

“comparatively low” doses by challenging animals. 
This technique can also be used to determine the 
dose necessary to produce a given response level 
at different times following low fractionated 
doses (Ainsworth et al., 1968; Hanks and 
Ainsworth, 1967; Denekamp, 1973).  

No previous studies have been conducted using 
CFU-S irradiated in vivo as a model system to 
assess the RBE of heavy charged particles for 
either cell killing or for late effects. The LET 
dependence of Do, or the dose necessary to 
produce a given percent survival, has been 
reported (Ainsworth et al., 1970; Carsten et al., 
1976; Hendry et al., 1979). The goal of the 
CFU-S studies reported here was to determine the 
RBE for cell killing, and to use these data to 
design experiments to explore the effects of HZE 
particle dose fractionation on femur CFU-S 
repopulation and on late effects indicated by a 
reduction in the size of the CFU-S compartment. 
Some of these studies have been conducted col- 
laboratively with J. C. Schooley, L. S. Kelly, 
and D. A Crouse. 

METHODS, PROCEDURES, AND EXPERIMENTAL DESIGN 

Mouse Skin Studies 

To extend the previous work o f  Leith and 
associates, we used the same model system, i.e., 
skin response in mice (BALB/c females, 100-150 
days old). Hair on the right flank (both 
surfaces) was removed with Nair at least three 
days prior to irradiation. An occasional reac- 
tion to the depilatory agent occurred (mild 
erythema) and all animals showing such a response 
were rejected from the experiment before irradia- 
tion. Mice were anesthetized by i.p. injection 
of approximately 1.25 mg of sodium pentabarbital, 
and the desired graded single or fractionated 
doses of 220 kVp X rays or charged particles were 
administered to the right flank; the remainder 
of the animal was either shielded (X rays) or out 
of the radiation field (charged particles). In 
a few experiments the foot was in the radiation 
fiela, which also included the tibia, fibula, and 
the distal half of the femur. Half of the femur 
was irradiated because in the radiation con- 
figuration used at the Bevalac, exposure of the 
entire femur was associated with exposure of the 
pelvic area and bowel, which resulted in intes- 
tinal death within a few days after irradiation. 
Because slightly different jigs were used to 
expose animals to 220 kVp X rays and to charged 
particles at the Bevalac, it is likely that a 
slightly larger area of f ank skin was exposed 
to X rays than to charged particles; the extent 
to which this influences he data is currently 
under study. 



We used the skin scoring protocol described 
by Leith et al. (1975, 1976) in his previous 
studies with X rays, helium ions, and charged 
particles. This system, which has grades 0 
through 4 to assess damage development and Sub- 
sequent repopulation, was used to generate 
response-time curves that were totally consistent 
with results based on previous publications. The 
skin reactions were evaluated on each workday for 
four to eight weeks in two experiments; in all 
other experiments, the skin reaction was evalu- 
ated three times per week for approximately the 
same period of time$. In some experiments mice 
were individually earmarked, and in other exper- 
iments the animals were identified only by cage, 
but in no case did the scorer know either the 
dose or the previously recorded reaction for the 
animal or cage ofpanimals. The results presented 
here have been analyzed in two ways: the average 
skin reaction in relation to dose over a period 
of 6-7 to 34-35 days, or the peak reaction where 
values were averaged before, during, and immedi- 
ately following the peak observation period. 
latter scoring system is referred to as the 
"three day peak." J. Fowler, Hammersmith 
Hospital, London, indicated recently that he is 
considering eliminating average skin scores to 
focus on future skin reaction studies using end 
point such as the three day peak (J. Fowler, 
personal communication). This would eliminate 
the need for such personnel-intensive evaluation 
for long periods o f  time, and would provide 
adequately steep dose-response curves over a 
particular dose range that would be suitable for 
objective assessment. We feel that use of the 
three day peak is preferable because considera- 
tion is given primarily to the killing of skin 
stem cells rather than a combination of cell 
killing and repopulation. 

further mouse skin studies will be conducted 
because of deletions from the animal support 
budget in the NIH grant under which these studies 
were supported partially. Further evaluations 
o f  the data will De done, a manuscript will be 
submitted for publication in the open literature 
but there are no plans to extend the studies 
further at this time. 

The 

It seems appropriate to state here that no 

HematoDoietic Studies 
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methods (Schooley, 1966; Ainsworth and Larsen, 
1969). The recipient animals were sacrificed ten 
days after the bone marrow injection, their 
spleens were removed and fixed in either Bouins 
or AFA, and nodules with an average diameter 
greater than 0.5 mm were counted. 
curves were constructed based on surviving frac- 
tion per 105 nucleated cells injected in 
irradiated animals in comparison with unirradi- 
ated controls. Estimates of Do and extrapola- 
tion number, N, were obtained using a computer 
program kindly provided by E. L. Alpen. 

Other pilot CFU-S studies are in progress to 
explore the extent to which single or fraction- 
ated radiation doses given to the right hind limb 
of the BALB/c mouse produced late alterations in 
the size and cell population kinetics of the 
CFU-S compartment. This effort has implications 
for radiation-induced leukemogenesis and repre- 
sents an extension of previous studies following 
total-body irradiation that showed significant 
reductions in the femur and spleen CFU-S content 
(Ainsworth et al., 1974). In addition, different 
levels of reduction were observed when assays 
were based on the number of CFU-S extracted from, 
the femur shaft and when "residual" CFU-S liber- 
ated from the bone was assayed (Crouse et al., 
1977). Selected animals from the flank skin 
studies of X-ray tolerance were retained for 
long-term assessment of CFU-S content. In all 
cases, the right leg had been irradiated, and the 
left leg served as the control. Because Werts 
et al. (1978) have reported late changes in 
hematopoiesis in the contralateral hind limb when 
the other limb was irradiated, CFU-S assays were 
also performed on appropriately aged controls. 
Aliquots of nucleated marrow cells obtained from 
the femur shaft or residual bone were injected 
into syngeneic superlethally irradiated (900 rad 
gamma radiation) recipients, and spleen nodules 
were scored at 10 days. 

Survival 

RESULTS AND DISCUSSION 

CFU-S Studies 

The only completed data presented in this 
report are the CFU-S survival curves following 
graded doses o f  photons or heavy charged 
particles. Two replicate experiments have been 
conducted with 40Ar ions, and three or four 
replications have been completed with the other 
radiation qualities studied, Because of the 
limited availability o f  40Ar from the Bevalac, 
that survival curve contains fewer number of 
points. For clarity, the computed survival 
curves for the various radiation qualities are 
presented without points in Figure 1, and the 
survival curve parameters and estimates of RBE 
are presented in Table 1. The survival curve for 
6oCo gainma radiation conforms generally to expec- 
tations based on previously published values for 
extrapolation number (-1.3) and DO, (-130 rad), 
(Till and McCulloch, 1961; Grahn et al., 1972; 
Carsten et al., 1976). The survival curves for 
heavy charged particles also conform generally 
to expectations based on previously published 
responses to densely ionizing radiations: 
olation numbers of 1 or less were observed in 

extrap- 

The CFU-S studies were conducted using the 
donor technique. ,Animals were given graded 
radiation doses, sacrificed between 30 and 
120 min after irradiation, marrow cell suspen- 
sions were prepared, and appropriate aliquots 
were injected into superlethally irradiated mice 
(Ainsworth and Larsen, 1969). 
cedure the CFU-S are irradiated in situ and 
comparatively few CFU-S are in cell cycle. This 
is in marKed contrast to the situation that 
occurs when CFU-S harvested from unirradiated 
animals are given graded radiation doses. 
Interestingly, both procedures yield similar 
estimates of Do for photons (Ainsworth and 
Larsen, 1969). The donor procedure was prefer- 
able to the recipient procedure because the 
Bevalac beam time could be used more economically. 
Bone marrow was from the femurs using established 

Using this pro- 
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Survival Curves for CFU-S I r rad iated in vivo 
2.0 r (ELA)  

Rad 

F i g u r e  1. S u r v i v a l  curves f o r  CFU- i r rad iated 
i n  v i v o  w i t h  6oCo gamma rays ,  o r  carbon, neon, 
o r  argon heavy charged p a r t i c l e s  a t  t h e  m i d p o i n t  
o f  a 4-cm spread Bragg peak. (XBL 807-3511) 

a l l  cases and a s i n g l e  exponen t ia l  p robab ly  pro- 
v ides  an adequate f i t  t o  t h e  data.  
i cance  and v e r a c i t y  o f  t h e  e x t r a p o l a t i o n  numbers 
l e s s  than  1 f o r  12C and f o r  40Ar cannot be 
determined a t  t h i s  t ime, b u t  computed e x t r a p o l a -  
t i o n  numbers o f  l e s s  than  1 were a l s o  observed 
p r e v i o u s l y  by  Ainsworth e t  a l .  (1976) f o r  
f i ss ion -spec t rum neutrons.  A subpopu la t i on  o f  
CFU-S p a r , t i c u l a r l y  s e n s i t i v e  t o  h i g h  LET r a d i a -  
t i o n s  rep resen ts  one p o s s i b l e  e x p l a n a t i o n  b u t  
t h i s  i s  t o t a l l y  s p e c u l a t i v e .  The Do f o r  40Ar 
does n o t  d i f f e r  s i g n i f i c a n t l y  f rom t h e  Do f o r  
6oCo gamma r a d i a t i o n ,  b u t  t n e  Do f o r  1% and 20Ne 
a r e  s i g n i f i c a n t l y  lower  than  f o r  6oCo gamma 
r a d i a t i o n .  

The s i g n i f -  

Because o f  t h e  s u r p r i s i n g l y  low e x t r a p o l a t i o n  
number f o r  40Ar (0.85) t h e  RBE e s t i m a t e  f o r  
80% s u r v i v a l  approaches 8.0 (Tab le  1). A s i m i l a r  
s i t u a t i o n  p r e v a i l s  f o r  12C, again because t h e  
e x t r a p o l a t i o n  number i s  0.92, and t h e  RBE a t  80% 
s u r v i v a l  approaches t h e  va lue  o f  6.0 (Tab le  1). 
C l e a r l y ,  u n c e r t a i n t i e s  about s u r v i v a l  cu rve  
f i t t i n g  procedures and t h e  absence o f  e x p e r i -  
menta l  p o i n t s  a t  low s u r v i v a l  l e v e l s  encourages 
prudence i n  i n t e r p r e t i n g  these RBE est imates.  
A t  50% and 10% s u r v i v a l  l e v e l s ,  t h e  RBE es t ima tes  
decrease w i t h  decreas ing s u r v i v a l ,  as ex ected, 
and t h e  RBE e s t i m a t e  i s  t h e  l a r g e s t  f o r  f2C 
ions.  F u r t h e r  s t a t i s t i c a l  e v a l u a t i o n  w i l l  be 
necessary t o  determine i f  t h e  RBE e s t i m a t e  f o r  
carbon d i f f e r s  s i g n i f i c a n t l y  f rom t h e  e s t i m a t e  
f o r  neon a t  t h e  50% l e v e l .  Never the less,  t h e  
impor tan t  p o i n t  i s  t h a t  t h e  RBE f o r  12C c o u l d  
be h i g h e r  (and i s  a t  l e a s t  n o t  l ower )  t han  t h e  
RBE f o r  20Ne, where t h e  es t ima tes  o f  dose- 

Table 1. S e n s i t i v i t y  o f  CFU-S I r r a d i a t e d  i n  s i t u  w i t h  Photons o r  
Charged Particles 

Rad i a t  i on 
. RBE 

80 50 10 

-c- --- --- 6OCO 136 1.23 
(131-143)*- (1.13-1.35)* 

I ,  

20Ne 89 1.02 2.02 1.79 1.66 
.(86-92) (f96-1.08) . , 

1 2C 5.09 2.23 1.73 

2 * I  , 
1.53 1.07 

I ,  
40Ar 149 I . 0.65 7.03 

(136-164) x1 (.77-.92) t :  

*95% con f idence  1 i m i  t. 
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averaged LET are -40 and -90, keV/dn, respec- 
tively (Curtis, 1977). Thus, this model system 
fails to show a peak RBE at an LET value approach- 
ing 100 keV/llm, as has been reported by Tobias 
et al. (1979) for several in vitro model systems. 
The concept that proliferative systems in vivo 
may snow a peak RBE at a lower LET value than 
in vitro systems is also supported by results on 
testis weight loss and intestinal microcolony 
survival (see E. L. Alpen et al., Part IV). 
Saturation or overkill appears to have occurred. 
In the case of heavy charged particles, charge, 
velocity, and mass may influence biological 
response under conditions where LET estimates are 
similar. The testis and intestinal microcolony 
data cited above are consistent with the con- 
clusion that factors other than LET, are 
important in radiation-induced cell killing and 
other end points. 

One cautionary note is that a reassessment 
is in progress on calibration of the Victoreen 
ion chambers used in the CFU-S studies presented 
here on 6oCo gamma radiation and other studies 
discussed below on skin using 220 keV X rays. 
Depending upon the outcome, the estimates of rad 
dose could be altered, but the overall pattern 
of LET dependence would not be influenced. 
Estimates of RBE could be changed, but based on 
the gamma dose estimates presented here, the RBE 
estimates for 12C and 20Ne are in the domain 
of those reported for fission spectrum neutrons 
(Grahn et al., 1972; Carsten et al., 1976). 

radiation sensitivity in relation to LET,will 
focus on comparison between stopping and non- 
stopping particles at similar estimated values 
of LET,! and, on a selective basis measurements 
of repair sublethal damage. Because the CFU-S 
has a low capacity for sublethal damage repair, 
other in vivo or in vitro model systems would be 
better to use. However, definitive information 
on repair following irradiation with 12C ions 
seems appropriate in order to establish a lower 
boundary condition for this normal tissue. 
Split-dose repair data for 6oCo gamma radiation 
show, as expected, that the maximum survival 
ratio observed at 6-8 hours is -1.4. Other 
future studies with CFU-S will assess repopula- 
tion of the femur following fractionated (daily) 
doses of carbon ions compared to repopulation 
following fractionated doses of 6oCo gamma 
radiation when the daily dose per fraction is 
expected to produce equal cell killing. The 
objective is to determine if the rate of CFU-S 
repopulation in the femur is LET, dependent in 
the same way that was observed previously for 
fission spectrum neutrons (Ainsworth et al., 
1974). 

Future CFU-S experiments directed toward 

Finally, we are in the process of reevaluat- 
ing earlier unpublished results of CFU-S Do 
values after in vitro irradiation with X rays and 
charged particles (L. Kelley, J. Schooley, and 
Thomas, private communication). Part of this 
reassessment includes using other survival curve 
algorithms to estimate RBE values for the 
in vitro data as well as the data presented here 
for in vivo irradiation. When completed, a joint 
publication will be submitted where LET-RBE 

relationsips for CFU-S killing will be addressed 
comprehensively based on both sets of data. 

Studies of the late effects of ionizing 
irradiations, or .aging, on the hematopoietic stem 
cell compartment provide insight into the extent 
to which the normal steady state is either 
reestablished or altered as a function of age 
after irradiation. Hematopoietic control systems 
are important to understanding radiation-induced 
leukemogenesis. The CFU-S i s  an adequate model 
system to study this problem, although CFU-S 
content per femur and total hematopoietic 
potential vary independently. 

It was once thought that the CFU-S was the 
hematocytoblast, the most primitive hematopoietic 
stem cell, or that the CFU-S reflected directly 
the content o f  the hemotocytoblast. It is now 
known that the capacity for hematopoietic 
regeneration following radiation is not corre- 
lated directly with CFU content, especially when 
the normal steady state has been perturbed by 
ionizing radiations or other treatments (Hanks 
and Ainsworth, 1967; Ainsworth and Larsen, 1969). 
More than ten years ago we showed that the femur 
CFU-S content was reduced to less than 5% of 
normal 5 days following 450 rad of 250 kVp 
X rays, but at that time the total hematopoietic 
capacity for regeneration was estimated to be 
nearly normal based on LD50/30 (Hanks and 
Ainsworth, 1967). Our studies have also shown 
that the fraction of CFU-S and DNA synthesis is 
increased when total femur CFU-S content is 
reduced as a consequence of radiation given 
several hundred days previously (Crouse et al., 
1977). Although previous work has been done to 
assess marrow regeneration after local or partial 
body irradiation, we are not aware of data that 
measures explicitly CFU-S content (Knops, 1968; 
Patt and Maloney, 1976; Werts et al., 1978). Our 
pilot project is intended to assess late effects 
of ionizing radiation on the CFU-S compartment 
and on the hematopoietic stroma. These studies 
are being conducted collaboratively with D. A. 
Crouse at the University of Nebraska Medical 
Center, Lincoln. Both CFU-S content, the 
capacity of proliferative cells to form colonies 
in vitro, and the ability of hematopoietic stroma 
from aged irradiation animals to support CFU-S 
proliferation in vitro are being assessed (Crouse 
et al., 1980). 

Representative results on CFU-S content are 
shown in Table 2. Although we had hoped origin- 
ally that the unirradiated leg would provide an 
adequate control for comparison with the irradi- 
ated leg, Werts has reported contralateral 
perturbations when one leg is irradiated; this 
means unirradiated age control animals should be 
incorporated into the experimental design. These 
preliminary results, based on CFU-S assays of 
single animals, show a femur CFU-S content of 
6,000 to 8,500 CFU per femur shaft and 2,000 to 
3,500 for residual bone in an animal at approxi- 
mately 800 days of age. In comparison with this 
age control, the CFU content was reduced signif- 
icantly in both the shaft and residual bone in 
an animal that was assayed 700 days after a 
single dose of 2,500 rad was applied to the right 
leg. In fact, the CFU content of the right leg 

. - . . . . . . . . . 
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Table 2. L a t e  E f f e c t s  o f  I r r a d i a t i o n  on CFU-S Content i n  BALB/c Mice 

I I 

Grs 

I I I 

Experiment . T o t a l  CFU-S Content  Spleen HCT 
No. and D e s c r i p t i o n  Shaf t  Bone Weight (mg) ( % )  

CFU-54, Female BALB/c 6027 f 462 1733 f 224 
mice, u n t r e a t e d  

124 38 
8400 f 688 3516 f 302 

CFU-48, Female BALB/c Exper imenta l  l e g  Exper imenta l  l e g  
mice t r e a t e d  w i t h  2600 f 373 584 f 173 
2,500 r a d  s i n g l e  X r a y  

75 17 
Con t ro l  l e g  C o n t r o l  l e g  
2000 f 494 916 217 

CFU-52, female BALB/c Exper imenta l  l e g  Exper imenta l  l e g  
mice t r e a t e d  w i t h  4524 f 227 1048 f 109 
2,500 r a d  s i n g l e  X r a y  

230 50 
Con t ro l  l e g  C o n t r o l  l e g  
5362 f 323 1204 f 127 

was s l i g h t l y ,  b u t  n o t  s i g n i f i c a n t l y ,  h i g h e r  than  
t h e  c o n t e n t  i n  t h e  u n i r r a d i a t e d  l eg .  

These p r e l i m i n a r y  r e s u l t s  a r e  i n t e r p r e t e d  t o  
c o n f i r m  t h e  o b s e r v a t i o n  o f  Werts e t  a l .  (1978) 
t h a t  c o n t r a l a t e r a l  responses occur  and a r e  
r e f l e c t e d  i n  a CFU-S con ten t .  The d a t a  presented 
i n  Table 2 are s e l e c t e d  t o  i l l u s t r a t e  a p o i n t ;  
t h e y  a re  n o t  r e p r e s e n t a t i v e  o f  o t h e r  r e s u l t s  t h a t  
were ob ta ined  when t h e  CFU-S c o n t e n t  was assayed 
i n  an imals  whose sp leen we igh t  exceeded 150 mg. 
The s i t u a t i o n  becomes more comp l i ca ted  when 
sp leen we igh t  i s  i nc reased  due t o  r e t i c u l u m  c e l l  
sarcoma o r  o t h e r  n e o p l a s t i c  processes. CFU-S 
c o n t e n t  appears t o  be h i g h l y  v a r i a b l e ,  and no 
apparent r e d u c t i o n  i n  comparison t o  t h e  c o n t e n t  
i n  age c o n t r o l s  i s  observed. More da ta .a re  
needed b e f o r e  f i r m  conc lus ions  r e g a r d i n g  l a t e  I 

e f f e c t s  a f t e r  p a r t i a l  body i r r a d i a t i o n  can be 
d r a w .  I S  

Mouse Sk in  S tud ies  , 

The p r e l i m i n a r y  r e s u l t s  o f  our  s k i n  t o l e r a n c e  
work a r e  i n c l u d e d  i n  t h i s  r e p o r t  t o  i l l u s t r a t e  
t h e  exper imenta l  des ign and p o t e n t i a l  in forma- 
t i o n  g a i n  when t h e  r e s u l t s  a re  f u l l y  analyzed. 
E y e - f i t t e d  curves w i t h o u t  i n d i v i d u a l  d a t a  p o i n t s  
a r e  p resen ted  i n  F igu res  2 through 4. Average 
s k i n  response (7-35 days o r  6-34 days) i s  shown 
when mice r e c e i v e  e i t h e r  s i n g l e  doses o r  were 
cha l l enged  w i t h  graded s i n g l e  doses a t  v a r i o u s  
t imes  a f t e r  hav ing  been g i ven  e i g h t  300 r a d  

r a c t i o n s .  The o b j e c t i v e  was t o  eva lua te  r e p a i r  
o t e n t i a l  between r a d i a t i o n  f r a c t i o n s  by cha l -  
enging t h e  animals  a t  t h e  t i m e  t h e  e i g h t h  

a 

f r a c t i o n a t e d  dose was g iven.  
a t  v a r i o u s  t imes  f o l l o w i n g  complet ion o f  t h e  

Cha l l eng lng  animals 
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2 : 
0 U 

c n .  
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lost Fx 

i 

F i g u r e  2. Average s k i n  scores (7-35 days)  i n  
m i c e  g i ven  s i n g l e  o r  f r a c t i o n a t e d  doses 
of X r ays .  (XBL 809-3674) 
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NEON 
AVERAGE SCORE vs.  DOSE 
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2000 4000 6000 

Dose ( rod)  

F i g u r e  3. Average s k i n  scores (7-35 days) i n  
m i c e  g i v e n  s i n g l e  o r  f r a c t i o n a t e d  doses 
o f  p l a t e a u  carbon i o n s .  (XBL 809-3673) 

f r a c t i o n a t e d  sequence i n f e r s  t h a t  p r o l i f e r a t i o n  
of s k i n  stem c e l l s  accounts f o r  any i nc rease  i n  
s k i n  t o l e r a n c e .  Because s t a t i s t i c a l  e v a l u a t i o n s  
o f  t h e  r e s u l t s  a r e  n o t  complete, and f u r t h e r  
d o s i m e t r i c  s t u d i e s  a re  i n  progress u s i n g  l i t h i u m  
f l u o r i d  ch ips  and V ic to reen  R meters, we a r e  n o t  
prepared t o  t r e a t  q u a n t i t a t i v e l y  these r e s u l t s  
a t  t h i s  t ime.  We have no reason t o  f e e l  t h a t  
any o f  t h e  dose es t ima tes  p rov ided  i n  t n e  
f i g u r e s  a re  i n  s e r i o u s  e r r o r ,  w i t h  t h e  e x c e p t i o n  
t h a t  a t  f a c e  va lue  t n e  s i n g l e  dose r e s u l t s  
i n d i c a t e  t h a t  t h e  RBE i s  l e s s  than  1 f o r  b o t h  
p l a t e a u  neon and carbon ions.  
i s  unexpected and c o n t r a s t s  L e i t n ' s  r e s u l t s  
( L e i t h  e t  a l . ,  1976), t n e r e f o r e ,  we need more 
d a t a  b e f o r e  f i r m  conc lus ions  can be drawn. 

T h i s  o b s e r v a t i o n  

As w i t h  t h e  p r e v i o u s l y  pub l i shed  r e s u l t s  
( L e i t h  e t  a l . ,  1975, 1976; Denekamp, 1973), t h e  
shapes o f  t h e  dose response curves appear t o  be 
l i n e a r  o n l y  a t  compara t i ve l y  low average sco re  
l e v e l s .  The rea f te r ,  t h e  response curves t e n d  t o  
s a t u r a t e  w i t h  i n c r e a s i n g  dose, and may a c t u a l l y  
show a nega t i ve  s lope.  
r e a c t i o n  are a p a r t i c u l a r  s c o r i n g  chal lenge,  and.  
t h e i r  accuracy and r e p r o d u c i b i l i t y  i s  open t o  
quest ion.  L e i t h ,  u s i n g  t h e  same mouse s t r a i n ,  

These low l e v e l s  o f  

-Single dose 

Fx dose ----- 
CHLG at  8 t h  Fx 

I I I I I I I 
2000 4000 6000 

F i g u r e  4.  Average s k i n  scores (7-35 days) i n  
BALB/c mice g i ven  s i n g l e  o r  f r a c t i o n a t e d  doses 
o f  p l a t e a u  neon ions .  (XBL 809-3672) 

Oose (rod) 

same X-ray machine, and same dos ime t ry  methods, 
r e p o r t e d  a 500 r a d  d i f f e r e n c e  f o r  t h e  doses 
necessary t o  produce average r e a c t i o n  l e v e l s  o f  
2.0 and 2.5. I f  t h e  v a r i a t i o n  amounts t o  as much 
as 15-25% f rom exper iment  t o  experiment, i t  i s  
i m p e r a t i v e  t o  use a p p r o p r i a t e  sample s i z e s  and 
t o  r e p l i c a t e  exper iments b e f o r e  drawing f i r m  
conc lus ions  f r o m  s k i n  r e a c t i o n  s t u d i e s .  A f a i r  
a p p r a i s a l  i s  t h a t  s k i n  t o l e r a n c e  i n  t h e  r o d e n t  
has been used s a t i s f a c t o r i l y  over  seve ra l  decades 
i n s p i t e  o f  t h e  i n h e r e n t  v a r i a b i l i t y ,  and t h a t  
b o t h  fundamental and c l i n i c a l l y  r e l e v a n t  conc lu-  
s ions  have been drawn f rom such r e s u l t s  (Jacobsen 
e t  a l . ,  1958; Douglas and Fowler, 1976; Denekamp, 
1973). 

A l though t h e  shapes o f  t h e  dose response 
curves i n  F igu res  2 through 4 a re  n o t  p a r a l l e l ,  
and conc lus ions  r e g a r d i n g  t h e  degree o f  r e p a i r  
would be i n f l u e n c e d  b y  t h e  r e a c t i o n  l e v e l s  
scored, a f i r s t  approx imat ion o f  r e p a i r  c a p a c i t y  
i s  ga ined by e v a l u a t i n g  t h e  e x t e n t  t o  which t h e  
dose-response cu rve  f o r  animals cha l l enged  a t  t h e  
e i g h t h  f r a c t i o n  i s  d i s p l a c e d  t o  t h e  r i g h t  i n  
comparison w i t h  t h e  s i n g l e  dose-response curve. 
Q u a l i t a t i v e l y ,  i t  appears t h a t  more e f f i c i e n t  
r e p a i r  occurs between X-ray f r a c t i o n s  than  
between f r a c t i o n s  o f  carbon o r  neon ions .  
I r r e s p e c t i v e  o f  t o t a l  dose o r  f r a c t i o n  s i z e ,  
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Denekamp (1973) reported a large increase in skin 
tolerance by days 8 and 15 after an X-ray frac- 
tionation sequence was complete, due probably to 
cell proliferation. The present results for both 
X rays and carbon ions are similar to Denekamp's 
results: by day 7, skin tolerance is increased 
compared to the response in mice challenged at 
the 8th fraction. There seems to be no large 
difference in incremental tolerance for X-ray and 
12C ion irradiation. 

We have conducted one fractionated X-ray 
experiment; mice were given 20 graded X-ray 
fractions over 4 weeks, and the average and 
3-day-peak reaction were scored. Skin reactions 
were evident among these animals before the 
fractionation sequence was completed, but the 
temporal distribution of skin reaction was spread 
over greater time and showed much less of a peak 
in the mice given fractionated doses vs. those 
given a single dose. To achieve a reaction level 
of 2.5, a total dose of 5,000 rad was required 
when administered in 20 fractions, but a single 
dose of 1,400 rad produced the same reaction 
level. A 3.6-fold increase in tolerance is 
consistent with a greater repair per fraction 
than has been detected from either paired dose 
studies or studies of repair when only a few 
fractions were given (Denekamp, 1973). Further 
evaluation is also necessary, but if these data 
are extrapolated for radiotherapeutic applica- 
tions involving long-term fractionation sequences, 
the animal experiments that yield inferences 
pertaining to repair following only a few frac- 
tions could underestimate the total repair or 
proliferation capacity and skin tolerance. 

NOTE: Quantitative estimates of dose-averaged 
LET, values presented here should be considered 
as approximations only, because different calcu- 
lational models yield markedly different results. 
In addition, for spread Bragg peaks the distri- 
butions of LET, values i s  broad with the fraction 
of LET particles rising sharply at the distal 
peak. 
yield new data that will contribute to impnoved 
estimation of dose-averaged LET,. Microdosi- 
metric studies provide a separate measurement of 
beam quality. 

Ongoing beam fragmentation studies will 
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DOSE RESPONSE FOR RAT SKIN TUMORS INDUCED BY SINGLE AND 
SPLIT DOSES OF ARGON IONS 

F. J. Burns* and R. E. Albert* 
crs 

Considerable a t t e n t i o n  has been g i ven  t o  
e s t a b l i s h i n g  t h e  dose response f o r  i n d u c t i o n  o f  
tumors by low LET r a d i a t i o n s ,  such as X r a y s  and 
e l e c t r o n s .  Sk in  and o t h e r  organs a re  capable o f  
r e p a i r i n g  p a r t  o f  t h e  damage t h a t  e v e n t u a l l y  
leads t o  i n d u c t i o n  o f  tumors i f  t h e  r a d i a t i o n  i s  
low LET. 
o f  whole body i r r a d i a t i o n  w i t h  neutrons t h a t  
oncogenic damage induced by high-LET r a d i a t i o n  
i s  such t h a t  t h e  t i s s u e  cannot recover .  
numerous s t u d i e s  have shown c e l l s  are i ncapab le  
o f  r e p a i r i n g  t h e  l e t h a l  damage produced by  h i g h -  
LET r a d i a t i o n .  These l e t h a l i t y  s t u d i e s  showed 
t h a t  t h e  LET w i t h  t h e  g r e a t e s t  b i o l o g i c a l  
e f f e c t i v e n e s s  was about 125 keV/,,m above which 
t h e  energy d e n s i t y  becomes so g r e a t  t h a t  energy 
i s  wasted and e f f i c i e n c y  dec l i nes .  

With t h e  a v a i l a b i l i t y  o f  t h e  argon-ion beam 
a t  t h e  Bevalac f a c i l i t y  a t  LBL, i t  became fea -  
s i b l e  t o  s t u d y  r e p a i r  o r  recove ry  a t  t h e  LET o f  
maximum b i o l o g i c a l  e f f e c t i v e n e s s .  The p l a t e a u  
r e g i o n  of t h e  Bragg i o n i z a t i o n  cu rve  has an LET 
o f  about 125 keV/Um. The e x i s t e n c e  o f  e x t e n s i v e  
d a t a  on t h e  dose-response cu rve  f o r  tumor induc-  
t i o n  i n  r a t  s k i n  made t h i s  an i d e a l  system f o r  
s t u d y i n g  t h e  RBE and r e p a i r  a t  high-LET va lues  
i n  a s p e c i f i c  organ where whole body i r r a d i a t i o n  
can be avoided. 

Male CD s t r a i n  r a t s  (Char les River ,  Wilming- 
ton, MA) were arranged i n  smal l  boxes i n  such a 
way t h a t  t h e  s k i n  c o u l d  be drawn up through t h e  
t o p  o f  t h e  box and t h e  beam passed through double 
t h i c k n e s s  f l a p s  o f  twen ty  r a t s  s imu l taneous ly .  
The t o t a l  s k i n  th i ckness  was about 6 cm i n  com- 
p a r i s o n  t o  t h e  16  cm range o f  t he  argon i o n  beam 
i n  water. The area i r r a d i a t e d  was about 12 cm2. 

I t i s  reasonable t o  expect  on t h e  b a s i s  

C e r t a i n l y  

The r a t s  were i r r a d i a t e d  w i t h  v a r i o u s  doses 
i n  a m a t t e r  o f  a few minutes. 
1, tumors began t o  appear by about 10 weeks i n  
t h e  h i g h e r  dose groups and con t inued  t o  appear 
more o r  l e s s  s t e a d i l y  u n t i l  t h e  end of t h e  
experiment a t  99 weeks when o v e r a l l  s u r v i v a l  was 
about 70%. 

As seen i n  F i g u r e  

S i m i l a r l y ,  when t h e  dose was f r a c t i o n a t e d  t h e  
tumors began t o  appear a t  10 weeks and con t inued  
t o  appear th roughou t  t h e  experiment ( F i g .  2 )  a t  
b o t h  doses. The f r a c t i o n a t e d  exposures, r a t h e r  
than  reduc ing  t h e  y i e l d  o f  tumors as f o r  f r a c -  
t i o n a t e d  e l e c t r o n  r a d i a t i o n ,  a c t u a l l y  produced a 
s l i g h t  i nc rease  i n  tumor y i e l d ,  e s p e c i a l l y  a t  
1.5 h. The reason f o r  t h i s  s l i g h t  i nc rease  i n  
tumor y i e l d  i s  n o t  c l e a r .  

The dose response f o r  a l l  e p i t h e l i a l  tumors 
t 49 weeks i s  shown i n  F i g u r e  3. The tumor 
i e l d  was e s s e n t i a l l y  l i n e a r  w i t h  dose throughout  

t h e  range up t o  about 1,000 r a d .  
a ted exposures were never l e s s  oncogenic than  t h e  

The f r a c t i o n -  
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F i g u r e  1. E p i t h e l i a l  tumors i n  r a t  s k i n  i r r a d i a t e d  
w i t h  v a r i o u s  s i n g l e  doses o f  argon ions  as 
i n d i c a t e d .  There were 20 r a t s  pe r  group except  
a t  5 1  and 157 r a d s  where t h e r e  were 60 r a t s  per  
group. Time ze ro  was t h e  day o f  i r r a d i a t i o n .  
(XBL 808-11213) 

Fractionated Doses -Argon 
Dose (rods) Time between Fractions (hrs) 

20 40 60 80 100 
Time (weeks) 

F i g u r e  2. E p i t h e l i a l  tumors i n  r a t  s k i n  i r r a d i a t e d  
w i t h  one dose o r  two equal doses s p l i t  by  v a r i o u s  
p e r i o d s  o f  t i m e  as i n d i c a t e d .  Time ze ro  was t h e  
day o f  i r r a d i a t i o n  and t h e r e  were 20 r a t s  pe r  dose 
group. (XBL 808-11212) 
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Fi ure 3. The dose response at 99 weeks for 

equal dose of argon ions as indicated. The error 
bars are standard deviations derived from the 
square root of the total number of tumors in each 
treatment group. (XBL 808-11217) 

9-T epithe ial skin tumors induced by one dose or two 

corresponding single exposures, and in several 
cases fractionation actually enhanced the tumor 
yield slightly at the higher dose. No enhance- 
ment was observed at the lower dose, which raises 
a question about its validity at the higher dose. 
Not even a suggestion of recovery or repair is 
apparent in these data. 

When the epithelial tumors were classified 
into various subtypes, the overall pattern for 
each was about the same as for the epithelial 
tumors as a whole (Fig. 4). There seems to be a 
departure from linearity at low doses for the 
miscellaneous category, but the yield of tumors 
in this category was comparatively small and 
statistical variability was correspondingly large. 
No evidence for recovery or repair was found in 
any of the subtypes. 

Comparatively large numbers of connective 
tissue tumors were found in the present experiment 
probably because the straight-through irradiation 
technique meant that a greater proportion of the 
dermal cells were irradiated than in earlier 
experiments with electrons where the penetration 
was limited. The dose response for fibromas 
(benign connective tissue tumors) is shown in 
Figure 5. 
doses, although the maximum tumor yield occurs at 
a considerably lower dose than the peak for 
epithelial tumors. The fractionated doses showed 
no evidence for recovery or repair. There was 
enhancement of the fibroma,yield for fractionation 
intervals of 1.5 and 4.5 h but not for 21.5 h. 
The fibromas were the most numerous type of tumor 
in the middle dose regions. 

The curve appears-to be linear at lower 

Type of Tumor - Undifferentiated 
m-* Keratinizing 
b.4 Mixed and Others 

T 

Dose (rads) 

Figure 4. The dose-response at 99 weeks for 
various types of epithelial skin tumors induced 
by single doses of argon ions as indicated. Error 
bars are standard deviations based on the square 
root of the total number of tumors in each treat- 
ment group. (XBL 808-11210) 
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Figure 5. The dose response at 99 weeks for 
fibromas induced by one or two equal doses of 
argon ions as indicated. Error bars are standard 
deviations based on the square root of the total 
number of tumors in each treatment group. 
(XBL 806-1 1209) 
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Sarcomas were seen more f r e q u e n t l y  than  i n  
p rev ious  exper iments w i t h  e l e c t r o n s .  
d a t a  a r e  shown i n  F i g u r e  6. The e r r o r  b a r s  a r e  
compara t i ve l y  l a r g e  b u t  t h e  da ta  a re  c o n s i s t e n t  
w i t h  a l i n e a r  dependence o f  tumor y i e l d  on dose, 
and no evidence o f  r e p a i r  o r  s p l i t  dose r e c o v e r y  
can be seen. 

The sarcoma 

Tumor i n d u c t i o n  i n  r a t  s k i n  by argon ions  i s  
s t r i k i n g l y  s i m i l a r  in dose response and amount o f  
recove ry  t o  c e l l  l e t h a l i t y  produced i n  t i s s u e  
c u l t u r e  by  t h e  same r a d i a t i o n  beam. I t i s  
i n t r i g u i n g  t h a t  f o r  y e t  another  end p o i n t ,  h i g h -  
LET r a d i a t i o n  produces an e f f e c t  t h a t  i s  approx- 
i m a t e l y  l i n e a r  w i t h  dose and f rom which t h e  t i s s u e  
i s  unable t o  recove r .  There may have been a 
s l i g h t  enhancement i n  t h e  y i e l d  o f  tumors b u t  t h i s  
remains t o  be conf i rmed.  

FOOT NOT E 

* I n s t i t u t e  o f  Envi ronmenta l  Medicine, New York 
U n i v e r s i t y  Medica l  Center, New York, NY. 
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F i g u r e  6. The dose response a t  99 weeks f o r  
sarcomas induced i n  r a t  s k i n  by one o r  two equal  
doses o f  argon i o n s  as i n d i c a t e d .  The e r r o r  b a r s  

. 'are s tandard d e v i a t i o n s  based on t h e  square r o o t  
o f  the, t o t a l  number o f  tumors. (XBL 808-11208) 
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RESPONSE OF RAT SPINAL CORD TO SINGLE AND FRACTIONATED 
DOSES OF ACCELERATED HEAVY IONS 

J. L. Leith,* M. McDonald, P. Powers-Risius, S. F. Bliven,* R. E. Walton, 
K. H. Woodruff,t and J. Howard 

If the spinal cord is exposed to ionizing 
radiation, there is the possibility of serious, 
irreversible injury. To guard against such 
disastrous possibilities, the radiation tolerance 
and radiation repair characteristics of the 
spinal cord must be determined. This has been 
done using experimental animal model systems such 
as mice (Geraci et al., 1974; Goffinet et al., 
1976) and rats (Asbell and Kramer, 1971; Carsten 
and Zeman, 1966; Van der Kogel and Barendsen, 
1974; Van der Kogel, 1976, 1977a,b; Leith et al., 
1975a,b; White and Hornsey 1978; Masuda and 
Withers, 1977; Masuda et al., 1977; Hopewell and 
Wright, 1975). However, with new treatment 
modalities, such characteristics need to be 
defined before clinical use. In this regard, we 
have attempted to study the response of rat 
spinal cord to irradiation with accelerated heavy 
ions, in particular carbon and neon.ions. Two 
different ionization regions in the modified 
Bragg curve for each ion have been studied for 
both single and fractionated exposures. We have 
defined the paralytic response as a function of 
dose and dose per fraction, and we have 
determined RBE and repair values. 

MATERIALS AND METHODS 

Animals 

The rats used in these studies were strain 
CDF females, approximately 125 to 150 g in 
weight, obtained from either the Charles River 
Breeding Laboratories, Wilmington, MA, or the 
Simonson Breeding Laboratories, Gilroy, CA. 
Animals were given Purina "White Diet" and water 
ad libitum. After irradiations, rats were housed 
three per large cage. 

X Irradiations 

the end of the collimator and the middle of the 
vertebral column. X-ray dosimetry was done using 
a Victoreen 250 R probe and exposure doses were 
taken with the midpoint of the Victoreen thimble 
chamber 2 cm from the end of the collimator. 
Dosimetry was done at the position of the spinal 
cord with and without the collimator in place. 
With the collimator in place, the measured 
exposure dose was typically 94% of the open field 
dose. Exposure doses were corrected for temper- 
ature and pressure and a Roentgen to rad conver- 
sion factor of 0.96 was used to obtain the 
absorbed dose. Dose rates were about 3.2 Gy/min. 
The collimated X-ray fields were imaged by taking 
X-ray films of the beam spot which were super- 
imposed on an open field film of the rat so that 
positioning for the multifraction experiments 
could be as precise as possible. The fractiona- 
tion experiments were done on four consecutive 
days at approximately the same time of day. 

Helium-Ion Irradiations 

The techniques used for helium-ion irradia- 
tion of rat spinal cord have previously been 
described in detail (Leith et al., 1975a). 
Briefly, rats were irradiated using the 184-inch 
Synchrocyclotron at LBL, anesthetized for expo- 
sures, and irradiated with helium ions either in 
the plateau region o f  ionization, or in the 
middle of a 6-cm spread Bragg peak region of 
ionization. Techniques for achieving beam 
spreading have been described. The irradiation 
field was exactly the same as for the X-irradia- 
tions. In these experiments, both single doses 
and multiple fractions were given in both posi- 
tions of the helium-ion ionization regions. For 
the multifraction experiments, 10 equal fractions 
given in 22 days were administered. 

Animals were exposed using a Philips thera- 
peutic X-ray machine, operated at 230 kVp, and 
15 mA. Added filtration was 0.25 mm Cu and 
1.0 mm A1 and the half-value layer was 0.83 mm 
Cu. Rats were anesthetized for irradiations 
using i.p. sodium pentobarbital at a dose of 
50 mg/kg. Rats were positioned in stereotaxic 
rat holders (used also for the carbon, helium, 
and neon ion exposures) and were positioned so 
that the X-ray beam passed transversely through 
the thoracolumbar region of the spinal cord 
(specifically erncompassing vertebrae T12-L1). 
The X-ray beam was collimated using a specially 
designed Cerrobend collimator so that the apera- 
ture was exactly the size used in the heavy ion 

Cerrobend applicator was 4.3 cm long and 0.8 cm 
thick and a 3 cm air gap was maintained between 

xposures (i.e., 16 mm along the axis of the 6it ertebral column and 11 inm in height). The 

Carbon- and Neon-Ion Irradiations 

While details for the carbon-ion irradiations 
have not been previously reported, they are 
essentially similar to reported techniques for 
neon ion irradiations (Leith et al., 1975b). The 
Bevalac was used to accelerate both heavy-ion 
beams. Ions were produced at the superHILAC with 
energies of 8.5 MeV/nucleon and injected into the 
beam transfer line, terminating in a 50 MeV 
proton injector. 
into the Bevatron and accelerated further to 
reach final energies of between 0.25 and 
2.6 GeV/n. For the spinal cord irradiations, 
carbon and neon ions were extracted from the 
Bevatron at 400 MeV/nucleon and transported to 
the Biomedical irradiation area. The depth dose 
distributions of the carbon and neon ion beams 
are shown in Figure 1A and 6. 

The ions were then introduced 
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Figure 1. Relative ionization vs. penetration 
depth curves for the carbon and neon ion beams 
used. In Figure lA, the depth dose pattern for 
carbon ions is shown, and the arrows indicate the 
position of the rat spinal cord in either the 
plateau or the midpeak region of the spread-out 
Bragg peak. In Figure 15, the depth dose pattern 
for neon ions is shown, and the arrows indicate 
the position of the rat spinal cord in either the 
plateau or the midpeak region of the spread Bragg 
peak. (XBL 808-3583) 

Dosimetry was performed with p1,ane parallel 
plate transmission ionization chambers. Densi- 
tometry tracings of photographic negatives of the 
beam fields used for the carbon and neon ion 
irradiations showed that there was less than 7% 
variation in density between the center and the 
periphery o f  the field. 

Scoring Techniques 

At weekly intervals after irradiation, rats 
were assessed for any decrements in hind-limb 
reflexes, muscle bulk in the legs, leg strength, 
and paralysis. Impairment o f  bowel and bladder 
function was also noted (Leith et al., 1975; Van 
der Kogel and Barendsen, 1974). 
system by which impairment was evaluated as a 
function o f  time is shown in Table 1. 

The scoring 

RESULTS 

RBE Values o f  Heavy-Ion Beams: Single Doses 

The percent paralysis curves for single doses 
of X rays, helium ions, carbon, and neon ions are 
shown in Figures 2 and 3. In Table 2, we have 
summarized all of the data obtained in terms of 
radiation modalities, number of animals exposed, 

Table 1. Grading System for Assessment of Radiation-Induced Myelopathy 

Grade Description of Gross Impairment 

S-0 No difference from controls 

S-1 Delay in eliciting hindlimb kick response upon pressure to 
1 imbs 

S-2 Definite but mild impairment in hindlimb kick response with 

5-3 Impairment of kick moderately severe, and rats walk with 

S-4 Severe impairment, marked hunchback, rats walk on toes 

S-5 Limb(s) completely useless, total paralysis (either uni- or 

obvious curling of toes 

slight hunchback, or flatfooted 

bilateral) 
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F i g u r e  2. Percent  p a r a l y s i s  versus t o t a l  dose 
f o r  r a t s  exposed t o  s i n g l e  doses of low LET 
r a d i a t i o n  (X r a y s  and h e l i u m  i o n s )  and t o  carbon 
i o n s  i n  e i t h e r  t h e  p l a t e a u  o r  t h e  spread-peak 
reg ions  o f  i o n i z a t i o n .  (XBL 808-3587) 

and number of an imals  para lyzed.  The dose needed 
t o  produce 50% p a r a l y s i s  (ED50) i n  each o f  t h e  
r a d i a t i o n  s i t u a t i o n s  i s  summarized i n  Table 3, 
a long  w i t h  t h e  95% con f idence  l i m i t s  on t h e  ED50. 
The d a t a  were f i t t e d  t o  a l o g i s t i c  equa t ion  i n  
which t h e  p r o b a b i l i t y  o f  p a r a l y s i s  i s  equal  t o  
1 / [ 1  + (Ed5o/D)k], where 0 i s  a v a r i a b l e  t o t a l  
dose, and k i s  t h e  s lope  o f  t h e  pe rcen t  p a r a l y s i s  
versus dose cu rve  u s i n g  a maximum 1 iKe l i hood  
f i t t i n g  technique (Bevington,  1969). From these  
ED50 values, t h e  RBE va lues were determined, 
and a re  a l s o  summarized i n  Table 3; I n  t h i s  
t a b l e ,  t he  e r r o r  l i m i t s  on t h e  RBE.values 
rep resen t  t h e  propagated 95% conf idence l i m i t s .  

RBE Values o f  Heavy-Ion Beams: 
F r a c t i o n a t e d  Doses: 

The p e r c e n t  p a r a l y s i s  curves f o r  f r a c t i o n a t e d  
doses o f  X rays ,  he l ium,  i o n s ,  carbon, and neon 
ions  a r e  shown i n  F igu res  4 and 5. I n  Table 3, 
he t o t a l  doses needed t o  produce 50% p a r a l y s i s  

e n  each o f  t h e  r a d i a t i o n  s i t u a t i o n s  i s  summarized. 
Again, t h e  RBE va lues were determined, and these 

I I 1 100 - M 

n M &%A I I I 
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" 0  5 IO 15 2 0  25 30 35 
Totol dose (Gy) 

F i g u r e  3. Percent  p a r a l y s i s  versus t o t a l  dose 
f o r  r a t s  exposed t o  s i n g l e  doses o f  low LET 
r a d i a t i o n  ( X  r ays  and he l i um i o n s )  and t o  neon 
i o n s  i n  e i t h e r  t h e  p l a t e a u  o r  t h e  spread-peak 
reg ions  of i o n i z a t i o n .  (XBL 808-3586) 

va lues w i t h  t h e i r  95% con f idence  l i m i t s  a r e  sum- 
mar ized  i n  Table 3.  I n  F i g u r e  6, we have p l o t t e d  
t h e  RBE va lues  ob ta ined  versus t h e  heavy- ion dose 
p e r  f r a c t i o n  used. 

D I S C U S S I O N  

The p e r t i n e n t  d a t a  a re  l i s t e d  i n  Tables 3 and 
4 and shown i n  F i g u r e  6. From Table 3 and 
F i g u r e  6, i t  i s  apparent t h a t  t h e  RBE i s  i nc reas -  
i n g  w i t h  LET a f t e r  exposure t o  i o n s  i n  t h e  carbon 
spread Bragg peak and neon p l a t e a u  and spread 
Bragg peak i o n i z a t i o n  reg ions .  As we cou ld  o n l y  
o b t a i n  fou r  f r a c t i o n s  o f  t h e  carbon and neon ions  
used i n  these s tud ies ,  t h e  RBE va lues a re  n o t  
g r e a t e r  t han  about 2 (neon spread Bragg peak f o r  
example). However, we f e e l  t h a t  t h e  RBE va lues 
a t  d o s e s / f r a c t i o n  t h a t  a re  l i k e l y  t o  be used i n  
p a t i e n t  t rea tmen t  w i t h  heavy i ons  w i l l  be 
s i g n i f i c a n t l y  h i g h e r .  

heavy i o n  d o s e s / f r a c t i o n  o f  2 Gy o f  about 1.5 
Using F i g u r e  6 one o b t a i n s  RBE va lues  a t  
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/e 1 opme t of Paraly i 
n 

No. of Kats No. Paralyzed 4 Radiation Condition Dose (Gy)* 

Controls 0.0 

X ray (single dose) 2500 
2800 
31 00 
3400 

X rays ( 4  fractions) 3500 
4000 
4500 
5 000 
5000 
6000 
7000 
8000 

Helium ions (single dose) 500 
(plateau region) 1000 

2500 
2000 
3500 

Helium ions (10 fractions) 1300 
(plateau region) 2610 

3920 
5220 
6530 

Helium ions (single dose) 500 
(spread Bragg peak region) 1000 

1500 
2000 
2500 
3500 

Helium ions (10 fractions) 1330 
(spread Bragg peak region) 2610 

3920 
5220 
6530 

Carbon ions (single dose) 1500 
(plateau region) 1750 

2000 
2250 
2250 

Carbon ions ( 4  fractions) 1800 

2600 
3000 
3500 

Carbon ions (single dose) 1000 
(spread Bragg peak region) 1250 

1500 
1750 
2000 
2000 
2250 
2500 
2750 
3000 

(plateau region) 2200 

22 

9 
7 
8 
8 

7 
8 
8 
9 
9 

10 
10 
1 2  

14 
14 
14 
10 
14 

1 4  
14 
14 
13 
13 

13  
11 
14 
13  
14 
14 

13 
13 
14 
12 
13 

7 
7 
8 
8 
8 

9 
9 
9 

10 
10 

14 
1 5  
15 
15 
15 
14 
1.4 
13 
12 
14 

0 

4 
5 
8 
8 

0 
0 
2 
7 
3 

10 
10 
12 

0 
0 
0 
1 

14 

0 
0 
0 
0 
1 

0 
0 
0 
1 

1 2  
14 

0 
0 
0 
0 
2 

2 
2 
6 
7 
8 

0 
0 
1 
2 
3 

0 
0 
1 
6 

15 
13 
14  
13 
12 
14 

@ 
( T a b , ?  continued) 
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Table 2. ( con t inued)  

R a d i a t i o n  C o n d i t i o n  Dose (Gy)* No. of Kats  No. Para lyzed t  

Carbon ions  ( 4  f r a c t i o n s )  1600 
(spread Bragg peak r e g i o n )  1900 

2200 
2500 
2800 

Neon i o n s  ( s i n g l e  dose) 
( p l a t e a u  r e g i o n )  

Neon ions  ( 4  f r a c t i o n s )  
( p l a t e a u  r e g i o n )  

Neon i o n s  ( s i n g l e  dose) 
(spread Bragg peak r e g i o n )  

Neon i o n s  ( 4  f r a c t i o n s )  
(spread Bragg peak r e g i o n )  

1600 
2000 
2400 
2800 

1800 
2200 
2600 
3000 
3450 

5 00 
1000 
1200 
1400 
1600 
1800 

1600 
1900 
2200 
2500 
2800 

8 0 
10 0 
8 1 
6 3 
9 9 

6 
10 

7 
8 
6 

16 
1 2  
1 2  
16 
12 
12 

9 
7 

10 
9 
7 

0 
1 
2 
6 
6 

0 
2 
4 
4 
7 

10 

* The dose g i ven  i s  t h e  t o t a l  dose. 

A t  one yea r  p o s t i r r a d i a t i o n .  
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Table 3. Estimated Dose Needed to Produce 50% Paralysis (ED50) and 
RBE Values Obtained from Percent Paralysis Responses 

Radiation ED50 ( GY 1 * RBE 

Single Doses 

X rays 
Helium ions 
Carbon ions 

(plateau region) 
Carbon ions 

(spread Bragg peak 
region) 

Neon ions 
(plateau region) 

Neon i ons  
(spread Bragg peak 
region) 

fractionated Doses 

X rays 
Helium ions 
Carbon ions 

(plateau region) 
Carbon ions 

(spread Bragg peak 
region) 

Neon ions 
(plateau region) 

Neon ions 
(spread Bragg peak 
region) 

25.6 f 1.4 
23.8 f 0.9 
17.9 f 1.3 

17.5 f 0.5 

17.5 f 1.8 

13.8 1.4 

---- 49.0 f 3.1 

37.5 f 3.7 

25.1 f 0.9 

1.31 0.27 

1.95 f 0.19 

27.2 f 1.6 

22.5 * 1.0 

1.80 f 0.24 

2.18 f 0.23 

----- 
1.07 f 0.14 
1.45 f 0.27 

1.48 0.18 

1.46 f 0.33 

1.86 * 0.42 

* Values for the ED50 are the means and the 95% confidence limits. 
For RBE values, the errors are the propagated 95% confidence limits. 
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Figure 4. Percent paralysis versus total dose Figure 5. Percent paralysis versus total dose 
for rats exposed to 4 fractions of X rays or 
carbon ions in either the plateau or spread-peak 
regions of ionization. (XBL 808-3585) 'er regions of ionization. (XBL 808-3584) 

for rats exposed to 4 fractions of X rays or 
carbon ions in either the plateau or spread-peak 

~ * .  

. -  > i.. 
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Table 4. F r a c t i o n a l  Repai r  ( F r )  o f  S u b e f f e c t i v e  R a d i a t i o n  I n j u r y  
i n  Rat Sp ina l  Cord a f t e r  Exposure t o  220 kVp X rays  o r  
Heavy Ions*  

R a d i a t i o n  M o d a l i t y  F r  ( l e v e l  o f  comparison = 50% 
p a r a l y s i s )  

~~ ~ 

220 kVp X r a y s  0.64 (0.54 - 0.74)t 

Carbon ions  
( p l a t e a u  i o n i z a t i o n  r e g i o n )  

(spread Bragg peak i o n i z a t i o n  

0.70 (0.43 - 0.97) 

0.40 (0.30 - 0.50) 
Carbon ions  

r e g i o n )  

Neon i o n s  
( p l a t e a u  i o n i z a t i o n  r e g i o n )  0.48 (0.28 - 0.68) 

(spread Bragg peak i o n i z a t i o n  0.52 (0.35 - 0.69) 
Neon ions  

r e g i o n )  
~ ~~ ~ 

* These f r a c t i o n a l  r e p a i r  va lues were c a l c u l a t e d  f r o m  t h e  r e l a t i o n s h i p :  

where Dn and D 1  r e p r e s e n t ' t h e  doses needed t o  reach t h e  comparison 
l e v e l  o f  p a r a l y s i s  i n  e i t h e r  n f r a c t i o n s  ( i n  t h i s  case 4 )  o r  1 f r a c t i o n ,  
and n i s  t h e  number o f  r a d i a t i o n  f r a c t i o n s  g iven.  

The va lues i n  parentheses i n d i c a t e  t h e  95% con f idence  l i m i t s  on t h e  
range of t h e  mean va lue  of F r .  

b I I 1 ' I  I 1  1 I 
I.O'$O 30 4.0 6.0 80 10.0 15.0 20.0 30.0 

HEAVY ION DOSE/FRACTION (Gy) 

F i g u r e  6. P l o t  of RBE vs. heavy i o n  dose/ 
f r a c t i o n s  (Gy). Curve A desc r ibes  t h e  response 
t o  i r r a d i a t i o n  w i t h  carbon ions  ( p l a t e a u  r e g i o n  
o f  i o n i z a t i o n ) ,  cu rve  B desc r ibes  t h e  response 
t o  i r r a d i a t i o n  w i t h  neon ions  ( p l a t e a u  r e g i o n  o f  
i o n i z a t i o n ) ,  cu rve  C desc r ibes  t h e  response t o  
i r r a d i a t i o n  w i t h  carbon ions  (spread Bragg peak 
r e g i o n  o f  i o n i z a t i o n ) ,  and cu rve  D desc r ibes  t h e  
response t o  neon i o n s  (spread Bragg r e g i o n  o f  
i o n i z a t i o n ) .  The e r r o r  ba rs  a r e  t h e  95% c o n f i -  
dence l i m i t s  on t h e  RBE values.  (XBL 809-11724) 

. . . - . -. . . . ~ . .  . . .~ . ,.. .. ... ._.. -. .. . -. -. ~ . .. ... ~. . " . . .  .. . " .  . _ _ . .  
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for carbon ions in the plateau region of ioniza- 
tion, about 2.4 for neon ions in the plateau 
region of ionization, about 2.7 for carbon ions 
in the spread Bragg peak region of ionization, 

@and about 3.0 for neon ions in the spread Bragg 
peak region of ionization. These values are due 
to the fact that the dose response curve for 
spinal cord for irradiation with low LET modal- 
ities appears to have a large "shoulder" (a very 
small alpha constant using the linear-quadratic 
model of cell survival). Therefore, as a corol- 
lary, the spinal cord will show large RBE 
responses to radiation modalities with only a 
relatively modest increase in LET. We feel that 
this is an important consideration to be aware 
of, and to protect against, in any situation in 
which the spinal cord will be involved in the 
heavy-ion irradiation field. More accurate 
determination of the tolerance of spinal cord to 
inultifraction exposures is dependent on perform- 
ing experiments in which greater number of 
fractions are given. 

Spinal cord also possesses a large capacity 
for repair of subeffective damage. In Table 4 
we have attempted to characterize this ability 
by listing the fractional repair (F,) values 
obtained for the various radiation treatments. 
While there are large confidence limits on the 
data, several facts are apparent. First, high 
LET radiations do reduce this fractional repair 
capacity, in a manner roughly correlated with the 
LET of exposure ion type. Second, although there 
is a reduction in Fr, the ability of spinal 
cord to show repair of subeffective damage is not 
removed, even at the highest LET beam used 
(spread Bragg peak neon ions in which the dose 
average LET is probably about 150 keV/,,m). 

While not presented in this paper, we have 
also obtained data on enzymatic changes in 
irradiated spinal cord as a function of ion and 
dose level, on chronic skin responses in rats 
after irradiation with the different ions and 
dose levels, on the temporal development of the 
paralytic response as a function of ion and dose, 
and on late tumorigenesis. In general, these 
data tend to corroborate the RBE values obtained 
for the production o f  myelopathy in the rat. 

to exposure with heavy ions in different regions 
of the ionization curves, is both dose and LET 
dependent, which allows the derivation of RBE and 
repair values. At the dose levels and number o f  
fractions studied here, the RBE values are 
similar to those reported for other normal 
tissues. However, as we feel that spinal cord 
has perhaps the widest shoulder of all of the 
normal tissue systems studied to date, RBE values 
at low doses/fraction are likely to be signif- 
icantly higher than other normal tissue systems. 
This possibility is deserving of further verifi- 
cation and provides a note of caution in situa- 
tions where the spinal cord may be involved in 
the heavy-ion irradiation field. 

In summary, the response of rat spinal cord 
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GENETIC EFFECTS OF HEAVY-ION BEAMS ON MICE 

L. S. Goldstein* 

Estimates of the genetic risk following 
irradiation with densely ionizing radiation are 
based mainly on specific locus mutation rates 
following neutron irradiation of the 7-locus (Oak 
Ridge) or 6-locus (Harwell) mouse. For gamma- 
radiation, the induced rates were 0.7% x per 
R-locus for the 6-locus strain and 2.45 x 10-7 per 
R-locus for the 7-locus strain; following neutron 
irradiation these rates increased approximately 
five- to sixfold ( W .  Russell, 1965). These RBE 
estimates depend on the total dose, the dose rate, 
the locus assayed, and the energy of the neutrons. 

dedicated national facility, like the specific 
locus test in mice, include semisterile mutations, 
dominant visible mutations, and recessive auto- 
somal lethal mutations. When at least one 
measure of mutation rate, i.e., the doubling 
dose, is considered, these other systems give 
risk data that are in general comparable to those 
found with specific locus testing (Luning and 
Searle, 1971). 

In addition to the genetic effects already 
mentioned, ionizing radiation induces a defect 
known as a dominant lethal mutation. Generally 
assayed following irradiation o f  the male mouse, 
the dominant lethal mutation is manifest as a 
reduction in litter size reflecting embryo death 
and resorption both before and soon after 
implantation. 
lished that the majority of dominant lethal 
mutations induced in the spermatogonia of mice 
are expressed as early postimplantation deaths 
and are induced at a rate of 10.6% by 1,200 rad 
of gamma radiation (Lyon et al., 1964). 

limited application in analysis of genetic risk. 
Since the effect is expressed early,in develop- 
ment, it is difficult to distinguish reduc-ed 
litter size caused by the early death of embryos 
from reductions resulting from loss of fertiliz- 
ing capacity due to aspermia. 
causes killing of progenitor germ cells, especial- 
ly spermatocytes and late spermatogonia (Oakberg 
and Diminno, 1960), this latter effect exerts a 
large influence on analysis of dominant lethal 
mutations induced in early premeiotic and meiotic 
stages. Techniques to discriminate between 
fertilization failures and dominant lethal 
mutations manifest before implantation (where no 
decidual reaction occurs) require counting Of 
implants and corpora lutea--and corpora lutea 
counts are known to be imprecise (Epstein and 
R’dhrborn, 1971). For this reason, dominant letha 

Other genetic indices that do not require a 

Lyon and coworkers have estab- 

Dominant lethal mutations have had only 

Since radiation 

-.mutation analysis has been limited to post- 
mplantation events even though failure to include 

qreimplantation events contributes to the 
unusually high doubling dose found for this form 
of mutation. 

Recent advances in the culture of mouse 
embryos have led to the development of a system 
to assess the dominant lethal mutation rate for 
preimplantation and early postimplantation events 
(Goldstein and Spindle, 1976). The developmental 
potential of embryos sired by irradiated 
(Goldstein et al., 1978) or chemically treated 
(Goldstein, 1976) males is measured from the 
two-cell stage to an early postimplantation stage 
and compared to the rate in embryos sired by 
untreated males. The technique also permits a 
direct assessment of the fertilization rate. 

In the experiments.to be described, we have 
used in vitro dominant lethal analysis to 
determine the mutation rate in male mice 
irradiated with accelerated particle beams of 
helium, carbon, or neon ions. We also have 
assayed the effects of these sources on testis 
weight, sperm counts, and fertilization rate. 
The RBE, calculated from low LET data in the 
literature, is higher for mutagenesis than for 
cell killing for each source. The mutation rate 
is higher in postmeiotic than premeiotic cells 
and the risk to stem cell spermatogonia i s  much 
greater than that reported from in vivo photon 
data. 

MATERIALS AND METHODS 

Irradiation Procedures 

Neon ions (557 MeV/amu) and carbon ions 
(400 MeV/amu) were generated at the Bevalac; 
helium ions (225 MeV/amu) were accelerated at the 
184-inch Synchrocyclotron. The Bevalac beams 
were degraded by interposing a 4 cm brass spiral 
ridge filter, the helium beam by an 8 cm brass 
spiral ridge filter. Sdattering foils were used 
to establish dose homogeneity (determined by port 
films) of at least 85% from the center to the 
periphery of the field. ‘The Bevalac beams were 
collimated by cerrobend’to a 3 x 5 cm field and 
the helium beams was shaped to a 14.5 cm circle 
by a lead collimator. A dose rate of approxi- 
mately 100 rad min-1 was used. 

Whole body radiation was given with the 
helium beam, and. .lower abdominal irradiation was 
given with the Bevalac beams. The mice were 
positioned 0.5 cm from the distal edge of the 
Bragg peak in lucite radiation holders. The 
residual range of the beam was reduced by a 
variable thickness water absorber for irradiation 
i n  the peak. The dose rate, beam homogeneity and 
sample position were determined by the wire 
ionization chambers; dosimetry and Bragg peak 
determination were performed by the staffs of 
the Bevalac and the 184-inch Synchrocyclotron. 
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Biological Procedures: Dominant 
Lethal Mutation Assays 

Male mice of the random-bred Dub:(ICR) strain 
(Flow Laboratories, Dublin, VA) 10-12 weeks old 
were used. They were maintained in our animal 
facility for at least two weeks prior to their 
incorporation in the experiment. 
were used as controls and forty were used in each 
of five irradiated groups for each ion. Other 
males irradiated in the same way were used to 
determine sperm counts and testis weight loss. 
As soon as possible after irradiation each mouse 
was mated to a single female mouse age 8-10 weeks 
of the same strain. The females were induced to 
superovulate by injection of 5 I.U. of pregnant 
mare's serum (PMS, Organon, West Orange, NJ), 
48 h before pairing, and 5 I.U. human chorionic 
gonadotropin (HCG, Sigma, St. Louis, MO), 2 h 
before pairing. This was designated Day 0. On 
the morning after pairing the females were 
examined for the presence of a vaginal plug which 
is taken as evidence of having successfully 
mated. 
group were caged together for an additional day. 

Forty males 

Successfully mated females from each 

Females that had mated were killed by 
cervical dislocation on Day 1. The oviducts were 
excised from each mouse and were placed in 
individual drops of modified 1-15 medium (Spindle 
and Pedersen, 1973). Under 25X magnification, a 
30 g needle was inserted into the ampulla of the 
oviduct which was then gently irrigated with 
modified L-15 to flush the two-cell stage embryos 
and unfertilized ova. Ova and embryos were 
counted and the number of each recorded. The 
embryos were transferred in a modified Spemann 
pipette in groups of 150 to organ culture dishes 
containing 0.8 ml of modified Biggers' embryo 
culture medium (Spindle and Pederson, 1973).  

The embryos were incubped for 3 days in an 
atmosphere of 5% C02 at 37 C. During this 
period the blastomeres of the embryo cleave and 
the embryo develops from the two-cell stage into 
the four-cell, eight-cell and morula stage 
(defined as an'embryo in which the individual 
blastomeres can no longer be distinguished in a 
dissecting microscope. When a fluid-filled 
cavity (the blastocoele) forms in the morula the 
embryo is designated a blastocyst. 
were counted and transferred in groups of twenty 
to each well of an eight-chamber slide containing 
0.3 to 0.4 ml of "Akiko's" medium (Goldstein and 
Spindle, 1976). Morulae were counted and trans- 
ferred separately to one well of the eight- 
chamber slide. Morulae and blastocysts were 
incubated for an additional 4 days during which 
time blastocysts expand and eventually break the 
zona pellucida (hatch) and adhere to the glass 
substrate (attach). The number of embryos that 
had escaped from the zona pellucida (tropho- 
blastic outgrowths or TBOG) was recorded. 

The entire procedure is performed twice per 
week for the first five weeks and once per week 
for the next twenty weeks following irradiation. 
Using the criteria of Oakberg for timing of 
stages in the seminiferous epithelium, embryos 
sired 0-7 days after irradiation were fertilized 
by irradiated sperm; embryos sired 8-21 days 
postirradiation were fertilized by sperm that 
developed from irradiated spermatids; embryos 
sired 22-52 days postirradiation were fertilized 
by sperm that developed from irradiated spermato- 
cytes, and embryos sired more than 52 days after 
irradiation were fertilized by sperm that 
developed from irradiated spermatogonia (Oakberg, 
1956). 

Dominant lethal mutation rates are determined 
from the number of morulae and TBOG as: 

Blatocysts 

fraction of two-cell stage embryos forming morulae, experimental 
fraction of two-cell stage embryos forming morulae, control 1 - (  

for mutations expressed before blastocyst 
formation, and: 

fraction of blastocysts forming TBOG, experimental 
fraction of blastocysts forming TBOG, control 

for mutations expressed after blastocyst 
formation. 

The overall dominant lethal mutation rate is: 

fraction of two-cell embryos forming a TBOG, experimental \ 
fraction of two-cell embryos forming a TBOG, control ) 

. - . - . .- - -. - - . . .... ... . . . . . . . 
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Biological Procedures: Sperm Count 
and Testis Weight 

Random males from the irradiated and control 
groups were killed by cervical dislocation. Both 
testes and the caput and cauda epididymes and 
vasa deferentia were removed and carefully 
cleaned of fat and other tissue. The testes were 
separated from the other structures and weighed. 
The epididymes and vasa deferentia were macerated 
in saline citrate, and sperm counts were per- 
formed in a haemocytometer. The procedure of 
Searle and Beechey was used (1974). Sperm counts 
and testis weights were determined weekly for 
the first 15-18 weeks of the experiment. 

RESULTS 
Sperm Count, Fertilization Rate, 

Testis Weight Loss 

Helium 

A loss in the weight of the testis was found 
beginning three weeks after irradiation. The 
extent and duration of the weight loss was dose- 
dependent. After reaching a nadir, recovery to 
control weights took five weeks for the testes 
of animals given 80 rad and 9 weeks for the 
testes of animals given 400 rad. 

Sperm counts were more erratic than testis 
weights for the first two weeks postirradiation, 
but a consistent decline in sperm counts was 
found four weeks after radiation. The extent and 
duration of oligospermia was dose-dependent. 
Since the sperm were sampled from the cauda and 
caput epididymes, a reduction in sperm count 
would be reflected in the ejaculate in matings 
that took place one week later. Therefore, the 
reduction in sperm count is associated with 
killing progenitor germ cells irradiated at the 
early spermatocyte and the spermatogonial stages. 
All sperm counts returned to normal levels by 12 
weeks after irradiation. 

No reduction in the fertilization rate (i.e., 

two-cell stage embryos 
two-cell stage embryos + unfertilized ova 

was seen in mice given 80 or 160 rad; erratic 
rates were seen 4-7 weeks after irradiation in 
the group given 240 rad; a definite reduction in 
the fertilization rate was found 4-9 weeks after 
irradiation with 320 or 400 rad. In the 320 rad ._ 
group, a low fertilization rate was not associ- . 
ated with aspermia while in the 400 rad group 
recovery of the fertilization rate preceded the 
increase in sperm counts. 

Carbon 

A decrease in sperm count and a loss in 
U e s t i s  weight was found 4-8 weeks after irradia- 

tion with 75 rad of accelerated carbon ions; the 
fertilization index after this dose remained at 
the control level. A transient reduction in 

fertilization rate coincident with reduced testis 
weight was seen 5 weeks after irradiation with 
150 rad. After 225 rad, a reduction in sperm 
count at week 4 was followed by a decrease in the 
fertilization rate 10 days later. A reduced 
testis weight was found one week before these 
other phenomena at this dose. The recovery in 
testis weight preceded recovery of the fertiliza- 
tion rate and sperm count. Reduced sperm counts 
at 3 weeks postirradiation with 300 or 375 rad 
was also associated with a reduced fertilization 
rate 4-7 days later. Loss in testis weight was 
also seen at these times. Although testis weight 
and fertilization rate eventually returned to 
control levels, it is  uncertain whether the sperm 
count ever recovered completely. 
irradiations, the data from irradiation in the 
carbon beam indicate that the effect of radiation 
on testis weight, sperm count, and fertilization 
rate are dose dependent. 

As with helium 

- Neon 

The time of the onset of oligospermia 
following irradiation with neon ions, found 4 
days after 250 or 315 rad, is dose-dependent. 
At lower doses the onset is from 4 to 6 weeks. 
The extent and duration of oligospermia are also 
dose-dependent. Large variations in sperm count 
9-15 weeks postirradiation are apparent. Reduc- 
tions in the sperm count precede reductions in 
the fertilization rate by about one week which 
suggests that oligospermia is the cause. The 
extent and duration of the reduced fertilization 
rate are also dose-dependent. 
was most apparent 3-4 weeks after irradiation; 
the time to recover is dose-dependent. 
the fertilization rate eventually returns to 
control levels, the data suggest that recovery 
of testis weight and sperm count is either 
incomplete or very delayed. 

Testis weight loss 

Although 

The beams are compared for efficiency in cell 
killing in a plot of the time needed to recover 
from radiation-induced cell depletion (measured 
by sperm counts, testis weight or fertilization 
rate) vs. dose (Fig. l ) ,  an analysis that is 
analogous to tumor regrowth assays. 
approach minimizes the variations found at 
different. samplings for a specific time after 
irradiation. 

This 

.(. a 

Dominant Lethal Mutations 

He 1 i um 

Embryos sired within one week by helium- 
irradiated males resulted from fertilizations by 
irradiated sperm. A dose-dependent decrease in 
the frequency of these embryos to develop to 
morula, blastocyst, and trophoblastic outgrowth 
stages was found (Fig. 2). Failures were 
manifest at or before morula formation, and 
between blastocyst formation and outgrowth. 
dominant lethal mutation rate for these data 
(Fig. 2), fit by a least squares regression 
analysis for 
and 4.0 x 10-!rad-]. The overall dominant lethal 
mutation rate for helium was 7.5 x 10-4rad-1. 

The 

linear function, was 3.2 x 
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Figure 1. Recovery time to 80% o f  controlled testis weight, sperm count, and fertilization 
rate following irradiation with helium ( o ) ,  carbon ( A ) ,  or neon (0)  ions. ( X B L  809-11906) 
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of sperm, spermatids, and spermatogonia by helium, carbon, or neon ions. 
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DLM expressed between 

( X B L  809-11905). 

. . - .  



251 

Embryos sired 8-20 days after irradiation 
were fertilized by sperm irradiated in the 

- spermatid stage. Dominant lethal mutations 
arising from sperm irradiated as spermatids were 
manifest as failures both before and after 
blastocyst formation (Fig. 2). The rate of 
failures before blastocyst formation was 
7.2 x 10-%ad-1 and the rate after blastocyst 
formation was 11.7 x 10-%ad-1; the overall 
dominant lethal mutation rate was 18.1 x 10-%ad-1 
making this stage some 2.4-fold more sensitive 
than the sperm stage. 

in cells irradiated as spermatocytes (due to 
cell killing) or spermatogonia (Fig. 2). 

Dominant lethal mutations were not detected 

Carbon 

Dominant lethal mutations induced in sperm by 
accelerated carbon ions were manifest as embryonic 
failures both before and after blasto-formation 
(Fig. 1). The dominant lethal rate for events 
before blastocyst formation is 7.0 x 10-4rad-1 
and the rate after blastocyst formation is 
5.6 x 10-%ad-1. The overall dominant lethal 
mutation rate in irradiated sperm is 
11.3 x 10-%ad-1. 

As with helium, carbon-irradiated spermatids 
were more sensitive to the induction of dominant 
lethal mutations than were irradiated sperm 
(Fig. 1). The dominant lethal mutation rate was 
15.7 x 10-4 for losses before blastocyst 
formation and 11.7 x 10-%ad-1 after blastocyst 
formation; the overall dominant lethal mutation 
rate is 18.0 x 10-%ad-1. 
spermatid is therefore about twice as sensitive 
as irradiated sperm. 

The irradiated 

Dominant lethal mutations were not detected 
at doses less than 225 rad in spermatogonia 
(Fig. 1); the small radiation effect noted for 
early embryo failures was about balanced by 
enhanced rates of success for later development 
in irradiated embryos. Dominant lethal mutation 
rates of 1.7 to 6.7 x 10-4rad-1 were detected. 
at higher doses. There is considerable scatter 
in these data and they are insufficient for an 
accurate estimation of the dominant lethal 
mutation rate in spermatogonia. 

Neon - 
Dominant lethal mutations arising from,neon- 

irradiated sperm were expressed both as fail 
before and after blastocyst,formation 
After 65 or 125 rad, preimplan 
predominate; at 250 or 315 rad 
the two types is about equal. 
early postimplantation failures appear to 
predominate. This, however, may be artifactual 
and due to uncertainty in discriminating failures 
at the very early blastocyst stage from failures 
at the late morulae stage. The rate of induction 
of dominant lethal mutations expressed before or 

'after blastocyst formation is 9.2 x 10-%ad-1; 
the overall rate is 14.7 x 10-%ad-1 (Fig. 1). 

In spermatids (Fig. 2 )  the rate of induction 
of dominant lethal mutation by neon is 
16.0 x 10-%ad-1 and 17.3 x 10-%ad-1 for failures 
before and after blastocyst formation. The 
overall rate of induction of 30.0 x 10-%ad-1, 
and the neon-irradiated spermatid is again about 
twice as sensitive as the neon-irradiated sperm. 

ions in spermatogonia (Fig. 2). 
is 11.0 x 10-%ad-1. 
the data vary. It would appear that the testis 
has not returned to homeostasis, and factors 
other than those due to genetic effects of the 
radiation may be influencing the data. 

Dominant lethal mutations are induced by neon 
The overall rate 

As with carbon, however, 

DISCUSSION 

Relatively low doses of radiation by 
accelerated charged particles kill the more 
radiosensitive germ cell stages and induce 
mutagenic lesions manifest as dominant lethal 
mutations in surviving germ cells. The extent 
and duration for Killing and mutation induction 
depend on the dose and the radiation quality. 

in the testis weight and a reduction in the 
number of sperm derived from irradiated germ 
cells. While both indices are reasonably good 
qualitative indicators of the lethal effects of 
the radiation, khe inherent variations in sperm 
count found for the haemocytometer method (Freund 
and Carol, 1964) or inherent variability in the 
size o f  the testis of similarly aged animals 
limit their application to quantitative 
questions. These measurements were not the 
primary focus of our experiments and while the 
sample size we used (two animals per point) is 
reported in the literature, a larger sample size 
would reduce the variation and enhance their 
sensitivity and accuracy. 

order of their increasing radiosensitivity to 
killing by photons as sperm, spermatids, 
spermatocytes, late spermatogonia (Oakberg and 
Diminno, 1960). Our data (Fig. 1) indicate that 
the order of their sensitivity to charged 
particle irradiation is the same as for photon 
irradiation. 

Germ cell killing is manifest as a reduction 

Male germ cell stages can be arranged in 

A preliminary estimate of the RBE for the 
beams when.measured by recovery of testis weight 
or sperm,counts is given in Table 1. These data 
are based ,ond,137Cs irradiation from Searle and 

The data are in good general 
agreement w,ith RBE data for cell killing in 
another normal tissue, the jejunal crypt cell 
(Goldstein et a L ,  1980a,b). It must be empha- 
sized that sperm counts, testis weight, and 
fertilization rate are indirect measures of 
progenitor cell survival. 

Aspermia results in a reduced rate of 
fertilization when the sperm count is less than 
about 10% of normal. As with low LET radiation, 
aspermia (3 or more weeks postirradiation) is 

974). 
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Table 1. RBE Values f o r  C e l l  K i l l i n g  Measured 
as T e s t i s  Weight Loss and Sperm Counts 

Helium Carbon Neon 

T e s t i s  we igh t  l o s s  1.21 1.48 2.11 
Sperm count  1.14 1.18 1.73 

assoc ia ted  w i t h  k i l l i n g  o f  r a d i o s e n s i t i v e  sperma- 
t o c y t e s  and spermatogonia. 
f e r t i l i z a t i o n  r a t e  i s  s lower  f o r  n e o n - i r r a d i a t e d  
germ c e l l s  t han  f o r  carbon- o r  h e l i u m - i r r a d i a t e d  
germ c e l l s .  
es t ima ted  f rom co rpo ra  l u t e a  counts  i n  v i v o  by  
Sear le  and Beechey (1974), i s  lower  than  t h e  RBE 
f o r  t e s t i s  we igh t  o r  sperm counts. These d a t a  
a re  i nc luded  f o r  comparat ive purposes o n l y  s i n c e  
counts  o f  co rpo ra  l u t e a  i n  v i v o  a re  i n a c c u r a t e  
( E p s t e i n  and R'dhrborn, 1971), and counts  o f  two- 
c e l l  s tage embryos and u n f e r t i l i z e d  eggs recovered 
i n  v i t r o  f o l l o w i n g  ma t ing  wi th  137Cs- i r rad ia ted  
males a re  n o t  a v a i l a b l e  a t  t h i s  t ime. 

i n  sperm f o r  t h e  i n d u c t i o n  o f  dominant l e t h a l  
mu ta t i ons  which a r e  m a n i f e s t  as p r e i m p l a n t a t i o n  
f a i l u r e s  has a t h r e s h o l d  when t h e  i r r a d i a t i o n  i s  
by a c c e l e r a t e d  h e l i u m  o r  carbon ions,  b u t  i s  
w i t h o u t  a t h r e s h o l d  when i r r a d i a t i o n  i s  by  neon 
i o n s  (F ig .  2 ) .  K u s s e l l  has proposed t h a t  
f a i l u r e s  ve ry  e a r l y  i n  development ( i .e.,  b e f o r e  
b l a s t o c y s t  f o r m a t i o n )  r e f l e c t  t h e  i n d u c t i o n  o f  
chromosome breaks and monosomy i n  t h e  embryo ( L .  
Ausse l l ,  1965). Fo r  low LET r a d i a t i o n ,  chromo- 
some breaks a re  induced by  two independent h i t s  
and t h e r e f o r e  t h e  shape o f  t he  m u t a t i o n  i n d u c t i o n  
curves f o r  dominant l e t h a l i t y  expressed b e f o r e  
b l a s t o c y s t  f o r m a t i o n  suggests t h a t  h e l i u m  and 
carbon ions  a c t  l i k e  photons f o r  t h i s  damage, and 
neon, w i t h o u t  a th resho ld ,  a c t s  more l i k e  f i s s i o n  
spectrum neutrons ( W .  Russel 1, 1965). These d a t a  
suppor t  s i m i l a r  conc lus ions  f o r  t h e  q u a l i t y  o f  
these beams f rom c e l l  s u r v i v a l  s t u d i e s  ( G o l d s t e i n  
e t  al., 1980a,b). 

Recovery o f  t h e  

The RBE f o r  t h i s  parameter, 

The d a t a  suggest t h a t  t h e  dose-response cu rve  

The presence o f  a t h r e s h o l d  f o r  carbon o r  
h e l i u m  i r r a d i a t e d  sperm suggests t h a t  t h e r e  i s  
r e p a i r  o f  t h e  s u b l e t h a l  damage. S ince sperm do 
n o t  e x h i b i t  unscheduled DNA syntheses, t h i s  
r e p a i r  must t ake  p l a c e  i n  t h e  egg. Recogn i t i on  
o f  damage i n  t h e  male pronucleus by  ma te rna l  
r e p a i r  enzyme has been desc r ibed  f o r  a l k y l a t i n g  
agents (Generoso e t  a l . ,  1979). Our d a t a  suggest 
t h a t  r e p a i r  occurs f o l l o w i n g  i r r a d i a t i o n  w i t h  
acce le ra ted  charged p a r t i c l e s  w i t h  LET l e s s  than  
100 keV/um. These f i n d i n g s  a re  c o n s i s t e n t  w i t h  
s p l i t - d o s e  and m u l t i f r a c t i o n  i r r a d i a t i o n  s t u d i e s  
w i t h  charged p a r t i c l e  beams i n  gu t  t i s s u e  where 
t h e  presence o f  a r e p a i r a b l e  component o f  damage 
induced b y  h e l i u m  and carbon beams i s  found, b u t  
no such component was found f o r  t h e  h i g h e s t  LET 
r e g i o n  o f  t he  neon beam ( G o l d s t e i n  e t  a l . ,  1980b). 

Dominant l e t h a l  m u t a t i o n  f o l l o w i n g  h i g h  LET 
i r r a d i a t i o n  o f  sperm a re  a l s o  m a n i f e s t  as f a i l u r e  

o f  t h e  b l a s t o c y s t  t o  escape f rom t h e  zona 
p e l l u c i d a ,  b u t  t h e  d a t a  demonstrate more s c a t t e r  
t han  those f o r  f a i l u r e s  m a n i f e s t  b e f o r e  b l a s t o -  
c y s t  f o rma t ion .  
growth a r e  c h a r a c t e r i z e d  by a de novo p r o t e i n  
s y n t h e s i s  (Van Blerkom and Brockway, 1975), which 
suggests t h a t  m u t a t i o n  due t o  d i s r u p t i o n  o f  t h e  
gene p roduc t  ( a  p o i n t  m u t a t i o n )  as w e l l  as a 
chromosome-associated l e s i o n  may be o c c u r r i n g .  
These two components o f  damage, each o c c u r r i n g  
w i t h  i t s  own c h a r a c t e r i s t i c  i n d u c t i o n  k i n e t i c s ,  
may c o n t r i b u t e  t o  u n c e r t a i n t i e s  i n  t h e  data. 
Desp i te  u n c e r t a i n t i e s  i n  d e s c r i b i n g  q u a n t i t a -  
t i v e l y  t h e  k i n e t i c s  o f  i n d u c t i o n  f o r  dominant 
l e t h a l  mu ta t i ons  induced i n  sperm and expressed 
a f t e r  b l a s t o c y s t  f o rma t ion ,  i t  i s  obv ious t h a t  
embryonic f a i l u r e s  a r e  m a n i f e s t  l a t e  i n  develop- 
ment f o l l o w i n g  carbon and neon i r r a d i a t i o n s .  I t  
i s  n o t  c l e a r  whether such f a i l u r e s  a re  induced 
by  t h e  h e l i u m  beam. 

B l a s t o c y s t  f o r m a t i o n  and out -  

The o v e r a l l  dominant l e t h a l  m u t a t i o n  r a t e  
i n  v i t r o :  

1 -  
f r a c t i o n  two-ce l l  embryos fo rm ing  TBOG, exper iment  

f r a c t i o n  two-ce l l  embryos fo rm ing  TBOG, c o n t r o l  

can be approximated by t h e  express ion:  

co rpo ra  l u tea ,  imp lan ta t i ons ,  exper iment  

co rpo ra  l u t e a ,  imp lan ta t i ons ,  c o n t r o l  
co rpo ra  l u t e a ,  c o n t r o l  

co rpo ra  l u t e a ,  exper iment  

i n  v i v o  when t h e  f e r t i l i z a t i o n  r a t e  i s  una f fec ted .  
S ince ou r  d a t a  i n d i c a t e  t h a t  t h e  f e r t i l i z a t i o n  
r a t e  remains unchanged f o l l o w i n g  moderate doses 
o f  r a d i a t i o n  t o  sperm, we have used i n  v i v o  d a t a  
as a b a s i s  t o  e s t i m a t e  t h e  RBE o f  t h e  charged 
p a r t i c l e  beams f o r  dominant l e t h a l  m u t a t i o n  
i n d u c t i o n  i n  sperm. 
i n d i c a t e  t h a t  t h e  RBE f o r  m u t a t i o n  i n d u c t i o n  i s  
h i g h e r  than  t h e  RBE f o r  c e l l  k i l l i n g .  S i m i l a r  
conc lus ions  have been made f o r  m u t a t i o n  i n d u c t i o n  
measured as s p e c i f i c  l ocus  mu ta t i ons  f o l l o w i n g  
neu t ron  i r r a d i a t i o n  ( W .  Russe l l ,  1965). 

These d a t a  (Table 2 )  

I r r a d i a t i o n  o f  spermat ids r e s u l t s  i n  dominant 
l e t h a l  mu ta t i ons  which a r e  m a n i f e s t  b o t h  b e f o r e  
and a f t e r  i m p l a n t a t i o n  w i t h o u t  germ c e l l  k i l l i n g .  
Q u a n t i t a t i v e l y  t h e  spermat id  s tage i s  about t w i c e  
as s e n s i t i v e  t o  m u t a t i o n  i n d u c t i o n  as i s  t h e  
sperm, a f i n d i n g  e s s e n t i a l l y  i n  agreement w i t h  
m u t a t i o n  i n d u c t i o n  f o l l o w i n g  p h o t o n - i r r a d i a t i o n  
o r  t rea tmen t  w i t h  mutagenic chemicals  ( G o l d s t e i n  
e t  al., 1980a,b). The d a t a  can be adequate ly  
expressed as a l i n e a r  f u n c t i o n  w i t h o u t  a th res -  
h o l d  a l t hough  t h e  p o s s i b i l i t y  o f  a t h r e s h o l d  f o r  
h e l i u m  ( two  c e l l  t o  moru la)  and carbon ( b l a s t o -  
c y s t  ou tg rowth )  cannot be excluded. The neon 
and carbon beams a r e  more e f f i c i e n t  t han  t h e  
h e l i u m  f o r  t h e  i n d u c t i o n  o f  dominant l e t h a l  
mu ta t i ons  m a n i f e s t  as p r e i m p l a n t a t i o n  a r r e s t ,  
perhaps r e f l e c t i n g  t h e  enhanced h i g h  LET compo- 
nents  i n  these beams compared t o  he l ium.  Neon 
i s  more e f f i c i e n t  t han  he l i um o r  carbon f o r  
i n d u c i n g  dominant l e t h a l  m u t a t i o n  i nan i fes t  l a t e r  

, , . ... . . . .. ..... . .-- .. .- - 
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Dominant L e t h a l  Mu ta t i on  (DLM) Rate (xlO-4 rad-1) I n d u c t i o n  by  Heavy-Ion Beams Table 2.  

3.7 7 .o 9.1 3.2 5.6 9.2 7.5 11.3 14.7 
7.2 15.7 16 11.7 11.7 17.3 18.4 18.0 30.0 
0 2.6 -- 0 0 -- -- 4.2 11.0 

I I I 

Stage P r e i m p l a n t a t i o n  DLMqRate P o s t i m p l a n t a t i o n  DLM Rate O v e r a l l  DLM Rate 
I r r a d i a t e d  Hel ium Carbon Neon Hel ium Carbon Neon Hel ium Carbon Neon 

i n  development. The RBE f o r  t h e  beams f o r  
mutagenesis ranges from 3.1 t o  5.1 (Table 2 ) .  

rep resen ts  t h e  g r e a t e s t  p o t e n t i a l  g e n e t i c  hazard 
s i n c e  i t  w i l l  a f f e c t  permanent ly  t h e  r e p r o d u c t i v e  
i n t e g r i t y  of t h e  male. Lun ing  and Sear le  (1971) 
have summarized t h e  dominant l e t h a l  m u t a t i o n  r a t e  
f o r  photons i n  t h i s  s tage and found i t  t o  range 
f rom 5.2 t o  15.9 x 10-%ad-1 ( d a t a  c o r r e c t e d  t o  the  
fo rmu la  i n  Lyon e t  a l . ,  1964). The RBE f o r  t h e  
r a t e  o f  m u t a t i o n  i n d u c t i o n  f o r  each charged 
p a r t i c l e  beam c a l c u l a t e d  f r o m  t h e  mean va lue  o f  
Lun ing ' s  photon d a t a  (10.55 x 10-%ad-1) a r e  
hel ium, 1.51; carbon, 3.63; neon, 9.04. It i s  
n o t  c l e a r  whether t h e  dose-response f o r  m u t a t i o n  
i n d u c t i o n  f o r  photons i s  l i n e a r ,  a l t hough  t h i s  
i s  assumed t o  be t h e  case i n  ou r  c a l c u l a t i o n  and 
those o f  Luning and Sear le  (1971). These RBE 
va lues a re  much h i g h e r  than  those f o r  c e l l  
k i l l i n g  ( c a l c u l a t e d  a t  a h i g h e r  dose) b u t  a r e  i n  
t h e  range desc r ibed  f o r  a v a r i e t y  o f  mu ta t i ons  
f o l l o w i n g  heavy-ion i r r a d i a t i o n  o f  c e l l s  (Cox 
e t  a l . ,  1977). 

Damage t o  t h e  spermatogonia l  stem c e l l s  

I n  summary, ou r  d a t a  suggest t h a t  sperm, 
spermat ids,  and spermatogonia e x h i b i t  d i f f e r e n t  
s e n s i t i v i t i e s  t o  m u t a t i o n  i n d u c t i o n  b y  h i g h  LET 
beams. They are, i n  o r d e r  o f  t h e i r  i n c r e a s i n g  
s e n s i t i v i t i e s :  spermatogonia, sperm, and 
spermatids. The d a t a  suggest t h a t  t h e r e  a r e  
d i f f e r e n c e s  i n  t h e  shape o f  t he  dose-response 
curves, carbon and h e l i u m  be ing  c u r v i l i n e a r  and 
neon b e i n g  l i n e a r .  Neon has t h e  h i g h e s t  RBE, 
e s p e c i a l l y  f o r  t h e  spermatogonial stem c e l l .  
C e l l  k i l l i n g ,  measured by  a v a r i e t y  o f  end 
p o i n t s ,  i s  r e s t r i c t e d  t o  r a d i o s e n s i t i v e  sperma- 
t o c y t e s  and spermatogonia a t  t h e  doses i n v e s t i -  
gated. A dose-dependent e x t e n t  and d u r a t i o n  o f  
o l i gosperm ia  i s  found, b u t  t he  d a t a  suggest t h a t  
o t h e r  f a c t o r s  may c o n t r i b u t e  t o  a decrease i n  
t h e  f e r t i l i z a t i o n  r a t e .  
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CARCINOGENESIS WITH HEAVY-ION RADIATION IN THE 
HARDERIAN GLAND OF MICE 

E. L. Alpen, R. J. M. Fry,* P. Powers-Risius, and E. J. Ainsworth 

Dur ing  t h e  i n i t i a l  s tages o f  cho ice  o f  an 
a p p r o p r i a t e  system f o r  e v a l u a t i o n  o f  r a d i a t i o n  
c a r c i n o g e n e t i c  e f f e c t i v e n e s s  o f  heavy ions,  we 
came t o  cons ide r  t h e  mouse h a r d e r i a n  g land  
system developed b y  F r y  and assoc ia tes  (1975) a t  
t h e  Argonne Na t iona l  Laboratory .  F r y  and h i s  
co l l eagues  were a b l e  t o  t a k e  advantage o f  t h e  
s p e c i a l  c h a r a c t e r i s t i c s  o f  t h e  mouse h a r d e r i a n  
g land tumor t o  e v a l u a t e  t h e  r e l a t i v e  
e f f e c t i v e n e s s  o f  f i s s i o n  neu t ron  and gamma 
r a d i a t i o n  f o r  tumor i n d u c t i o n  promotion. The 
p r i n c i p a l  c h a r a c t e r i s t i c s  o f  t h e  tumor, which 
make i t  so v a l u a b l e  f o r  ou r  purposes a r e  t h e  
f o l l o w i n g .  The n a t u r a l  i nc idence  o f  t h e  tumor 
i n  t h e  mice s t r a i n  chosen i s  low. A t o t a l  l i f e  
t i m e  inc idence  o f  about 2.5% i s  r e p o r t e d  by  t h e  
above authors,  and t h e  m a j o r i t y  o f  t h e  tumors i n  
normal mice a r e  benign adenomas. The prevalence 
i n  t h e  f i r s t  12 t o  14 months o f  t h e  mouse's l i f e  
i s  o n l y  a p e r c e n t  o r  two a t  most. Fry and h i s  
co l l eagues  have shown t h a t  p i t u i t a r y  hormones 
(p robab ly  p r o l a c t i n )  produced f rom p i t u i t a r y  
i s o g r a f t s  a c t  s y n e r g i s t i c a l l y  w i t h  r a d i a t i o n ,  
which increases t h e  i nc idence  and sho r tens  t h e  
l a t e n t  pe r iod ,  b u t  produces l i t t l e  o r  no e f f e c t  
on i nc idence  p reva lance  among u n i r r a d i a t e d  
c o n t r o l s .  The tumors a r e  e p i t h e l i a l  i n  o r i g i n ,  
and occur  as adenomas o r  adenocarcinomas; some 
a r e  m e t a s t a t i c .  F i n a l l y ,  we have a l a r g e  body 
o f  d a t a  f rom F r y ' s  experiments With Janus and 
Fermi Lab neu t ron  beams w i t h  which we can make 
comparisons. 

The s t u d i e s  a r e  des igned t o  t e s t  t h e  e f f e c t  
of LET over  a range <1 - 1,000 keV/,,m Wi th  
6oCo photons, o r  carbon, neon, argon, and i r o n  
ions.  A t  t h e  same t ime, we can compare t h e  
c a r c i n o g e n i c  e f f e c t i v e n e s s  o f  i ons  o f  d i f f e r e n t  
mass a t  comparable LET. I n  t h e  des ign o f  t h i s  
s t u d y  we assumed t h a t  maximum e f f e c t i v e n e s s  
would be seen a t ,  o r  around, 100 keV/Um, a v a l u e  
assoc ia ted  w i t h  maximum response i n  a number o f  
organ and c e l l u l a r  systems (H i rono  e t  a l . , -1970? 
B l a l t e l y  e t  a l . ,  1979; Alpen e t  al.,4 1980). 
l i m i t e d  da ta  a v a i l a b l e  on LET dependence o f  
c a r c i n o g e n i c  response over  a wide LET range, f o r  
example t h e  work o f  H i rono  e t  a l .  on Ar idopsis .  
(1970), suggests t h a t  such a peak e f f e c t i v e n e s s  
would be observed a t  o r  around 100 keV/um. ' , ?  

The. ' $  . 

METHODS AND MATERIALS 

Male and female B6CFl/ANL h y b r i d s  
(C57B16J x BALB/cJ) were ob ta ined  f rom t h e  
Argonne Na t iona l  Laboratory .  V i r g i n  females 6-8 
weeks o l d  a t  t i n e  o f  i m p l a n t  were used as 
r e c i p i e n t s  f o r  t h e  p i t u i t a r y  i s o g r a f t s ,  and 

i m a t e l y  as exper imenta l  sub jec ts .  The donor 
u i t a r i e s  were taken f rom male mice a t  o r  over  

days o f  age. The donors were k i l l e d  by 
c e r v i c a l  d i s l o c a t i o n  and t h e  p i t u i t a r i e s  were 

c o l l e c t e d .  Two ' p i t u i t a r i e s  were taken  up i n t o  
an 18 gauge t r o c a r  and t r a n s p l a n t e d  under t h e  
capsule o f  t h e  s u r g i c a l l y  exposed sp leen  o f  t h e  
female r e c i p i e n t .  Surgery on t h e  r e c i p i e n t  was 
done under e t h e r  anesthes ia.  The a c t i v i t y  of 
t h e  i s o g r a f t  was assessed s u r g i c a l l y  by examina- 
t i o n  o f  b o t h  t h e  i s o g r a f t  and t h e  r e c i p i e n t  
o v a r i e s  a t  t h e  t i m e  of scheduled s a c r i f i c e .  

A t  2-3 weeks a f t e r  p i t u i t a r y  imp lan t ,  when 
t h e  r e c i p i e n t s  were 100-120 days o l d ,  t h e  
animals were i r r a d i a t e d  as desc r ibed  below. 
A f t e r  i r r a d i a t i o n  t h e  animals  were housed seven 
t o  a cage and a l l owed  a c i d i f i e d  water  (pH 2.5) 
and food ad l i b i t u m .  

The heavy-ion i r r a d i a t i o n s  and dos ime t ry  
were accomplished as desc r ibed  i n  d e t a i l  
elsewhere i n  t h i s  r e p o r t  (see Alpen e t  a l . ,  i n  
P a r t  I V ) .  The same 3 x 5 cm c o l l i m a t e d  f i e l d  
was used f o r  a l l  t h e  charged p a r t i c l e s  except  
i r o n .  The f i e l d  i n c l u d e d  o n l y  t h e  head and 
upper body. 
t echn ique  was used t o  reduce i n t e r c u r r e n t  death 
from mammary tumors and o t h e r  d iseases t h a t  
would reduce t h e  p o p u l a t i o n  a t  r i s k .  
r a d i a t i o n  f i e l d  r e l a t i v e  t o  t h e  mouse i s  shown 
i n  F i g u r e  1. For  carbon, neon, and h e l i u m  i o n s  
t h e  anes the t i zed  animals  were i r r a d i a t e d  a t  t h e  
d i s t a l  end o f  t h e  10-cm spread Bragg peak. For 
argon ions ,  t h e  d i s t a l  p o r t i o n  o f  a 4-cm spread 
Bragg peak was used. 
a d j u s t e d  by beam a t t e n u a t i o n  so  t h a t  t h e  dose, 
whatever i t s  magnitude, was g i ven  i n  
app rox ima te l y  1 minute.  

The p a r t i a l  body i r r a d i a t i o n  

The 

The dose r a t e s  were 

I r r a d i a t i o n  i n  t h e  i r o n  beam was a s p e c i a l  
c i rcumstance.  A c c e l e r a t i o n  o f  i o n s  o f  t h i s  mass 
approaches t h e  t e c h n i c a l  l i m i t a t i o n s  o f  t h e  
Bevalac, and as a r e s u l t  t h e  dose r a t e s  a re  l o v ~  
and f i e l d ' s i z e s  sma l l .  The dose r a t e  i n  t h e  
p l a t e a u  r e g i o n  of i o n i z a t i o n  was 1-3 rad /m in  and 
t h e  f i e l d  s i z e  was approx ima te l y  1.0 t o  1.5 cm 
i n  d iameter .  The beam t r a v e r s e d  t h e  head o f  s i x  
mice a t  a t ime,  and t h e  f i e l d  was cen te red  on 
t h e  eye and h a r d e r i a n  g land area. 

I ons  and energ ies  used a re  as f o l l o w s :  
MeV/amu, neon a t  425 MeV/amu, 
eV/amu, i r o n  a t  600 MeV/amu, a l l  

f rom t h e  Bevalac; and h e l i u m  a t  225 MeV/amu f rom 
t h e  184-inch Synchrocyc lot ron.  Cobal t  
i r r a d i a t i o n s  were done w i t h  a 6oCo t e l e t h e r a p y  
source a t  a dose r a t e  o f  about 40 rad/min.  
Animals r e c e i v e d  t h e  i r r a d i a t i o n  i n  t h e  same 
upper body f i e l d  by exposing them seven a t  a 
t i m e  w h i l e  t h e  abdomen and legs  were sh ie lded .  
Dosimetry  was performed w i t h  a V i c to reen  
condenser R-meter c a l i b r a t e d  aga ins t  an NBS 
secondary s tandard.  
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Figure 1. 
field relative to the exposed mouse for all 
heavy ions except iron. (XBB 808-9058) 

Port film showing the irradiation 

The mice all were sacrified at a constant 
time of 16 f 0.5 months after irradiation. 
Gross observatons at sacrifice included the 
examination and scoring o f  the implant and of 
mammary tissue for signs of hormonal activity. 
Harderian glands were collected and scored for 
the presence or absence of gross tumor. Other 
gross tumor observations were recorded, 
regardless of location in or out of the 
radiation field. The following tissues were 
removed and histologically processed: spleen, 
pituitary, harderian glands, any tumors, and 
ovaries if mammary gland activity was reduced or 
absent. Animals that died before sacrifice were 
also autopsied if the condition of animal 
permitted. 

Analysis of the Data 

Since this work is still in progress, with 
some animal sacrifices yet to be completed and 
much histological scoring yet to be done, it is 
premature to describe in detail the analysis of 
the data. We have, however, adopted formal 
procedures that can be outlined. In the tables 
that follow, one can observe notations for 
animals exposed and animals “at risk.” 

in analysis because it has been corrected for 
animals lost by misadventure unrelated to the 
experimental design, i.e., escapes, drownings, 
accidental, or fighting deaths. 

The number of animals at risk will be used 

The values 

given for prevalence are based on the at-risk 
number as the denominator for the prevalence 
fraction. Finally, the number at risk must be 
further corrected by removing animals with 
unsuccessful isografts. This final correction 
must await complete microscopic examination and 
data correlation. The final prevalence value 
will be based on the denominator, i.e., mice 
with active isografts accounted for at 
sacrifice, and the numerator will be those 
animals with microscopically confirmed harderian 
tumors. 

RESULTS 

Table 1 lists the total number of animals 
committed to the study to date. 
several are still to reach appropriate time for 
sacrifice. The study groups still in progress 
are listed in Table 2. 

An important difference between this study 
and the earlier fission neutron studies of Fry 
et al. (1975) is that prevalence at a fixed 
point in life span, rather than life-time 
accumulated incidence is observed. This end 
point is achieved by assigning a fixed date for 
sacrifice and counting tumors present at that 
time. 
required for observation and animal handling, 
and statistically, analysis is simpler. 
Chi-square analysis for a single time point 
achieves the analytic goal. 
analysis is required and competing risk 
corrections are unnecessary. The important 
fallability of the prevalence design i s  that if 
there is a radiation quality dependence of 
latency for tumor development, it will not be 
detected by our design. Such a latency change 
would be seen as altered prevalence, and would 
be reported as altered tumorigenic potential of 
the ion under study. 

No such prevalence studies have yet been 
reported, but similar experiments are in 
progress with high energy neutrons generated at 
the National Accelerator Laboratory. The 
prevalence data for these animals have been 
kindly made available by R.J.M. Fry, and are 
shown in Table 3 .  From these data, and the 
fission neutron data from Janus which are useful 
for comparison with heavy-ion radiations, it is 
clear that prevalence in controls is very low, 
1 2 %  as would be expected from earlier 
studies (Fry, 1975). 

Analysis of the heavy ion-data is far from 
complete, and we are not prepared to draw 
COnClUSiOnS at this time. The data are 
presented here with the clear understanding that 
the study is incomplete. In Table 4 are 
summarized the prevalence results based on gross 
observations only, and the values would be 
expected to change when histopathology is done. 
Also, the activity state of the isograft has not 
been confirmed by microscopic examination in all 
cases. The numbers of animals per dose will not 
be consistent with the count given in Table 1 
because of animals lost to follow-up for reasons 
detailed earlier. Partial, and as yet 

Of these groups 

This design has great economy in time 

Simple 

No time dependent 
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Table 1. Number of Mice Committed t o  Study Groups 

Dose ( r a d )  
5 . 10 1 5  20 40 80 '160 320 700 

- _- --- --- -_- - -_ --- 90 90 90 

Helium --- --- _-- --- 200 123 80 10 --- 
6OCO 

Carbon 143 100 --- --- 194 112 109 63 --- 
Neon --- 100 97 104 121 7 7  48 65 --- 

102 74 74 --- --- Argon --- --- --- --- 

Iron 6 24 --- 24 25 

Unirradiated implant con t ro l s :  100 

Table 2 .  Studies in Progress 

S a c r i f i c e  Experimental I r r ad ia t ion  Number of Dose 
Group Date Ion Mice ( r a d )  Date 

14 06/07/79 6OCO 90 160 10/05/80 

90 3 20 

90 700 

1 5  02 127180 1% 143 5 06 127 181 

1 7  04 126180 20Ne 97 15 08 /25 /81  

Control --- None 60 0 10105 I 8 0  

Table 3. Prevalence o f  His to logica l ly  Confirmed Harderian G l a n d  
Tumors in Mice I r r ad ia t ed  with Neutrons a t  Fermi Laboratory* 

Dose Number of , With ,Active Active I sog ra f t s  Percent 
( r a d )  Mice Is  ogr af t s  and Tumors Prevalence 

0 98 65 1 1.5 
(control  ) 

20 125 101 19 18.8 

40 

80 

160 

108 86 

76 66 

81  69 

27 

24 

34 

31.4 

36.6 

49.3 

One Group Isografted After I r r ad ia t ion  

80 85 70 21 30.0 

* Courtesy of R.J.M. Fry, study in progress.  
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Table 4. Preliminary Estimates of Prevalance, Based only on Gross 
Observations 

Dose Animals Grossly Observed 
Ion (Rad) at Risk Harderi an Tumors Percent 

Helium 40 190 
80 119 

160 58 
3 20 7 

10 
10 
23 
1 

5.0 
8.4 

39.7 
14.3 

~~~ ~ 

Carbon 10 100 
40 189 
80 104 

160 106 
3 20 62 

2 
47 
36 
39 
20 

2.0 
24.9 
34.6 
36.8 
32.3 

Neon 
~~ ~ 

10 90 
20 104 
40 119 
80 76 

160 46 
320 59 

3 
10 
35 
30 
21  
16 

3.3 
9.6 

29.4 
39.5 
45.7 
27.1 

Argon 40 102 
80 84 

160 71 

16 
16 
20 

15.7 
19.0 
28.2 

Iron 5 6 
10 24 
20 24 
40 23 

0 
8.3 

25.0 
13 .O 

Imp1 ant 
Contro 1 s 36 0 0 

incomplete, microscopic analysis data are given 
in Table 5. 

Data were also collected on tne prevalence 
of mammary gland tumors and tumors in the lung. 
The lungs were in the radiation field while only 
part of the mammary glands were exposed. 
signifcant difference as a function of radiation 
exposure was observed for either tumor types, 
and no further observations will be made. 

No 

Some careful generalizations are possible at 
this point. The first, and most obv ous, is 
that heavy-ion radiations with LET v lues of a 
few keV/um and more are capable of producing 
high yields of harderian gland tumors. The 
prevalence values for this tumor with heavy-ion 
radiations cannot, at this time, be 
distinguished from the results obtained from 
Fermilab neutrons. 

DISCUSSION 

Only preliminary and tentative conclusions 

Readers will 

may be drawn at this time. 
audit is in progress to ensure that animal 
counts and records are complete. 
observe differences in tumor numbers when 
comparing gross and microscopic results. 
differences arise both from failure to confirm 
gross observation as tumors, and finding new 
tumors visible only at the microscopic level. 

A complete record 

These 

All of these radiations, including neutrons, 
are capable of producing tumor yields far in 
excess of the yield resulting from gamma-ray 
exposure. Our results for gamma rays are not 
yet in, but from the published data of Fry and 
associates, we would expect no significant 
increase above control for gamma-ray doses below 
100-200 rad. RBE values have little real 
significance under these conditions. 

Of special significance i s  the fact that 
helium ions, at relatively low LET, appear to be 
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Table 5. P r e l i m i n a r y  Es t ima te  o f  Harde r ian  Gland Tumor Prevalence 
Based on Microscopic  Con f i rma t ion  

Dose Animals w i t h  A c t i v e  I s o g r a f t s  Percent  
Ion ( r a d )  A c t i v e  I s o g r a f t s  and Tumors Prevalence 

He1 ium 40 142 
80 99 

160 45 
320 ( 5 ) *  

10 
13 
14 
( 4 )  

7.0 
13.1 
31.1 

(80.0) 

Carbon 40 115 
80 94 

160 (53)  
3 20 (60 1 

Neon 20 98 26 26.5 
40 119 35 29.4 
80 76 30 39.5 

160 46 21 45.7 
3 20 (59)  (16)  (27.1) 

Argon 40 89 
80 75 

160 61 

26 29.2 
25 33 
31 51 

I r o n  5 4 
10 23 
20 20 
40 20 

0 0 
2 8.7 
8 40.0 
7 35.0 

* P a r e n t h e t i c a l  va lues r e q u i r e  recheck ing  and an a u d i t  o f  animal 
numbers. 

n e a r l y  as e f f e c t i v e  as t h e  o t h e r  ions; w h i l e  f o r  
most acu te  b i o l o g i c a l  end p o i n t s ,  t h e  h e l i u m  
ions  would be expected t o  be t r i v i a l l y  d i f f e r e n t  
f rom 225 kVp X rays ,  w i t h  RBE va lues c l o s e  t o  
1.0 (F ry ,  1975).  We must a l s o  develop f u r t h e r  
d a t a  t o  b e t t e r  d e f i n e  t h e  n a t u r e  o f  t h e  
dose-response cu rve  f o r  a l l  i ons  a t  lower  
doses. T h i s  i s  p a r t i c u l a r l y  t r u e  f o r  neon, 
wnich a t  t h i s  t i m e  appears t o  have t h e  g r e a t e s t  
ca rc inogen ic  p o t e n t i a l  and i s  c h a r a c t e r i z e d  by  
an LET o f  -100 keV/um. 

We must conclude t h a t  heavy i o n s  have a h i g h  
c a r c i n o g e n i c  p o t e n t i a l  i n  t h e  B6CFl mouse 
h a r d e r i a n  g land  promoted w i t h  p i t u i t a r y  
imp lan ts .  
a t  t h i s  t ime .  The l a c k  o f  dose response f o r  
e i t h e r  mammary g land o r  l ung  tumors cannot  be 
' n t e r p r e t e d  o t h e r  t h a n  t o  specu la te  t h a t  we must 
o t o  h i g h e r  doses t o  d i s c e r n  any i nc reased  

e f f e c t i v e n e s s  o f  heavy i ons  over  gamma r a y s  f o r  
these two tumor igen ic  end p o i n t s .  

No f u r t h e r  conc lus ions  a r e  j u s t i f i e d  
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CATARACTOGENIC EFFECTS OF HEAVY CHARGED PARTICLES IN MICE 

E. J. Ainsworth, J. G. Jose,* V. V. Yang, and M. E. Barker 

Manned space flights may increase in the 
future in connection with use of advanced tech- 
nologies, such as the satellite power systems 
(SPS), to generate electricity. However, many 
of the risks associated with extended habitation 
in a space environment remain undetermined, 
including the risk of radiation carcinogenesis, 
mutagenesis, and damage to the eye. 

Of particular concern at this time are the 
hazards that might occur from high energy heavy 
charged particles (HZE) to which space workers 
will be exposed in a complex radiation environ- 
ment that consists principally of low LET radia- 
tion such as protons and brehmsstrahlung. 
Although considerable information exists from 
animal experiments and from human epidemiological 
studies on the hazards of high LET alpha particles 
and neutrons, less is known about the biological 
consequences of HZE than about other types of 
radiation encountered i n  space (Mays et al., 1979; 
Rowland et al., 1978; Ainsworth et al., 1976, 
1977; Ullrich et al., 1977; Storer et al., 1979; 
Isnimaru et al., 1979).  

The effects of HZE particles on the crystal- 
line lens of the eye are important because this 
tissue has proven susceptible to X and gamma rays 
and particularly susceptible to other forms of 
high-LET radiation such as neutrons (Bateman and 
Bond, 1967; Bond, 1960). The high susceptibility 
of the crystalline lens to densely ionizing 
radiation suggests that this tissue is also 
susceptible to the effects of HZE particles. 

This report summarizes the results currently 
available from a prospectively designed study to 
explore tne LET dependence of the cataractogenic 
process, and presents data collected from mice 
dedicated to other studies that would not be 
compromised by slit lamp evaluations for assess- 
ment of cataracts. Morphologic studies that were 
recently initiated may increase our understanding 
of the mechanisms of cataract production. 

Before financial support was obtained for# 
this project, several pilot studies were con- 
ducted on mice that survived LD50/30 experiments 
and were scheduled for sacrifice in studies of 
harderian gland carcinogenesis by HZE particle 
irradiation (see Alpen et al. in Part I V  of.this 
report). Some of these results were .the subject 
of a doctoral thesis and are summarized elsewhere 
(Boomer et al., 1979; Giocolone et als., 1979).  
Dose-latency relationships were Seen and cata- 
racts were observed at doses as low as 5 rad of 

- 56Fe ions. Although important experience was 

q o t  provide definitive information on LET-RBE 
ained from these pilot studies, the results did 

relationships and thus will not be presented here. 

Previous research, mostly with rodents, 
established various physical and biological 
factors that influence the potential for produc- 
tion of radiation-induced lens opacification. 
These factors are: physical dose, radiation 
quality, instantaneous dose rate (i.e., exposure 
time), dose protraction (i.e., fractionation), 
age at irradiation, and species. Comprehensive 
studies with neutrons of various energies have 
shown that RBE values vary inversely with dose. 
They are in the range of 4 to 7 for high LET 
neutrons over the dose range of 10 to 40 rad, 
and they are quite high, possibly of the order 
of 100, at lower dose levels of significance for 
occupational exposures (Bateman and Snead, 1969; 
Merriam and Focht, 1957; Bond, 1960). The 
hypothesis is that HZE particles will show an LET 
dependence and RBE dependence consistent with 
expectations from previous experiments with 
photons and neutrons. Because HZE particles have 
the potential for producing thermophysical 
lesions or "tunnel lesions," the possibility of 
unique lens lesions cannot be precluded. How- 
ever, the role these lesions might play in the 
cataractogenic process that is attributable to 
abnormal fiber production by surviving epithelial 
cells is unknown (Tobias et al., 1980; 
Malachowski et al., 1980; Nelson et al., 1980).  

METHODS AND PROCEDURES 

The mice used were LAFl males, or CB6F1 
females obtained from the R. 6. Jackson Memorial 
Laboratory at 8-10 weeks of age. They were 
housed ten per cage on No. 6 sawdust bedding, and 
they were provided food (Purina Lab chow 5008) 
and acid drinking water (pH 3 )  ad libitum. Due 
to Bevalac operations schedules, tne age of 
irradiation varied from 80-120 days. 

The mice were irradiated on an optical bench 
in Bevalac Cave I 1  approximately 3 m from the 
thin mylar window where the incident beam enters 
the exposure room and passes through air to the 
exposure location. Interposed in the beam line 
are lead scattering foils, usually 12/64 to 
1/64 in thick, a collimator, upstream and down- 
stream ionization chambers, a multiwire propor- 
tional chamber, and a spiral ridge filter and a 
water column when spread Bragg peaks are used. 

collimator reduces the beam size to 3 x 5 cm. 
The head and upper chest of vertically positioned 
mice were exposed to charged particles by "trans- 
lating" seven mice through the beam spot while 
mice were affixed to a 24.2 cm wide lucite holder. 
The animals were anesthetized with pentabarbital 
sodium (Oiabutal); 1.24 mg/mouse was administered 

portional chamber provides information on 
ation and size of the incident beam. The 
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approximately 5.min before irradiation. Dose 
rates were several hundred rad/min. Shortly 
after irradiation animals were transported 0.5 
miles to the LBL animal facility, and were sub- 
sequently transported an additional 0.5 miles to 
the animal facility located in the School of 
Optometry on the Berkeley Campus. 

groups of animals. The experiment central to 
this project i s  designated Experiment IV and 
involves approximately 400 CB6F1 mice given 
single radiation doses i n  March-April 1979. The 
animals have been observed sequentially following 
u per bod exposure to 220 kVp X rays or 12C, 
ZENe, or iOAr in the plateau portion of the Bragg 
curve. A second replication is in progress that 
will increase sample sizes from 16 to 18 per 
dose to 30 per dose; at the two or three lowest 
doses, 20 to 30 additional animals are being 
irradiated for morphologic studies to be done on 
a serial sacrifice basis. Because data obtained 
at 9 and 13 months indicated the RBE value is 
probably t10 at 5 rad for all HZE particles 
studied, the X-ray replicate experiment 
emphasizes doses less than 300 rad. 

The second group consists of mice irradiated 
with stopping 425 MeV argon particles in 1978 in 
support o f  a doctoral thesis project for V. 
Giocolone. Since that pilot project was 
completed, two additional evaluations have been 
done by others to address the question of dose- 
latency relationships (or the time by which 
average cataract scores plateau at low doses in 
our mouse strain). Some of these animals have 
also been sacrificed for morphologic studies. 

The third group for which data are reported 
here are 6oCo gamma or 225 MeV 12C irradiated 
mice from the Skyhook Project, which is a small 
life span study that is described in Part V. 
This pilot study addresses the question of this 
extent to which gamma or 12C dose fractionation 
(24 fractions administered weekly over 24 weeks) 
influences the cataractogenic process compared 
to animals that received the same total single 
dose. 

Presented here are observations made on three 

In pilot studies, eye examinations were 
performed by first sedating the animals with 
Diabutal (1.24 mg/mouse in 0.5 ml i.p.). If 
anesthetized animals were replaced on bedding 
material, foreign objects got in their eyes and 
interfered with observations made with a slit 
lamp biomicroscope. Tderefore, through careful 
handling it became possible to perform the 
evaluations without anestnesia. Dilation was 
achieved with one drop of 1% Tropicamide. 

The cataract scoring system and the biomicro- 
scopic appearance of the type of opacification 
that were observed are shown in Figure 1. The 
posterior ,lens opacification was observed 
primarily as three types which we have called 
diffuse, amorphous, and stellate. In the diffuse 
type, the subcapsular region may best be 
described as similar in size and shape, and 
lesions were sprinkled across the posterior lens 
in a salt-and-pepper fashion. Lenses in the 
amorphous category had lesions that were 

Opacification groding : Degrees &Types 
Grade 

Figure 1. Schematic representation o f  the types 
of lens opacities observed and the nature of the 
grading system that has been developed to 
describe the degree of the opacification. 
(XBL 801 -3070) 

discrete, irregular in shape, and located 
anywhere in the posterior lens area. Size, 
Shape, and number varied, but the lesions were 
nearly always opaque. The stellate type was 
often indistinguishable from the amorphous type. 
Generally, however, stellate lenses were more 
central in location and had radiating opaque, 
thread-like processes resembling the arms of a 
star distributed radially around the center of 
the lesion proper. 

The scoring system evolved over a period o f  
months, and although subjective, is considered 
reliable. The scoring was done by three indi- 
viduals who did not know the animal treatment 
(dose or quality). Initially, two scorers 
observed each animal and agreed on the score 
assigned. Subsequently, because of the large 
number of examinations, scoring was done by a 
single individual. To date, scores have only 
been averaged at each dose and radiation quality 
and that is how they are presented here. When 
observations are made to assess dose and quality- 
latent period relationships, the data will be 
handled in the fashion described by Bateman and 
Snead (1969) such that the frequency of grades 1 
and 2 posterior lens cataracts is presented i n  
relation to time after irradiation. 

To prepare the lenses for electron microscopy, 
the mice were killed by cervical dislocation and 
the whole eye was placed in 2% glutaraldehyde in 
0.075 M phosphate buffer at 37°C. 
minutes a cut was made i? the posterior globe. 
Tne eyes were held at 37 C i n  fixative for 15 more 
minutes, and then the lens wasoremoyed from the 
eye and placed i n  buffer at 37 C. The lenses 
were allowed to equilibrate to room temperature 
and were then refrigerated overnight. The next 
morning they were washed in buffer, placed in 
cold 2% osmium, and refrigerated one hour. At 
that time, the lens could easily be cut into 
pieces with a razor. After dehydration in a 
series of alcohols and propylene oxide, the 
lenses were embedded in Araldite and sectioned 

After 15 
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on a S o r v a l l  MT-2B u l t ram ic ro tome.  They were 
then  s t a i n e d  w i t h  u r a n y l  a c e t a t e  and Reynolds 
l ead  c i t r a t e ,  and examined on a Zeiss 10 e l e c t r o n  

&J microscope. 

RESULTS AND D I S C U S S I O N  , I (  1 

Prev ious mouse s t u d i e s  t h a t  exp lo red  LET-RBE 
dependence o f  p o s t e r i o r  l e n s  c a t a r a c t s  u t i l i z e d  
neutrons,  and t h e  maximum hazard was observed a t  
an energy o f  0.43 MeV where t h e  dose-average LET, 
was i n  t h e  range o f  -100 keV/pm (Merriam e t  a l . ,  
1965).  

The p resen t  r e s u l t s  f rom Experiment I V  a r e  
c o n s i s t e n t  w i t h  a h i g h  ca ta rac togen ic  e f f e c t  a t  
-100 reV/pm, because p l a t e a u  40Ar ions,  w i t h  
an LET, i n  t h i s  range produce c o n s i s t e n t l y  h i g h e r  
average c a t a r a c t  scores a t  9, 11, and 13 months 
than  do I 2 C  o r  20Ne i o n s  (F igs .  2 and 3 ) .  

In Experiment I V  mice were screened f o r  l ens  
a b n o r m a l i t i e s  e i t h e r  b e f o r e  o r  w i th . i n  one month 
a f t e r  i r r a d i a t i o n ;  t hose  w i th  more than  1% 
spontaneous a b n o r m a l i t i e s  were excluded f r o m  t h e  
experiment. Approx imate ly  50% o f  t h e  mice i n  
each dose group (N = 7-8) were eva lua ted  monthly, 
and when 1-5% o p a c i f i c a t i o n s  were de tec ted  i n  
i r r a d i a t e d  animals  t h e  e n t i r e  group was scored. 
The f i r s t  complete assessment was done a t  6 
months, and c l e a r  dose-response r e l a t i o n s h i p s  
were n o t  apparent. Except f o r  groups t h a t  

..- 
e il 

F i  u r e  2. S e v e r i t y  o f  c a t a r a c t  induced i n  mice , ?- o r d i n a t e )  9 months p o s t i r r a d i a t i o n  w i t h  p l a t e a u  
argon, neon, and carbon ions  a t  t h e  dose 

on t h e  absc issa.  The open c i r c l e s  
o p a c i f i c a t i o n  in animals  
a t  t e n  t imes t h e  dose 

i n d i c a t e d  on t h e  absc issa.  The ba rs  i n d i c a t e  
t h e  s tandard e r r o r  o f  t h e  mean. (XBL 801-3072) 

CATARACT SCORES OF POSTERIOR LENSES 
IN EXPERIMENT IY 

P Control 
I I I 
60 90 

Charge por t ic le  dose ( rad)  

F i g u r e  3. S e v e r i t y  o f  c a t a r a c t  induced in mice 
( o r d i n a t e )  13 months p o s t i r r a d i a t i o n  w i t h  
p l a t e a u  argon, neon, o r  carbon ions  a t  t h e  dose 
i n d i c a t e d  on t h e  absc issa.  The open c i r c l e s  
i n d i c a t e  t h e  degree o f  o p a c i f i c a t i o n  i n  animals  
i r r a d i a t e d  w i t h  X r a y s  a t  t e n  t imes t h e  dose 
i n d i c a t e d  on t h e  absc issa.  The ba rs  i n d i c a t e d  
t h e  s tandard e r r o r  o f  t h e  mean. (XBL 809-3671) 

rece ived  600 o r  900 X-ray rad,  o r  90 r a d  o f  
40Ar i o n s ,  ill average scores were below 0.8; 
the:aveKage-score among c o n t r o l s  was n i l .  The 
e v a l u a t i o n  a t  6 months p o s t i r r a d i a t i o n  showed 
t h a t  a low f requency o f  a b n o r m a l i t i e s  can be 
de tec tea  a f t e r  5 o r  15 r a d  o f  HZE p a r t i c l e s  o r  
50 r a d  o f -  X rays.  

dose-response r e 1  a t i o n s h i  ps were apparent , b u t  
t h e  q u e s t l b n  o f  s t a t i s t i c a l  s i g n i f i c a n c e  o f  
d i f f e r e n c e s  between HZE groups was open t o  ques- 
t i o n  (F.ig. 2).- Based on t h e  dose necessary t o  
produce a grade 1 c a t a r a c t  b 9 months (5-15% 
o p a c i f i c a t i o n ) ,  t h e  RBE f o r  g O A r  would be 2 t o  
4 (-50-100 rad/ -25 r a d ) ,  and t h e  RBE f o r  20Ne 
and 12C would be lower. 
a t  13 months p o s t i r r a d i a t i o n  ( F i g .  3 ) ,  t h e  RBE 
e s t i m a t e  i s  n o t  v a s t l y  d i f f e r e n t ,  a l t hough  
average scores tended t o  i nc rease  s l i g h t l y  among 

1 
By 9 months t h e  expected LET dependence and 

Based on da ta  c o l l e c t e d  
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most groups between 9 and 13 months. 
grade 2 cataracts (which could be vision impair- 
ing if 15-25% o acification occurred in man), RBE 
estimates for 41Ar at 9 and 13 months post- 
irradiation are on the order of 4-5. These 
values are in the same range reported for high 
LET neutrons in mice and for HZE particles in 
rabbits where dose-RBE relationship were not 
considered (Merriam and Focht, 1965; Lett et al., 
1980). Caution in interpreting these data is 
encouraged b pilot studies with plateau ioniza- 
tion where 5&e ions failed to yield defini- 
tive results. Observation of animals exposed to 
56Fe radiation were initiated early in the 
project when the scoring system was not refined 
and the experience level with mouse cataracts 
was low (even though our scorers had examined 
hundreds of human lenses). 

To study cataract latency in relation to dose, 
slit lamp observations were made on LAF female 
mice that had been exposed to stopping 14 cm 
spread Bragg peak) 40Ar ions and examined 
initially at 9 months postirradiation and were 
reexamined at 18 and 23 months. At 9 months 
following 10 rad, only 1 of 28 lenses examined 
had any evidence of opacification, but at 18 and 
23 months all lens were affected and the average 
score was -2.7 (Table 1). Because a different 
scoring system was used in this pilot study, i t  

Based on 

Table 1. Cataracts in the Posterior Lens of 
LAFl Female Mice at 18 Months After 
Exposure to 40Ar Ions (4 cm Spread 
Bragg Peak) 

Dose (rad) ' NO. Eyes x SE 7 

0 31 0.5 * 0.09" 
10 21 2.7 0.14 
25 20 2.9 f 0.18 
50 22 2.6 0.14 
100 13 3.6 f 0.14 

Same Animals Examined 23 Months Postirradiation 

- 
Dose (rad) No. Eyes x SE x 

0 26 2.2 f 0.17 
10 18 2.6 f 0.17 
25 18 3.1 f 0.17 
50 24 3.0 * 0.11 
100 6 4.0 

* Significantly different from all irradiated 
groups ( P  = < 0.01 ) . 

is impossible to state more quantitatively the 
progression of cataractogenesis between 9 and 18 
months. At low doses the cataractogenic process 
appears to progress between 9 and 18 months, and 
might even progress between 18 and 23 months 
based on average scores among mice given 25-100 
rad. However, this interpretation must wait 
until the scoring reliability and reproducibility 
auestion is resolved. 

Two separate evaluations have been completed 
on mice in the life span study designated Skyhook 
Experiment 11, and the results are in part con- 
tradictory. 
determine the extent to which fractionation of a 
12C dose influenced the cornea or lens response. 
Because the sparing effect of photon dose frac- 
tionation is well established, only two groups 
of gamma-irradiated mice that received the same 
total dose were evaluated. The results summar- 
ized in Table 2 show a large sparing effect when 
the gamma dose of 417 rad was administered in 24 
weekly fractions of 27 rad over approximately six 
months. 
tion enhanced or accelerated the cataractogenic 
process. This was potentially an important 
observation because fission neutron dose frac- 
tionation produces enhancement where life 
shortening, total incidence or appearance time 
o f  some tumors, and vascular injury are the 
experimental end points (Ainsworth et al., 1974, 
1977; Yang et al., 1978). Because cataracts 
result from abnormal fiber production by surviv- 
ing cells, one possible inference would be that 
the number o f  damaged cells is increased by 
fractionated doses of high LET radiations, in 
this case stopping 12C particles where the LET 
is -40-50 keV/,,m. Recruitment of cells into more 
sensitive stages of the cell cycle by low doses 
of high LET radiations where little or no 
shoulder exists on survival curves, could be the 
enhancement mechanism. However, firm conclusions 
regarding enhancement of cataractogenesis could 
not be based on a single set of observations. 
Consequently, these animals were reevaluated 
approximately two months later, and the enhance- 
ment phenomenon was not confirmed unequivocally 
(Table 3). 

At the time of the second observation of the 
control animals and animals given a single dose, 
the average scores were essentially the same or 
slightly increased. Surprisingly, the average 
scores assigned animals that received fraction- 
ated doses of 12C ions were lower by 0.3 to 
1.5 score units than those recorded previously. 
At none of the fractionated doses was the average 
score higher at the second observation than at 
the first. At the time of the second examina- 
tion, replicate observations were also made after 
intervals of 2 or 10 days on animals that 
received total fractionated doses of 40 to 80 rad. 
A significant number of eyes (21) was examined 
only at the 40 rad dose, and the range in average 
score was -0.4 to 0.8 scoring units. 
effort is being devoted to this matter of scoring 
differences between individuals, and the con- 
sistency of each individual. Could it be that 
cataracts that arise in mice that receive frac- 
tionated 12C doses are somehow more difficult 
to score than the other qroups? We interpret 

The principle objective was to 

In contrast, 12C ion dose fractiona- 

Additional 

- ..... . . . . . . . . . . . . . . . . . . . . . . . .  - .  . , - - . -  _ _  . ....... 
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Table 2. Corneal and Lens Response at 334-350 Days Following Single or Fractionated Doses of 
225 MeV Carbon Ions (4-cm Spread Bragg Peak) or 6oCo Gamma Radiation; Skyhook Mice 

- 1  

Radiation Dose (rad) 

40 
80 
120 

41 7 

0 
0 
0 

Single Dose 
Average Dose S.E. 

No. Eyes Cornea Postirradiated 
Lens 

40 0 1.2 f 0.07 
32 0 2.5 f 0.09 
30 0 2.7 f 0.08 

28 0.1 * 0.08 3.2 f 0.08 

26 0.4 * 0.12 0.6 f 0.10 
16 0.6 f 0.13 0.4 f 0.06 
18 0.6 f 0.15 0.5 f 0.08 

Fractionated Doses (24 )  
Average Dose f S.E. 

No. Eyes Cornea Postirradiated 
Lens 

32 0.08 f 0.06 2.3 f 0.13" 
32 0.04 f 0.09 3.5 f 0.10" 
32 0.06 f 0.07 3.8 f 0.13" 

42 0.07 * 0.07 0.70 f 0.06: 

12C 

hoc0 

Controls 

* Average cataract score at 334-350 days after the first of 24 weekly fractions was increased 

t Reduced significantly in comparison with the single dose (P = <0.01). 
significantly in comparison witti the same total single dose (P = t0.01) .  

Table 3 .  Lens Responses at 420 to 470 Days Following Single or 
Fractionated Doses of 225 MeV Carbon Ions (4-cm Spread Bragg 
Peak) or 6oCo Gamma Radiation;* Skyhook Mice 

- 
Radiation Dose(rad) Eyes x SE x Days at Risk 

40 40 1.45 0.09 418 
12C (single dose) 80 32 2.38 0.07 41 8 

120 14 3.14 0.10 418 
16 3.06 0.06 419 

24 1.23 0.15 460 
8 1.75 0.16 462 

21 .1'.81 ' 0.09 " 472 
22 2,09 0.13 462 

8 2.75 0.16 472 
32 "3.34 0.09 472 
22 '0.36 0.06 460-472 

22 3.27 0.10 

40 1.28 0.07 

3. 

* Animals from the 'same*dose group were reexamined on different days 
to estimate. observer reliability. 



these d a t a  ( c a u t i o u s l y )  t o  i n d i c a t e  t h a t  i n  con- 
t r a s t ,  gamma dose f r a c t i o n a t i o n  (where t h e  
s a r i n g  e f f e c t  i s  l a r g e ) ,  f r a c t i o n a t i o n  o f  t h e  
15, dose produces l i t t l e  o r  no spar ing,  and 
t h e  c a t a r a c t o g e n i c  e f f e c t  c o u l d  be increased.  
By u s i n g  t h e  h i g h e s t  va lues reco rded  f o r  t h e  12C 
f r a c t i o n a t e d  mice, t h e  average scores were 
s l i g h t l y  h i g h e r  a t  t h e  t h r e e  dose l e v e l s ,  i n  
comparison w i t h  t h e  s i n g l e  dose. Th is  i m p o r t a n t  
q u e s t i o n  remains open. 

As i s  t r u e  w i t h  a l l  o t h e r  forms o f  r a d i a t i o n ,  
t h e  major  l e n s  changes f o l l o w i n g  i r r a d i a t i o n  w i t h  
HZE p a r t i c l e s  were f i r s t  observed i n  t h e  
p o s t e r i o r  lens.  
o p a c i f i c a t i o n s  a re  diagrammed i n  F i g u r e  1. A t  
about 18 months p o s t i r r a d i a t i o n ,  s e v e r a l  o f  t h e  
animals began t o  develop an a n t e r i o r  o p a c i f i c a -  
t i o n  t h a t  was f a i r l y  d i s c r e t e  and l o c a t e d  i n  t h e  
c e n t r a l  p u p i l l a r y  area. Th is  o p a c i f i c a t i o n  w i l l  
be examined a t  t h e  l i g h t  and e l e c t r o n  m i c r o s c o p i c  
l e v e l  i n  t h e  near f u t u r e .  

The v a r i o u s  forms o f  t h e  

The mouse has been c r i t i c i z e d  as an 
exper imenta l  model f o r  c a t a r a c t  s t u d i e s  because 
o f  i t s  h i g h  r a t e  o f  spontaneous o p a c i f i c a t i o n .  
We have n o t  found t h i s  problem perhaps because 
o f  a d i f f e r e n c e  i n  t h e  s t r a i n  se lec ted .  We see 
l i t t l e  o p a c i f i c a t i o n  i n  ou r  u n i r r a d i a t e d  c o n t r o  s 
a t  18 months p o s t i r r a d i a t i o n ;  w i t h  l onger  t imes, 
t h e  c o n t r o l  lenses show aging changes (Tab le  1). 
I n  t h e  c o n t r o l s ,  t h e  l o s s  o f  t ransparency  has 
begun t o  t a k e  up a s i g n i f i c a n t  d i f f u s e  a rea  o f  
t h e  p o s t e r i o r  c o r t e x ,  b u t  t h i s  o p a c i t y  i s  c e r -  
t a i n l y  n o t  as dense as those t h a t  we have seen 
f o l l o w i n g  i r r a d i a t i o n .  These changes i n  t h e  
c o n t r o l s  seem almost  l i k e  a change i n  t e x t u r e  
and are much more s u b t l e .  The changes i n  t h e  
i r r a d i a t e d  animals  a r e  q u i t e  d i s c r e t e  and dense. 

A t  t h i s  t ime, we have under taken l i m i t e d  
e l e c t r o n  m ic roscop ic  e v a l u a t i o n s  o f  l e n s  
o p a c i t i e s  induced by HZE p a r t i c l e s .  Tnese have 
i n c l u d e d  lenses o n l y  f rom animals i r r a d i a t e d  w i th  
argon ions  i n  1978. S i g n i f i c a n t  changes were 
observed i n  these animals  ( F i g .  4) i n  comparison 
t o  c o n t r o l s  ( F i g .  5 ) .  As i s  t y p i c a l  o f  o t h e r  
forms o f  r a d i a t i o n ,  t h e r e  i s  permanent d i s r u p t i o n  
o f  t h e  l ens  bow and t h e  c o r t e x  i s  o the rw ise  
abnormal, as ev idence by swo l l en  c e l l s  and by  
what appear t o  be degenerated n u c l e i  and 
lysosome- l ike s t r u c t u r e s .  Some o f  these changes 
may be observed i n  t h e  e l e c t r o n  micrograph i n  
F i g u r e  4. Deeper l a y e r s  o f  t h e  l ens  were normal 
i n  morphology, which i s  c o n s i s t e n t  w i th  t h e  sug- 
g e s t i o n  t h a t  HZE c a t a r a c t s ,  l i k e  o t h e r  r a d i a t i o n  
c a t a r a c t s ,  occur  as a consequence o f  e a r l y  
e f f e c t s  on t h e  e p i t h e l i a l  c e l l  l a y e r .  We a l s o  
undertook a p r e l i m i n a r y  examinat ion o f  t h e  cornea 
o f  these animals. 

STATUS AND FUTURE PLANS 

We a re  c o n t i n u i n g  w i t h  e v a l u a t i o n s  o f  t h e  
development o f  o p a c i t i e s  i n  t h e  group I 1  and I V  
animals i n  o r d e r  t o  determine whether t h e  
c a t a r a c t s  progress o r  p l a t e a u  a t  some t ime.  We 
have a l s o  added a r e p l i c a t e  exper iment  f o r  t h e  
carbon, neon, and argon i r r a d i a t e d  animals. We 
were prepared (by p r i o r  s l i t  lamp examinat ions 
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F i g u r e  4. 
j u s t  a n t e r i o r  t o  bow i n  an animal t n a t  had been 
i r r a d i a t e d  two yea rs  e a r l i e r  w i t h  25 r a d  o f  570 
MeV 40Ar (4,400X). (XBB 809-10475) 

E l e c t r o n  micrograph o f  r e g i o n  o f  l ens  

F i g u r e  5. E lec t ronmic rog raph  o f  t h e  l ens  f rom a 
c o n t r o l  ( u n i r r a d i a t e d  mouse). Note t h e  
r e g u l a r i t y  of t h e  c o r t i c a l  f i b e r s .  (4,400X). 
(XBB 809-104 76) 

n 
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o f  t h e  animals)  t o  i r r a d i a t e  y e t  another  group 
w i t h  i r o n  p a r t i c l e s ,  b u t  an adequate beam was n o t  

oavai:,"":~~o p l a n  t o  under take an e l e c t r o n  m ic ro -  
graph s tudy  o f  t h e  changes t h a t  a r e  induced 
s h o r t l y  a f t e r  X - i r r a d i a t e d  and HZE-treated%-+ 
animals. We hope t h a t  these s t u d i e s  w i l l  
determine whether t h e  n a t u r e  o f  t h e  r a d i a t i o n  
damage i s  s i m i l a r  t o  t h e  d i f f e r e n t  types o f  
r a d i a t i o n .  We a l s o  expect  t h a t  t h e  techniques 
w i l l  e v e n t u a l l y  p r o v i d e  an e a r l y  means by which 
t o  p r e d i c t  whether a g i ven  r a d i a t i o n  t rea tmen t  
w i l l  r e s u l t  i n  c a t a r a c t  format ion.  T h i s  sugges- 
t i o n  i s  suppor ted by J .  Worgul 's s t u d i e s  
(pe rsona l  communication) t h a t  demonstrate a 
c o r r e l a t i o n  between m e r i d i o n a l  row d i so rgan iza -  
t i o n  and f u t u r e  l ens  o p a c i f i c a t i o n .  

NOTE: Q u a n t i t a t i v e  es t ima tes  o f  dose-averaged 
LET, va lues p resen ted  here should be cons ide red  
as approx imat ions on ly ,  because d i f f e r e n t  ca l cu -  
l a t i o n a l  models y i e l d  markedly  d i f f e r e n t  r e s u l t s .  
I n  a d d i t i o n ,  f o r  spread Bragg peaks t h e  d i s t r i -  
b u t i o n s  o f  LET, va lues i s  broad w i t h  t h e  f r a c t i o n  
of LET p a r t i c l e s  r i s i n g  s h a r p l y  a t  t h e  d i s t a l  
peak. 
y i e l d  new d a t a  t h a t  w i l l  c o n t r i b u t e  t o  improved 
e s t i m a t i o n  o f  dose-averaged LET,. M ic rodos i -  
m e t r i c  s t u d i e s  p r o v i d e  a separate measurement o f  
beam q u a l i t y .  

Ongoing beam f ragmen ta t i on  s t u d i e s  w i l l  

ACKNOWLEDGEMENT 

The ass i s tance  o f  Dan Judd, Bennet M c A l l i s t e r ,  
Steve Detone, John Pr io leau ,  Lynn Mahlmann, Andy 
Shih, Co l l een  C a u d i l l ,  and Panna Lee i s  g ra te -  
f u l l y  acknowledged. The ass i s tance  and coopera- 
t i o n  o f  J e r r y  Howard, Tom C r i s w e l l ,  and t h e  
Bevalac o p e r a t i o n s  s t a f f  i s  a l s o  g r a t e f u l l y  
acknowledged. T h i s  research  was suppor ted by  t h e  
Department o f  Energy Con t rac t  31-109-38-5197. 

FOOTNOTES AND REFERENCES 

* School o f  Optometry, U n i v e r s i t y  o f  C a l i f o r n i a ,  
Berke ley,  CA.  

A inswor th,  E.  J., R. J. M. Fry ,  0. Grahn, F. S. 
Wi l l iamson,  P. C.  Brennan, S. P. Stearner ,  A .  
V. Carrano, and J .  H. Rust. 1974. L a t e  
e f f e c t s  o f  n e u t r o n  o r  gamma i r r a d i a t i o n  i n  
mice. B i o l o g i c a l  E f f e c t s  o f  Neutron I r r a d i a -  
t i o n ,  pp. 359-379. I n t e r n a t i o n a l  Atomic 
Energy Agency, Vienna. 

S. P. Stearner ,  J .  H. Rust, and F.  S. 
Wi l l iamson.  1976. L i f e  sho r ten ing ,  neop las ia ,  
and systemic i n j u r i e s  i n  mice a f t e r  s i n g l e  o r  

A inswortn,  E. J . ,  R.  J .  M. Fry, P. C. Brennan, 

1 f r a c t i o n a t e d  doses o f  neu t ron  o r  qamma 
r a d i a t i o n .  B i o l o g i c a l  and Envi ronmenta l  
E f f e c t s  o f  Low-Level Rad ia t i on ,  v o l .  1, pp. 
77-92. I n t e r n a t i o n a l  Atomic Energy, Vienna. 

A insworth,  E .  J., R. J. M. Fry, F.  S. Wi l l iamson,  
P. C. Brennan, S. P. Stearner ,  V. V. Yang, D. 
A. Crouse, J. H. Rust, and T. 6. Borak. 
1977. Dose-ef fect  r e l a t i o n s h i p s  f o r  l i f e  
s h o r t e n i n g  tumor igenes is  and systemic i n j u r i e s  
i n  mice i r r a d i a t e d  w i t h  f i s s i o n  neu t ron  o r  

Bateman, J. L. and V.  P. Bond. 1967. Lens 
o p a c i f i c a t i o n  i n  mice exposed t o  f a s t  
neu t rons ,  Rad ia t .  Res. (Suppl . ) 7, 239-249. 

Bateman, J. L. and M. L. Snead. 1969. Cur ren t  
research i n  n e u t r o n  RBE i n  mouse l e n s  o p a c i t y .  

- -  

Symposium on Neutrons i n  Radiobio logy,  Conf .- 
691106 % PP. 192-206 . USAEC, Oak Ridge, TN. 

Bond, V.  P. 1960. Lens o p a c i f i c a t i o n  i n  t h e  
mouse: I m p l i c a t i o n s  f o r  RBE and QF. 
B iophys i ca l  Aspect o f  R a d i a t i o n  Q u a l i t y , . p p .  
149-160. I n t e r n a t i o n a l  Atomic Energy, Vienna. 

Boomer, G., 6. S inger ,  and K. Woodburn. 1979. 
The E f f e c t  o f  Argon Ion R a d i a t i o n  on t h e  
C r y s t a l l i n e  Lens o f  Mice. O.D. Thesis, 
U n i v e r s i t y  o f  C a l i f o r n i a ,  Berke ley,  1979. 

Giacolone, V. I., M. Minnig,  and D. Palm. 1979. 
The E f f e c t  o f  Low Doses o f  Acce le ra te  Argon 
Nuc le i  on t h e  C r y s t a l l i n e  Lens o f  Mice. 0. D. 
Thesis, U n i v e r s i t y  o f  C a l i f o r n i a ,  Berke ley.  

Ish imaru,  T., M. Otake, and M. Ish imaru.  1979. 
Dose-response r e l a t i o n s h i p  o f  neutrons and 
gamma r a y s  t o  leukemia i nc idence  among atomic 
bomb s u r v i v o r s  i n  Hi roshima and Naqasaki b y  
t y p e  o f  leultemia, 1950-1971. Radiat .  E.-C, 
377-394. 

L e t t ,  J .  T., A. 6. Cox, P. C. Keng, A. C .  Lee, 
C. M. Su, and D. S. Be rg to ld .  1980. L a t e  
degenerat ion i n  r a b b i t  t i s s u e s  a f t e r  
i r r a d i a t i o n  by heavy ions.  L i f e  S c i .  Space 
Res. 18, i n  press.  

Corbe t t .  1980. R e t i n a l  t i s s u e  response t o  
a c c e l e r a t e d  i r o n  n u c l e i .  Radiat .  Res. 83, 472 
( A b s t r a c t ) .  

Mays, C. W., G. N. Tay lo r ,  S .  S. J. Webster, and 
T. F. Dougherty. 1979. Speculated r i s K  t o  
bone and l i v e r  f rom 239Pu. 

- -  
Malachowski, M. J., D. W .  P h i l p o t t ,  and R. 

- 

H e a l t h  Phys. - 19, 
6 01-6 10. 

Merriam, G. R. and E .  F. Focht. 1957. A 
c l i n i c a l  s t u d y  o f  r a d i a t i o n  c a t a r a c t s  and t h e  
r e l a t i o n s h i p  t o  dose; Am. J. Roetgenol. 
Radium Ther. Nucl. M e d . v  - 

Merriam, G. R., B. J .  B i a v a t i ,  J. L. Bateman, 
H. H. Koss i ,  V .  P. Bond, L. Goodman, and E.  F.  
Focht. 1965. The dependence o f  RBE on t h e  
energy o f  f a s t  neutrons.  I V .  I n d u c t i o n  o f  
l e n s - o p a c i t i e s  in mice. 
123-138. 

Rad ia t .  Res. - 25, 



268 

Nelson, A. C., T. L. Hayes, and C. A. Tobias. 
1980. 
membrane l e s i o n s  caused by  i n d i v i d u a l  heavy 
ions.  Radiat .  Res. 83, 472. ( A b s t r a c t ) .  

Scanning e l e c t r o n  microscope s t u d y  o f  

Rowland, R. E., A. F. Stehney, and H. F. Lucas, 
.Ir. 1978. Dose-resDonse r e l a t i o n s h i D s  f o r  _ _ - . .  - 
female rad ium d i a l  workers. Radiat .  Res. - 76, 
368-383. 

S to re r ,  J. B., L. J. Serrano, E. 6 .  Darden, Jr., 
M. C. Jernigan, and R. L. U l l r i c h .  1979. 
L i f e  s h o r t e n i n g  RFM BALB/c mice as a func-  
t i o n  o f  r a d i a t i o n  q u a l i t y  dose, and dose 
r a t e .  Radiat .  Res. - 78, 122-161. 

Tobias, C. A., E.  A. B lake ly ,  F.Q.H. Ngo, and 
T.C.H. Yang. 1980. The r e p a i r - m i s r e p a i r  

Q 
model o f  c e l l  s u r v i v a l .  
Cancer Research (R. E .  Meyn and H. R. Withers, 
eds. )  pp. 195-230. Raven Press, New York. 

R a d i a t i o n  B i o l o g y  i n  

U l l r i c h ,  R. L., M. C. Jernigan, and J. B. S t o r e r .  
1977. Neutron carc inogenesis :  Dose and dose 
r a t e  e f f e c t s  i n  BABL/c~mice.  Radiat .  Res. - 72, 
487-498. 

Yan V .  V . ,  S. P. Stearner, and E. J. Ainsworth.  
18;s. L a t e  u l t r a s t r u c t u r a l  Changes i n  t h e  
mouse coronary a r t e r i e s  and a o r t a  a f t e r  
f i s s i o n  neu t ron  o r  6oCo gamma i r r a d i a t i o n .  
Radiat .  Res. 74, 436-456. 



PART V. SHORT-AND 
LONG-TERM EFFECTS 3 OF LOW FLUENCE HZE PARTICLES 





bu, 

271 

ABUNDANCES, ENERGY AND LET SPECTRA OF HZE PARTICLES IN SPACE 

S. B. Curtis and E. V. Benton' 

In 1948, Freier et al. (1948) reported the 
discovery of tracks of high energy heavy ions 
with charge Z greater than two in emulsion stacks 
carried by balloon to high altitude. 
immediately recognized that these particles were 
a part of the radiation permeating space near 
earth and having a source outside our solar 
system. Since then data have steadily been 
accumulating from balloons, rockets and satel- 
lites on the abundances and energy spectra of 
this heavy-ion component of the galactic cosmic 
rays. Heavy ions have also been detected in 
small numbers in solar particle events and trap- 
ped in the earth's magnetic field. All these 
energetic heavy charged particles with charge 
greater than two have become known generically 
as HZE particles (high - -  Z and - energy) (Grahn, 
1973). 

It was 

Very early it was recognized that this 
heavy-ion radiation might pose a hazard to high 
altitude and space travel (Tobias, 1952). It 
was, in fact, predicted that visible flashes of 
light might be caused by the passage of heavy 
galactic cosmic rays through the eye (Tobias, 
1952), a prediction later borne out by the 
astronauts of several Apollo missions (Chapman 
et al., 1972). 

of the composition and energy spectra of HZE 
particles in space and present experimental 
results of LET spectra measured in several 
manned satellites. 

The present chapter will review our knowledge 

COI.IPOSITION OF HZE PARTICLE RADIATION 
IN FREE SPACE 

Practically all the major elements in the 
periodic table are represented in the HZE par- 
ticles measured in space. There is a noticeable 
maximum in abundance for the iron-cobalt-nickel 
group (26 - < Z < 28) and then a sharp decline at 
higher Z. 
various elements in the HZE flux in free space 
up to and including the iron group i s  given in 
Figure 1, with all abundances pormalized to that 
of carbon (Wefel, 1979). The dashed line shows 
the universal abundances in the solar system as 
determined by Cameron (1973). Above Z = 30, 
abundances drop several orders of magnitude and 
for Z greater than 45, values are five orders o f  
magnitude below that for iron. Another inter- 
esting feature o f  Figure 1 is the increased 
abundance o f  even Z nuclei over their immediate 

Therelative composition of the 

@neighbors with odd Z. 

Comparison of the abundances of the elements 
in the galactic cosmic rays with the solar 

system abundances 
(Normalized t o  C) 

The University of  Chicago 

0 

on hoard the IMP 4 and IMP 5 ~ d t e l l i t ~ s  from 100 $0  

300 McVInucleon 

10-6 
4 8 12 16 20 ' 24 28 

Nuclear charge number 
, .  . .  

F i  ure 1. The measured abundances of the 
e +- ements, relative to carbon, in the galactic 
cosmic radiation compared to the solar system 
abundance compilation of Cameron (1973) (dashed 
line). (From Wefel, 1979).  (XBL 803-508) 



ENERGY AND LET SPECTRA I N  FREE SPACE 

C h a r a c t e r i s t i c  energy s p e c t r a  o f  any o f  t h e  
HZE p a r t i c l e s  beh ind  zero s h i e l d i n g  a t  s o l a r  
minimum (when i n t e n s i t i e s  a r e  h i g h e s t )  comprises 
a v e r y  low energy component ( p r o b a b l y  o f  s o l a r  
o r i g i n )  i n  t h e  energy range 0.5 t o  2 MeV/nucleon 
dropping o f f  v e r y  r a p i d l y  w i t h  i n c r e a s i n g  energy, 
f o l l o w e d  by  a l o c a l  minimum i n  t h e  spectrum 
between 2 t o  30 MeV/nucleon caused by  s o l a r  
modu la t i on  e f f e c t s ,  and f i n a l l y  a decrease a t  
v e r y  h i g h  energ ies  f a l l i n g  approx ima te l y  as E-2.6 
where E i s  t h e  p a r t i c l e  k i n e t i c  energy. 
s e n t a t i v e  s p e c t r a  a re  shown i n  F i g u r e  2 ( f r o m  
Biswas and Durgaprasad, 1980). An "anomalous 
component" o f  t h e  cosmic r a y s  has been observed 
i n  t h e  energy range 2-30 MeV/nucleon (Biswas and 
Durgaprasad, 1980). Energ ies l e s s  than  30 MeV/ 
nuc leon a r e  o f  no concern i n  t h e  p r e s e n t  con tex t ,  
however, because even t h e  l i g h t e s t  i o n s  below 
t h i s  energy t r a v e l  l e s s  than  a c e n t i m e t e r  i n  
water  and w i l l  be absorbed i n  t h e  s p a c e c r a f t  
s h i e l d i n g .  

Repre- 

I I I 1  I I I l l  I 1 1 1  I 

101 102 103 io4 
Kinetic energy (MeVhucleon) 

F i  u r e  2 .  

oxygen, and i r o n  group n u c l e i  d u r i n g  s o l a r  
minimum. 
(YBL 807-3524) 

D i f f e r e n t i a l  energy s p e c t r a  o f  
cosmic r a y  p ro ton ,  he l ium,  carbon, 

(From Biswas and Durgaprasad, 1980). 
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The LET d i s t r i b u t i o n  i n  f r e e  space behind 
j u s t  enough s h i e l d i n g  t o  absorb t h e  v e r y  low 
energy component ( <  30 MeV/nucleon) shows a l a r g e  
c o n t r i b u t i o n  f rom t h e  i r o n  group i n  t h e  h i g h  LET 
range. A c a l c u l a t i o n  o f  t h e  i n t e g r a l  number LET 
spectrum a t  s o l a r  minimum i s  g i v e n  i n  F i g u r e  3 
( C u r t i s ,  1972). 
here d e f i n e d  as n u c l e i  w i t h  Z between 16 and 28, 
c o n t r i b u t e s  a l a r g e  f r a c t i o n  o f  t h e  p a r t i c l e s  
w i t h  LET g r e a t e r  t han  100 k e V / m .  T h i s  f r a c t i o n  
w i l l  change a t  depth behind s h i e l d i n g  and w i t h i n  
t h e  body because these ions  have l a r g e r  c ross  
s e c t i o n s  f o r  n u c l e a r  f ragmen ta t i on  than  t h e  
l i g h t e r  i ons ;  thus, t h e i r  number w i l l  decrease 
more r a p i d l y  as t h e  amount o f  s h i e l d i n g  o r  
m a t e r i a l  t r a v e r s e d  increases.  

We n o t e  t h a t  t h e  Z = 26 group, 

LET DISTRIBUTIONS I N  SPACECRAFT 

To date,  o n l y  a few measurements o f  i n t e g r a l  
LET s p e c t r a  have been made on a c t u a l  f l i g h t  
m iss ions .  Table 1 l i s t s  t h e  m i s s i o n  d a t a  f o r  
t h r e e  U.S. space programs, Apo l l o ,  Sky lab and 
ASTP, and two S o v i e t  miss ions,  Cosmos 782 and 
Cosmos 936. 
spec t ra  measured i n  p l a s t i c  n u c l e a r  t r a c k  
d e t e c t o r s  [ c e l l u l o s e  n i t r a t e  (CN) and Lexan 
polycarbonate]  on t h e  t h r e e  U.S. m iss ions  (Benton 
e t  a l . ,  1977a, b ) .  The absc issa i s  LET350, 

F i g u r e  4 shows i n t e g r a l  number LET 

I T \  \ 

L (keV/pm) 

F i g u r e  3. 
major  components o f  HZE p a r t i c l e s  a t  s o l a r  m i n i -  
mum under ze ro  s h i e l d i n g .  
(XBL 7811-12342) 

I n t e g r a l  number LET spectrum f o r  t h e  

(From C u r t i s ,  1973). 
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10 

I C  

Table 1. M i s s i o n  Data 

A p o l l o  Skylab ASTP Cosmos 782 Cosmos 936 

A l t i t u d e  (km) l u n a r  435 220 424/220 419/224 

O r b i t  i n c l i n a t i o n  (deg) ---- 50 51.6 62.8 62.8 

- Cosmic-ray Fe 
(solar  m i n . ,  no s h i e l d i n g )  

ominand t l o d u l p ,  + 

D r a w e r  F - 

Apollo 1 7  
a s t r o n a u t s  

-Cosmic-ray Fe 
( S k y l a b ,  6 qlcm 

10' IO' 10'  IO" 

LET, 511 ( k ?V/um.  CII) 

F i g u r e  4. I n t e g r a l  LET spectrum o f  HZE p a r t i c l e s  
i n s i d e  s p a c e c r a f t  measured on l u n a r  ( A p o l l o )  and 
near-Earth (Sky lab and ASTP) miss ions,  and 

a l c u l a t e d  f o r  cosmic-ray i r o n  (Fe)  n u c l e i  i n  
r e e  space a t  s o l a r  minimum. LET, i n  wa te r  ( o r  

t i s s u e )  i s  app rox ima te l y  1.2 t imes LET350 i n  
CN. (XBL 766-1995) 

because t h e  t h r e s h o l d  f o r  t r a c k  d e t e c t i o n  cor-  
responds more c l o s e l y  t o  LET350 than  t o  LET,. 
The LET, i n  wa te r  ( o r  t i s s u e )  i s  app rox ima te l y  
1.2 t imes  t h e  LET350 i n  c e l l u l o s e  n i t r a t e .  The 
d e t e c t o r s  were e i t h e r  stowed aboard spacec ra f t  
o r  worn as dos imeters i n  t h e  crew f l i g h t  s u i t s .  
I n  genera l ,  t h e  dos imeter  l o c a t i o n s  w i t h i n  t h e  
s p a c e c r a f t  were n o t  f i x e d  and es t ima tes  o f  
e f f e c t i v e  s h i e l d i n g  a r e  d i f f i c u l t  t o  achieve. 
The uppermost cu rve  i n  F i g u r e  4 i s  c a l c u l a t e d  
f o r  cosmic-ray i r o n  (Fe)  n u c l e i  a t  s o l a r  minimum 
and behind no s h i e l d i n g ,  i.e., f r e e  space. 
Spect ra f o r  A p o l l o  as t ronau ts  ( l u n a r  m iss ions  
8-17) a l l  l i e  near  t h e  l i n e  i n  F i g u r e  4 which 
f a l l s  j u s t  below t h e  i r o n  curve. I n d i v i d u a l  
Skylab and ASTP s p e c t r a  a r e  i n d i c a t e d  and f a l l  
below t h e  A p o l l o  spect ra.  
i s  expected f o r  l una r ,  i.e., Apo l l o ,  m iss ions  
compared w i t h  t h e  near-ear th  o r b i t i n g  m iss ion ,  
i.e., Sky lab and ASTP. Ear th  s h i e l d i n g  and t h e  
geomagnetic f i e l d  cause a s u b s t a n t i a l  decrease 
i n  p a r t i c l e  f l u x  compared w i t h  t h a t  on l u n a r  
miss ions.  I n t e g r a l  LET spec t ra  measured i n  
Sky lab  i n d i c a t e  t h a t  t h e  high-LET p a r t i c l e  f l u x  
decreases w i t h  an i nc rease  i n  s h i e l d i n g  th i ckness .  
The s l o p e  o f  t h e  LET curves f o r  Skylab as t ronau ts  
(-5-10 g/cm2), command module (-1-20 glcrnz), and 
f i l m  v a u l t  drawers B (-16-30 glcmz) and F 
(-30-50 g/cm2) steepens somewhat w i t h  i nc reased  
s h i e l d i n g  th i ckness ,  be ing  s teepes t  f o r  f i l m  
v a u l t  drawer F. 

A h ighe r  p a r t i c l e  f l u x  

From F i g u r e  4, t h e  average f l u e n c e  r a t e  o f  
HZE p a r t i c l e s  w i t h  LET g r e a t e r  than 100 keV/Um 
measured a t  t h e  s k i n  o f  t h e  as t ronau ts  f o r  t h e  
e n t i r e  A p o l l o  17 l u n a r  l a n d i n g  m iss ion  was 
r o u g h l y  0.6 cm-2h-1. As mentioned above, t h e  
v a r i a b l e  s h i e l d i n g  presented t o  t h e  d e t e c t o r s  
over  t h e  e n t i r e  m i s s i o n  p reven ts  an accu ra te  
e s t i m a t i o n  t o  be made of  t h e  average e q u i v a l e n t  
s p h e r i c a l  s h i e l d i n g .  A t  d i f f e r e n t  t imes d u r i n g  
t h e  miss ion,  t h e  ea r th ,  moon, and t h e  A p o l l o  
spacec ra f t  i t s e l f  presented v a r y i n g  amounts o f  
s h i e l d i n g  t o  t h e  more o r  l e s s  randomly moving 
as t ronau ts .  Wi th  t h i s  i n  mind, a c a l c u l a t e d  
v a l u e  o f  2.6 i o n s  cm-2h-1 w i t h  LET, > 100 keV/um 
behind 10 g / c d  s p h e r i c a l  aluminum s h i e l d i n g  a t  
s o l a r  minimum ( C u r t i s ,  1973) does n o t  seem t o  be 
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a t  va r iance  w i t h  t h e  exper imenta l  data.  I n  t h i s  
c a l c u l a t i o n ,  r o u g h l y  65% o f  t h e  p a r t i c l e s  were 
i n  t h e  charge range 20 t o  26. 

o f  LET s p e c t r a  measured i n s i d e  and o u t s i d e  t h e  
Cosmos 936 spacec ra f t  by means o f  a s i l i c o n  
s o l i d - s t a t e  d e t e c t o r  t e lescope  (Benton e t  a l .  , 
1978; Markelov e t  a l . ,  p r i v a t e  communication, 
1978). Curve 3 i s  t h a t  c a l c u l a t e d  by W. H e i n r i c h  
o f  Siegen U n i v e r s i t y ,  Germany, w h i l e  cu rve  4 i s  
t h e  measurement on Cosmos 782 by  Benton e t  a l .  
(1978) u s i n g  CN t r a c k  de tec to rs .  

The main f e a t u r e s  o f  t h e  d a t a  gathered t o  
da te  i n d i c a t e  t h a t  t h e  s lopes o f  t h e  i n t e g r a l  LET 
spec t ra  a r e  s i m i l a r  under w i d e l y  d i f f e r e n t  
o r b i t a l  c o n d i t i o n s  and s h i e l d i n g .  There i s  
reasonable agreement between e l e c t r o n i c a l l y  
measured s p e c t r a  o f  curves 1 and 2 i n  F i g u r e  5 
and t h a t  measured by  p l a s t i c  t r a c k  d e t e c t o r s ,  
curve 4. 

I n  F i g u r e  5, curves 1 and 2 show a comparison 

L E T  (KeVhrn T S )  

1 - I N S I D E  

3 .  CALCUL A TED BY HEINRICH 
4 -  MEASURED ON KOSMOS 782 BY BENTON 

z - oursrm 

F i g u r e  5.  Comparison o f  LET spect ra,  measured 
i n s i d e  and o u t s i d e  spacec ra f t ,  f o r  Cosmos 936 
and 782. (XBL 807-10715) 

HZE PARTICLES I N  SOLAP, PARTICLE EVENTS AND THE 
OUTER TRAPPED RADIATION BELT 

n 

Heavy iorls have been de tec ted  i n  many of t h e  c 
s o l a r  p a r t i c l e  events  which sometimes accompany 
s o l a r  f l a r e s .  E a r l y  work i n d i c a t e d  t h a t  f l uences  
o f  t h e  carbon-n i  trogen-oxygen (CNO) component , 
the  most numerous o f  t h e  heavy i o n s  observed, 
were approx ima te l y  one s i x t i e t h  of t h e  he l i um 
component and t h a t  t h i s  r a t i o  d i d  n o t  v a r y  much 
f rom event  t o  event  (Biswas e t  a l . ,  1966). Data 
f rom more r e c e n t  events, i n  p a r t i c u l a r  f rom t h e  
g i a n t  s o l a r  p a r t i c l e  event  o f  August 1972, 
i n d i c a t e  t h a t  t h e r e  i s  an enhancement o f  heavy 
i o n  f l u x e s  a t  lower  energy, i .e.,  l e s s  than  
50 MeV/nucleon, b u t  f o r  ene rg ies  o f  i n t e r e s t  
here, above 50 MeV/nucleon, t h e  r a t i o  o f  h e l i u m  
t o  CNO n u c l e i  mentioned above was, u n t i l  r e c e n t l y ,  
cons idered t o  be a reasonable average (Ber t sch  
e t  a l . ,  1974). There i s  some r e c e n t  evidence, 
however, f r o m  t h e  r a t h e r  l a r g e  24 September 1977 
s o l a r  event  t h a t  p r e f e r e n t i a l  a c c e l e r a t i o n  o f  
heavy i ons  can occur  t o  h i g h e r  energ ies,  i .e.,  i n  
t h e  energy r e g i o n  up t o  a t  l e a s t  300 MeVhucleon 
( D i e t r i c h  and Simpson, 1978). I n  f a c t  i n  t h i s  
event, t h e  r a t i o  o f  i r o n  t o  oxygen n u c l e i  was 
c l o s e  t o  u n i t y  i n  t h e  energy range 30 t o  300 MeV/ 
nucleon; t h i s  i s  r o u g h l y  twen ty  t imes  t h e  abund- 
ance o f  i r o n  r e l a t i v e  t o  oxygen n u c l e i  i n  t h e  
s o l a r  chromosphere o r  corona (Cameron, 1973). The 
shape o f  t h e  energy spec t ra  o f  a l l  n u c l e i  were 
w e l l  approximated by  a power law f a l l i n g  as E - 2 - 3  
( E  i s  t h e  energy lnuc leon )  up t o  ene rg ies  where 
t h e  s u b t r a c t i o n  o f  t h e  g a l a c t i c  cosmic-ray back- 
ground became s i g n i f i c a n t .  

Thus, i t  appears t h a t  l a r g e  i r o n - r i c h  s o l a r  
p a r t i c l e  events  can occur, p roduc ing  s i g n i f i c a n t  
enhancements o f  heavy i ons  over  s o l a r  abundance 
va lues i n  t h e  energy r e g i o n  above 100 MeV/nucleon. 
I t i s  n o t  p o s s i b l e ,  t h e r e f o r e ,  t o  r u l e  o u t  t h e  
p o s s i b i l i t y  t h a t  f o r  g i a n t  s o l a r  p a r t i c l e  events  
o f  t h e  t y p e  t h a t  occu r red  i n  August 1972, l a r g e  
enhancements o f  i r o n  and o t h e r  heavy i o n  f l uences  
m igh t  produce a measurable c o n t r i b u t i o n  t o  t h e  
r a d i a t i o n  f rom s o l a r  p a r t i c l e s  behind moderate 
s p a c e c r a f t  s h i e l d i n g .  

Low energy CNO i ons  ( i n  t h e  range 13-33 MeV/ 
nuc leon)  have a l s o  been de tec ted  i n  t h e  o u t e r  
t rapped r a d i a t i o n  b e l t  a t  L = 4 (Mogro-Compero, 
1972). The i n t e n s i t y  i s  r o u g h l y  one hundred 
t imes  t h a t  o f  t h e  CNO i n t e r p l a n e t a r y  g a l a c t i c  
i n t e n s i t i e s  i n  t h e  same energy r e g i o n .  Th is  
reg ion ,  however, i s  below t h e  energ ies  o f  
i n t e r e s t  t o  us here.  Heavy p a r t i c l e s  a t  h i g h  
energy a r e  thought  t o  be un t rappab le  owing t o  
a d i a b a t i c  breakdown, i .e . ,  t h e  inhomogeneity o f  
t h e  geomagnetic f i e l d  a t  t h e  m i r r o r  p o i n t s  keeps 
p a r t i c l e s  w i t h  l a r g e  c y c l o t r o n  r a d i i  f r om becom- 
i n g  t rapped.  A l though t h e  e x i s t a n c e  o f  CNO 
f l u x e s  a t  13-33 MeV/nucleon i m p l i e s  h i g h e r  energy 
p a r t i c l e s  c o u l d  be t rapped  than  though t  p o s s i b l e  
f rom t h e  p r o t o n  data,  i t  i s  n o t  expected t h a t  
many can become t rapped above 40 MeV/nucleon. 
Data are n o t  a v a i l a b l e ,  however, t o  s u b s t a n t i a t e  
t h i s  c la im .  
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The r i s k  o f  exposure t o  HZE p a r t i c l e s  i n  l o n g  

l i g h t  f l a s h e s  seen by a s t r o n a u t s  on A p o l l o  14 had 
a mean t i m e  between them o f  around 40 seconds 
(Chapman e t  a l . ,  1972). These f l a s h e s  a r e  n o t  
cons idered hazardous. However, i t  i s  n o t  known 
what damage m igh t  accumulate f rom t h e  lower  
f requenc ies  o f  h i g h e r  LET HZE p a r t i c l e s  from, f o r  
instance,  t h e  r o u g h l y  0.6 cm-2n-1 r a t e  o f  
p a r t i c l e s  measured i n  A p o l l o  w i t h  LET g r e a t e r  
than 100 keV/pm. 

NASA t o  determine t h e  f e a s i b i l i t y  o f  b u i l d i n g  a 
f l e e t  o f  s a t e l l i t e s  ( t h e  S a t e l l i t e  Power System, 
SPS) t o  be deployed i n  geosynchronous o r b i t  t o  
ga the r  s o l a r  energy and beam i t  t o  e a r t h  v i a  
microwaves. Th is  p r o j e c t  would e n t a i l  as many 
as 50,000 worker-years i n  o r b i t  w i t h  up t o  98% 
o f  t h a t  t ime  spent  i n  geosynchronous o r b i t .  
Because o f  t h e  v e r y  low geomagnetic c u t o f f  a t  
t h e  p o s i t i o n  o f  a geosynchronous o r b i t ,  essen- 
t i a l l y  a l l  t h e  g a l a c t i c  heavy p a r t i c l e s  w i l l  be 
imp ing ing  on t h e  work and l i v i n g  h a b i t a t s  o f  t h e  
space workers. 
September 1978, which reviewed ou r  c u r r e n t  know- 
l edge  o f  t h e  r a d i a t i o n  environment t o  be exper- 
ienced by space workers on SPS (Schimmer l ing and 
C u r t i s ,  1979). The v a r i o u s  components o f  t h e  
r a d i a t i o n  environment were d iscussed and i t  was 
p o i n t e d  o u t  t h a t  one area needing p a r t i c u l a r  
a t t e n t i o n  was t h e  accu ra te  d e t e r m i n a t i o n  o f  HZE 
f l u e n c e  r a t e s  i n  v a r i o u s  c r i t i c a l  body organs as 
a f u n c t i o n  o f  s h i e l d i n g  th i ckness  i n  geosyn- ~ 

chronous o r b i t  and t h e  e f f e c t s  o f  these f l u e n c e  
r a t e s  on t h e  f u n c t i o n a l  i n t e g r i t y  o f  t h e  organs 
and t h e  subsequent h e a l t h  o f  t h e  exposed worker  
p o p u l a t i o n .  C l e a r l y ,  these impor tan t  ques t i ons  
must be addressed b e f o r e  an adequate r i s k  
assessment o f  such l o n g  te rm space m iss ions  can 
be made. 

crsterm space m iss ions  has y e t  t o  be assessed. The 

An e f f o r t  i s  p r e s e n t l y  underway by  DOE and 

A workshop was h e l d  a t  LBL i n  
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THERMOPHYSICAL LESIONS CAUSED BY HZE PARTICLES 

C.A. Tobias, M. Malachowski, A. Nelson,' and D.E. Philpottt 

Soon after the discovery that stripped atomic 
nuclei from galactic space could reach the top 
layers of the earth's atmosphere (Freier et al., 
1948), the question was raised whether or not 
these ions would pose a health hazard for the 
crews of planes flying at and above the strato- 
sphere or for'manned space flight. Tobias pre- 
dicted that single particles would cause a light 
sensation in the retina, and speculated on the 
possibility that single HZE particles might kill 
or modify a column of living cells in tissues, 
thus creating columnar lesions (Tobias, 1952). 
If HZE particles do in fact produce columnar 
lesions, important functional consequences might 
result. The brain and the nerve centers respons- 
ible for homeostasis especially need to be 
studied, since the regenerating capacities of 
brain tissues are low (Grahn, 1973). 

way to expose living organisms to HZE ions was 
to fly them at high altitudes for a few hours 
with helium or hydrogen-fitted balloons. 
theless, Chase demonstrated a few years later, 
that single HZE particles were able to inhibit 
pigment formation in hair follicles so that black 
mice whose hair was plucked prior to flying at 
high altitude exhibited streaks of newly grown 
white hair during the postflight period after 
doses of HZE particles of less than 1 rad (Chase 
and Post, 1956). Slater and Tobias (1963) 
demonstrated that seeds of Zea mays exposed to 
cosmic primaries at high altitudes or in space 
sustained damage from individual HZE ions. 
Plants grown from these seeds developed necrotic 
streaks or in other cases streaks of viable cells 
devoid of chlorophyll. Since 1971, when heavy 
particles were first successfully accelerated i n  
the Princeton and Berkeley synchrotrons, it has 
finally been feasible to plan controlled experi- 
ments to investigate the biological effects 
produced by these particles. 

Progress was initially .slow because the only 

Never- 

TRACKS PRODUCED BY HZE PARTICLES IN SOLIDS 

During the last several years, beginning with 
the work of Fleischer and his associates, it has 
been shown that HZE particles can produce 
irreversible lesions in crystalline and amorphous 
solids (Fleischer and Price 1963, Fleischer 
et al., 1975). Lesions are more readily produced 
in solids with low thermal and electrical con- 
ductivity, and those solids that have low fluor- 
escence efficiency. Lesions form only if the - 
energy density in the track core exceeds a 
threshold level and the initial dimensions of the 
-cylindrically shaped lesions are of the same 

der of magnitude as the dimensions of the track 

of the order of 100 keV/pm; in mica it is about 
&re. In several plastics, the threshold LET is 

300 keV/vm. More recently, special plastics with 
higher sensitivity have been developed. 
example, NP-39, a polycarbonate, can respond to 
LET values below 100 keV/pm. The initial lesions 
change the internal structure of plastic mater- 
ials to make it more accessible to hydrolysis. 
By developing the plastics in concentrated NaOH, 
enlarged holes or conically shaped depressions 
are formed wherever there were lesions. 

For 

The information supplied by solid nuclear 
track detectors became so reliable that through- 
out the manned space-flight program, track 
detectors (together with special photographic 
emulsions) became the main passive dosimetry 
methods employed (Benton et al. , 1977; Fleischer 
et al., 1973). 

THERMOPHYSICAL BIOLOGICAL RADIATION INJURY 

When the LET is smaller than 100 keV/,,m, many 
of the biological effects are usually ascribed 
to the actions and cooperative effects between 
free radicals (Tobias, 1971). 
dilute solutions of free radicals is now a well- 
developed field of research. However, in this 
form of radiation injury the portion of trans- 
ferred energy that results in permanent chemical 
change is rarely more than 15%. The rest of the 
transferred energy, 85% or greater, is dissipated 
as heat. Beginning with Dessaur in 1918, who 
wrote of "point heat" effects, the possibilities 
for thermal effects due to ionizing radiation 
have often been discussed. Later some of these 
effects were termed "thermal spike'' effects. 
However, for low-LET radiations in aqueous solu- 
tions and in biological systems, the effects that 
can be ascribed to heat are negligible; the rate 
of free radical diffusion is usually calculated 
from ambient temperatures. 

energy density are high, as in the track core of 
HZE ions, the possibility exists that macromolec- 
ular or structural damage due to vibrational and 
rotational excited states will contribute to the 
injury caused by free radicals. The physico- 
chemical structure of the core has been discussed 
by Chatterjee et al. (1976), and Magee and 
Chatterjee (1981; Chatterjee and Magee, 1981). 

The fine structures of living cells and 
tissues contain relatively dehydrated macromolec- 
ular protein, nucleic structures, and 'lipid based 
membranes, all surrounded by an aqueous milieu. 
Tobias et al. (1979) suggested that these sub- 
cellular structures might be susceptible to a 
somewhat similar type of damage as what occurs 
due to HZE particles in solids. We termed these 
lesions "thermophysi cal 'I radiation in jury. 

The chemistry of 

When the LET and the locally transferred 
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The sequence of events in the damage ' 

mechanism is not yet completely understood. 
However, we can describe the events that may 
occur in a living cell in six more or less 
distinct phases. 

1. Initial energy deposition. The initial 
enerav deoosition from HZE ions is very fast. 
Muchaof it is completed in 10-16 seconis, and 
it results in ionization and coherent excitation 
of electronic states: At this stage, macromolec- 
ular effects cannot be discerned. The energy 
density of this initial energy deposition can be 
relatively high. If the energy was instantly and 
uniformly partitioned between available degrees 
of freedom, the temperature in the core of heavy- 
ion tracks might reach several hundred (or even 
thousand) degrees K. 

2. Establishment-of mechanical stress. 
During ]tic 
proceis occurs chiefly caused by an energy 
transfer between electronic and vibrational 
states. In this span of time, there is not much 
molecular thermal motion. Liquids may be 
regarded as solids, and the net effect at the end 
of this period is that considerable mechanical 
stress is built up in the core region of tracks. 

3. Shockwave propagation. Depending on the 
mechanical properties of the medium and any dis- 
continuities of stress at the edge of the core, 
some of the energy may escape from the core region 
as a shockfront, moving with the velocity of sound 
which in water is about 1.5 x l o 5  cm sec-1. 
In 10-11 seconds the disturbance can travel 
10 nm, a distance on the same order of magnitude 
as the track core radius. If the medium is near 
critical temperature and pressure, then 
cavitation might be initiated. We know that 
these phenomena actually occur in liquid 
hydrogen at about 20°K in the bubble chamber 
(Seitz, 1958). Calculations show that it is 
unlikely that cavitation from heavy particles 
occurs in liquid water or in the milieu of living 
cells; in crystals the escape of energy into 
lattice vibrations is a much inore likely process 
than in polar liquids where the anisotropy of the 
medium dampens the effect. However, vibrational 
excitation of macromolecules can lead to molec- 
u l  ar dissociation beginning at 10-13 seconds, 
and can break some of the hydrogen bonds ,that are 
responsible for tertiary helical macromolecular 
microstructure. 

4. Rotational energy transfer. Rotational 
energy trans,fer causes radial thermal diffusion, 
which is considerably slower than the velocity 
of sound, but faster than the chemical diffusion 
rate of free radicals and molecules. The 
thermal diffusion constant of water is about 
3 x 10-3 cm2 sec-1. 
phase as one of strong radially ex anding thermal 

In 
10-9 sec a cylinder of about 30 nm radius is 
involved. The thermal agitation wil.1 make the 
disorganization of cellular macromolecular struc- 
tures that began in phase 3 greater, and water 
molecules begin to diffuse into microspaces 
between amino acid chains. 
similar to what is seen in the initial phases of 

We may regard this 

agitation that lasts for about 10- I; sec. 

The effect might be 

thermal denaturation of biomolecules. In thermal 
denaturation we know that many enzymes lose their 
activity at temperatures only a few degrees above 
37OC if sufficient time is allowed at that 
temperature. Molecules such as collagen lose 
their helical configuration at about 60°C, and 
DNA melts at 87'C. 
the coagulation of proteins. 

Heat treatment can also cause 

ture OH has a diffusion constant of 2.10-5 cm2 
sec-1. 
core, the free radicals can likely exert even 
greater effects than in the relatively "cold" 
milieu of low-LET radiations. In the latter 
case, free radicals usually interact mainly with 
the external groups of organized protein struc- 
tures. In heavy-ion tracks, it is likely that 
free radicals interact with thermally disarranged 
amino acid chains. One of the expected effects 
is establishing cross-links between disarranged 
structures; the net result is not dissimilar to 
coagulation in proteins produced by prolonged 
heat exposure, except that it might occur in a 
local region at a much accelerated pace. In a 
cellular domain rich with helical proteins, one 
may expect order-disorder transitions and 
g e l  at i on .  

In the agitated milieu of the track 

The interior of biological membranes is 
usually regarded as liquid, with unsaturated 
fatty acid chains moving about freely. The heat 
capacity of this type of membrane is smaller than 
that of water; electrical and thermal conductiv- 
ity is also lower. In the interior of these 
membranes one expects a higher and more local 
temperature rise that will last for a longer time 
than in water. Membrane phase transitions are 
liable to occur, and the free radicals in the 
track may cross-link the fatty acid chains and 
cause local rigidity. Such membranes probably 
develop increased permeability to water and other 
small molecules. Membrane antioxidants may be 
locally inactivated by the high free radical 
density, and autooxidation may proceed as a chain 
reaction following passage of an HZE particle. 
Membrane proteins might also undergo cross 
linking and tertiary structural changes. 

Similar changes may occur in the cell nuclei 
and chromatin structures. Experimental evidence 
indicates that HZE particles can produce such 
severe lesions in DNA that lethality is a 
probable consequence. 

6. Stabilized lesions in HZE tracks. The 
processes described above may result in the 
appearance of gelled cross-linKed tubular struc- 
tures extending throughout the structural ele- 
ments o f  cells. The diameter of these initial 
lesions is likely to De about two or three times 
the diameter of the track core, or about 40 to 
60 nm. These lesions probably develop in regions 
of the cell that contain stacked membranes and 
dense protein fibers or structures, such as the 
outer segments of visual cells or the endoplasmic 
reticulum. In regions of the cell that are ' 
regarded as dilute, the excess water may quench 
some of these effects. Tissues rich in proteins 



that possess dense calcified structures might 
also be susceptible to thermophysical lesions. 
tissues such as cartilage, tendbn, bone, cornea, 

@and the lenses of the eye. 

INITIAL EXPERIMENTAL .EVIDENCE FOR 
THERMOPHYSICAL LESIONS IN TISSUES 

Within the last two years, experimental 
evidence has accumulated'on the presence of 
thermophysical lesions in mammalian tissues 
exposed to HZE ions. The most obvious reason for 
the relatively slow development of this field is 
that heavier accelerated particles such as argon 
and iron have only become available at the 
Bevalac recently and experimental time is at a 
pr em i um . 

are as follows: 
Criteria for finding thermophysical lesions 

1. A single HZE particle should be capable 
of producing a lesion. 
2. There should be an LET "threshold" for 
thermophysical lesions. Individual particles 
of low LET, such as protons and electrons 
might not be able to produce thermophysical 
lesions at all. 
3. Evidence is needed that thermophysical 
lesions are present at early times following 
heavy-ion exposure; the process of initial 
formation is over in 10-4 seconds or less. 
4. The lesions may appear in several 
adjacent cells along the track of a single 
HZE ion. 
5. The lesions may produce immediate func- 
tional effects, often related to structural 
relaxation properties and change in perme- 
ability. The effects might be sensory 
(e.g., visual) or motor (e.g., contraction 
of a fiber). 
6. Biological processes are likely to 
modify the initial lesions, which may either 
repair with time or develop into larger 
defects than existed initially. 

Although the above criteria are, relatively 
simple, they were not recognized fully.unti1 
recently; definite evidence for thermophysical 
lesions is accumulating in several systems at: .: . 
the time of this writing. 

: 

.,. . .  
' i  : . I  

. . . . . ) .  
The Retina .: I I O  

Phi lpott et al. (1972, 1973, 1978) flew ,rats 

Plastic-nuclear 
. . j , ~  

on two Russian spacecrafts, Cosmos 782 and 936, 
in an orbit of 63' inclination. 
track detectors on flight 782 recorded 80 
particles/cm2 with atomic numbers between, 6 ,  
(carbon) and 28 (nickel). . The..flight lasted 
about 20 days, and the rat eyes were frixed, 
immediately after the flight for vjsual and.,. . '! .<,. 

electron microscopy. 
most important finding was an occasional necrotic 

clei in the outer nuclear layer o f  the retina. 
e cells containing these .necrotic areas became 
ollen concommitantly with clearing of the 

In these experiments the 

cytoplasm (see Fig. 1). 
inner segments directly above these necrotic 

In some instances the 
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Figure 1. Outer nuclear layer of a rat retina. 
This rat was flown !n COSMOS 782 for 19.5 days 
in an orbit of 62.8 inclination. The prepara- 
tion was made shortly after landing. One 
necrotic nucleus can be seen at the center of 
the picture (from Philpott et al., 1978). 
(XBB 809-10166) 

cells were also swollen and contained myelin 
fibers and swollen mitochondria. Clear channels 
were observed especially at the junction of the 
rod pigment epithelial layer (see Fig. 2). The 
channels were straight, some as long as 30 pm 
and clearly extended across several cells. 
Similar channels were discovered earlier in 
retina cells exposed to neon and argon beams 
(Philpott et al., 1972, 1973), but these channels 
were smaller and shorter than those encountered 
on flight 782. 
near the channels. A few nuclei from the outer 
nuclear layer were displaced into the inner 
segment area, apparently by passing through the 
outer. limiting membrane. Occasionally rod 
membrane disruption was seen over the entire 
thickness of rods. Where this was observed the 
usually densely packed laminar structures were 

ge number of irregular vesicles 
between them. These experi- 
ear indication that straight 
formed in retinas exposed to 

Macrophages were also discovered 

radiation in flight. 

Malachowski (1978) used a different technique 
for his initial observations (Malachowski et al., 
1978). 
exposed to a parallel beam o f  iron particles 
(600 MeV/amu) at the Bevalac. Two different 
experiments were done at estimated doses of 1 rad 
and 10 rad. Three months later the animals were 
perfused through the aorta with triple fix 

A few anesthetized C57 B1 mice were 
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F i g u r e  2. Outer n u c l e a r  l a y e r  o f  a mouse r e t i n a  
viewed by t r a n s m i s s i o n  e l e c t r o n  microscopy. One 
n e c r o t i c  nuc leus i s  c l e a r l y  v i s i b l e  a t  t h e  c e n t e r  
o f  t h e  p i c t u r e .  The mouse r e c e i v e d  1 r a d  o f  i r o n  
p a r t i c l e  r a d i a t i o n ,  600 MeV/amu, f rom t h e  p l a t e a u  
( f r o m  P h i l p o t t  e t  al., 1978). ( X B B  809-10168) 

(1978),  and a f t e r  seve ra l  days on i c e  t h e  eyes 
were enucleated,  b i sec ted ,  p o s t f i x e d  i n  osmium 
t e t r o x i d e ,  and d r i e d  by  c r i t i c a l  p o i n t  procedure. 
The r e t i n a  was then  d r y  f r a c t u r e d  ana coated w i t h  
a conduc t i ve  c o a t  o f  Sn:Pd, and p laced  i n t o  a 
scanning e l e c t r o n  microscope. 

which we termed " t u n n e l  l e s i o n s "  because o f  t h e i r  
p h y s i c a l  appearance. The t u n n e l  l e s i o n s  appear 
t o  be almost s t r a i g h t  t u n n e l s  pass ing through t h e  
o u t e r  segment l a y e r  o f  t h e  r e t i n a  t i s s u e ;  t h e y  
can reach leng ths  up t o  50 urn, w i t h  d iameters 
t h a t  v a r y  between 1 and 10 um. Normal c o n t r o l s  
and c o n t r o l s  t n a t  rece ived  X r a y s  even a t  l a r g e  
doses o f  up t o  1000 r a d  d i d  n o t  produce tunne ls .  
i r o n  p a r t i c l e s  appear t o  cause l a r g e r  t u n n e l s  
than  argon p a r t i c l e s .  

F i g u r e  3 shows two f r a c t u r e d  s e c t i o n s  o f  a 
mouse r e t i n a .  One ( F i g .  3A) r e c e i v e d  0.3 r a d  and 
the  o t h e r  ( F i g .  36) 10 r a d  dose o f  i r o n  p a r t i c l e s ;  
t h e y  were b o t h  sec t i oned  8 t o  9 weeks p o s t i r r a d -  
i a t i o n .  We es t ima ted  t h a t  i n  a p a r a l l e l  beam 
w i t h  k i n e t i c  energy o f  600 MeV/nucleon t h e  mean 
d i s t a n c e  between i n d i v i d u a l  p a r t i c l e s  was about 
100 a t  0.3 r a d  and 18 urn a t  10 rad .  The 
l e s i o n s  seen i n  F i g u r e  3 are p robab ly  due t o  
s i n g l e  i r o n  p a r t i c l e s .  However, we cannot  
exc lude t h e  p o s s i D i l i t y  t h a t  some o f  t h e  photo- 
graphed l e s i o n s  were due t o  lower energy i r o n  
p a r t i c l e s  w i t h  g r e a t e r  energy loss ,  t o  a fragment 
o f  i r o n  p a r t i c l e s  t h a t  i n t e r a c t e d  w i t h  n u c l e i  o f  

The r e t i n a s  showed r e l a t i v e l y  l a r g e  l e s i o n s ,  

F i  u r e  3A. Mouse r e t i n a  exposed t o  l e s s  t h a n  + 1 r a  o i r o n  p a r t i c l e  r a d i a t i o n .  Two t o  t h r e e  
months p o s t i r r a d i a t i o n  a c h a r a c t e r i s t i c  l e s i o n  
was found b y  scanning e l e c t r o n  microscopy i n  a 
r e t i n a  t h a t  had been c r i t i c a l  p o i n t  d r i e d  f o r  
p r e s e r v a t i o n  i n  vacuo. The tunne l  shaped l e s i o n s  
appeared o n l y  i n  t h e  i n n e r  and o u t e r  segment 
l aye rs .  
f i v e  t o  f i f t e e n  o u t e r  segment d iameters i n  w id th ;  
a c r i t i c a l  d iameter  o f  10 t o  30 o u t e r  segment 
w i d t h s  t imes  t h e  d iameter  o f  t h e  o u t e r  segments 
was observed. The pho to recep to rs  c l o s e  t o  t h e  
t u n n e l  ( b u t  beyond t h e  c r i t i c a l  d iameter  a rea )  
e x h i b i t e d  l i t t l e  o r  no r a d i a t i o n  damage, smooth- 
ing, o r  deg rada t ion  o f  t h e  segments. The 
genera l  appearance i s  one o f  d isp lacement  of 
m a t e r i a l  and c e l l u l a r  substance around t h e  a x i s  
o f  t h e  t u n n e l  r a t h e r  than  d e s t r u c t i o n  ( f r o m  
Malachowski, 1978). ( X B B  760-10234) 

The r a d i u s  of t h e  t u n n e l s  v a r i e d  f rom 

t h e  eye, o r  m u l t i p l e  fragments. F i g u r e  4 i s  a 
view o f  t h e  v i s u a l  c e l l s  o f  t h e  r e t i n a  t h a t  were 
mechan ica l l y  separated f rom t h e  amacrine c e l l  
l a y e r  a f t e r  t h e  r e t i n a  was f i x e d .  There i s  an 
obv ious t r a j e c t o r y  a f f e c t i n g  seve ra l  v i s u a l  c e l l s  
i n  a s t r a i g h t  l i n e  p a t h  wi th  o b l i q u e  e n t r y .  
Malachowski a l s o  s t u d i e d  carbon, neon, and argon 
p a r t i c l e  e f f e c t s .  O f  these t h r e e  p a r t i c l e  beams, 
o n l y  t h e  argon caused tunne l  l e s i o n s ,  and these 
were much sma l le r  t han  t h e  l e s i o n s  caused by  i r o n  
p a r t i c l e s .  Thus, these obse rva t i ons  suggest t h e  
presence o f  an energy d e n s i t y  th resho ld .  
t unne l  l e s i o n s  were observed a f t e r  l a r g e  doses 
o f  X rays. 

No 

I n  comparing t h e  f i n d i n g s  o f  P h i l p o t t  and 
Malachowski, we concluded t h a t  t h e y  b o t h  have 
observed l o c a l  e f f e c t s  by  demonstrat ing 
"channels"  i n  r a t  r e t i n a s  f l o w n  i n  space and 
" t u n n e l  l e s i o n s "  i n  r e t i n a s  exposed t o  i r o n  
p a r t i c  
w i t h  a 
w i t h  a 
may be 
occurs 
n i n g  e 
extend 

es. The l e s i o n s  appear l a r g e r  when imaged 
scanning e l e c t r o n  microscope than  t h e y  do 
t r a n s m i s s i o n  e l e c t r o n  microscope. T h i s  
a r e s u l t  o f  t h e  t i s s u e  c o n t r a c t i o n  t h a t  
d u r i n g  t h e  f i x i n g  and embedding f o r  scan- 
e c t r o n  microscopy. F u t u r e  s t u d i e s  w i l l  
and f u r t h e r  compare scanninq and t r a n s -  

m i s s i o n  e l e c t r o n  microscope obse rva t i ons .  These 
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Figure 3B. 
iron particle radiation. 
segments one to five diameters from the axis had 
degenerated and left a cavity. MemDranes were 
disrupted and degenerated, filaments had 
retracted, granulated, and degenerated, and the 
associations and connections of the inner and 
outer segments were deteriorated and rearranged. 
At these high doses the areas of influence of 
each particle appeared to overlap such that the 
whole field of inner and outer segments under 
observation appeared to exhibit a degenerate 
effect while certain locations, which are defined 
as the axis of the lesion, have disappeared 
(from Malachowski, 1978).  (XBB 790-15436) 

Mouse retina exposed to 10 rad of 
At higher doses the 

Figure 4. An oblique view of mouse retina in the 
scanning electron microscope three months after 
exposure to tl rad of iron particles. The light 
objects are the outer segments o f  retinal rods. 
t the center of the field there is a lesion that 63” may have been produced by an iron particle as it 

penetrated the retina (from Malachowski, 1978). 
(XBB 782-1250) 

observations, striking as they seem, do not ful- 
fill all the criteria listed above; further 
studies are necessary. 

Visual Sensations due to HZE Particles 

We know that single HZE ions produce 
startling functional effects. The streaks and 
stars observed by astronauts of the first lunar 
landing mission, Apollo 11, have been identified 
as light sensations caused by individual HZE 
particles crossing the retina. One young inves- 
tigator has been able to relate light flash 
events to essentially every neon particle that 
crossed the regions of the retina, whereas other 
investigators, all of whom were older, have a 10 
to 50% detection efficiency (Budinger et al., 
1971, 1972, 1977; Tobias et al., 1971a,b, 1972).  
Current studies o f  visual effects of accelerated 
heavy ions at the Bevalac are being conducted by 
McNulty et al. (1975). 

HZE Effects in the Brain 

Can HZE ions produce lesions in the brain 
that extend along heavy particle tracks to 
several cells. This possibility has been under 
investigation by W. Haymaker and associates in 
accelerators, high altitude and space flight for 
a number of years. Perhaps the most direct 
evidence comes from Miquel et al. (1976) of Ames 
Laboratory who has observed columnar cystic 
degeneration in the cephalic ganglionic center 
(brain) of the adult fruit fly 35 days after it 
was exposed to krypton particles (Fig. 5).  Kraft 

Fi ure 5. 

the HILAC) viewed in the transmission electron 
microscope. (XBB 809-10167) 

Layers of dead neurons in the path of 4- a ow energy, low dose krypton beam (produced in 
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and her associates (1979) conducted extensive 
studies with accelerated neon particles in C57, 
B1 mice (1979) .  At 10 rad no deleterious effects 
were seen; at 100 rad and higher light microscopy 
detected increasing numbers of necrotic inter- 
stitial cells, mainly neuroglia, cells of the 
subependynal plate and microneurons of the 
dentate gyrus. 
after exposure, necrotic neurons (coagulative 
necrosis) appeared in small numbers. These 
studies are the subject of a separate chapter in 
Part V (see Kraft et ai.). 

Beginning at about two Weeks 

Cornea 

Perhaps the most convincing evidence for the 
existence of thermophysical lesions was obtained 
recently by Alan Nelson (1980), who studied the 
corneal surface of rats in vivo and in vitro with 
beams of carbon, neon, and argon particles at the 
SuperHILAC at kinetic energies of a few MeV/amu. 
He also made some exposures to high energy 
particles, including 600 MeV/amu iron. At the 
same time, particle fluence was monitored with 
plastic nuclear detector foils. 
specimens were fixed for scanning electron micros- 
scopy within a few seconds after exposure; later 
preparations were made within a 24 h time 
interval. Careful studies were made o f  the 
electron microscopy of normal corneal surface 
and of controls that received X rays of 500 rad 
to 100,000 rad. Figure 6 shows the appearance 
of a rat cornea fixed immediately after an X-ray 
dose of 500 rad. None o f  the corneas from the 
X-ray animals or unirradiated controls showed any 
holes or depressions of the kind seen after 
heavy-ion exposure. Carbon particles produced 
conical indentations on the corneal surface that 
sometimes had "holes" at the center that measured 
0.08 vm for carbon, as shown in Figure 7. The 
indentations from the low-energy argon ions 
accelerated at the SuperHILAC ( 3  MeV/n) produced 
greater damage at the surface but no center 
holes, as seen in Figure 8. The initial number 
of indentations showed good agreement with the 
flux density of the particles, which was measured 
independently. 

The earliest 

These effects demonstrate convincingly that 
heavy particles make real lesions in the membrane 
of the cornea, even though lesions may be altered 
somewhat by the fixing and developing techniques 
of microscopy. 
mechanism of producing indentations; however, 
they might be due to the rapid sputtering and 
sublimation of matter near the ionizing core of 
particles, which receives a great energy density 
in a very short time. The diameter of the 
lesions observed i s  usually much larger than the 
initial core diameter, which indicates the 
importance of secondary transport processes. 

We do not fully understand the 

Lens 

G. Worgle of Columbia University, working 
with a team headed by H. Hossi, exposed a number 
of mice to 570 MeV/amu argon particles (private 
communication 1979). Scanning electron micros- 
copy showed circular indentations and straight 

- 

Figure 6. Scanning electron micrograph of a 
single rat corneal epithelial cell from a sample 
tnat received an X-ray dose of 500 rad. The 
nuclear bump is in the upper center; the bright 
specks are contamination crystals. Scale is 
approximately 3 cm = 10 vm (from Nelson, 1980). 
(XBB 805-6606) 

, 1 urn, 

Figure 7. Scanning electron micrograph of a rat 
corneal epithelial cell plasma membrane that was 
irradiated with 474 MeV/amu carbon ions. The 
membrane lesions measure about 0.08 in 
diameter (from Nelson, 1980). (XBB 805-6621) 
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track dosimetry by E. Benton identified the 
particle as a high velocity argon nucleus (or 
heavier). 

20 I-lm 

Figure 8. 
cornea irradiated with 3 MeV/amu argon particles. 
Lesion diameters measure 5 Note the relative 
size of nuclei and whole epithelial cells com- 
pared to the heavy-ion lesions (from Nelson, 
1980). (XBB 805-14737) 

Scanning electron micrograph of a rat 

streaks on the lens epithelium, which had been 
fixed within a few minutes after exposure. This 
group is also accumulating evidence individual 
particles passing either through the central or 
the peripheral portions of the lens causes 
m i cro-op ac i ty . 

Developmental Effects in Corn (Zea Mays) 

Slater and Tobias (1963) and later Yang and 
Tobias (Tobias et al., 1977) exposed seeds of 
Zea mays to doses well below 1 rad in balloon 
flights and in the Biostack space experiments. 
When plants were grown from irradiated seeds, 
necrotic and bleached stripes and other abnor- 
malities appeared in the developing plants. The 
evidence i s  accumulating that these effects are 
due to single HZE ions striking one or more cel1.s 
in the embryonic portion o f  the seed. 
effects cannot be reproduced exactly with low-L 
radiation. X rays (1,000 rad) delivered to the 
seed produce large numbers of lesions in 
developing plants; however, the extent and 
severity of each lesion is orders of magnitude 
smaller than the lesions produced in space by HZE 
ions. The largest lesion was found in plants 
own from seeds flown in Biostack I1 1  (Peterson 

-- 

These 

t al., 1976; Backer et al., 1977); eleven 
ifferent lesions were seen in the first five 
leaves of a single plant grown from one of the 
seeds (one of 500 exposed). Microscopic nuclear 

SUMMARY OF THE EVIDENCE FOR 
MICKOLESIONS PRODUCED BY HZE PARTICLES 

In none of the tissues studied do we find 
conclusive evidence for microlesions that would 
satisfy all six criteria stated earlier. However, 
with transmission and scanning electron micro- 
scopy, most of the criteria were fulfilled in the 
cornea in favor of microlesions produced by 
single HZE particles. There is evidence of HZE 
particle-induced lesions in the retina also, 
however, the size and extent o f  these lesions 
are still in doubt because of possible 
microscopy artefacts. 

In seeds of Zea mays, there is strong 
evidence for developmental effects due to single 
HZE tracks; the developmental effects get larger 
and more elaborate for heavier particles. 

Biological Consequences and Potential 
Hazard from Microlesions 

There are not sufficient data to estimate 
hazards from HZE particle induced microlesions. 
However, we should note that in a one year space 
flight in interplanetary space, the percentage 
of neural or retinal cells hit varies from about 
1% to 10%. The larger figure is for the largest 
neurons in the brain (pyramidal or PurKinje 
cells). 

Neural nets have built in redundancy. If 
some neurons in the net are injured it does not 
necessarily seriously affect net function. 
evaluate the impairment of function, we must 
evaluate the natural redundancy present in 
normally functioning neural nets, and the effect 
of injury on electrical noise and discrimination 
in the net. The only way we can accurately 
evaluate these effects i s  by a continued study 
of the nature and production efficiency of micro- 
lesions produced by HZE particles, and by 
evaluating the relationship of multiple cellular 
injury to the performance, e.g., visual function 
in the retina or homeostatic functions in the 
hypothalamus. 

To 

Finally, it will be necessary to evaluate the 
carcinogenic and cell transforming effects of 
microlesions. The most likely effect o f  a micro- 
lesion i s  immediate or delayed cell death and 
lysis. For this reason it appears likely that 
tne carcinogenic potency of particles of very 
high LET is less than that of particles of 
intermediate LET, which cannot form microlesions. 
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HZE PARTICLE EFFECTS IN THE MAMMALIAN BRAIN: 
RELEVANCE TO MANNED SPACE FLIGHT 

t L.M. Kraft.* F.E. D’Amelio, and E.V. Bentont 

I n  o rde r  t o  j udge  i f  exposure t o  HZE 
p a r t i c l e s  d u r i n g  space f l i g h t  a re  l i k e l y  t o  com- 
promise man’s a b i l i t y  t o  f u n c t i o n  e f f e c t i v e l y  
throughout  an extended m i s s i o n  and t h e r e a f t e r ,  
d i r e c t ,  i n d i r e c t ,  acute, and c h r o n i c  e f f e c t s  i n  
t h e  nervous system, e s p e c i a l l y  t he  b r a i n ,  need 
t o  be determined and q u a n t i f i e d .  The r e s u l t i n g  
i n f o r m a t i o n  shou ld  p r o v i d e  t h e  b a s i s  f o r  e s t i -  
ma t ing  q u a l i t y  f a c t o r s  and RBE va lues o f  t he  
v a r i o u s  heavy i o n s  f o r  d i v e r s e  nervous s t r u c t u r e s ,  
and thus a s s i s t  i n  e s t a b l i s h i n g  r a d i a t i o n  s a f e t y  
s tandards f o r  manned space f l i g h t .  Since r a d i o -  
b i o l o g i c a l  f l i g h t  exper iments i n  mammals a re  
v i r t u a l l y  imposs ib le  t o  conduct and i n t e r p r e t  a t  
present ,  we must r e l y  upon exposure o f  e x p e r i -  
mental animals t o  heavy p a r t i c l e s  i n  t h e  Bevalac 
a t  LBL t o  p r o v i d e  t h e  necessary data.  

RESULTS I N  THE RODENT B R A I N  

We have performed a number o f  exper iments i n  
which t h e  b r a i n s  o f  roden ts  were exposed t o  h i g h  
LET neon, argon, o r  i r o n  p a r t i c l e s .  O f  these, 
t h e  r e s u l t s  o f  i r r a d i a t i o n  W i t h  neon have been 
r e p o r t e d  ( K r a f t  e t  a l . ,  1979). Resu l t s  o f  argon 
and i r o n  i r r a d i a t i o n  a r e  p r e l i m i n a r y ;  never the-  
l ess ,  some o f  t h e  d a t a  a v a i l a b l e  a r e  presented 
below. 

Resu l t s  o f  I r r a d i a t i o n  w i t h  Neon P a r t i c l e s  

Neon p a r t i c l e s  (400 MeV), degraded i n  a water  
column t o  about 40 MeV, were u t i l i z e d  i n  a s i n g l e  
s u r f a c e  dose o f  1,000, 100, o r  10 r a d  i n  a d u l t  
C57B1 mice o r  pocket  mice (Perognathus l o n g i -  
membris). Pocket mice were used b e c a u s e t h e y  
were considered as s u b j e c t s  f o r  f u t u r e  f l i g h t  
exper iments s i n c e  t h e y  do n o t  r e q u i r e  d r i n k i n g .  
water .  The beam was d i r e c t e d - a t  t h e  t o p  o f  t h e  
head p e r p e n d i c u l a r  t o  i t s  l o n g  a x i s ;  t h e  Bragg 
peak was s i t u a t e d  2.8 mm beneath t h e  s c a l p  (about  
midway through t h e  b r a i n ) .  Animals we 
a t  i n t e r v a l s  between 0.5 and 627 days. 

a f t e r  i r r a d i a t i o n ,  increased*numbers o f  n e c r o t i c  
c e r e b r a l  i n t e r s t i t i a l  c e l l s  (ma in l y  n e u r o g l i a ,  
c e l l s  o f  t h e  subependymal p l a t e ,  and microneuron 
of t h e  d e n t a t e  g y r u s )  were observed a f t e r  1,000 1 

and 100 rad.  N e c r o t i c  i n t e r s t i t i a l  c e l l s  were . 
n o t  seen i n  t h e  ce rebe l l um o r  b r a i n  stem: I , . 

As seen i n  t h e  l i g h t  microscope, w i t h i n ,  1 2 ,  

Beginning about 2 weeks a f t e r  exposure, 
n e c r o t i c  neurons appeared i n  smal 1 numbers. 
T h e i r  peak i nc idence  occurred a t  4-5 weeks and 

hey were r a r e l y  encountered a f t e r  2 months. 
lmost  a l l  were seen t o  be i n  the  s t a t e  o f  
o a g u l a t i v e  nec ros i s ;  o n l y  r a r e l y  was f r a n k  

l y s i s  observed. A t  peak i nc idence  t h e  
p r o p o r t i o n  o f  n e c r o t i c  neurons o f  more than  

100,000 neurons scanned i n  t h e  f r o n t a l  c o r t e x  a t  
each dose l e v e l  was es t ima ted  t o  be 0.04% a t  
1,000 rad ,  0.03% a t  100 rad ,  and t0.0005% a t  
10 rad.  In t h e  ce rebe l l um t h e  i nc idence  was 
c o n s i d e r a b l y  l e s s  (t0.0001%). 

f o r  t h e  most p a r t  w i t h  t h e  Bragg zone, which i s  
d e f i n e d  as t h e  i r r a d i a t e d  r e g i o n  upstream o f  and 
i n c l u d i n g  t h e  Bragg peak r e g i o n .  The dose con- 
t r i b u t i o n  o f  t h e  p r i m a r i e s  ranged f rom about 
1,000, 100, o r  10 r a d  a t  t h e  c a l v a r i u m  t o  2,200, 
220, o r  22 r a d  i n  t h e  Bragg peak r e g i o n .  
N e c r o t i c  c e l l s  d i d  no t ,  however, c o n s t i t u t e  a 
band i n  t h i s  r e g i o n .  Rather, t h e y  were s c a t t e r e d  
more o r  l e s s  a t  random th roughou t  t h e  Bragg zone 
( F i g .  1). 

Enlarged hyperchromat ic  n e u r o g l i a  were f i r s t  
noted i n  t h e  Bragg zone a t  3 weeks a f t e r  exposure 
t o  1,000 rad.  They increased i n  number t o  about 
7 weeks and then  dec l i ned .  A t  t h e  same dose, 
axonal damage, as evidenced by u r a n y l  n i t r a t e -  
s i l v e r  s t a i n i n g ,  was seen i n  t h e  deep l a y e r s  o f  
t he  cerebrum beg inn ing  a t  3 months and l a s t i n g  
a t  l e a s t  u n t i l  10 months a f t e r  i r r a d i a t i o n  a t  
1,000 r a d .  

D i s t r i b u t i o n  o f  n e c r o t i c  neurons c o i n c i d e d  

Glycogen accumulat ion cou ld  n o t  be 
demonstrated i n  a s t r o c y t e s  a t  any t ime  i n t e r v a l .  
G l i o s i s  was absent f r o m  a l l  b r a i n s ,  and t h e  
leptomeninges were f r e e  f rom a l t e r a t i o n s  a t  a l l  
t imes and dose l e v e l s .  
cou ld  n o t  be seen i n  Lepehne-Pickworth prepara-  
t i o n s ;  however, upon p e r f u s i o n  o f  a l l  mice t h a t  
r e c e i v e d  1,000 rad ,  r a r e  t o  few p e t e c h i a l  hemor- 
rhages were e v i d e n t  i n  t h e  b r a i n  between 14 and 
201 days a f t e r  exposure. These hemorrhages were 
n o t  seen a t  t h e  lower  dose l e v e l s .  

Acute vascu la r  change 

E l e c t r o n  m ic roscop ic  examinat ion o f  t h e  b r a i n  
a t  36 hours a f te r .1 ,000  r a d  showed many d i s tended  
a s t r o g l i a l  end- feet  i n  r e g i o n s  ad jacen t  t o  com- 
pressed vessels ,  a f i n d i n g  t h a t  was n o t  seen i n  
t h e  c o n t r o l  mice. Vascular endothel ium appeared 
unaltered,,however. I n  t h e  cerebel lum,  P u r k i n j e  
c e l l  p e r i k a r y a  man i fes ted  v a r y i n g  numbers o f  

a1 s,tacks,. most o f  which evjdenced 
es on the lqu te rmos t  membrane o n l y .  

amount o f  endop1,asmic r e t i c u l u m  appeared reduced 
i n  comparison t o  t h e  c o n t r o l s .  

The 

A t  28 d’ays a f t e r  i r r a d i a t i o n  these  changes 
were no l o n g e r  seen. Only occasional  remnants 
o f  a n e c r o t i c  neuron could,  by  chance, be made 
o u t  i n  t h e  mo lecu la r  l a y e r  o f  t h e  hippocampus. 
Reac t i ve  p e r i c y t e s  w i t h  many l i p i d  d r o p l e t s  were 
encountered; o t h e r s  were c l e a r l y  n e c r o t i c .  No 
u l t r a s t r u c t u r a l  changes o f  any k i n d  c o u l d  be 
found a t  28 days a f t e r  exposure t o  10 r a d  
s u r f a c e  dose. 
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COMPARISON WITH PREVIOUS RADIATION STUDIES 
N THE BRAIN 

Changes seen in the light microscope similar 
to those described above have also been noted 
following X and gamma rays, protons, deuterons, 
and alpha particles (Haymaker, 1969; Zeman, 1968; 
Zeman and Samorajski, 1971). Doses used, how- 
ever, were considerably higher than in the neon 
study. One report (Janssen et al., 1962) 
included data from exposure of the rat brain to 
alpha particles at Bragg peak using "low" (50 to 
1,500 rad) as well as high (3,000 to 6,000 rad) 
doses. Although postexposure observation inter- 
vals, species, and some techniques were different 
from those of the neon study, distinct points of 
comparison and divergence do appear. Thus, after 
1,500 rad alpha particles, they found a neuron- 
poor Bragg band at 7 months after exposure. This 
was not seen in our neon material (1,000 rad). 
On the other hand, the cerebellum in their 
animals appeared normal, whereas neon-irradiated 
mice did manifest some necrotic Purkinje cells 
after 1,000 rad and rare ones after 100 rad 
irradiation; but these could quite easily have 
been overlooked in our material had it not been 
for the fact that tissue sections were scanned 
cell by cell at high magnification. 

Likewise i n  the cerebrum no changes were 
noted after 750 rad alpha particles, whereas 
neuronal necrosis, albeit o f  low incidence and 
widespread distribution, occurred after 100 rad 
of neon particles. 

Gliosis and meningeal involvement were absent 
in both investigations. 
o f  glycogen in astrocytes after 1,000 rad of neon 
particles, another study may be examined. 
Utilizing the glucose oxidase method, Miquel 
et al. (1966) were able to demonstrate a slight 
but significant increase in glycogen at 24 h 
after irradiation with 1,500 rad of alpha par- 
ticles, the lowest dose investigated. 
methodology differed in the two studies. 
other hand, dose alone may have been the 
effective variable. 

In evaluating the lack 

Again, 
On the 

Brownson et a1 . (1963) reported the appearance 
of necrotic interstitial (predominantly neuro- 
glial) cells within 36 hours after X-irradiation 
(50 to 10,000 rad) in the rat brain. Significant 
numbers of altered oligodendroglia were recorded 
in rats receiving as little as 150 R. They 
enumerated the necrotic glia and,showed that the 
numbers were directly related to the total X-ray 
dose. Thus, they regarded the effect as primary 
rather than secondary. Data from the neon study 
are comparable and tend to support the view that 
the effect is, morphologically at least, primary. 

The acute appearance of necrotic cells in 
the subependymal plate, Smart (1961) showed 
autoradiographically that migration of cells in 
this location is minimal in the adult mouse. 
Brownson et al. (1963) then speculated that 
radiation merely accelerates the degeneration of 
cells in metaphase that can no longer differen- 
tiate or migrate and that would ultimately die 
in any event. 

The paucity of reports on "low" dose (less 
than 1,000 rad) radiation effects in the brain 
is equalled by the rarity of quantitative evalu- 
ations. An exception is the work of Zeman et al. 
(1961) in which microbeams of'deuterons were used 
to determine the dose at which nerve cells in 
the visual cortex of mice were totally destroyed 
in 24 days. When a small volume of tissue was 
irradiated by means of 0.025 mm diameter beam, 
400,000 rad were required, and there was little 
variation among animals. However, only about 
14,000 rad were needed to attain the end point 
when the beam was 1 mm in diameter; here there 
was considerably greater variation among the 
mice. Variability decreased in direct relation 
to the volume of tissue irradiated. Since more 
vessels were exposed when the larger beam was 
used, it was thought that the variability was due 
to the number of vessels irradiated, and neuronal 
necrosis was regarded as a secondary effect 
attributable to the radiosensitivity of vessels, 
rather than to the primary sensitivity of the 
neurons themselves. At that time neuroglial 
cell loss was not regarded as contributory to 
neuronal death, but later Zeman (1968) did 
discuss this as a possible role of the glia, 
especially with regards to the demyelination of 
axons. Based on our results, we believe that 
acute interstitial neuroglial cell loss in the 
adult mouse i s  perhaps more important than 
vascular damage at low dose (hundreds of rad and 
below), since we were unable t o  demonstrate 
endothelial changes at the ultrastructural level 
after 1,000 rad but we could find swollen neuro- 
glial end-feet in association with vessels within 
hours after irradiation. This observation does 
not in itself eliminate injury to the endothelium 
(such as permeability changes) as a factor in 
the genesis of the alterations in the glial 
end-f eet. 

Acute postexposure oligodendroglial cell loss 
has been discussed by Brownson et al. (1963). 
They believed that if injury to surviving 
oligodendroglia together with the loss of large 
numbers occurs acutely, there would be an inter- 
ruption and desynchronization of their renewal 
cycle with concomitant impaired integrity of the 
myelin sheath. The question is intriguing and 
invites intensive investigation. 

The presence of hyperchromatic, enlarged, 
malformed interstitial cells in irradiated brain 
has occasionally been noted in the literature. 
Arnold and Bailey (1954) called them "monstrous 
cells," and described them in the irradiated 
field of a patient who had received a course of 
X-ray therapy (dose was not divulged) 15 months 
prior to death. Zeman and Samorajski (1971) 
also recognized such cells in the irradiated 
human spinal cord where the dose was in excess 
of 3,500 R of 250 kVp X rays. 
exposed to neon radiation, we regard them as 
sublethally irradiated neuroglia or the malformed 
progeny. 

In the mice 

Axonal degeneration became evident 3 months 
after neon particle irradiation (1,000 rad), but 
neuronal necrosis was at peak incidence 1 month 
thereafter. This observation suggests a contin- 
uous slow loss of neurons (perhaps by lysis), 

A 



289 

thus increasing, perhaps significantly even at 
very low doses, the total number of neurons that 
are destroyed--numbers that can not be estimated 

G f r o m  observation of necrotic neurons alone: 

Results of Irradiation with Argon Particles 

Limited data are available in the mouse brain 
following irradiation with 500 amu argon 
particles. The irradiation and evaluation were 
as described above for neon. At peak incidence, 
following 400 rad surface dose, for example, 
0.008% of the neurons in the cerebral cortex were 
necrotic (35 days) and at 80 rad, 0.001% were 
seen. In the cerebellum t0.001% were found. 
These results are not markedly different from 
those in the neon study (Fig. 1). 

In the cerebrum of mice irradiated 35 days 
previously with 2,000 rad argon (surface dose), 
but not after exposure to 1,000 rad, a definite 
band devoid of nerve cells could be seen in the 
Bragg peak region in the hippocampus only. The 
dose here was about 4,000 rad. The hippocampal 
gyrus itself was severely damaged. All pyramidal 
cells in the Bragg band region were destroyed. 
The neighboring dentate gyrus, on the other hand, 
rarely manifested necrotic cells, nor was the 

NEON 
1034 RAD 

3.7 X lo7 PARTICLES/cm2 

124,000" 
(23 2 0.015%) ** 

cerebral cortex lateral to the hippocampal gyrus 
noticeably involved. 
susceptiblity of various brain regions of 
structures. . 

This typifies the diverse 

Comparison between Argon and 
Neon Particle Irradiation 

Figure 1 illustrates the distribution of 
single necrotic neurons in the frontal, 
diencephalic, and cerebellar regions of the mouse 
brain. Note the relative resistance of the 
cerebellum. The distribution in the diencephalic 
slice of both mice seems to favor the hippocampus. 
Because of the small number of necrotic cells 
involved, however, it is not possible to 
determine if this distribution is significant. 

Results of Irradiation with Iron Particles 

We were able to expose mice to a maximum dose 
of only 25 rad. Accelerator scheduling further 
restricted exposure opportunities, therefore, 
only a few mice could be irradiated. Neverthe- 
less, using the same methods as described, we 
could find no necrotic neurons at 28 days after 
irradiation. This end point will not be useful 

ARGON 
437 RAD 

8.1 x lo6 PARTICLES/cm2 pT (12 31,000 0.008%) 

40.000 
(12 P 0.008%) 

30,000 
(1 = <0.001%) 

Figure 1. Comparison of results of idradiation of mice with neon or 
argon particles at the indicated dose4 (and fluences) 35 days after 
exposure. 
The Bragg peak region is indicated by the curved line in each segment; 
segments are 48 urn thick. 

* Total number o f  particles entering each segment. 
** Number o f  necrotic neurons per segment = percent of total 

The beam was directed from above, parallel with this page. 

neurons per segment. (XBL 808-11364) 



in comparing iron with other ions until a more 
intense beam can be made available. 

APPLICABILITY OF THE RESULTS TO MAN 

In attempting to extrapolate the findings in 
the rodent brain to that of man, great caution 
must be exercised. A principal concern, 
obviously, is the number of dead neurons that 
follow irradiation expressed as percent of the 
total population of nerve cells. Although man's 
brain is 4,000 times larger in volume than that 
of the mouse (Comstock et al., 1971) and there- 
fore more likely to be hit by cosmic-ray par- 
ticles in space, the neuronal' concentration in 
the cerebral cortex, for exam le, is considerably 

mouse (about 140,000 neurons/mm3) 
Elliott, 1952). The synaptic interconnections 
in the cortex o f  man, however, are far more 
extensive and complex than in the rodent (Hollo- 
way, 1968).  Thus, in man, single particles would 
have a greater chance of traversing and ending 
in gliacytes and neuropil (including vast numbers 
of synapses containing mitochondria, synaptic 
clefts, and synaptic vesicles) than they would 
terminating in the soma of neurons. 

Together with endothelial cells, the inter- 
stitial glial cells constitute 75% of the cells 
of the cerebral cortex in man; the neurons 
comprise only 25% of the cellular contingent 
(Comstock et al., 1971). We therefore feel it 
i s  imperative to study the radiobiology of HZE 
particle effects in the more numerous, more 
radiosensitive renewing cells of the brain in 
order to understand the consequences of radiation 
damage in that compartment to the neurons. 

lower (about 9,000 neurons/mm 5 ) than in the 
(Tower and 

WORK IN PROGRESS AND STUDIES PLANNED 

As we have seen, the results of exposure of 
mice to 2,000 rad argon particles exemplify the 
differential radiovulnerability of various 
neighboring brain structures. 
neuronal necrosis will, therefore, have to be 
determined for the most radiosensitive region, 
perhaps the Sommer sector of the hippocampus. 
The RBE may turn out to be quite different for 
more resistant neurons, but for space flight 
applications, the latter may be academic. 
Clearly, high doses will be required to establish 
the data in the hippocampus, which we expect t o  
carry out using cell enumeration techniques 
similar to those of Walker et al. (1980). 

The RBE values for 

For RBE values of interstitial neuroglial 
cell loss, much lower doses will suffice. The 
dose levels at which endothelial cells manifest 
ultrastructural changes have not yet been 
determined, but we expect to make contributions 
in this area as well. 

Perhaps of importance comparable to possible 
brain cell loss resulting from space flight, are 
the physiologic and abscopal effects of low doses 
as reflected in ultrastructural and/or biochem- 
ical changes. Thus, we have initiated morpho- 
logic and endocrine studies after single 
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exposures - the former with respect to synaptic 
configurations and the latter regarding some of 
the anterior pituitary hormones. Data, although 
too fragmentary to warrant description here, are 
encouraging. 
particle effects in the brain after fractionated 
doses. Nor have the effects o f  mixed modalities, 
such as irradiation with the heavy ions followed 
by X rays, protons, or other types of radiation, 
been addressed. Considering that radiation 
exposure is continuous during extended space 
flight, these fractionated and mixed modality 
effects will be most important, since they would 
provide a first approximation t o  the space 
radiation environment. 

We have not yet explored HZE 

To a considerable extent, exposures of the 
brain have to date been "range-finding" in 
character. We look forward to additional 
utilization of the Bevalac in order to establish 
more accurately the time/dose/RBE relationships 
of the effects observed. 

SUMMARY 

The brain of rodents has been studied 
following high LET neon particle irradiati'on with 
doses ranging from 10 to 1,000 rad. The changes 
observed by light microscopy after 1,000 rad 
irradiation, for example, include acute necrosis 
o f  interstitial cells within 36 h of exposure, 
necrotic neurons (peak incidence, 4-5 weeks after 
irradiation; 0.04% of total cerebral neurons), 
hyperchromatic neuroglia (peak incidence at 
7 weeks), and axonal degeneration beginning at 3 
months postexposure. These changes are compared 
with those reported following exposure to other 
radiation modalities. 

n 

Neuronal necrosis following high LET argon 
particle irradiation was comparable to that with 
neon. Low doses (25 rad and below) of iron 
nuclei resulted in no visible necrotic nerve 
cells. 

Acute neuroglial cell loss or damage is 
discussed as to its possible role in chronic 
neuronal necrosis and in loss of axonal 
integrity. Work in progress and anticipated 
future studies are indicated. 
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LIFE SPAN STUDIES ON MICE EXPOSED TO HEAVY CHARGED PARTICLES OR 
PHOTONS: PRELIMINARY RESULTS 

E. J. Ainsworth 

Among t h e  p lans  under c o n s i d e r a t i o n  t o  cope 
w i t h  p r o j e c t e d  n a t i o n a l  energy needs i s  t h e  
e x p l o i t a t i o n  o f  s o l a r  energy through t h e  S a t e l -  
l i t e  Power System (SPS), which w i l l  c o n v e r t  s o l a r  
energy t o  microwaves t h a t  a r e  c o l l e c t e d  by  
rectennas l o c a t e d  on t h e  e a r t h ' s  su r face .  I f  
such a ven tu re  should come t o  f r u i t i o n ,  thousands 
o f  workers, over  a p e r i o d  o f  years,  w i l l  vo lun-  
t a r i l y  l i v e  i n  a space environment f o r  p e r i o d s  
up t o  seve ra l  months (DOE and NASA, 1978). 
Dur ing  t h i s  t ime,  t h e y  w i l l  be sub jec ted  t o  a l l  
t h e  r i g o r s  o f  t h e  space environment, i n c l u d i n g  
exposures t o  low and h i g h  LET r a d i a t i o n s  t h a t  
c o u l d  be n o n t r i v i a l  i n  comparison w i t h  average 
doses sus ta ined  by  occupa t iona l  workers on e a r t h .  
A l though t h e  r a d  dose a n t i c i p a t e d  f r o m  high-LET 
neavy cnarged p a r t i c l e s  i s  sma l l  (p robab ly  l e s s  
than  5%) ,  i n  comparison w i t h  t h e  dose produced 
by  p ro tons  and bremsstrah lung,  t h e  heavy cnarged- 
p a r t i c l e  dose becomes o f  g r e a t e r  concern when 
a p p r o p r i a t e  q u a l i t y  f a c t o r s  o f  10 t o  20 ( o r  per-  
haps h i g h e r  va lues i n  t h e  f u t u r e )  a re  ass igned 
t o  t h a t  component o f  t h e  dose. 
a p p r o p r i a t e  q u a l i t y  f a c t o r s  t o  be assigned t o  
v a r i o u s  heavy charged p a r t i c l e s  c h a r a c t e r i z e d  by  
d i f f e r e n t  LET values, where r a d i a t i o n  ca rc ino -  
genesis i s  t h e  n e a l t h  hazard o f  p r i n c i p a l  
i n t e r e s t ?  The 1 i f e -span  experirnents, des ignated 
Skyhook, t h a t  a r e  desc r ibed  i n  t n i s  chap te r  were 
designed t o  y i e l d  i n f o r m a t i o n  on l i f e  span 
sho r ten ing  and excess m o r t a l i t y  r a t e s  i n  r e l a t i o n  
t o  LET. Tnese d a t a  w i l l  be impor tan t  t o  d e t e r -  
mine t n e  a p p r o p r i a t e  q u a l i t y  f a c t o r s  ( 9 )  by  which 
t o  assess human h e a l t n  r i s k s  i n  a space r a d i a t i o n  
environment. 

What a r e  t h e  

Two c r i t i c a l  r a d i o b i o l o g i c a l  ques t i ons  
concern ing HZE p a r t i c l e s  are: (1) How do HZE 
p a r t i c l e s  conform t o  e x i s t i n g  r a d i o b i o l o g i c a l  
t h e o r y  w i t h  r e g a r d  t o  t h e  r e l a t i o n s h i p s  between 
LET, and RBE f o r  carc inogenesis ,  l i f e  shovtening,  
and o t h e r  d e l e t e r i o u s  l a t e  e f f e c t s  o f  r a d i a t i o n ?  
( 2 )  Are unique l e s i o n s  produced i n  p r o l i f e r a t i n g  
o r  n o n p r o l i f e r a t i n g  t i ssues .because  o f  t h e  : . I .  

s p e c i a l  p h y s i c a l  c h a r a c t e r i s t i c s  o f  HZE 
p a r t i c l e s ?  The Skyhook p r o j e c t  focuses on t h e  
f i r s t  q u e s t i o n  i n  t h e  c o n t e x t  o f  r a d i a t i o n -  . . a  

induced l i f e  s h o r t e n i n g  and carc inogenesis .  L i f e  
s h o r t e n i n g  was s e l e c t e d  as t h e  p r i m a r y  end point': 
i n  these p i l o t  s t u d i e s  because o f  a,Dudget.com-! 
promise. The o p t i m i s t i c  e x p e c t a t i o n i i s  t ha t : .  
f u t u r e  suppor t  w i l l  p r o v i d e  f o r ,  complete autop-':; 
s i e s  and h i s t o p a t h o l o g i c a l .  assessments , t h a t  . w i  
p e r m i t  1 i m i  t e d  i n fe rences  regarding;,cause o f  
death and t h e  i nduc t i on -p romot ion  o f  neop1ast ' ic. i  
diseases. These s t u d i e s  cou ld  be accomplished 
w i t h  a second genera t i on  o f  exper iments w i t h  
sample s i z e s  t h a t  a r e  t a i l o r e d  based on expecta- 

@ions o f  r a d i a t i o n - i n d u c e d  tumor f requency.  Only 
i n  t h i s  way can meaningfu l  da ta  be c o l l e c t e d  t o  
t e s t  a l t e r n a t i v e  hypotheses w i t h  rega rd  t o  t h e  
shapes o f  tumor dose-response curves i n  r e l a t i o n  

t o  LET o r  o t h e r  p h y s i c a l  parameters assoc ia ted  
w i t h  heavy charged p a r t i c l e s .  

The exper imenta l  des ign  and s e l e c t i o n  o f  
r a d i a t i o n  doses f o r  Skyhook exper iments have been 
i n f l u e n c e d  l a r g e l y  by t h e  Janus experiments a t  
Argonne Na t iona l  Labora to ry .  We would l i k e  t o  
compare our r e s u l t s  w i t h  t h e  Janus r e s u l t s ,  which 
compare t h e  l i f e - s h o r t e n i n g  and ca rc inogen ic  
ef fects  o f  f i s s i o n - s p e c t r u m  neutrons and gamma 
r a d i a t i o n  u s i n g  a mouse p o p u l a t i o n  t h a t  numbers 
i n  t h e  tens  o f  thousands (Ainsworth e t  a l . ,  
1976). An unequivocal  answer i s  sought w i t h  
rega rd  t o  HZE p a r t i c l e  hazard i n  r e l a t i o n  t o  
f i s s i o n  neu t ron  hazard, i n  r e l a t i o n  t o  dose, dose 
f r a c t i o n a t i o n ,  and LET. In terms o f  r i s k  assess- 
ment, should t h e  hazard l e v e l  assoc ia ted  w i t h  t h e  
most hazardous HZE p a r t i c l e  be lower  than  t h a t  
determined f o r  f i s s i o n  neutrons,  t h e  Q f a c t o r  
assigned f o r  human r i s k  assessment f o r  neutrons 
a t  low doses shou ld  n o t  underest imate t h e  r i s k  
of HZE p a r t i c l e s .  I f  t h e  most hazardous HZE 
p a r t i c l e  proves t o  be su r roga te  f o r  f i s s i o n  
neutrons, w i t h  f i s s i o n  neutrons c u r r e n t l y  con- 
s ide red  a more hazardous fo rm o f  e x t e r n a l  h i g n  
LET r a d i a t i o n ,  t h e  upper boundary c o n d i t i o n  f o r  
hazard and r i s k  assessment would be d e l i n e a t e d ,  
and r i s k  assessment problems would be s i m p l i f i e d .  
Th is  assumes t h a t  no unique l e s i o n s  o f  a noncar- 
c inogen ic  n a t u r e  a r e  o f  p a r t i c u l a r  concern. 
t h e  moment t h a t  q u e s t i o n  remains open, and 
c e r t a i n  emerging d a t a  on roden t  corneas and 
r e t i n a s ,  p l u s  t h e o r e t i c a l  c o n s i d e r a t i o n s  rega rd -  
i n g  thermophysica l  l e s i o n s ,  r a i s e  impor tan t  
ques t i ons  about any f i r m  conc lus ions  t o  t h e  
e f f e c t  t h a t  no un ique  l e s i o n s  a re  expected t o  
make HZE p a r t i c l e s  (Malachowski e t  a l . ,  1980; 
Nelson e t  a l . ,  1980; Tobias e t  a l . ,  1979b). 
Based on cumu la t i ve  m o r t a l i t y  d a t a  c u r r e n t l y  
a v a i l a b l e  f r o m  t h e  Skyhook experiments, s t o p p i n g  
400 MeV carbon p a r t i c l e s  appear t o  be no more, 
and p rooab ly  l e s s  e f f e c t i v e  than  f i s s i o n  spectrum 
neutrons f o r  s h o r t e n i n g  l i f e  span. 

A t  

D E S I G N  C O N S I D E R A T I O N S  AND PROCEDURES 

The Skyhook exper iments were designed t o  t e s t  

1. The l i f e - s n o r t e n i n g  response and i t s  
assoc ia ted  RBE i s  LET, dependent. A maximum 

I occurs a t  an LET, vd lue  o f  100 keV/,.,m, and 
t h e  e f f e c t  i s  independent o f  HZE p a r t i c l e  
mass, charge, o r  v e l o c i t y .  
2. HZE p a r t i c l e s  c h a r a c t e r i z e d  by LET 
s i m i l a r  t o  t n a t  o f  f i s s i o n  spectrum neutrons 
(40-70 keV/,.,m) should ( a )  be as e f f e c t i v e  as 
neutrons i n  t h e  p r o d u c t i o n  o f  l i f e  sno r ten ing ;  
( b )  t h e  r e l a t i o n s h i p  between r a d i a t i o n  dose 
and l i f e  s h o r t e n i n g  should be n o n l i n e a r ,  
conform t o  a model b e s t  f i t t e d  by a power 

t h r e e  s p e c i f i c  hypotheses: 
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function; and be characterized by a slope of 
approximately 0.5 on a log-log-plot; (c) the 
RBE value for life-shortening response should 
be inversely proportional to HZE particles 
dose; (d) fractionated doses of HZE particles 
that have an LET similar to that of fission 
neutrons should behave as a neutron surrogate 
and produce a higher percentage life shorten- 
ing than the same single dose when fraction- 
ated doses are administered over approximately 
six months. 
3. 
shortening responses that are totally dose 
dependent. No damage interaction modality 
occurs that could serve to influence cell 
killing, neoplastic transformation, or other 
radiation responses that might influence the 
life-span effects when single doses of HZE 
particles and photons are administered within 
0.5 to 2 h. The essential point is that 
considerations of track- or dose-averaged 
LET may not be the only way to predict 
biological response, RBE, or the quality 
factor for risk assessment. 

Biological factors that may influence the 

HZE particles and photons produce life- 

relationship between LET and RBE for cell kil ing 
(or other end points) are not established ful y. 
Somewhat different relationships may occur af er 
both in vivo and in vitro irradiation (Tobias 
et al., 1979a). The RBE maximum may not occur 
at the same value of LET for mammalian cell 
cultures propagated in vitro and for cellular or 
tissue responses after in vivo irradiation. 
general, for cell killing based on a loss of 
proliferative capacity, cultured mammalian cells 
show a peak RBE in vitro at LET, values of 
100 keV/Flm or higher. 
response may peak at a lower LET, value. Inter- 
phase death in human lymphocytes irradiated 
in vitro shows a peak RBE at -43 keV/vm for the 
predominant population, and a second peak at 
-190 keV/um for a small subpopulation (Madhvanath 
et al., 1976). 

stem cells, testis stem cells, and hematopoietic 
stem cells (CFU-S) exhibit relationships that are 
not entirely compatible with the existing theory 
on the RBE-LET, relationship. For the intestine 
and testes, estimates of 00 differ when animals 
were irradiated with HZE particles that differed 
in mass or charge, but were characterized by 
similar LET, values (E. L. Alpen, private com- 
munication). The RBE values, based on estimates 
of Do for hematopoietic stem cells, are 
slightly lower than previously published result 
for fission spectrum neutrons (see Ainsworth 
et al., Part IV). The RBE value appears to be 
independent o f  LET, over the range of 40 to 
100 keVlum because it remains approximately the 
same at both values of LET. Other data from ce 
culture experiments have also shown different 
biological responses caused by changes in ioniza- 
tion track structure, where the LET, remains 
approximately the same (Cox et al., 1977). 

heavy charged particles are only now being 
defined accurately for cellular and tissue 
responses to HZE particle irradiation (Hall 

In 

In vivo cellular or tissue 

Emerging results show that intestinal crypt 

The relationships between LET, and RBE for 

et al., 1977; Guichard et al., 1977; Blakely 
et al., 1979; Tobias et al., 1979a, Leith 
et al., 1976; Todd, 1974; Raju et al., 1976; 
Chapman et al., 1978). Therefore, the small 
amount of data on late effects such as life 
shortening or carcinogenesis is not surprising. 
Although precise relationships between cell 
killing, mutagenesis, and carcinogenesis or life 
shortening in vivo are not understood (Strong, 
1977; Mole, 1975), the observations summarized 
above provide compelling motivation to increase 
our fundamental knowledge in this area. If 
mutagenesis is any indication of potential RBE 
for carcinogenic effects, the information by Cox 
et al. (1977) described above indicates much 
higher RBE values for mutation than for cell 
killing. In addition, the RBE-LET relationship 
for the two end points specified may show differ- 
ent dependence of RBE on LET after cells are 
exposed to low energy HZE particles or photons. 

characterize life-span responses, in relation to 
LET,, for heavy charged particles; they also 
provide the rationale for specific hypothesis 1 
stated above. Within the constraints of the 
sample sizes available to this experiment, 
results from the life span study should provide 
data to test this hypothesis. 
strict LET, dependence for life span response 
could indicate influences of mass, charge, or 
particle velocity. Results from the Skyhook 
experiments should provide information essential 
to the design of any future experiments that 
focus more sDecificallv on radiation carcino- 

These considerations emphasize the need to 

Departures from 

genesis, whether they ire 1 ife-span 
supported by autopsy and histopatho 
evaluations or experiments that uti 
tumor model systems. 

The protocol for the experiment 
Skyhook-I is shown in Table 1. Rad 
quality, doses, estimated values of 

studies 
ogical 
ize specific 

designated 
ation 
LET. and 

samplesizes are shown. 
conditions are used to ensure that the same 
dose-averaged estimate of LET, is provided by 
both stopping and nonstopping HZE particles at 50 
and 100 keV/vm, respectively. This should permit 
specific assessment of any role of ion species, 
particle mass, or charge. In this way, the 
shapes of the dose-response curves for life 
shortening for the five HZE particle conditions 
can be compared to dose-response curves for 60 Co 
gamma radiation. Fission spectrum neutrons might 
not be unique and some HZE particles should be 
an appropriate surrogate. Should none of the HZE 
particles evaluated prove to be more hazardous 
than are fission neutrons, our basic questions 
will be largely answered, and efforts can be 
directed to other areas that relate to unique 
lesions, in particular to critical tissues or to 
tne mechanism by which high LET radiations pro- 
duce enhancement of tumorigenic response in life 
shortening when fractionated doses are given. 

Enhancement has significant implications for 
the underestimation of risk from single-dose 
studies, and enhancement has been shown convinc- 
ingly to occur where life shortening, some tumor- 
igenic responses, vascular injury, and chromosomal 
aberrations are the end points (Ainsworth et al., 

Five HZE particle 

... ... . . ~ . _ _  .... - .. ._  . - _ _  
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Table 1. Revised Skyhook-I P r o t o c o l  (2640 cB6F1 Male Mice)  

R a d i a t i o n  S i n g l e  Dose ( r a d )  F r a c t i o n a t e d  Doses ( r a d )  

Dose N T o t a l  F r a c t i o n  N 
Dose} 

F i v e  HZE P a r t i c l e  Cond i t i ons  

-50 keV/um 
carbon: spread Bragg peak* 0 50 50 0.0 50 

40 80 40 1.6 80 
neon: p l a t e a u  80 50 80 3.3 50 

-100 keV/um 
neon: spread Bragg peak 120 50 120 5.0 50 

160 50 160 6.6 50 
argon: p l a t e a u  240 50 2 40 10.0 50 

-150 keV/um 
argon: spread Bragg peak 320 50 320 13.3 50 

6 0 ~ 0  gamma 

0 50 0 0.0 50 
143 80 417 17.3 80 
268 50 569 23.7 50 
41 7 50 845 35.0 50 
569 50 1416 60.0 50 
788 50 1889 79.0 50 

* Total-dose dependence i s  assessed by  exposing groups o f  50 mice t o  s i n g l e  doses o f  
40, 80, o r  160 r a d  o f  s topp ing  carbon ions,  and w i t h i n  1-2 hours t h e r e a f t e r ,  
a d m i n i s t e r i n g  a s i n g l e  dose o f  268 r a d  g a m a  r a d i a t i o n .  

1974, 1976; S t o r e r  e t  a l . ,  1979; Fry and Ains- 
worth, 1977; Yang e t  a l . ,  1978; Grahn e t  a l . ,  
1979). Var ious n a t i o n a l  committees concerned 
w i t h  r i s k  e s t i m a t i o n  have not considered t h e  
enhancement phenomenon. When enhancement was ~ 

f i r s t  demonstrated c o n v i n c i n g l y  (A insworth . I 

e t  al. ,  1974), i t  was assumed t o  occur  o n l y  a t .  
h i g h  doses where s a t u r a t i o n  o f  t h e  tumor igenic .  
response occurred,  and hence had no re levance  t o  
t h e  e s t i m a t i o n  o f  r i s k  a t  low doses. ,However, - 
c o n v i n c i n g  new d a t a  show u n e q u i v o c a l l y  t h a t  
enhancement occurs a t  a t o t a l  f i s s i o n  n e u t r o n  - . 
dose o f  20 r a d  ( J .  F. Tnomson, p r i v a t e  communica- 
t i o n ) .  The mechanism o f  enhancement-remains % 

obscure, a l t hough  m i c r o d o s i m e t r i c  exp lana t ions  , I  
have been cons ide red  (A inswor th  e t  a1 
Another p o s s i b i l i t y  f o r  t h e  enhanceme 
i s  t h a t  because o f  t h e  exponen t ia l  su 
curves t h a t  c h a r a c t e r i z e  f i s s i o n  spec 
neu t rons  and some heavy charged p a r t i c l e s  ( a t .  
l e a s t  i n  some i n  v i v o  and i n  v i t r o  systems) 
repeated doses, even low doses, r e s u l t  i n  c e l l  
k i l l i n g  t h a t  produces a r e c r u i t m e n t  o f  c e l l s  i n t o  

i o n  o f  c e l l s  a t  r i s k  f o r  n e o p l a s t i c  t ransforma- 
i o n .  When low doses o f  photons a re  given, 

and t h i s  p rov ides  f o r  an increased popula- 

e i t h e r  i n  f r a c t i o n s  o r  cont inuous exposures a t  
low dose r a t e s ,  l e s s  c e l l  k i l l i n g  and concomi tant  

r e c r u i t m e n t  should occur, thus t h e  number o f  
c e l l s  a t  r i s k  f o r  n e o p l a s t i c  t r a n s f o r m a t i o n  
shou ld  n o t  be i nc reased  due t o  a c t u a t i o n  o f  a 
feedback mechanism t r i g g e r e d  by ce l l  k i l l i n g  i n  
o rgan ized  t i s s u e s .  

The t h i , r d  s p e c i f i c  hypo thes i s  t e s t e d  i n  t h e  
Skyhook exper iments,  i.e., t h e  i n t e r a c t i o n s  
between HZE p a r t i c l - e s  and photons, deserves 
f u r t h e r  exp lana t ion ,  (and indeed, a g r e a t e r  
exper imenta l  e f f o r t  t han  i s  programmed c u r r e n t l y  
i n t o  t h e  exper imen t ) .  When r i s k  es t ima tes  a r e  
p r o v i d e d  for ,exposures t o  m i x t u r e s  o f  h i g h  and 
low+LET r a d i a t i o n s ,  e.g., d u r i n g  occupa t iona l  
exposures o r . i n  a space environment, t h e  d e l e t e r -  
i ous -e f f , ec ts  o f  h i g h  and  low LET r a d i a t i o n s  a r e  
as,sumed t o  be t o t a l l y  independent. Rem doses a r e  
computed on that,,basis,.  I f  damage i n t e r a c t i o n s  
were t o  occur  t h a t  r e s u l t e d  i n  a s y n e r g i s t i c  

computat ion o r  rem doses i n  complex r a d i a t i o n  
f i e l d s  would be i n a c c u r a t e  and underest imate 
r a d i a t i o n  r i s k s .  The "mixed m o d a l i t y "  e x p e r i -  
ments performed by  Ngo e t  a l .  (1978) i n f l u e n c e d  
t h e  des ign  of a sma l l  f r a c t i o n  o f  t h e  Skyhook 
experiments. I n  o rde r  t o  t e s t  t h e  hypo thes i s  o f  
t o t a l  dose dependence, o r  conve rse ly  t o  cons ide r  
the  q u e s t i o n  o f  " a d d i t i v i t y , "  groups o f  50 mice 

n n e o p l a s t i c  t r a n s f o r m a t i o n  o r  mu ta t i on ,  
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were given a single dose of carbon ions 640, 80, 
or 160 rad), and then a single dose of 6 Co 
gamma radiation (268 rad). Simultaneous exposure 
to the carbon ions and gamma rays would be the 
preferable means by which to test the hypothesis, 
but that option is not available to us. 

We have done a few preliminary experiments 
to explore the "additivity" of single doses of 
high and low LET rddiations (Ainsworth et al., 
1964). The systematic investigation of potential 
damage interaction modalities is an emerging area 
in radiation biophysics (Ngo et al., 1977, 1978). 
Cellular responses following high-LET radiation 
were originally thought to represent two condi- 
tions: (1) dead or dying cells, and (2) cells 
that survived without any damage. 
that cells surviving high-LET, radiation contain 
the lesions responsible for mutagenesis, carcino- 
genesis, and life shortening; RBE values are 
greater than 1.0. 
DNA does occur following high-LET radiation, 
albeit to a lesser extent than the repair follow- 
ing low-LET radiation (Roots et al., 1979). 
Evidence also exists for interaction between 
damage modalities when cells are exposed to the 
two radiation qualities over a short time (30 to 
120 min). Cell cultures irradiated and culti- 
vated i n  vitro show an enhanced sensitivity to 
X rays following an initial exposure to fission 
spectrum neutrons (Ngo et al., 1977). A priming 
dose of either HZE particles or photons appears 
to increase the rate of cell killing produced oy 
the second modality (Ngo et al., 1978). The 
relationships between cell killing, life shorten- 
ing, and tumorigenesis are not well understood, 
but the recent observation that a first dose of 
high-LET radiations (negative pi mesons) 
influences the sensitivity of cells cultured 
in vitro to the mutagenic effects of photons (J. 
Yuhas, private communication) provides a compel- 
ling reason to explore the extent to which such 
phenomena could occur for neoplastic transforma- 
tion or life shortening and carcinogenesis. This 
issue is fundamental to radiation risk assessment 
and computation of rem doses, since damage 
independence is the basis of rem dose. Other 
experiments have shown that the magnitude and 
duration of the G 2  block is accentuated follow- 
ing exposure to either negative pi mesons or HZE 
particles. Tnese studies lend insight to the 
nature of DNA damage and the sensitivity of 
surviving Cells to a subsequent dose of photons 
0: heavy charged particles (Schlag et al., 1978; 
Lucke-HGhle et a1 . , 1979). These studies provide 
the rationale for the third specific hypothesis. 

The current Skyhook series of experiments 

We now know 

Repair of high-LET damage to 

consist of two different experiments conducted 
under slightly different conditions. 
Skyhook-P (pilot) used BbCFi/ANL mice 
produced by the animal facility at ANL. These 
animals were shipped from ANL in connection with 
a collaborative study on harderian gland carcino- 
genesis, but they could not be used in those 
experiments. Most of the 200 animals were in the 
age range of 120-150 days, but a significant 
fraction was about 200-250 days old. This age 
variation is undesirable because the age at 
irradiation is known to influence radiation- 
induced life shortening (Ainsworth et al, 1974). 

The first, 

At the time the experiment was initiated these 
were the only animals projected to be available 
for six to nine months. We wanted to use the 
same line of mice as the Janus experiments at ANL 
so that, although preliminary, a direct compari- 
son between fission neutrons and carbon ions 
could be made. 
comparisons between heavy charged particles and 
fission neutrons, an arrangement had been made 
with ANL to use the Argonne nybrid mouse in the 
Skyhook series of experiments, but this could not 
be accomplished because of administrative and 
budgetary reasons. At that time, arrangements 
were made to purchase the reciprocal hybrid, 
designated CB6F , from the Roscoe B. Jackson 
Memorial Laboratory, Bar Harbor, Maine. 
females would have been preferable because they 
are more sensitive to life shortening and they 
present ovarian tumors and cysts, only males were 
commercially available. Consequently, the major 
experimental effort involves the use of CBgF1 mice 
(Table 1). Based on a genetic pedigree, the life 
shortening and tumor responses in the two hybrids 
are expected to be the same; indeed, D. Grahn has 
indicated that radiation induced life shortening 
under conditions of chronic gamma radiation is 
similar in the two hybrids (personal communica- 
tion, 1977). 

are described by Lyman et al. in Part V I ,  
Section A. Unanesthetized mice were irradiated 
four at a time in a 3.5 x 10.5 cm lucite animal 
holder positioned approximately 6 m from the thin 
mylar window where the charged particle beam 
enters Cave I 1  at the Bevalac. Interposed in the 
beam are lead scattering foils, a collimator, 
upstream and downstream ionization chambers, a 
multiwire proportional chamber, and a water 
column. The variation in dose over the animal 
holder did not exceed lo%, and the instantaneous 
dose rates occasionally varied (a few rad/min to 
approximately 500 rad/min). The lowest dose 
rates were obtained when scheduling considera- 
tions at the Bevatron made it necessary to use 
the Bevatron's local 20 MeV injector rather tnan 
the SuperHILAC as a source for carbon ion. The 
20 MeV injector was used primarily to administer 
the fractionated doses of carbon ions over six 
months in the Skyhook-I experiment. A 4-cm 
spiral ridge filter interposed in the beam line 
spread the Bragg peak over the anterior-posterior 
dimensions o f  the mice. 
used in the Skyhook-I experiment were 225 MeV 
carbon, 400 MeV neon, or 570 MeV argon. A 
different carbon energy was used in the Skyhook-P 
experiment (400 MeV). The lower energy for 
carbon was used in Skyhook-I because we wanted 
to minimize beam fragmentation produced in the 
water column when the range was moderated. 
desired residual range was achieved with 225 MeV 
carbon when the water column setting was minimal 
(t0.5 cm). 
greater with carbon, Which is the lightest ion 
used in these experiments, and fragments might 
be expected t o  have a lower LET and biological 
effect than the primary particles. Therefore, 
use of a lower energy beam provides fewer frag- 
ments and focuses the conclusions that could be 
drawn from the carbon ion studies. The degree 

Pursuant to making direct 

Although 

The Bevalac radiation facilities and dosimetry 

The particle energies 

The 

Fragmentation was expected to be 

of beam fragmentat 

- -  

on is a major concern for all 
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the beams used in the Skyhook experiments, and 
ongoing microdosimetric studies should provide 
information important for interpretation of our 
results (see Howard et al. in Part 11). ' 

For 6oCo gamma radiation, two groups of 
four animals were exposed simultaneously in the 
same lucite holders used for the HZE particle 
irradiation. A 2-mm lucite build-up layer was 
affixed to the proximal surface of the animal 
holder to achieve electron equilibirum. Single 
doses over a range of 143-788 rad were given at 
80-90 rad/min; the animal holders were positioned 
62-72 cm from the 1,500 Ci source. Fractionated 
doses ranging from 17-79 rad were given by 
positioning the holders approximately 200 cm from 
the source where the dose rate was approximately 
9-10 rad/min; exposure time was varied. 

The experimental animals are housed five per 
cage on sawdust bedding (Sequoia Forest Products); 
acid water (pH2.5) and Formulab Chow 5008 
(Ralston Purina) were continually available. 
animal rooms were maintained at 73-76 F with a 
humidity range of 30-50%. 
months after irradiation, death checks were made 
once or twice weekly, but beginning at six months, 
the animal census was tallied five days per week. 
Although there is a clear understanding with the 
funding agency (NASA) that Skyhook is specifically 
a life-shortening experiment, we have performed 
some autopsies and have taken some tissue samples 
(including tumors) with the hope that future 
support would provide for some level of histo- 
pathological contributions. In February 1980 an 
informal arrangement was made with I. Kraft at 
the NASA/AMES Research Center (Moffett Field, CA) 
whereby formaldehyde-preserved carcasses from 
Skyhook-P and Skyhook-I experiments will be 
retained for future collection of autopsy data. 
Although there is currently no support at LBL or 
NASA/Ames Research Center for this part of the 
Skyhook studies, we are optimistic that funding 
will be provided in the future, and we look 
forward to L. Kraft's collaboration in these 
studies. 

The 

During the first few 

The sample sizes available in the Skyhook-I 
experiment may be inadequate to provide meaning- 
ful data on the shapes of dose-response curves, 
in relation to LET, for tumors of interest. This 
matter has been considered by S .  A. Tyler, our 
biomedical consultant, and J. E. Thomson, 
currently the principal investigator for the 
Janus Program, has kindly provided us with 
complete information on total tumor'jncidence and 
age specific tumor frequencies'from all unirrad- 
iated control animals currently available from 
the Janus program. J. F. Thomson has also con- 
sented to make available to us comparable tumor 
data that are available now based on animals that 
were irradiated in the Janus program 
1971-1974. This information will be critical for 
projections of the extent to which meaningful 
tumor data could be gained from the Skyhook-I 
series of experiments based on the currently 

4Irogrammed sample sizes. Consultations have 
lready occurred with R.J.M. Fry and R. L. be Ilrich, Oak Ridge National Laboratory, concern- 

ing the potential information gained from com- 
plete histopathological studies on the Skyhook-I 

animals. Extended collaborative support in this 
area might be arranged, and should the necessary 
funding be-obtained, we would like to establish 
a Pathology Advisory Committee that could advise 
how to proceed most economically and efficiently. 

RESULTS AND DISCUSSION 

All irradiations for the Skynook-P experiment 
were completed in August 1978. 
those animals were approximately 700 days at 
risk, and preliminary information is now 
available. The current status of the Skyhook-I 
experiment is summarized in Table 2 and the 
number of days at risk varies from less than 100 
to approximately 570. In order to maximize the 
experimental variance, and accommodate normal 
Bevalac operating schedules, the experimental 
design provided for accumulation of tne total 
sample for any given "condition" by insertion of 
at least three replicates from different shipment 
of animals. This is why the number of days at 
risk is so variable. The number of animals that 
remain to be irradiated in the Skyhook-I experi- 
ment is also shown in Table 2. One exception to 
the number of replications applies to the group 
that received 24 fractionated doses of 225 MeV 
carbon ions over approximately six months. It 
was necessary to irradiate all 340 animals 
assigned to that group as a single cohort in 
order to accommodate the operational schedule at 
the Bevalac. Heroic scheduling efforts were 
required on the part of the Bevalac operations 
staff to comply with our experimental needs for 
such a long duration of fractionated exposures. 
To accomplish those fractionated exposures it was 
necessary to modify appreciably the operations 
schedule at the Bevalac and to use the local 
20 MeV injector weekly during scheduled budgetary 
or maintenance driven shut-downs of the Bevalac. 

As of June 1980, 

The cumulative mortality data from Skyhook-P 
are compared with results from a Janus experiment, 
designated (JM-2) initiated at ANL between 1971 
and 1973. Figure 1 compares the charged particle 
and neutron results and Figure 2 compares results 
obtained after single doses of gamma radiation. 
Based on the cumulative mortality results avail- 
able at this time, the mortality curves for 
Skyhook-P mice that received either 240 or 80 rad 
are shifted to the right on the x-axis, which 
indicates that the projected mean or medium 
survival time will probably be longer following 
exposure to.carbon ions. The difference between 
carbon ions and fission neutrons is particularly 
pronounced at the total dose of 80 rad. If this 
trend is maintained, it could mean that the shape 
of the dose-response curve for days lost per rad 
of percent life shortening will be different for 
carbon ions than for fission spectrum neutrons. 
These preliminary results should be interpreted 
cautiously. The sample sizes in Skyhook-P are 
small, and the heterogeneity of ages among 
Skyhook-P animals provides a further complicating 
variable. 
the increased age at irradiation decreases the 
degree of life shortening particularly for photon 
irradiations, but probably also has some effect 
on life shortening produced by high LET radia- 
tions (Ainsworth et al., 1976). The age hetero- 

Indeed, over the range of 110-278 days, 
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Table 2. Skyhook-I Status, July 1980 

Total No. Mice Range of No. Needed @ 
Energy Radi at i on Programmed Entered in Days at to Complete 

Ion  (MeV) Position Condition Sample Size Exp. Status at Risk Experiment 

12C 

12c + 60c0 

20Ne 

20Ne 

40Ar 

40Ar 

6OCO 

6OCO 

Unirradiated 
Controls 

225 Spread Bragg peak 

--- 

557 Spread Bragg peak 

557 P1 ateau 

570 Spread Bragg peak 

570 P1 ateau 

--- 

--- 

Single 

24 fractions 

Mixed Modality 

Single 

Single 

Single 

Si ngl e 

Si ngl e 

24 Fractions 

330 

3 30 

150 

330 

330 

330 

330 

280 

280 

450 

330 

340 

85 

108 

104 

0 

0 

316 

164 

224 

155-555 

595 

147-393 

35-239 

239 

---- 
---- 
406-585 

415-563 

85-595 

0 

0 

0 

122 

226 

330 

330 

0 

16 

226 

1 1 1 1 1 1 1 1 1 1 1 1 1  

Doy  o f  r isk 

Figure 1. Cumulative percent mortality as a 
function of days at risK for male B6CF1 mice 
irradiated with fission spectrum neutrons (from 
Janus experiments) and carbon ions (from 
Skyhook-P experiments). (XBL 808-3639) 

Fi ure 2. Cumulative percent mortality as a P-- unction of days at risk for male B6CFl mice 
irradiated with single doses of 6oCo gamma 
rays. Data for 855 rad and the-unirradiated 
controls are from the Janus experiments. 
(XBL 808-3638) 
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geneity could also account for the small apparent 
shift to the left, which indicates a shorter 
median survival time among the unirradiated con- 
trols in the Skyhook-P experiment. Although 

and median survival times among unirradiated 
controls have been observed in the Janus experi- 
ments, and an approximate 50 day displacement t o  
the left of the single Skyhook control curve is 
of little significance. The unirradiated control 
curve assumes considerable importance in critical 
assessment of the extent to which age hetero- 
geneity at the time of the irradiation (or 
entrance into the experiment) should influence 
the Skyhook-P result. Although 225 MeV carbon 
ions could be more effective than 400 MeV carbon 
ions, because of diminished fragmentation through 
virtual elimination of the water column, the data 
in hand at the moment are consistent with the 
conclusion that 400 MeV carbon ions are less 
effective than fission neutrons in producing life 
shortening. This tentative conclusion is con- 
sistent with other results on harderian gland 
carcinogenesis in the same strain of mouse 
following exposure to 400 MeV carbon lons (see 
Alpen et al., Part IV). 

available from SKyhook-I where dose-dependent 
mortality is compared among the single cohort 
that received fractionated doses of carbon ions 
and the first replicate that received single 
doses. The number of days at risk are greater 
for the animals that received fractionated doses 
(565 days) than for animals that received single 
doses (524 days). Because the dose range is the 
same for the two radiation conditions, and at 
this time no dose dependent terms are strongly 
apparent, comparison of the net percentage 
mortality between the two groups may be meaning- 
ful. At this time, 17% mortality has occurred 
in both groups and had enhanced life shortening 
been produced by fractionation of the carbon ion 
dose, somewhat higher mortality might be 
expected. The 41 day excess time at risk among 

Q c o r r e c t  in concept, large variations among mean 

Table 3 summarizes the results currently 

the animals tnat receive fractionated doses 
should emphasize any such trend. 
interpretation of these preliminary results is 
necessary, but the mortality data available at 
this time provides no evidence for enhancement 
by dose fractionation with carbon ions. All the 
mortality comparisons presented here are based 
on animals presumed to have succumbed from 
radiation-associated diseases. Animals lost, 
stolen, strayed or decapitated by cage tops have 
been deleted; in the case of Skyhook-P this 
amounts to approximately 3% of the total sample 
and in the case of Skyhook-I the fraction is 
0.9%. 

Again, cautious 

In sum, at this time, it appears the Q factor 
used for fission spectrum neutrons could be 
conservative if it were used for assessment of 
risk following exposure to 400 MeV carbon ions. 

NOTE: Quantitative estimates of dose-averaged 
LET, values presented here should be considered 
as approximations only, because different calcu- 
lational models yield markedly different results. 
In addition, for spread Bragg peaks the distri- 
butions of LET, values is broad with the fraction 
of LET particles rising sharply at the distal 
peak. 
yield new data that will contribute to improved 
estimation of dose-averaged LET,. Microdosi- 
metric studies provide a separate measurement of 
beam quality. 

Ongoing beam fragmentation studies will 
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Table 3. Mortality at 524-565 Days in c86F1 Mice that Received 
Single or Fractionated Doses of 225 MeV Carbon Ions 

~~ 

Dose Single Dose 24 Fractions 

Radiation Mortality ( % )  Radiation Mortality ( % )  
Deaths 

N .!.- Deaths . 
N -< 

40 2/24 8.3 10180 12.5 

80 r 2/16 12.5 8/52 15.4 

120 1/16 , 6.25 8/52 15.4 

160 6/16 37.5 7 / 5 2  13.5 

240 3/16 18.75 12/52 23.1 

3 20 4/16 25.0 13/52 25.0 

0 0 0 1/59 1 . 7  
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CLINICAL RESULTS IN HEAVY PARTICLE RADIOTHERAPY 

J. R. Castro,*t J. M. Quivey,t W. M..Saunders,t K. H. Woodruff,* G. T. Y. Chen, J. T. Lyman 
S. Pitluck, C. A. Tobias. R. E. Walton. and T. C. Peters 

The estimated incidence of new cancer patients 
in the United States for 1980 approximates 
800,000, with a mortality of nearly 400,000. 
About half of these cancer patients Will require 
radiation treatment in their disease management. 
Radiation therapy used alone or in combination 
with surgery or chemotherapy is an effective 
curative treatment modality for a large number 
of patients with cancers confined to the organ 
of origin or with direct spread to contiguous 
anatomical regions, providing the adjacent normal 
tissues are sufficiently spared t o  provide con- 
tinuing function of the affected region. 

Normal tissue sparing is enhanced when: 
(1) the high dose zone more closely approximates 
the tumor target volume and excludes adjacent 
structures, and/or (2) the biologic effect on 
tumor cells is greater than that on surrounding 
normal cells. Heavy charged particle radio- 
therapy offers an opportunity to improve both 
factors over conventional radiation techniques. 
Although low-LET radiation therapy has been used 
effectively in many tumors, the factors that 
diminish the ability of radiation to achieve 
tumor control (CROS, 1978) include: 

1. tumors with cellular characteristics 
that make conventional irradiation ineffec- 
tive, e.g., tumors with a high fraction of 
radioresistant hypoxic cells, tumors with a 
high capacity for repair of sublethal or 
potentially lethal radiation damage, o r  
tumors with a rapid proliferation such that 
repopulation occurs between fractions; 
2. lesions involving or contiguous with 
critical dose limiting normal tissues; 
3. tumors that nave extensively invaded and 
damaged the normal structure of origin such 
that satisfactory healing is precluded and 
unacceptable sequelae result; 
4. tumors so large that the surrounding 
normal tissues would not tolerate the dose 
of radiation therapy necessary to kill all 
malignant cells; 
5. 
growing tumors. 

Any modality or combinatSon of modalities 
that directly affects the tumor factors described 
above may lead to improved local and regional 
control. Interest has been growing in recent 
years in the clinical use of proton, neutron, 
negative pion, and heavy-ion beams, collectively 
called particle radiation therapy, to improve 
localmcontrol of various types of tumors. The 
heavy charged particle radiation therapy clinical 

poorly reoxygenating tumors and slow 

\trial at LBL is designed to test the clinical 6@ ignificance of using helium and heavier 
particles t o  irradiate human cancers. 

GOALS OF RADIATION THERAPY 

The aim of clinical radiation therapy is to 
destroy neoplastic cells while the structural 
integrity of normal tissues is maintained. For 
most tumors, the dose required to destroy the 
tumor is close to the tolerance level for normal 
tissue. Clinical and laboratory evidence have 
indicated that the larger the tumor, the greater 
the dose of radiation required for control. 
Macroscopic tumor may require doses of 7,000 rad 
over 7 weeks or higher for tumoricidal effect, 
but this large total dose increases the potential 
for damage to adjacent normal structures. 
Surgical removal of gross tumor, leaving only 
microscopic residual disease, allows delivery of 
moderate radiation doses in the range of 5,000 
rad over 5 weeks for 90% or higher local control 
rates (Fletcher, 1977). In general, these dose 
schedules appear independent of tumor cell type. 

Some tumors cannot be exposed to the high 
radiation doses required for control because the 
adjacent normal structures and tissues would be 
unavoidably included in the target volume. (The 
target volume is defined as the tumor target plus 
an additional safety zone to include possible 
microscopic extension.) 
structures included in the high dose zone and the 
volume of normal tissue irradiated are critical 
with respect t o  possible repair of radiation 
damage. The volume irradiated thus becomes just 
as important as the particular tissue target. 

The overall time of irradiation and the 
number of fractions delivered are also important 
factors in most forms of clinical radiation 
therapy. Sublethal radiation damage can be 
repaired between fractions, presumably to a 
greater degree by normal tissues than by tumor 
cells. Fractionation and protraction are also 
important considerations in tumor cell reoxygena- 
tion, which increases the possibility of local 
and regional control. 

The nature of the 

The exact mechanism o f  radiation damage to 
cells is not yet known. Radiation may well 
destroy the bulk of the tumor cells, but the 
body's own mechanisms may be required to provide 
permanent control of the disease. The sensitiv- 
ity of various human tumors in vivo is not 
reflected accurately in in vitro cultures of 
mammalian tumor lines. Other factors likely to 
be important in clinical radiation trials include 
cell population kinetics, tumor vascularity, the 
particular structure in which the tumor lies, 
and adjacent normal tissue response. 

Current radiation research is directed at 
increasing the therapeutic gain factor (TGF) 
which is defined as: 
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damage to the tumor (local control) TGF = damage to normal structures (compl ications) 

If the TGF is < 1.0, then that radiation has no 
usefulness in That particular clinical situation. 
Among the techniques to maximize TGF are the 
following: 

1. debulking surgery with the removal of 
gross tumor followed by the irradiation of 
microscopic residual disease; 
2. maximized radiation dose in the target 
volume using combination of different beam 
portals, wedge filters, electron beams, 
dynamic treatment planning and other physical 
techniques; 
3 .  combinations of chemotherapy and rad 
tion therapy; 
4. combinations of hyperthermia and rad 
tion therapy; 
5. combinations of hypoxic cell sensiti 
and radiation therapy; 
6. altered fractionation schedules; 
7. high LET particle irradiation. 

a- 

a- 

ers 

RATIONALE FOR PARTICLE THERAPY 

Heavy charged particle radiation produces 
ionization events that are more closely spaced 
than those of low LET photon radiation, which 
causes high LET radiation to be more biologically 
effective. 
length is much increased for high LET radiation, 
such that: cell sensitivity is less dependent on 
oxygen concentration; cell killing is more 
efficient; cells are less capable of repairing 
radiation damage; sensitivity of the cells is not 
as dependent on position of the cell in the cell 
replication cycle; and cells of high ploidy are 
relatively more sensitive than euploid cells. 

For charged high LET particles such as 
helium, carbon, neon, and argon nuclei, an 
additional gain results from a more efficient 
dose distribution, which maximizes the irradia- 
tion of a target volume and minimizes the dose 
to normal structures outside of the target volume. 
Improved ability to deliver radiation to deeper 
structures using megavoltage X rays has resulted 
in higher local and regional control rates than 
were possible with orthovoltage X rays (U.S. 
Senate Report, 1970). Thus, further improvement 
in dose distribution with heavy charged particle 
radiation therapy might add to current local and 
regional control rates for some types o f  tumors, 

The energy lost per unit of path 

The physical advantages of heavy charged 
particle beams result from the fact that they 
have a charge, and include: a variable but well- 
defined range of pbnetration; sharp lateral 
edges; sharp distal falloff beyond the extended 
peak; and favorable peak-to-entrance dose ratios. 
Protons and helium ions provide the best physical 
dose distributions, followed by carbon and neon 
ions. Heavier charged particle beams, such as 
carbon, neon and argon, do have some secondary 
fragments that cause a small dose distal to the , 

peak. 

The advantage of treating tumors with heavy 
charged particle radiation is that the beam (or 
multiple beams from different entry portals) can 
be arranged such that the extended peak is made 
to coincide with’a specific target volume. 
Tissues adjacent, superficial, or distal to the 
tumor are irradiated by the entrance or plateau 
portion and/or the exit portion of the particle 
beam, thus affording a lower dose to normal 
structures. This ability to concentrate the 
effective high dose zone in the region of a deep- 
seated tumor represents a significant advantage 
for many clinical situations over dose distribu- 
tions currently available with conventional 
photon or electron radiation. 

Figure 1 is a schematic illustration o f  
absorbed dose as a function of depth in the body 
for neutrons and several charged particle beams 
with peaks spread to 10 cm (Raju et al., 1978a). 
The carbon beam has a relatively large exit dose 
because the beam depicted here had a larger 
penetration than the others, and thus provided 
more material upstream for fragmentation. 

conventional and charged particles is shown in 
Figure 2. 
corrected isodose contours of a neon ion beam 
w i t h  low-LET X-ray p l u s  electron isodose contours 
in a deep seated target location for the pancreas. 
Less dose to normal structures is obtained with 
the charged particle beam. Other regions in the 
body show similar advantages with charged 
particle radiation plans despite the inhomo- 
geneity corrections required for bone, air, and 
other tissue density changes encountered in the 
particle path. 

A comparison of treatment plans with 

These plans contrast biologically 
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Figure 1. 
obtained dose vs. depth curves for proton, 
neutron, pion, helium, carbon, neon and argon 
beams, normalized to unity at the center of the 
extended peak region. (XBL 799-11294) 

A comparison of experimentally 
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F i g u r e  2. 
carcinoma o f  t h e  pancreas. 
( t h r e e  f i e l d s )  combined w i t h  35 MV e l e c t r o n  beam; 
( B )  557 MV neon beam ( two  f i e l d s ) .  From CROS, 

Comparison o f  p l a n s  f o r  t rea tmen t  o f  
(A) 45 MV X-ray beam 

1578. (XBL 808-11540) 

Two s i g n i f i c a n t  e f f e c t s  occu r :  (1) t h e  dose 
t o  ad jacen t  c r i t i c a l  organs such as s p i n a l  cord, .  
k idney,  l i v e r ,  and i n t e s t i n e  i s  reduced; and 
( 2 )  t h e  i n t e g r a l  dose i s  s i g n i f i c a n t l y  reduced , 

because s m a l l e r  volumes accumulate h i g h  dose w i t h  
a consequent r e d u c t i o n  o f  genera l i zed  r a d i a t i o n  
e f f e c t s  such as nausea and hemato log ic  depression. 

i 

B I O P H Y S I C A L  CHARACTERISTICS 

S tud ies  on many d i f f e r e n t  mammalian c e l l  
systems i n  v i v o  and i n  v i t r o  Suggest t h a t  r a d i  
t i o n  s e n s i t i v i t y  t o  photon low LET r a d i a t i  
dependent on t h e  oxygen c o n c e n t r a t i o n  a t  t 
o f  i r r a d i a t i o n .  The lower  t h e  OER va lue,  t h e  
l e s s  t h e  r a d i o p r o t e c t i o n  t o  hypoxic  c e l l s .  Some 
human tumors may have a s i g n i f i c a n t  component o f  
hypox ic  b u t  v i a b l e  c e l l s  t h a t  a r e  more r e s i s t a n t  
t o  r a d i a t i o n  than  t h e  c e l l s  o f  su r round ing  normal 

issues.  These hypox ic  c e l l s  a re  u s u a l l y  found 
100 f rom t h e  c a p i l l a r y  supply .  C e l l s  i n  

h i s  r e g i o n  a r e  a l s o  o f t e n  n e c r o t i c ,  Which 
c o r r e l a t e s  w e l l  w i t h  t h e  c l i n i c a l  o b s e r v a t i o n  
t h a t  u l c e r a t e d  o r  n e c r o t i c  tumors a r e  d i f f i c u l t  
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t o  c o n t r o l  w i t h  r a d i a t i o n .  There i s  some 
evidence o f  improved c l i n i c a l  response w i t h  
i r r a d i a t i o n  under h y p e r b a r i c  oxygen f o r  tumors 
i n  t h e  head and neck, and f o r  carcinoma o f  t h e  
c e r v i x ,  a t  l e a s t  when used w i t h  shor tened 
f r a c t i o n a t i o n  schedules and w i t h  c u r i e  the rapy  
(OER - 2.0) (Dische, 1979). 

Heavy charged p a r t i c l e  r a d i a t i o n  i s  l e s s  
dependent than  conven t iona l  low LET r a d i a t i o n  i n  
t h e  presence o f  oxygen f o r  e f f e c t i v e  c e l l  k i l l i n g  
and consequent ly  may achieve a h i g h e r  tumor 
c o n t r o l  f requency when t h e  tumor has a l a r g e  
component o f  hypox ic  c e l l s  (Gray, 1957) .  

charged p a r t i c l e  r a d i a t i o n  a re  found i n  neon and 
argon i r r a d i a t i o n  ( H a l l  and K e l l e r e r ,  1979; 
C u r t i s ,  1979; Ra ju  e t  al., 1978b). These 
p a r t i c l e  beams have OER va lues r a n g i n g  f r o m  1.2 
t o  1.9. Carbon ions  have measured OER va lues o f  
app rox ima te l y  2.0, w h i l e  va lues f o r  h e l i u m  n u c l e i  
a re  i n  t h e  2 .3  t o  2.5 range ( C u r t i s ,  1979; Raju 
e t  a l . ,  1978b). L6w LET r a d i a t i o n s  have OER 
values i n  t h e  range o f  2.5 t o  3.0 (Raju e t  a l . ,  
1978b). 

The lowest  r e p o r t e d  OER va lues w i t h  heavy 

Wi th heavy charged p a r t i c l e s ,  t h e r e  i s  some 
OER v a r i a t i o n  across t h e  extended peak r e g i o n  
used f o r  therapy,  e s p e c i a l l y  f o r  neon ions. 
F i g u r e  3 shows t h e  v a r i a t i o n  o f  OER (and RBE) 
through t h e  extended peak reg ions  o f  t h e  carbon, 
neon, and argon beams f o r  t h e  R - 1  r a t  tumor c e l l  
l i n e  ( C u r t i s ,  1979). The lowest  OER va lues  a re  
measured a t  t h e  d i s t a l  p o r t i o n  except  f o r  argon, 
where t h e  OER remains r e l a t i v e l y  cons tan t  and low 
throughout  t h e  extended peak. Thus, argon r a d i a -  
t i o n  o f f e r s  t h e  h i g n e s t  p o t e n t i a l  f o r  t h e r a p y  i n  
terms o f  low OER va lues.  A l though argon ions  
have a l e s s  f a v o r a b l e  p h y s i c a l  dose d i s t r i b u t i o n  
than  o t h e r  charged p a r t i c l e  beams, t h e y  may be 
o f  i n t e r e s t  c l i n i c a l l y  f o r  r e l a t i v e l y  s u p e r f i c i a l ,  
hypoxic  tumors because o f  t h e i r  l o w  OER. 
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RHABDOMYOSARCOMA CELLS IN SUSPENSION 

F i g u r e  3. RBE and OER a t  10% s u r v i v a l  f o r  R-1 
tumor c e l l s  a t  v a r i o u s  depths through t h e  10 cm 
extended-peak reg ions  o f  carbon, neon and argon 
beams. The lower  panels  show t h e  dose vs.  depth 
curves and t h e  p o s i t i o n s  and e x t e n t  o f  t h e  c e l l  
suspensions. Courtesy o f  S .  B .  C u r t i s .  
(XBL 795-3436) 
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The possibility of less variat 
sensitivity to particle radiation 

on in 
urina differ- 

ent phases of the cell cycle may also be of value. 
Cell cycle effects have been measured for several 
high LET particles, and they show less variation 
in sensitivity for heavy particles than for 
photon radiation. However, in clinical practice, 
reassortment of tumor cells between irradiation 
fractions may counteract this possible advantage. 

Tumor cells show less repair of sublethal 
damage with particle irradiation than with con- 
ventional irradiation. This may also be true for 
normal structures included unavoidably in the 
target volume, and clinical trials will be 
necessary to determine if a significant differen- 
tial exists. The possibility of differential 
repair in various portions o f  the particle beam 
path is also present because of the higher LET 
deposition in the extended peak, particularly in 
the distal region. Little is known at present 
of the most advantageous fractionation schedules 
for particle radiation, although a variety of 
schedules is being studied in clinical practice, 
including mixing low LET photon beams and high 
LET particle beams in various combinations. 
There is evidence of possible potentiation of 
effect by the addition of particle irradiation 
t o  photon irradiation, providing the particle 
dose is given within a few hours after the photon 
irradiation (Ngo et al., 1980). There may also 
be a beneficial effect from a relatively small 
amount of particle radiation in ternis of signif- 
icantly lowering the OER (Curtis, 1976). I n  
practice, it may be possible to give as small a 
part as 20 to 30% of the total dose by particle 
radiation, thus providing a practical and 
economic advantage in terms of the clinical 
radiation plan. 

In order to attempt to compare quantitatively 
the results obtained with different cellular 
systems, Raju (1980) has calculated oxygen gain 
factors (OGF) for various beams, defined as the 
ratio of the OER for X rays to the OER for the 
beam under study. There is a broad range of 
values for the charged particle beams (Fig. 4), 
reflecting the variation of biological responses 
through the extended peak regions. The OGF 
values for argon beams extend to the highest 
values while tnose for neon and neutron beams are 
in a similar range. Carbon, pion, and helium OGF 
values are significantly greater than one, but 
somewhat lower than for neutrons, neon, and 
argon ions. 

Less desirable characteristics of heavy 
charged particle radiotherapy that must be 
addressed are: (1) the need for careful assess- 
ment of tissue inhomogeneities and perturbations 
of the particle beam path; (2) the need to study 
the LET distribution or other measure o f  beam 
quality, since the beam quality can vary signif- 
icantly through the peak region at least for pion 
and heavy ion beams; and (3) the need to use 
biological as well as physical isodose distribu- 
tions in treatment planning (Fig. 5). 
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Figure 4. 
experimentally determined for the various 
particles throughout the peak region. The spread 
of values reflects the fact that beam quality (and 
therefore the effect of oxygen on cell survival) 
varies throughout the spread region. (XBL 798-3747) 

A comparison of oxygen gain factors 

C L I N I C A L  EXPERIENCE 

Shortly after Rutherford suggested that non- 
charged particles exist, Chadwick detected 
neutrons (1932). A remarkable collaboration 
between E. 0. and J. H. Lawrence and others, 
following development of the cyclotron, led to 
pioneering studies on the biological effects of 
neutrons on normal and neoplastic tissues 
(Lawrence et al., 1936). By 1938, clinical 
studies utilizing the 37-inch (and later the 
60-inch) cyclotron were begun at LBL with fast 
neutrons under the direction of R. S. Stone and 
J. H. Lawrence (Stone et al., 1940). These 
studies continued until 1943, during which time 
about 250 patients were irradiated with neutrons 
(Stone, 1948; Stone and Larkin, 1947). Although 
Stone concluded that fast neutrons could k i l l  
cancer cells and cure patients, the late sequelae 
were so severe that he recommended neutron 
therapy be discontinued. Parker (1977) and 
Sheline and associates (1971) have evaluated the 
reasons for these late sequelae and conclude that 
inadequate biological knowledge (including 
inaccurate RBE estimates) resulted in the admin- 
istration of excess doses. I n  addition, many of 
the patients treated by Stone had been previously 
treated with X rays, and persisting normal 
tissue damage was not weighed heavily in planning 
subsequent neutron dosage. Thus, the results 
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Figure 5. Sample pancreatic treatment plan for 
he1 ium irradiation, showing physical (upper 
curve) and biologically corrected (lower curve) 
isodose lines. Courtesy of G.T.Y. Chen. 
(XBB 807-8631A) 

obtained by Stone are understandable in light of 
present day knowledge and do not contraindicate 
further studies of heavy charged particle I 

radiation therapy. 

H E L I U M - I O N  RADIATION THERAPY 

0 I n  1954, C. A. Tobias and coworkers began 
reating pituitary diseases using the Synchro- 

cyclotron at LBL, initially with protons and 
deuterons and later with the plateau portion of 

a 934-MeV helium-ion beam. Since 1954, over 
1,000 patients have been irradiated with good 
results in a variety of pituitary related 
problems, including acromegaly, Cushing's disease 
and chromophobe adenoma (Boone et al., 1977; 
Lawrence et al., 1977). 

The use of helium-ion radiation in patients 
with various malignant tumors was introduced at 
LBL during the later 1960s through treatment of 
patients with metastatic carcinoma, including 
pituitary ablation of patients with widespread 
breast cancer. Starting in 1975, a more system- 
atic utilization of helium-ion radiation therapy 
was undertaken in order to study the potential 
advantage of improved dose localization in 
clinical radiotherapy (Castro et al., 1977; 
Castro et al., 1980). 

treatment area at the 184-inch Synchrocyclotron 
was modified to permit large-field (up to 30 cm 
in diameter), fractionated 934-MeV helium-ion 
radiation therapy. utilizing a family of ridge 

In order to accomplish this, the medical 

filters to provide a 
in size from 4 to 14 
clinical flexibility 
targets. 

An existing pat 
isocentric siereotax 
(Lyman et al. , 1975) 
only minor modificat 
supine, seated, or s 
helium-ion beam is a 

spread Bragg peak ranging 
cm. This provides the 
to irradiate most tumor 

ent positioner, the 
c apparatus for humans (ISAH) 
was available, which required 
on to allow irradiation o f  
anding patients. Since the 
fixed. horizontal beam. 

about 85% of the patients have been treated'in 
the uprignt position in order to irradiate 
thoracic and abdominal tumors. 

Utilizing plaster or Lightcast immobilization, 
it has Deen possible to reproduce the patient 
treatment position daily, with precision to *5 mm 
in the trunk and *3 mm in the head and neck 
region. An individually fabricated lucite head 
holder is prepared for patients who will receive 
irradiation to the head and neck region. 

scatterer which was introduced inside the medical 
cave in order to provide a larger diameter 
(30 cm), flat field over which homogeneity to 
*2% was available for 90% of the field area. 

The beam line was also modified by a second 

A variable water column is available to alter 
the depth of penetration of the beam, with a 
maximum range in tissue of 26.5 cm. An adequate 
dose rate is available to deliver the desired 
clinical dose of about 150-200 equivalent rad 
per fraction in approximately one minute. The 
final collimation of the beam is produced by 
individually prepared low melting point alloy 
blocks, that properly shape the beam to the 
desired tar,get volume. 

The Bragg peaks of energetic heavy-ion beams 
are narrow ( <  1 cm), and must be broadened in 
order to produce a more useful therapeutic depth 
dose distribution. At LBL this has usually been 
obtained by the use of specially designed spiral 
brass ridge filters. 
depends on the width of the spread Bragg peak 

The design of these filters 
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and the variation of RBE across the modified 
spread peak. A beam model developed by J. Lyman 
has allowed us to calculate dose and average LET 
as a function of penetration distance in order 
to calculate isosurvival depth dose distributions 
for approximately 60% survival level per dose 
fraction. This is appropriate for typical 
clinical fractions of 200 rad of photon irradia- 
tion. A set of isosurvival ridge filters has 
been fabricated for helium and heavier particles 
based on these calculations, which provides a 
variety o f  spread Bragg peak widths ranging from 
4 to 14 cm. 

Computer assisted tomographic (CAT) scans 
are utilized for tumor localization, together 
with other appropriate diagnostic modalities 
including surgical mapping and clipping of the 
tumor, routine radiographs, specialized 
diagnostic studies such as angiography, ultra- 
sound, and helium and heavy particle radiographs. 
CAT scanning is also used to provide tissue 
density information so that perturbations of the 
particle beam path can be evaluated to give 
accurate clinical treatment planning. A 
computerized dosimetric system has been developed 
to provide treatment planning for such patients 
(Chen et al., 1979). 

Both physical and biologically corrected 
isodose distributions are produced (Fig. 5 , 
rad equivalent doses (CoRE). For convenience of 
intercomparison with low LET photon irradiation, 

with RBE corrected isodoses expressed in 6 A Co 

CoRE doses and dose distributions are clinically 
utilized. Careful consideration o f  RBE data for 
various tissues and in vitro systems is made in 
order to modify the CoRE model where needed. 

The general goal of the helium-ion radiation 
therapy program has been to test the possible 
advantage of improved dose localization available 
with helium ions. Clinically, there has been 
little evidence of enhanced biological effect in 
terms o f  observed tumor regression with helium 
ions. Observation of skin, intestinal, and 
mucosal reactions with helium ions has confirmed 
the clinical RBE of 1.2 (proximal peak) to 1.4 
(distal peak). 
estimates based on in vivo and in vitro 
pretherapeutic studies. 

This correlates well with RBE 

Dose fraction sizes of 200 CoRE per fraction, 
4 fractions per week to total doses of 6,000 to 
7,000 equivalent rad have been utilized in order 
to keep comparable dose prescriptions of helium- 
ion irradiation to low LET photon irradiation. 
In some instances, helium ions have been utilized 
after a portion of the total irradiation course 
has been given with photpn irradiation, that is, 
as a "boost" at the end of therapy. A smaller 
group of patients has also had helium-ion irradi- 
ation initially, followed by use of one o f  the 
heavier ions, either carbon or neon, as a boost 
treatment. Tables 1 through 4 summarize the 
numbers and types of patients irradiated in the 
heavy particle tr i a1 . 

Table 1. Heavy Particle Clinical Trial Patients (July 1975 through 
July 1980) 

Anatomic Region , Helium Heavy Particles 

Head and Neck 

Intracranial 

Eye 

Thoracic 

Abdomen/Retroperitoneal 

Pelvis 

Other 

Total 

LOW-LET photon control patients 

Consultation only, not accepted 

(randomized pancreas trial) 

for particle radiation therapy 

Total Patients Referred: 

11 

15 

22 

30 

97 

15 

4 

194 

- 

13 

57 

313 

11 

9 

6 

18 

- 
5 

49 

- 
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Table 2. P a t i e n t s  Entered L i s t e d  by C l i n i c a l  P r o t o c o l s  U t i l i z e d  

Phase I11 NCOG 3P81, RTOG 79-10 
Randomized Pancreas T r i a l  (He1 ium 
R a d i a t i o n  Therapy) 

Phase I11 NCOG 7081, RTOG 79-08 
Nonrandomized Ocular  Melanoma 
(Helium R a d i a t i o n  Therapy) 

Phase I11 NCOG 3E81, RTOG 79-09 
Nonrandomized Esophagus 
(Hel ium R a d i a t i o n  Therapy) 

Phase I 1  VASOG-LBL 
Nonrandomized Pancreas 
(CarbonlNeon R a d i a t i o n  Therapy) 

NCOG OR81 Phase 1-11 
fUOG 79-11 1 Miscel laneous S 
LBL-BAHIA 1 

t e s  

LBL-BAHIA 2 ( P i l o t  P a n c r e a t i c )  
LBL-BAHIA 3 ( P i l o t  B r a i n )  
LBL-BAHIA 4 ( P i  l o t  Esophagus) 
LBL-BAHIA 5 ( P a r a a o r t i c  Nodes) 
LBL-BAHIA 8 ( P i l o t  U t e r i n e  C e r v i x )  
LBL-BAHIA 6A ( S k i n  Nodule RBE Study)  

17 p a t i e n t s  ( p l u s  13 c o n t r o l s )  

22 

19 

2 

65 ] 107 42 

46 
15 
8 
3 
2 
3 

Table 3. D i s t r i b u t i o n  o f  S i t e s  and Ions  Used i n  t h e  I r r a d i a t i o n  o f  
Phase I - I 1  P a t i e n t s  ( J u l y  1975 through J u l y  1980) 

Radi a t  i o n  Abdomen or 
Modal i t y  Head/Neck I n t r a c r a n i a l  Thorax R e t r o p e r i t o n e a l  P e l v i c  Other 

Helium a lone 4 5 8 69 6 4 

Photon ( low LET) 
p l u s  he1 i um 7 10 6 12 9 - 

Photon p l u s  
carbon o r  neon 1 6 - 

Helium p l u s  
carbon o r  neon 3 2 1 11 - - 

Carbon, neon, o r -  
argon a lone 7 1 5 1 - 5 



31 2 

Table 4. P a t i e n t  Accrual  by Year ( P a r t i c l e  P a t i e n t s  Only, Con t ro l  
P a t i e n t s  Excluded) 

1975 3 

1976 11 

1977 32 

1978 65 

1979 78 

1980 ( e s t i m a t e )  85 

Panc rea t i c  Carcinoma 

Our l a r g e s t  exper ience w i t h  he l i um- ion  
r a d i a t i o n  has been f o r  p a t i e n t s  w i t h  l o c a l i z e d ,  
un resec tab le  carcinoma o f  t h e  pancreas. S ix ty  
p a t i e n t s  have been i r r a d i a t e d  s i n c e  1975, 7 o f  
whom d i d  n o t  complete t rea tmen t  because o f  
p r o g r e s s i v e  disease. One p a t i e n t  d i d  n o t  have a 
t i s s u e  b iopsy .  Of t h e  rema in ing  52 p a t i e n t s ,  37 
were t r e a t e d  w i t h  h e l i u m  p a r t i c l e s  o n l y ,  9 
p a t i e n t s  r e c e i v e d  photon r a d i a t i o n  p l u s  h e l i u m  
ions,  and 6 p a t i e n t s  were t r e a t e d  w i t h  h e l i u m  
p l u s  heav ie r  p a r t i c l e s ,  e i t h e r  carbon o r  neon 
ions .  A minimum dose o f  5,000 e q u i v a l e n t  r a d  
was d e l i v e r e d ,  w i t h  most p a t i e n t s  r e c e i v i n g  
6,000 e q u i v a l e n t  r a d  i n  7 weeks. S i x  o f  t h e  52 
(12%) p a t i e n t s  r e c e i v i n g  d e f i n i t i v e  the rapy  a r e  
a l i v e  and w e l l  f r om 6 t o  55 months pos t t rea tmen t .  
One p a t i e n t  e x p i r e d  o f  i n t e r c u r r e n t  d i sease  
w i t h o u t  ev idence o f  tumor a t  15 months. Three 
a d d i t i o n a l  p a t i e n t s  had c o n t r o l  w i t h i n  t h e  
i r r a d i a t e d  area b u t  d i e d  o f  d i s t a n t  metastases 
o r  c o m p l i c a t i o n s  o f  chemotherapy. 
had ev idence o f  hemorrhagic g a s t r i t i s ,  6 o f  whom 
had p e r s i s t e n t  p a n c r e a t i c  tumor. 
s u r v i v a l  f o r  p a t i e n t s  w i t h  c o n t r o l  i n  t h e  i r r a d -  
i a t e d  area was 2 1  months; t h e  mean s u r v i v a l  f o r  
p a t i e n t s  w i t h  p e r s i s t e n t  d isease was 10 months. 

p a n c r e a t i c  carcinoma i s  now underway which i s  
designed t o  c o n t r a s t  h e l i u m  i r r a d i a t i o n  p l u s  
5 - F l u o r o u r a c i l  chemotherapy a g a i n s t  low-LET 
photon i r r a d i a t i o n  p l u s  5 - F l u o r o u r a c i l  chemo- 
the rapy .  T h i s  c l i n i c a l  c o o p e r a t i v e  t r i a l  i s  
coo rd ina ted  by  t h e  Nor the rn  C a l i f o r n i a  Oncology 
Group and the  Radiati0.n Therapy Oncology Group 
who p r o v i d e  t h e  s t a t i s t i c a l  backup, q u a l i t y  
c o n t r o l  and a n c i l l a r y  s e r v i c e s  needed f o r  such 
p r o s p e c t i v e  c o n t r o l l e d  s t u d i e s .  T h i r t y  p a t i e n t s  
have been en te red  t o  d a t e  i n  t h e  randomized 
p a n c r e a t i c  carcinoma t r i a l  w i t h  no s i g n i f i c a n t  
d i f f e r e n c e  as y e t  i n  s u r v i v a l  between t h e  s t u d y  
and c o n t r o l  arm ( F i g .  6 ) .  Fu tu re  t r i a l s  i n  
carcinoma o f  t h e  pancreas a r e  planned w i t h  
heav ie r  p a r t i c l e s  such as carbon o r  neon ions ,  
where we hope t o  see b o t h  improved dose 
d i s t r i b u t i o n  and enhanced b i o l o g i c a l  e f f e c t .  

Seven p a t i e n t s  

The mean 

A randomized t r i a l  f o r  t n e  t rea tmen t  o f  

Esophageal Carcinoma 

A second group o f  p a t i e n t s  o f  i n t e r e s t  who 
have been i r r a d i a t e d  w i t h  he l i um ions  a r e  those 
w i t h  carcinoma o f  t h e  esophagus. 
p a t i e n t s  have been i r r a d i a t e d  w i t h  he l i um i o n s  
f o r  t h i s  d isease.  Two p a t i e n t s  d i d  n o t  complete 
t rea tmen t  because o f  d i s t a n t  metastases; one 
p a t i e n t  had a tumor p e r f o r a t i o n  a t  3,500 equiv-  
a l e n t  r a d  and c o u l d  n o t  c o n t i n u e  i r r a d i a t i o n .  

Twenty-four 

O f  t h e  21 p a t i e n t s  who r e c e i v e d  d e f i n i t i v e  
therapy,  t h e  f i r s t  16 p a t i e n t s  r e c e i v e d  200 CoRE 
per  f r a c t i o n ,  4 f r a c t i o n s  per  week, t o  t o t a l  
doses r a n g i n g  f rom 6,200 t o  7,000 CoRE. E i g n t  
o f  these 16 p a t i e n t s  have had f a i l u r e  w i t h i n  t h e  

PROTOCOL 3P81 
SURVIVAL 

(X=A, Y = B )  

1 0  _ _  

0 8  - X 

Y 

0 6  - 

0 4  - I 

1 0  

0 6  

0 4  

SUMMARY TABLE 
Total Ersnt Median 

B 5 258 

I 4  5 330 
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T~me in Days 

F i g u r e  6. Comparison o f  s u r v i v a l  f o r  s t u d y  and 
c o n t r o l  arms o f  a randomized t r i a l  o f  he l i um 
i r r a d i a t i o n  f o r  carcinoma o f  t h e  pancreas. 
d i f f e r e n c e  as y e t  i s  e v i d e n t  between photon and 
h e l i u m  arms. (XBL 808-11340) 

No 
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irradiated area. Subsequent patients have 
received 6,525 CoRE at 225 CoRE per fraction, 4 
fractions per week, 

Of the total group of 21 patients receiving 
definitive therapy, 5 are alive and well without 
evidence of disease from 4 to 16 months post- 
treatment. One patient is alive with severe 
stenosis of the esophagus but without evidence 
of tumor at 13 months posttreatment. 
has died of intercurrent disease, 1 of perfora- 
tion posttreatment with microscopic residual I 

tumor (scored as fatal complication of treat- 
ment), and 4 patients have distant metastases but 
apparent control within the irradiated area. Ten 
patients of 2 1  have failure within the radiation 
field. 

@ 

One patient 

This experience suggests little improvement 
in the treatment of carcinoma of the esophagus 
with helium ions. 
to lack of sufficient enhancement of biological 
effect with helium-ion radiation therapy despite 
the good dose localization, we plan to continue 
the study using a heavier particle, either neon 
or carbon ions. 

Since this is probably related 

Carcinoma of the Stomach 

A smaller group of 10 patients with 
localized, unresectable carcinoma of the stomach 
has been irradiated with helium ions. Doses have 
ranged from a minimum of 4,000 to a maximum of 
6,000 CoRE given in 4 fractions per week of 200 
equivalent rad each. Of the 10 patients, 3 are 
alive and well from 9 to 34 months posttreatment, 
1 patient expired of distant metastases but with 
control in the irradiated area at 10 months post- 
treatment, and 6 have had persistent disease 
within the irradiated area. While this group is 
small, we intend to pursue further studies on 
localized carcinoma o f  the stomach, utlizing a 
heavier ion such as carbon or neon in order to 
take advantage of enhanced biological effect. 

Malignant Glioma of the Brain 

Fourteen patients with malignant glioma o f  
the brain have been irradiated with heavy charged. 
particles. One patient received irradiation 
solely with helium ions, 10 patients have 
received whole brain photon irradiation of 
approximately 5,000 rad followed by reduced 
volume helium-ion therapy of 1,500 CoRE, and 4 
patients received photon irradiation plus a 
carbon ion boost. Of the 14 patients, 3 are 
alive without evidence of disease from 10 to 20 
months posttherapy. Three of these were treated 
with photon irradiation plus helium ions; 1 was * 

treated with photon irradiation plus carbon ions. 
Further studies are planned, again with a heavier. 
ion such as carbon, neon, or argon in order to 
further explore the potential of heavy charged 

therapy in glioblastoma. 

Ocular Melanoma 

A group of 22 patients With localized ocular 
melanoma has been irradiated with helium ions, 
using a spread Bragg peak of approximately 15 mm 
and delivering 7,000 equivalent rad in 5 frac- 
tions in 7 to 9 days, later raised to 8,000 
equivalent rad in 5 fractions in 7 to 9 days. 
The tumors are marked surgically with of 2-mm 
diameter tantalum rings sutured or glued to the 
sclera, which outline the lesion for beam 
delivery. The patient i s  carefully positioned 
for therapy by using an individually fabricated 
polystyrene head holder with fixation on a light 
source. Pre- and posttherapy beam portal films, 
and continuous television observation during the 
course of the treatment has assured precise beam 
delivery. 

Ocular melanoma arises in the uveal tract, 
which includes the iris, the ciliary body of the 
eye, and the choroid, a vascular envelope between 
the retina and sclera. Uveal melanomas more 
commonly arise in the posterior choroid. As 
these tumors grow, they tend to displace the 
retina, which leads to visual disturbances and 
retinal detachments. These symptoms will often 
bring the patient to a physician while the tumor 
is still relatively small and localized to the 
eye. While enucleation of the eye is regarded 
as the most definitive form of management of 
these lesions, there has also been a concerted 
effort to develop less radical treatment modal- 
ities in the hopes of preserving useful vision. 
Included among these treatment modalities are 
photocoagulation, partial eye-wall resection, 
and radioactive palques utilizing either 6oCo 
or 1251. 

Because of the limited applicability of 
photocoagulation, and the morbidity associated 
with partial eye-wall resections and radioactive 
palques, the possiblity of using the Bragg peak 
of charged particle beams has been explored, both 
with protons (Harvard cyclotron) and helium ions 
( L B L ) .  

We have adapted the Harvard technique to our 
beam configuration at the 184-inch Synchro- 
cyclotron and our patient immobilization device 
(ISAH). The direction of the gaze, the angula- 
tion of the beam, the shape of the treatment 
aperture, and the beam penetration depth and 
range modulation are established in a planning 
session using a computerized treatment planning 
program developed by M. Goitein at Harvard. The 
tumor' localization is facilitated by the oper- 
ative placement of radioopaque tantalum rings 
about the base of the tumor. Coordinates of the 
rings are obtained from diagnostic X-ray films. 
These data rand measurements of the tumor height 
and the AP diameter-of the globe as determined 
from an ultrasound study are used to locate the 
tumor relative to the structures of the eye. 
dose and fractionation have been chosen to 
facilitate intercomparison of results with the 
proton treated patients. 

The 
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Treatment results to date have been encourag- 
ing, with the most significant acute radiation 
toxicity being a transient lid epitheliitis 
observed in patients in whom the eyelid could 
not be completely retracted from the treatment 
volume. 
ago, 12 have responded with a reduction in the 
tumor height of 2 0.75 mm on ultrasound examina- 
tion. One patient has stable disease, and one 
had obvious tumor progression that led to sub- 
sequent enucleation. Of the 12 patients who 
responded, 1 has subsequently been retreated 
because of presumed residual tumor manifested by 
progressive fluid collection, despite the fact 
that the height of his lesion had decreased. Of 
the total group of 22 patients treated, there- 
fore, 20 appear to have either stable or 
regressing lesions with followup ranging from 2 
to 24 months. 

Because the preservation of visual acuity is 
an important goal of this highly localized 
technique, we have also been careful to tabulate 
changes in visual acuity that have occurred since 
therapy. Two patients have had deterioration of 
visual acuity that is related to radiation 
change, including mild cataract formation in 1 
patient in whom the tumor arose in the ciliary 
body adjacent to the lens. The second patient 
had a large tumor adjacent to the optic disc and 
has developed central retinal vessel changes 5 
months posttherapy with deterioration of vision 

Of 14 patients treated over six months 

(20/200). 

Recent refinements in CT scanning now make 
it possible to visualize ocular melanomas as they 
project into the vitreous body. This will be a 
valuable tool to assist tumor localization, as 
well as the localization of adjacent critical 
structures within the eye, such as the optic 
nerve. Additional radiobiological studies are 
planned to better evaluate the dose and treatment 
fractionation schedules, as well as the impact 
of irradiating different volumes of the eye. 

Other Helium Target Sites 

Helium ions have been utilized in a variety 
of other target sites where improved dose local- 
ization has appeared to be of significant 
potential advantage. These have included 
selected head and neck tumors around the base of 
the skull and cervical spine, as well as in the 
paranasal sinuses, localized soft tissue sarco- 
mata, carcinoma of the biliary tract (localized) 
and a variety of locally advanced or recurrent 
neoplasms in the abdomen and pelvis. The goal 
of this study has been to ascertain whether 
improved dose localization can be of significant 
clinical advantage for selected human tumor 
sites. 
this pilot study has indicated a significant 
value for several such sites, particularly in 
selected tumors of the head and neck region and 
soft tissue sarcomata. Further evaluation is 
planned in order to more accurately determine 
which such target sites offer the greatest 
potential. 

While not a prospective controlled trial, 

HEAVY-PARTICLE RADIATION THERAPY 

Tne Bevalac has clinical facilities that are 
similar to those at the 184-inch Synchrocyclo- 
tron. A patient positioner has been installed 
that permits irradiation of supine, seated, or 
standing patients. Laser localization lights, 
together with daily beam portal radiographs, 
assure reproducible and precise immobilization. 
Lightcast, plaster cast, and similar immobiliza- 
tion techniques are utilized, as well as wax 
bolus compensation for tissue inhomogeneities 
and sloping surface entry. Further attempts at 
more elaborate compensation await the installa- 
tion of a variable CT scanner which will permit 
scanning of patients in the upright position. 
Approximately 80 of the patients are treated in 
the upright position because of the fixed 
horizontal beams provided both at the 184-inch 
Synchrocyclotron and at the Bevalac. 

The goals of the Phase I-Phase I1 studies 
with heavy particles such as carbon, neon, or 
argon ions are: (1) development of effective 
treatment techniques utilizing carbon, neon, and 
argon ions based on experience obtained with,the 
helium-ion beam; (2) clinical evaluation of 
physical and biological dose distributions 
available with carbon, neon, and argon ions; 
( 3 )  evaluation o f  acute and subacute response of 
normal tissues such as mucosa, skin, and 
intestine; and (4) initial evaluation of tumor 
response to heavy particle irradiation. 

date with carbon (24 patients), neon (23 
patients), or argon (2 patients) ions (Table 2). 
Most of these patients received carbon or neon 
ion irradiation because of limited access to the 
argon ion beam. Our initial clinical efforts 
have been to confirm the RBE estimates for 
various tissues provided by pretherapeutic 
investigations. 
several patients with metastatic advanced tumors, 
paying careful attention to skin, mucosal, and 
pu 1 monary reactions . 

Forty-nine patients have been irradiated to 

To this end, we have irradiated 

The first such patient was an individual with 
Kaposi's sarcoma in'whom several fields were 
irradiated with carbon ions as well as with 
10 MeV electrons available at the Zellerbach 
Saroni Tumor Institute of Mount Zion Hospita 
and Medical Center, San Francisco, CA. Skin 
reactions were scored by two independent 
observers and a dose response curve compared 
The estimated RBE for 120 physical rad per 
fraction of carbon ions was approximately 2. 
this study. 

in 

8 

A second patient was irradiated with neon 
ions for metastatic subcutaneous leiomyosarcoma, 
with one field irradiated with 400 MeV/amu neon 
ions, and compared to a single, adjacent, 15 MeV 
electron field. Eight fractions for a total of 
960 physical rad were delivered with neon, and 8 
fractions for a total of 3,200 rad were delivered 
with electrons. The skin reactions appeared 
comparable on qross examination. 
an RBE of -3.3 for neon in this study. 

Tnis suggested 
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Another p a t i e n t  w i t h  m e t a s t i c  nodules i n  b o t h  
lungs  f rom a p r i m a r y  carcinoma o f  t h e  u t e r i n e  
c e r v i x  was i r r a d i a t e d  w i t h  8 MeV X r a y s  t o  t h e  
r i g h t  l u n g  nodules, and 400 MeV/amu carbon i o n s  
t o  t h e  l e f t  l u n g  nodules. The X-ray dose was 
4,000 r a d  i n  8 f r a c t i o n s ,  and t h e  carbon i o n  dose 
was 1,480 p h y s i c a l  r a d  i n  8 f r a c t i o n s ,  b o t h  
t r e a t m e n t  courses l a s t e d  11 days. Sk in  r e a c t i o n s  
c o u l d  n o t  be compared because o f  a c o i n c i d e n t  
a l l e r g i c  d e r m a t i t i s  r e q u i r i n g  a d m i n i s t r a t i o n  o f  
s t e r o i d s ,  b u t  t i imor r e g r e s s i o n  was compared u s i n g  
s e r i a l  c h e s t  X r a y s  and s e r i a l  CT scans. The 
es t imated RBE f o r  carbon i o n s  r e l a t i v e  t o  8 MeV 
photons as judged by  tumor r e g r e s s i o n  was 
approx imate ly  2.5. 

m e t a s t a t i c  nodules i n  t h e  lungs  was i r r a d i a t e d  
w i t h  557 MeV/amu neon ions,  t o  s e v e r a l  t a r g e t  
s i t e s  i n  t h e  lungs. A t o t a l  o f  1,400 p h y s i c a l  
r a d  was d e l i v e r e d  w i t h  t h e  dose p e r  f r a c t i o n  
v a r y i n g  f rom 85 t o  350 p h y s i c a l  rad, and t h e  
number o f  f r a c t i o n s  v a r y i n g  f rom 4 t o  16, a l l  
g i v e n  i n  a p e r i o d  o f  approx imate ly  30 days. 
Regression o f  t h e  nodules as determined b y  c h e s t  
X r a y  and CT scan was e s s e n t i a l l y  s i m i l a r ;  t h u s  
i t  was concluded t h a t  d i f f e r e n t  t r e a t m e n t  
schedules and f r a c t i o n  s i z e s  were approx ima te l y  
equal  i n  e f f e c t i v e n e s s  f o r  t h i s  p a r t i c u l a r  
p a t i e n t  (Tab le  5 ) .  

Only 2 p a t i e n t s  have been i r r a d i a t e d  w i t h  
argon ions .  The f i r s t  p a t i e n t  had m e t a s t a t i c  
sarcoma i n  t h e  r i g h t  s u p r a c l a v i c u l a r  f o s s a  and 
neck. Th is  p a t i e n t  was i r r a d i a t e d  w i t h  572 
p h y s i c a l  r a d  o f  argon i o n s  g i v e n  i n  4 f r a c t i o n s  
i n  4 days th rough a s i n g l e  f i e l d .  There was 
v i r t u a l l y  no s k i n  r e a c t i o n  noted. The p a t i e n t  
has been f o l l o w e d  f o r  approx imate ly  15 months, 
w i t h  s l i g h t  r e g r e s s i o n  of t h e  tumor which was 
noted t o  be c a l c i f i e d  on rad iog raphy  p r i o r  t o  
a d m i n i s t r a t i o n  o f  t h e  therapy .  There has been 
no evidence o f  regrowth  o f  t h e  l e s i o n  t o  date.  
The e s t i m a t e d  CoRE f o r  t h i s  p a t i e n t  i s  about 
1,500; t h e  e s t i m a t e d  R B E  i s  approx imate ly  3. 

t h e  s k i n  o f  t h e  lower  e x t r e m i t i e s  was a l s o  
t r e a t e d  w i t h  argon ions  t o  f o u r  d i f f e r e n t  
l e s i o n s .  The doses u t i l i z e d  were 556 and 868 
p h y s i c a l  r a d  i n  4 f r a c t i o n s  over  2 days (two’ 
s i t e s  a t  each dose l e v e l ) .  
as expected f o r  t n e  p r e d i c t e d  RBE o f  a p p r o x i  
m a t e l y  2.3 and 2.7, r e s p e c t i v e l y .  Inadequate 
f o l l o w u p  t i m e  i n h i b i t s  any d e f i n i t i v e  s ta tement  
about tumor response, a l though t h e r e  has been 
s l i g h t l y  g r e a t e r  r e g r e s s i o n  o f  t h e  l e s i o n s  a t  
t h e  h i g h e r  dose l e v e l .  

An a d d i t i o n a l  p a t i e n t  w i t h  m u l t i p l e  

A second p a t i e n t  w i t h  m e t a s t a t i c  melanoma o f  

Sk in  r e a c t i o n s  were 

T h i s  p a t i e n t  has a l s o  had-s,eye_ral l e s i o n s  
i r r a d i a t e d  w i t h  neon ions,  h e l i u m  i’ons, and 
photons. A comparison o f  s k i n  r e a c t i o n s  has ’ 

suqgested t h a t  t h e  h e l i u m  and neon-.RBE va l6es  
a r e  approx imate ly  c o r r e c t ,  a l though o u r  e s t i m a t e d  
RBE v a l u e  f o r  neon, which i s  based on p r e t h e r a -  
p e u t i c  data,  may be s l i g h t l y  h i g h .  

,-‘-,are summarized i n  Tab le  5. 

A d d i t i o n a l  p a t i e n t s  i r r a d i a t e d  w w 
carbon ions  have i n c l u d e d  p a t i e n t s  w 

hese da 

t h  neon 
t h  c a r c  

a 

or 
noma 
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o f  t h e  pancreas t o o  advanced f o r  t h e  randomized 
n e l i u m  c l i n i c a l  t r i a l ;  p r i m a r y  o r  m e t a s t a t i c  
ma l ignanc ies  o f  t h e  b r a i n ;  l o c a l i z e d ,  unresec t -  
a b l e  abdominal o r  p e l v i c  tumors such as r e c u r r e n t  
c o l o n i c  carcinoma; advanced cancer o f  t h e  head 
and neck and a few p a t i e n t s  w i t h  carcinoma o f  
t h e  lung. We p l a n  t o  t r e a t  a t  l e a s t  100 p a t i e n t s  
w i t h  carbon, neon, o r  argon i o n s  b e f o r e  comple- 
t i o n  o f  t h e  Phase I-Phase I 1  heavy p a r t i c l e  
t r i a l .  Design o f  f u t u r e  Phase 111 t r i a l s  w i t h  
heavy p a r t i c l e s  w i l l  be based on i n f o r m a t i o n  
accumulated i n  t h i s  c l i n i c a l  s t u d y  as w e l l  as 
a l l  a v a i l a b l e  p r e t h e r a p e u t i c  b i o p h y s i c a l  
i n f o r m a t i o n .  

C l i n i c a l  i r r a d i a t i o n  w i t h  charged p a r t i c l e s  
a t  LBL has u t i l i z e d  c o n v e n t i o n a l  low LET dose- 
vo lume- f rac t i ona t ion  techn iques  as c l o s e l y  as 
p o s s i b l e  i n  o r d e r  t o  reduce t h e  number o f  v a r i -  
ab les  and a f f o r d  an e a s i e r  comparison between 
low LET and charged p a r t i c l e  i r r a d i a t i o n s .  For 
he l ium- ion  i r r a d i a t i o n ,  t h i s  has g e n e r a l l y  meant 
doses i n  t h e  range o f  200 CoRE p e r  f r a c t i o n ,  4 
t o  5 f r a c t i o n s  p e r  week, t o  t o t a l  doses o f  6,000 
t o  7,000 CoRE except  f o r  p a t i e n t s  w i t h  o c u l a r  
melanomas. Because o f  d i f f i c u l t i e s  w i t h  beam 
a v a i l a b i l i t y  a t  t h e  Bevalac, carbon and neon 
i o n s  have been g i v e n  a t  t h e  r a t e  o f  300 t o  350 
CoRE p e r  f r a c t i o n  t o  t o t a l  doses o f  4,800 t o  
5,400 CoRE. Several  p a t i e n t s  have been excepted 
f rom t h i s  dose f r a c t i o n a t i o n  scheme because t h e y  
needed r a p i d  i r r a d i a t i o n  o f  e i t h e r  pulmonary, o r  
s k i n  and subcutaneous nodules. Gradual esca la -  
t i o n  o f  t o t a l  doses w i l l  be c a r r i e d  o u t  i n  o r d e r  
t o  assess t h e  h i g h e s t  p o s s i b l e  t a r g e t  volume dose 
t h a t  can be d e l i v e r e d  w i t h  heavy p a r t i c l e s  w h i l e  
s p a r i n g  normal s t r u c t u r e s  o u t s i d e  t h e  t a r g e t  
volume. 

Our c u r r e n t  e s t i m a t e  o f  p r i o r i t y  t a r g e t  s i t e s  
f o r  heavy p a r t i c l e s  i n c l u d e s  g l iob las toma,  
s e l e c t e d  advanced head and neck tumors, l o c a l i z e d  
advanced carcinoma o f  t h e  pancreas, and s o f t  
t i s s u e  and bone sarcomata. I n  a d d i t i o n ,  when t h e  
he l i um- ion  p i l o t  s t u d y  i s  completed f o r  carcinoma 
o f  t h e  esophagus and stomach, we contemplate a 
Phase .I-Phase I 1  s t u d y  u t i l i z i n g  e i t h e r  carbon 
o r  neon i o n s  f o r  t h e s e  t a r g e t  s i t e s .  

I n  t h e  c u r r e n t  Phase I-Phase I 1  s t u d i e s  most 
p a t i e n t s  have r e c e i v e d  t r e a t m e n t  s o l e l y  w i t h  
carbon o r  neon i o n s .  A s m a l l e r  group o f  p a t i e n t s  

- has r e c e i v e d  heavy p a r t i c l e  t rea tment  as a boos t  
f o l l o w i n g  e i t h e r  h e l i u m  o r  low LET i r r a d i a t i o n .  

. I n  a d d i t i o n ,  a few p a t i e n t s  have been t r e a t e d  
w i t h  mixed beams, t h a t  i s ,  combining heavy 

’  particle i r r a d i a t i o n  (carbon o r  neon i o n s )  t w i c e  
’ a  week iw i th  low LET photon i r r a d i a t i o n  t h r e e  

t imes p e r  week. The smal l  number o f  p a t i e n t s  i n  
t h i s  group prec ludes  any d e f i n i t i v e  c l i n i c a l  

. conc lus ions ,  b u t  a b e g i n n i n g  e v a l u a t i o n  o f  these 
t rea tment  schedules appears a p p r o p r i a t e  i n  o r d e r  
t o  e v a l u a t e  p a t i e n t  and p h y s i c i a n  acceptance, and 
make some e s t i m a t e  o f  tumor response. The 
p r a c t i c a l  i m p l i c a t i o n s  o f  mixed beam o r  b o o s t  
schedules i n  terms o f  p a t i e n t  a c c r u a l  and 
economics a r e  obvious, shou ld  these techn iques  
o f f e r  c l i n i c a l  value. 



Table 5. Phase I - I 1  Preliminary Heavy-Ion Bragg Peak Patient Data 

Beam and Patient Radiation Dose/Fraction Fractionation RBE 
Initial Energy Diagnosis End Point (physical rad) Time (days) Estimate 

(MeV/ amu ) (relative to 
photons) 

Reference 
Radiation 

Carbon Kapos i I s  Skin 100 rad/fx x 10 fx = 1,000 rad 11 2.7 10 MeV electrons 
308 sarcoma reaction 140 rad/fx x 10 fx = 1,400 rad (at 120 rad/fx) 250 rad/fx x 10 fx = 2,500 rad 

170 rad/fx x 10 fx = 1,700 rad 300 rad/fx x 10 fx = 3,000 rad 
350 rad/fx x 10 fx = 3,500 rad 

500 rad/fx x 8 fx = 4,000 rad 
Left 1 ung Tumor 185 rad/fx x 8 fx = 1,840 rad 11 2.5 8 MeV X rays 
metastic regress ion 
nodules from 
carcinoma of 
the uterine 
cervix 

400 

Neon 
400 Metastatic Skin 120 rad/fx x 8 fx = 960 rad 10 

subcutaneous reaction 
leiomyosarcoma 

Tumor 350 rad/fx x 4 fx = 1,400 rad 28 Mu 1 ti p l  e 
metastatic regression 175 rad/fx x 8 fx = 1,400 rad 30 
lung nodules 117 rad/fx x 12 fx = 1,400 rad 30 

85 rad/fx x 16 fx = 1,400 rad 31 

557 

6 70 Metastatic Skin reaction 85 rad/fx x 18 fx = 1,530 rad 34 
melonoma, skin 100 rad/fx x 16 fx = 1,600 rad 24 

3.3 15 MeV electrons 
400 rad/fx x 8 fx = 3,200 rad u 

4 

m 

2.4 None 
2.9 
3.2 
3.5 

3.5 
-3.2 

232 MeV/amu Helium 4,248 radl18fxl30 days 
4 MeV X ray 6,350 rad/20fx/30 days 

Argon 
570 Met ast i c Sk i n 143 rad/fx x 4 fx = 572 rad 4 -2.7 None 

sarcoma reaction 
the right and tumor 
supraclavicular regression 
fossa 

5 70 Metastatic Skin 139 rad/fx x 4 fx = 556 rad 2 2.7 None 
skin melanoma reaction (at 139 rad/fx) 
of lower 217 rad/fx x 4 fx = 868 rad 2.3 
extremities (at 217 rad/fx) 
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FUTURE STUDIES 

Upon comp le t i on  o f  Phase I-Phase I 1  s t u d i e s  
w i t h  carbon, neon and argon ions, des ign o f  
Phase I11 t r i a l s  u t i l i z i n g  one o r  more o f  these 
i o n s  w i l l  be undertaken. U l t i m a t e l y  two o r  t h r e e  
s i t e s  w i l l  be s e l e c t e d  f o r  p r o s p e c t i v e  c o n t r o l -  
l e d  c l i n i c a l  t r i a l s  i n  which low-LET r a d i a t i o n  
i s  compared t o  he l i um- ion  r a d i a t i o n  and r a d i a t i o n  
f r o m  a h e a v i e r  D a r t i c l e  such as carbon o r  neon. 

E v a l u a t i o n  o f  three-d imensional  beam scanning 
w i l l  con t i nue  i n  o r d e r  t o  improve t rea tmen t  
d e l i v e r y  techniques.  S i m i l  r l y ,  an au to rad io -  
a c t i v e  beam such as ';C o r  79N may a s s i s t  i n  
l o c a l i z a t i o n  o f  t h e  h i g h  dOSe zone t o  t h e  d e s i r e d  
t a r g e t  volume (see C h a t t e r j e e  and Alpen, P a r t  V I ,  
S e c t i o n  B) .  In a d d i t i o n ,  e v a l u a t i o n  o f  combina- 
t i o n s  o f  he l i um i o n  i r r a d i a t i o n  w i t h  hypox ic  c e l l  
s e n s i t i z e r s  o r  hyper the rm ic  techniques i s  a l s o  
under c o n s i d e r a t i o n  f o r  f u t u r e  s tudy.  

b iomedica l  a c c e l e r a t o r  f o r  heavy p a r t i c l e  r a d i o -  
therapy,  rad iography,  and b iomedica l  research 
w i l l  a l s o  be under taken soon, because s e v e r a l  
years w i l l  be needed t o  p r o p e r l y  complete such a 
des ign p r o j e c t .  T h i s  des ign  s tudy  shou ld  a l s o  
i n c l u d e  a medica l  e v a l u a t i o n  o f  t h e  p a r t i c l e  
beam c o n f i g u r a t i o n s  needed f o r  c l i n i c a l  r a d i o -  
therapy,  and c o n s i d e r a t i o n  o f  p o s s i b l e  l o c a t i o n  
s i t e s ,  p h y s i c i a n  and p a t i e n t  popu la t i ons ,  and 
acceptance and r e f e r r a l  p a t t e r n s .  Th is  des ign  
program should be completed over  t h e  n e x t  two o r  
t h r e e  yea rs  so t h a t  i f  i n i t i a l  c l i n i c a l  s t u d i e s  
show promise f o r  heavy p a r t i c l e  r a d i o t h e r a p y ,  a 
we l l -p lanned  c o n s t r u c t i o n  program can be s t a r t e d  
w i t h  minimum d e l a y .  

10 

The des ign o f  a h o s p i t a l  based ded ica ted  
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RADIOLOGICAL PHYSICS OF HEAVY CHARGED-PARTICLE BEAMS USED 
FOR THERAPY 

J. T. Lyman, J. Howard, L. Kanstein, and J. R. Alonso 

BEAM CHARACTERISTICS 

184-Inch Synchrocyc lo t ron  F a c i l i t y  

The 184-inch Synchrocyc lo t ron  was f i r . s t  used 
f o r  b i o l o g i c a l  s t u d i e s  i n  1948 (Tob ias  e t  a l . ,  
1952)  and f i r s t  used t o  t r e a t  p a t i e n t s  i n  1954 
(Tob ias  e t  a l . ,  1 9 5 5 ) .  Except f o r  t h e  f i r s t  
t h i r t y  p a t i e n t s  who r e c e i v e d  p i t u i t a r y  i r r a d i a -  
t i o n  w i t h  p ro tons ,  a l l  p a t i e n t s  i r r a d i a t e d  a t  
t h i s  c y c l o t r o n  have been t r e a t e d  w i t h  t h e  
he l ium- ion  beam. 

The t r e a t m e n t  techn iques  are  a r b i t r a r i l y  
d i v i d e d  i n t o  two c a t e g o r i e s :  smal l  f i e l d  and 
l a r g e  f i e l d  i r r a d i a t i o n s .  Examples o f  t h e  smal l  
f i e l d  t rea tments  a r e  p i t u i t a r y  i r r a d i a t i o n ,  wh ich  
g e n e r a l l y  u t i l i z e s  t h e  p l a t e a u  p o r t i o n  o f  t h e  
h e l i u m  depth-dose curve, and t rea tment  o f  o c u l a r  
melanoma, Which uses a m o d i f i e d  Bragg peak o f  t h e  
h e l i u m  beam. Large f i e l d  t rea tments  ( g r e a t e r  
than 3-cm beam d i a m e t e r )  f o r  cancer the rapy  
g e n e r a l l y  r e q u i r e  a beam t h a t  has a l a r g e  u n i f o r m  
t r a n s v e r s e  p r o f i l e  and a m o d i f i e d  Bragg peak. 
The same t r e a t m e n t  room i s  used f o r  b o t h  t h e  
smal l  and l a r g e  f i e l d  i r r a d i a t i o n s .  

Bevalac and Bevatron F a c i l i t i e s  

The beams a v a i l a b l e  f o r  b i o l o g i c a l  i n v e s t i g a -  
t i o n s  a t  t h e  Bevatron o r  a t  t h e  Bevalac range 
f r o m  h e l i u m  t o  i r o n  i o n s .  However, o n l y  carbon, 
neon, and argon beams have been used f o r  therapy .  
There are  two i r r a d i a t i o n  rooms a v a i l a b l e :  room 
I i s  p r i m a r i l y  f o r  p a t i e n t  procedures and room I 1  
i s  f o r  t h e  b i o l o g i c a l  and p h y s i c a l  i n v e s t i g a t i o n s  
(Lyman and Howard, 1977a) .  

Procedures and i n s t r u m e n t a t i o n  f o r  p a t i e n t  
i r r a d i a t i o n s  a t  t h e  Bevatron/Bevalac nave been 
based on t h e  p r i o r  exper ience o b t a i n e d  a t  t h e  
184-inch Synchrocyc lo t ron ,  and f o r  t h a t  reason 
b o t h  f a c i l i t i e s  a re  discussed. 

INSTRUMENTATION 

The beams a r e  mon i to red  by  l a r g e  d iameter  
t r a n s m i s s i o n  i o n i z a t i o n  cnambers t h a t  a r e  f l u s h e d  
Wi th  d r y  n i t r o g e n  gas. 
e l e c t r o d e s  p e r m i t  t h e  beam s i z e  and p o s i t i o n  t o  
be mon i to red  d u r i n g  t rea tment  (Lyman e t  a l . ,  1975)  
The i o n i z a t i o n  chambers a r e  connected t o  r e c y c l -  
i n g  i n t e g r d t o r s  (Shapiro,  1970), which i n  t u r n  
a r e  connected t o  s c a l a r s  t h a t  i n t e r f a c e  t o  a 
minicomputer.  The s t a b i l i t y  o f  t h e  i o n i z a t i o n  
chamber i s  mon i to red  w i t h  a secondary emiss ion  

o n i t o r  t h a t  can d e t e c t  changes i n  t h e  i o n i z a -  
i o n  chamber c o l l e c t i o n  e f f i c i e n c y  as w e l l  as 

Segmented c o l l e c t i o n  

changes i n  t h e  gas f i l l i n g  t h e  i o n i z a t i o n  
chamber. 

The beam m o n i t o r i n g  i o n i z a t i o n  chambers a r e  
c a l i b r a t e d  d a i l y  w i t h  a th imb le- type i o n i z a t i o n  
chamber l o c a t e d  a t  t h e  i s o c e n t e r  o f  t h e  p a t i e n t  
p o s i t i o n e r .  When t h e  dos imet ry  was compared w i t h  
measurements made by  personnel  f r o m  o t h e r  i n s t i -  
t u t i o n s  s t u d y i n g  heavy cha rged-pa r t i c l e  t h e r a p y  
(heavy, i n  t n i S  c o n t e x t ,  i m p l i e s  p a r t i c l e s  
h e a v i e r  than e l e c t r o n s ) ,  t h e r e  was genera l  agree- 
ment i n  t h e  va lue  o f  t h e  absorbed dose (* 2 % ) .  
The accuracy o f  t h e  dos ime t ry  has a l s o  been 
c o r r o b o r a t e d  by measurements w i t h  a c a l o r i m e t e r  
(Lyman e t  a l . ,  1980). 

BEAM MODIFICATION FOR THERAPY 

Major m o d i f i c a t i o n s  may be necessary t o  
t r a n s f o r m  t h e  smal l  d iameter monoenerget ic beam 
t h a t  emerges f r o m  t h e  a c c e l e r a t o r  i n t o  a beam 
t h a t  can be used t o  produce t h e  v a r i e d  dose 
d i s t r i b u t i o n s  r e q u i r e d  f o r  therapy. The p r i m a r y  
m o d i f i c a t i o n s  a r e  t o  spread t h e  narrow beam over  
t h e  d e s i r e d  t r e a t m e n t  area, and t o  modi l la te  t h e  
depth o f  p e n e t r a t i o n  o f  t h e  beam so  t h a t  a l l  
r e g i o n s  o f  t h e  d e s i r e d  t rea tment  volume r e c e i v e  
a b i o l o g i c a l l y  e q u i v a l e n t  dose. 

Beam Broadening and F l a t t e n i n g  

C u r r e n t l y  t h e r e  a r e  two wel l -proven tech- 
niques f o r  f o r m i n g  l a r g e  u n i f o r m  f i e l d s  i n  t h e  
p l a n e  p e r p e n d i c u l a r  t o  t h e  beam d i r e c t i o n :  
m a g n e t i c a l l y  scanned beams and s c a t t e r e d  beams. 

M a g n e t i c a l l y  Scanned Beam 

A m a g n e t i c a l l y  scanned beam has been used a t  
Uppsala (Larsson, 1961) where a p a i r  o f  sweeping 
magnets scans a p e n c i l  beam o f  p ro tons  over  a 
15 x 1 5  cm reg ion ;  s p e c i a l  a t t e n t i o n  i s  g i v e n  t o  
t h e  pu lsed n a t u r e  o f  t h e  beam i n  o r d e r  t o  a v o i d  
h o t  spo ts  i n  t h e  p a t t e r n .  

A spo t  scanning system represents  another  
s o l u t i o n  t o  t h e  problem. I n  t h i s  system, i t  i s  
p o s s i b l e  t o  achieve a r a d i a t i o n  f i e l d  w i t h  an 
i r r e g u l a r  shape and i n t e n s i t y  d i s t r i b u t i o n ,  and 
t o  c o r r e c t  any f l u c t u a t i o n s  i n  t h e  beam i n t e n s i t y  
(Kanai e t  a l . ,  1980). T h i s  techn ique has been 
t e s t e d  w i t h  a 70 MeV p r o t o n  beam. 

Three-dimensional scanning has been proposed 
as another a l t e r n a t i v e  (Leeman e t  a l . ,  1977, 
1979). T h i s  system would combine t h e  s p o t  scan- 
n i n g  system w i t h  range modu la t ion  t o  enab le  t h e  
i r r a d i a t i o n  o f  i r r e g u l a r l y  shaped volumes. Dose 
d i s t r i b u t i o n s  w i t h i n  t h e  volume c o u l d  be shaped 
t o  achieve a u n i f o r m  response o f  t h e  tumor c e l l s .  
Some p r e l i m i n a r y  des ign  and development have been 
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done w i t n  t h i s  system.. A f u l l  t e s t  a t  t h e  
Bevatron o f  t h e  three-d imensional  scanning system 
i s  be ing  proposed. 
e f f i c i e n t ,  i f  complex, s o l u t i o n  t o  t h e  problem. 

T h i s  rep resen ts  a h i g h l y  

S c a t t e r e d  Beam 

The second method i s  a double s c a t t e r e d  beam 
which was i n i t i a l l y  developed a t  t h e  Harvard 
c y c l o t r o n  (Schneider  e t  a l .  , 1974; Koehler  
e t  a l . ,  1977) and i s  now a l s o  used a t  b o t h  t h e  
184-inch Synchrocyc lo t ron  (Crowe e t  a l .  , 1975) 
and t h e  Bevalac and Bevatron. 

M u l t i p l e  s c a t t e r i n g  o f  charged p a r t i c l e s  by  
t h i n  high-Z f o i l s  produces a Gaussian- l ike 
d i s t r i b u t i o n  o f  smal l  s c a t t e r i n g  angles. A t  some 
d i s t a n c e  f rom t h e  f o i l  t h i s  d i s t r i b u t i o n  can be 
p r o j e c t e d  on to  a p lane  pe rpend icu la r  t o  t h e  beam 
a x i s  t o  form a gaussian r a d i a l  f l u x  d i s t r i b u t i o n .  
A t  t h i s  p o i n t ,  some c e n t r a l  p o r t i o n s  o f  t h e  beam 
may be stopped by a s o l i d  beam absorber o f  an 
a p p r o p r i a t e  shape and m a t e r i a l .  The beam pass ing  
around t h i s  absorber i s  t hen  mixed by a second 
s c a t t e r i n g  f o i l .  
30-cm d iameter  h e l i u m  beam w i t h  f 2% f l a t n e s s  

Th is  method has produced a 
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over  90% o f  t h e  f i e l d  (Crowe e t  a1.,.1975). The 
beam spreading system behaves approx ima te l y  l i k e  
a p o i n t  source o f  i l l u m i n a t i o n .  
source d i s t a n c e  f rom t h e  i s o c e n t e r  o f  t h e  p a t i e n t  
p o s i t i o n e r  a t  t h e  c y c l o t r o n  i s  about 6 m, Which 
r e s u l t s  i n  a r e l a t i v e l y  smal l  d ivergence o f  
t rea tmen t  f i e l d s  w i t h  depth i n  t h e  p a t i e n t ,  
compared t o  a 1 m source-to-skin d i s t a n c e  t y p i c a l  
f o r  photon sources. 

The apparent  

Depth-Dose M o d i f i c a t i o n  

Hel ium and t h e  heav ie r  i ons  c u r r e n t l y  used 
f o r  r a d i o t h e r a p y  a t  LBL have Bragg peaks char-  
a c t e r i s t i c  o f  heavy cha rged-pa r t i c l e  beams 
( F i g .  1 )  (Lyman and Howard, 1977b). 
t h e  depth-dose d i s t r i b u t i o n  o f  t hese  oeams f o r  
therapy,  i t  was necessary t o  des ign a method t o  
superimpose consecu t i ve  doses w i t h  d i f f e r e n t  
Bragg curves i n  o r d e r  t o  o b t a i n  t h e  p roper  dose 
bu i l d -up  t h a t  w i l l  produce t h e  d e s i r e d  dose 
d i s t r i b u t i o n  w i t h i n  a g i ven  volume. The method 
c u r r e n t l y  used t o  make t h i s  m o d i f i c a t i o n  i s  t o  
pass a monoenergetic beam through a r i d g e  f i l t e r  
(Karlsson, 1964) t o  produce a po lych romat i c  
beam. T h i s  po l ych romat i c  beam can be cons ide red  
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F i g u r e  1. Bragg curves f o r  he l ium-,  carbon-, neon-, and a rgon- ion  beams (Lyman and Howard, 1977b). 
(XBL 768-9226) 
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as b e i n g  composed o f  a s e r i e s  o f  monoenerget ic 
beams w i t h  d i f f e r i n g  ranges. The d e s i r e d  dose 
d i s t r i b u t i o n s  a r e  u s u a l l y  n o t  u n i f o r m  because t h e  
RBE va lues  f o r  most beams increase w i t h  i n c r e a s -  
i n g  depth beloN t h e  en t rance sur face .  
p h y s i c a l  dose d i s t r i b u t i o n  o v e r  t h e  d e s i r e d  
t r e a t m e n t  volume i s  shaped t o  compensate f o r  t h i s  
i n c r e a s e  i n  RBE. 

Ridge f i l t e r s  have been designed f o r  t h e  
v a r i o u s  heavy cha rged-pa r t i c l e  beams. 
e n t  r i d g e  f i l t e r  i s  r e q u i r e d  f o r  each p a r t i c l e  
beam and f o r  each t h i c k n e s s  o f  t h e  t r e a t m e n t  
volume i n  t h e  beam d i r e c t i o n .  
m a t t e r  t h e  r i d g e  f i l t e r s  a r e  g e n e r a l l y  b u i l t  f o r  
t r e a t m e n t  volume th icknesses  f r o m  4 t o  14 cm i n  
2-cm increments.  The same s e t  o f  r i d g e  f i l t e r s  
has been used f o r  b o t h  t h e  carbon and neon beams. 
T h i s  represents  a compromise f r o m  t h e  t h e o r e t -  
i c a l l y  d e s i r e d  dose d i s t r i b u t i o n s ,  however t h e  
b i o l o g i c  exper iments have n o t  shocJn c o n c l u s i v e l y  
t h a t  t h e  dose d i s t r i b u t i o n  shou ld  be charged. 

The 

A d i f f e r -  

As a p r a c t i c a l  

A t  LBL t h e  des ign  o f  t h e  r i d g e  f i l t e r  s t a r t s  
w i t h  a well-measured Bragg curve. 
t h e o r e t i c a l  c o n s i d e r a t i o n s  ( L i t t o n  e t  a l . ,  1968), 
a Bragg curve  t h a t  i s  a good r e p r e s e n t a t i o n  o f  
t h e  measured c u r v e  can be c a l c u l a t e d  (Lymand and 
Howard, 1977b). The assumptions used i n  t h e  beam 
model a r e  t h a t ,  w i t h  some p r o b a b i l i t y ,  p r i m a r y  
i o n s  are  removed f r o m  t h e  beam by  n u c l e a r  i n t e r -  
a c t i o n s  which r e s u l t  i n  f ragmenta t ion  o f  t h e  
incoming ion .  A f i x e d  amount o f  energy i s  
depos i ted  l o c a l l y  d u r i n g  t h e  f ragmenta t ion  and a 
secondary p a r t i c l e  (a  f ragment o f  t h e  p r i m a r y )  
cont inues  i n  t h e  f o r w a r d  d i r e c t i o n  w i t h  a 
v e l o c i t y  n e a r l y  t h e  same as t h e  p r i m a r y  i o n  a t  
t h e  t i m e  o f  t h e  c o l l i s i o n .  A l l  secondary 
p a r t i c l e s  proceed t o  t h e  end o f  t h e i r  range 
w i t h o u t  f u r t h e r  n u c l e a r  i n t e r a c t i o n s ,  i.e., no 
t e r t i a r y  p a r t i c l e s  a r e  generated. 

Two a d j u s t a b l e  parameters a r e  needed t o  
adequate ly  match t h e  t h e o r e t i c a l  Bragg curves  
w i t h  t h e  exper imenta l  data.  The f i r s t  parameter 
determines t h e  charge c o n s e r v a t i o n  i n  t h e  c o l l i -  
s i o n ,  i.e., what f r a c t i o n  o f  t h e  o r i g i n a l  charge 
i s  t o  appear i n  t h e  secondary fragments. The 
remain ing  charge i s  assumed t o  have gone t o  low 
energy charged fragments t h a t  a r e  stopped c l o s e  
t o  t h e  p o i n t  o f  f ragmenta t ion .  The second para- 
meter determines t h e  r e l a t i v e  charge d i s t r i b u t i o n  
o f  t h e  secondary ions .  The t h e o r e t i c a l  Bragg 
curve  i s  composed o f  t h e  Bragg curve  o f  t h e  
p r i m a r y  ions  p l u s  t h e  Bragg curves o f  a l l  t h e  
v a r i o u s  secondary ions.  Tne dose d i s t r i b u t i o n  
can t h e r e f o r e  be p a r t i t i o n e d  t o  i d e n t i f y  t h e  
c o n t r i b u t i o n  o f  t h e  p r i m a r y  ions  and t h a t  o f  t h e  
secondary ions  ( F i g .  2 ) .  

LET  va lues  a r e  d e r i v e d  as a f u n c t i o n  o f  
p e n e t r a t i o n  d i s t a n c e  f rom t h e  beam model t n a t  i s  
used t o  c a l c u l a t e  t h e  Bragg curve. The LET 
values c a l c u l a t e d  a r e  t n e  dose-weighted averages 
o f  t h e  LET o f  t h e  p r i m a r y  ions  and each t y p e  o f  
secondary i o n .  Dur ing  t h e  des ign  o f  t h e  i s o -  
- w v i v a l  r i d g e  f i l t e r ,  these LET va lues  a r e  used 

produce t h e  average LET d i s t r i b u t i o n  as a 9 u n c t i o n  o f  p e n e t r a t i o n  d i s t a n c e  f o r  t h e  spread 
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F i g u r e  2. Bragg c u r v e  o f  t h e  500-MeV/u argon beam 
i n  water .  Exper imental  p o i n t s  a r e  compared w i t h  
t h e  t h e o r e t i c a l  curves  f o r  t h e  t o t a l  dose as w e l l  
as t h a t  caused b y  t h e  p r i m a r y  and secondary p a r t i -  
c l e s  (Lyman and Howard, 1977b). (XBL 768-9256) 

In o r d e r  t o  produce a u n i f o r m l y  e f f e c t i v e  
dose d i s t r i b u t i o n  over  t h e  d e s i r e d  r e g i o n ,  t h e r e  
must be a means o f  p r e d i c t i n g  some b i o l o g i c  
e f f e c t  as a f u n c t i o n  o f  t h e  average LET and dose 
a t  each p o i n t  i n  depth a long t h e  depth-dose 
d i s t r i b u t i o n .  We use t h e  l i n e a r - q u a d r a t i c  model 
t o  p r e d i c t  c e l l  s u r v i v a l :  

S = S * exp(-aD- OD 2 ) 
0 

S i s  t h e  number o f  s u r v i v i n g  c e l l s  i n  a popula- 
t i o n  o f  So c e l l s .  
f u n c t i o n s  of  t h e  average LET and t h e  v e l o c i t y  o f  
t h e  p a r t i c l e s ,  and D i s  t h e  dose. The f u n c t i o n s  
t h a t  d e s c r i b e  t h e  v a r i a t i o n s  o f  a and b were 
chosen t o  matcn as c l o s e l y  as p o s s i b l e  t h e  exper- 
imenta l  RBE va lues  f r o m  t h e  known heavy charged- 
p a r t i c l e  exper iments,  many o f  which were summar- 
i z e d  i n  an e a r l i e r  r e p o r t  (Lawrence Berke ley  
Labora tory  Report  5610, 1977). Exper imental  
c o n d i t i o n s  o f  t h e s e  exper iments and t h e  RBE 
va lues  d e r i v e d  a r e  main ta ined i n  a d a t a  base. 
For most exper imenta l  c o n d i t i o n s  s e v e r a l  b i o l o g -  
i c a l  systems have been used t o  t e s t  t h e  m u t i p l e  
exper imental  c o n d i t i o n s  ( ion ,  energy, r i d g e  
f i l t e r ,  and p e n e t r a t i o n  depth) .  There i s  a 
f a i r l y  l a r g e  range between t h e  lowest  and h i g h e s t  
r e p o r t e d  RBE va lues  f o r  each c o n d i t i o n .  The 
v a r i a t i o n  i s  due t o  t h e  s e n s i t i v i t y  o f  t h e  
system, t h e  l e v e l  o f  b i o l o g i c  e f f e c t  a t  which t h e  
RBE i s  c a l c u l a t e d ,  and t h e  cho ice  o f  t h e  r e f e r -  
ence r a d i a t i o n .  For t h e  purposes o f  r a d i a t i o n  
therapy ,  t h e  most a p p r o p r i a t e  RBE values a r e  
those d e r i v e d  a t  a l e v e l  o f  b i o l o g i c a l  e f f e c t  
t h a t  would be observed f o l l o w i n g  a dose o f  about 
200 r a d  o f  h igh-energy photon i r r a d i a t i o n ,  
because t h i s  i s  t h e  s i z e  o f  a t y p i c a l  d a i l y  dose. 
The RBE v a l u e  a t  t h i s  dose would be h i g h e r  t h a n  
t h e  va lues  t h a t  a r e  t y p i c a l l y  repor ted .  

The a. and 6 terms a r e  b o t h  

For r i d g e  f i l t e r  design, i t  i s  n o t  i m p o r t a n t  
t o  know t h e  a b s o l u t e  v a l u e  o f  t h e  RBE a t  any 
p o i n t  i n  t h e  beam. However, t h e  r e l a t i v e  change 
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i n  RBE between t h e  prox ima l  and t h e  d i s t a l  peaks 
must be known so  t h a t  t h e  r i d g e  f i l t e r  can be 
made t o  produce t h e  proper dose p r o f i l e .  

p a r t i c l e  beam and a means o f  c a l c u l a t i n g  a 
b i o l o g i c  e f f e c t  a r e  known, i t  i s  a f a i r l y  
s t r a i g h t f o r w a r d  procedure t o  c a l c u l a t e  t h e  
expected b i o l o g i c  e f f e c t  as a f u n c t i o n  o f  depth.  
The necessary i t e r a t i o n s  t o  min imize  t h e  dev ia -  
tions f rom t h e  d e s i r e d  b i o l o g i c  e f f e c t  can t h e n  
be performed. 
designed t o  produce a r e g i o n  o f  u n i f o r m  c e l l  
s u r v i v a l  i f  t h e  dose admin is te red  i s  t h e  
a p p r o p r i a t e  dose f o r  a 66% c e l l  s u r v i v a l  i n  t h e  
t rea tment  volume. 

Once t h e  parameters o f  t h e  heavy charged- 

The r i d g e  f i l t e r s  a r e  g e n e r a l l y  

The r i d g e  f i l t e r  des ign  program s e l e c t s  t h e  
a p p r o p r i a t e  w e i g h t i n g  f a c t o r s  f o r  a s e r i e s  o f  
monoenerget ic beams t o  produce t h e  s p e c i f i e d  
i s o s u r v i v a l  r e g i o n .  I n  a d d i t i o n ,  RBE va lues  f o r  

t h e  c e l l  s u r v i v a l  model a re  c a l c u l a t e d  a t  t h e  
10% s u r v i v a l  l e v e l  a t  s e l e c t e d  p o i n t s  a l o n g  t h e  
depth-dose curve. These RBE va lues  (Tab les  1-3) 
a r e  compared w i t h  RBE values s t o r e d  i n  t h e  d a t a  
base. The RBE va lues  f o r  t h e  c e l l  s u r v i v a l  model 
have been c a l c u l a t e d  r e l a t i v e  t o  t h e  h e l i u m  
p la teau,  which i s  g e n e r a l l y  thought  t o  be s i m i l a r  
in e f f e c t i v e n e s s  t o  225-kV X rays .  

I f  t h e  r i d g e  f i l t e r  i s  p r o p e r l y  designed and 
b u i l t ,  then  t h e  RBE va lues  a t  one p o i n t  on t h e  
depth-dose curve  are  s u f f i c i e n t  t o  s e l e c t  t h e  
proper  dose t o  ach ieve  t h e  d e s i r e d  b i o l o g i c a l  
e f f e c t  . 

PATIENT DOSE SPECIFICATION 

For t h e  hel ium, carbon, and neon spread 
Bragg-peak beams, t h e  maximum dose occurs  a t  
p rox ima l  peak. For t h i s  reason, t h e  proxima 

Tab le  1. RBE Values R e l a t i v e  t o  t h e  Hel ium P la teau f o r  a 25 cm Hel ium 
Be am 

~~ ~ ~ 

P o s i t  i o n  

Ridge F i l t e r  (cm) 

4 6 8 10 12 14 

Proximal Peak + 0.5 cm 1.06 1.05 1.04 1.03 1.02 1.02 
Midpeak 1.08 1.07 1.06 1.06 1.05 1.05 
D i s t a l  Peak - 0.5 cm 1.19 1.19 1.19 1.19 1.20 1.20 

Tab le  2. RBE Values R e l a t i v e  t o  t h e  Hel ium P la teau f o r  a 25 cm Carbon 
Beam 

P o s i t  i o n  

Ridge F i l t e r  (cm) 

4 6 8 10 12 1 4  

Proximal Peak + 0.5 cm 1.92 1.78 1.67 1.60 1.53 1.48 
Midpeak 2.07 1.94 1.85 1.77 1.71 1.66 
D i s t a l  Peak - 0.5 cm 2.39 2.35 2.32 2.29 2.27 2.25 

Table 3. RBE Values R e l a t i v e  t o  t h e  Hel ium P la teau f o r  a 25 cm Neon 
Be am 

P o s i t i o n  

Ridge F i l t e r  (cm) 

4 6 8 10 12 14 

Proximal Peak + 0.5 cm 2.54 2.40 2.28 2.18 2.09 2.02 
Midpeak 2.65 2.54 2.45 2.37 2.30 2.24 
D i s t a l  Peak - 0.5 cm 2.83 2.81 2.79 2.78 2.78 2.77 

t h e  

G 
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peaK has been selected as the point to which a 
specified dose is to be delivered. The therapy 
beam monitors are calibrated so that a given dose 
can be delivered to the patient at the proximal 

position is needed to specify the charged- 
particle dose for the desired effect. 

obtained, the dose to the proximal peak is 
specified by the model used to design the ridge 
filters. Tables 4-6 give the dose at the 

@peak . A clinical RBE at this proximal peak 

Until definitive clinical RBE values are 

Table 4. Helium Physical Dose 

Ridge Filter (cm) 

CoRE 4 6 8 10 12 14 

170 130 133 135 137 139 140 
200 155 158 160 162 164 165 
225 175 178 181 183 185 186 
2 50 195 199 202 204 206 207 
300 236 240 243 246 248 249 
350 278 282 285 288 290 291 
400 319 323 327 329 332 334 
500 402 407 411 414 416 418 

proximal peak and the corresponding equivalent 
dose for a high-energy photon beam for the 
various ridge filters and ions that are being 
used. This latter dose is designated as the 
cobalt-rad-equivalent (CoRE) dose. 

Isodose plans can be calculated for patient 
treatment with the heavy charged-particle beams. 
However, if the RBE values change as a function 
of the penetration distance, then the isodose 
plan i s  not sufficient to illustrate the degree 
of the biologic effect expected. In general, one 
would expect to have a lower effective dose in 
the plateau region and beyond the distal peak, 
and an increasingly effective dose from the 
proximal peak to tne distal peak. Treatment 
plans based on the CoRE dose are an attempt to 
provide the minimum information to illustrate 
the biologic effective dose distribution. 
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HEAVY CHARGED-PARTICLE TREATMENT PLANNING 

G. T. Y. Chen, S. Pitluck, and J. T. Lyman 

An essential element of the heavy-ion radio- 
therapy program is the development of a computer- 
ized treatment planning system. In its broadest 
sense, treatment planning includes development 
of (1) methods to calculate isodose distributions, 
(2) dosimetry to verify that such calculations 
are accurate, and (3) optimized irradiation 
techniques that confine the high dose region to 
the prescribed target volume. A computerized 
tomographic (CT) based system is currently in 
operation, where sequential scans are first 
displayed on a dedicated raster graphics display 
unit. Target Contours in appropriate slices are 
then entered via cursor by the radiotherapist. 
After the entry angle and ion type are chosen, 
the treatment planning program uses CT data on a 
pixel-by-pixel basis to (1) design appropriate 
compensators to contour the stopping region of 
the therapy beams, (2) select an appropriate 
spread Bragg peak for the irradiation, (3) design 
a collimator aperture for each entry portal, and 
(4) generate isoeffect and physical dose dis- 
tributions overlayed on the CT image. Treatment 
plans that include the potential effects of 
compensator misregistration and motion due to 
respiration may be optionally generated. 
Computer assisted aids in portal placement are 
also obtained. 
gress in the area of clinical physics, and 
outline future lines of investigation. 

In this section, we review pro- 

ROLE OF CT IN TREATMENT PLANNING 

The value of CT in conventional radiation 
therapy has been widely recognized (Stewart 
et al., 1978; Hobday et al., 1979). CT plays an 
essential role in charged particle radiotherapy, 
because it is used in target volume definition, 
quantitation of inhomogeneities, portal design 
and placement, and posttherapeutic evaluation of 
treatment effectiveness. 

Studies have shown that C 
adjunct in tumor volume defin 
et al., 1977; Goitein et al., 
without this diagnostic aid, 
metric misses o f  the target v 
40% of cases. In addition, tne quantitative 
information that CT provides is essential in 
determining the perturbing effects of inhomo- 
geneities on charged particle transport. Photons 
are exponentially attenuated, and a small error 
in the determination of the effective depth of 
the target volume produces only a small dose 
perturbation. For 4 MeV photons, a 1 cm error 
in depth results i n  a 5% dose error. 
a 1 cm error in range overestimation of a charged 
article beam will irradiate tissue distal to the 

mising the potential benefit from a finite range 
beam. Underestimation of the range required 

In contrast, 

q r i m a r y  beam to the 100% level, thereby compro- 

could lead to underdosing the tumor by about 80 
to 90%. Therefore, one of the major objectives 
has been to develop methods to accurately 
calculate the appropriate residual range for 
adequate tumor coverage and to understand the 
accuracy with which charged particles may be used 
to produce highly localized dose distributions. 
The goal is to be able to predict the stopping 
point of a beam passing through a variety of 
tissues,to an accuracy of better than 5 mm, and 
in some cases, possibly to better than 2-3 mm. 
Typical ranges for charged particle radiotherapy 
are 20 to 25 cm, which implies that the water 
equivalent range must be extracted from CT to 
within 2%. 

The quantitative information furnished by CT 
is not directly applicable to charged particle 
treatment planning. CT numbers are a measure of 
the linear attenuation coefficient of each pixel 
at diagnostic photon energies, where both photo- 
electric and Compton processes are present. The 
photoelectric effect is a strong function of both 
the electron density and effective atomic number, 
while the Compton process depends primarily on 
the electron density. Like Compton scatter, the 
stopping power of charged particles is dominated 
by the electron density of tne medium traversed. 

In order to utilize CT data quantitatively, 
methods to relate CT number to water equivalent 
pathlength are needed. Figure 1 shows a calibra- 
tion curve relating CT number to water equivalent 
range per pixel. The experimental points were 
determined by CT scanning tissue analogues and 
then measuring their stopping power in a helium 
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Figure 1. 
and water equivalent range per pixel. (XBL793-3293) 

Calibration curve relating CT number 
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i o n  beam. The c a l i b r a t i o n  cu rve  u t i l i z e s  CT d a t a  
a t  a s i n g  e scan energy, and i m p l i c i t l y  assumes 
a w e l l - d e f i n e d  r e l a t i o n s h i p  between i n c r e a s i n g  
d e n s i t y  and i n c r e a s i n g  e f f e c t i v e  atomic number 
o f  bone. T h i s  c o n d i t i o n  may n o t  always be met 
(e.g., when m e t a b o l i c  bone d iseases a r e  p r e s e n t ) ,  
b u t  i t  i s  i n tended  t o  be a reasonable approxima- 
t i o n  t h a t  produces s u f f i c i e n t  accuracy i n  most 
cases. The accuracy o f  t h e  s i n g l e  energy tech-  
n ique  i n  c a l c u l a t i n g  t h e  water  e q u i v a l e n t  path-  
l e n g t h  i n  phantoms and i n  v i v o  a r e  desc r ibed  i n  
P a r t  V I ,  Sec t i on  B o f  t h i s  r e p o r t .  Comparisons 
between t h e  CT c a l c u l a t e d  water  e q u i v a l e n t  path-  
l e n g t h  and dos ime t ry  i n d i c a t e  an agreement w i t h i n  
2 mm ( 2 % )  i n  s o f t  t i s s u e  reg ions  o f  a Rando 
phantom. I n  t h e  r e g i o n  o f  t h e  v e r t e b r a l  body, 
5% d i f f e r e n c e s  e x i s t ,  p r i n c i p a l l y  due t o  p a r t i a l  
volume averaging e f f e c t s .  

Dual energy CT scanning i s  another  techn ique  
f o r  o b t a i n i n g  t h e  q u a n t i t a t i v e  i n f o r m a t i o n  needed 
f o r  t rea tmen t  p lann ing ,  and has been used by 
o t h e r s  f o r  un ique de te rm ina t ions  o f  e f f e c t i v e  
atomic number and e l e c t r o n  d e n s i t y  ( R u t h e r f o r d  
e t  a l .  , 1976; A l va rez  and Macovslti, 1976). 
Studies e v a l u a t i n g  t h i s .  technique a r e  planned. 
When CT i s  used q u a n t i t a t i v e l y ,  CT number d r i f t ,  
beam harden ing  e f f e c t s ,  p a r t i a l  volume sampling, 
t h e  presence o f  a r t i f a c t s ,  and t h e  t r a n s i e n t  
n a t u r e  o f  some inhomogenei t ies (such as gas i n  
t h e  g a s t r o i n t e s t i n a l  t r a c t )  must a l l  be con- 
s ide red .  
scanner d r i f t ,  and t o  e d i t  CT d a t a  t o  remove 
s t reak  a r t i f a c t s  and t r a n s i e n t  gas pockets ,  have 
been developed. 

The t y p i c a l  volume element o f  a h i g h  r e s o l u -  
t i o n  CT scan i s  1 x 1 x 2 mm f o r  a 2 mm s l i c e  
th i ckness .  T h i s  r e s o l u t i o n  i s  adequate f o r  most 
s i t e s  o f  i n t e r e s t .  The r e q u i r e d  s p a t i a l  r e s o l u -  
t i o n  f o r  accu ra te  t rea tmen t  p l a n n i n g  depends on 
t h e  l a t e r a l  s c a t t e r i n g  c h a r a c t e r i s t i c s  o f  t h e  
p a r t i c l e s  used ( G o i t e i n  and S u i t ,  1975) and t h e  
s i z e  o f  inhomogenei t ies.  
abdomen, tho rax ,  o r  p e l v i s ,  h e t e r o g e n e i t i e s  
t r a v e r s e d  a r e  l a r g e  compared t o  voxel  s i z e .  One 
excep t ion  i s  t h e  d e t a i l e d  s t r u c t u r e  o f  t h e  s p i n a l  
column, f o r  which maximal range s h o r t e n i n g  has 
been e x p e r i m e n t a l l y  determined. Compensation f o r  
such a complex inhomogeneity i s  n o t  per formed by 
a three-d imensional  compensator because t h e  , 
des ign and a l ignment  o f  such a dev i ce  would be 
e x t r a o r d i n a r i l y  d i f f i c u l t .  Rather, t h e  range 
f rom a p o s t e r i o r  p o r t  i s  i nc reased  by an amount 
comparable t o  t h e  maximal s h o r t e n i n g  o f  t h e  s p i n  
(about  1.5 cm) and a smal l  r e g i o n  o f  overshoot  
i s  t o l e r a t e d .  The e v a l u a t i o n  o f  voxel  s i z e  
adequacy f o r  i r r a d i a t i o n  o f  tumors i n  t h e  head 
r e q u i r e s  a d d i t i o n a l  dos imetry .  I n  p a r t i c u l a r ,  
t h e  i r r a d i a t i o n  o f  t h e  base o f  b r a i n  l e s i o n s  may 
p resen t  t rea tmen t  p l a n n i n g  d i f f i c u l t i e s  because 
o f  t h e  presence o f  r e l a t i v e l y  t h i n  sheets  o f  bone 
w i t h i n  t h e  scan p lane.  Heavy-ion rad iog raphy  has 
been an impor tan t  d o s i m e t r i c  t echn ique  i n  t h i s  
s t u d y  (see P a r t  V I ,  Sec t i on  6 ) .  

The charged p a r t i c l e  r a d i o t h e r a p y  programs 
a t  LBL and Massachusetts General H o s p i t a l  have 
an a d d i t i o n a l  c o n s t r a i n t  imposed by  t h e  l i m i t a -  
t i o n  o f  f i x e d  h o r i z o n t a l  t he rapy  beams. A major-  
i t y  o f  p a t i e n t s  a t  LBL a r e  t r e a t e d  i n  t h e  seated 

Techniques t o  m o n i t o r  and c o r r e c t  f o r  

I n  areas such as t h e  

or s t a n d i n g  p o s i t i o n ,  b u t  c u r r e n t  CT scanners can 
o n l y  scan recumbent p a t i e n t s .  Therefore,  b o t h  
i n s t i t u t i o n s  have ordered a s p e c i a l l y  m o d i f i e d  
u n i t  capable o f  scanning p a t i e n t s  who a r e  seated 
o r  s tand ing .  
scanner i s  shown i n  F igu re  2. The g a n t r y  i s  
shown i n  t h e  h o r i z o n t a l  mode, which i s  s u i t a b l e  
f o r  an u p r i g h t  p a t i e n t .  I n  t h i s  mode, t h e  g a n t r y  
i s  t r a n s l a t e d  upward t o  o b t a i n  a s e r i e s  o f  scans. 
Scanning i n  t h e  t rea tmen t  p o s i t i o n  c i rcumvents 
t h e  tumor and organ s h i f t s ,  which had p r e v i o u s l y  
l i m i t e d  t h e  v a l u e  o f  recumbent scans on conven- 
t i o n a l  CT u n i t s .  The EM1 7070 scanner i s  capable 
o f  3 second scans w i t h  a 2 mm s l i c e  t h i c k n e s s .  
The scanner was i n s t a l l e d  i n  t h e  Research 
Medic ine B u i l d i n g  (Bldg.  5 5 )  i n  l a t e  summer 1980. 

@ An a r t i s t ' s  concep t ion  o f  t h e  

TREATMENT PLANNING: CURRENT STATUS 

P ixe l -by -p i xe l  t rea tmen t  p l a n n i n g  programs 
have been developed a t  LBL t o  c a l c u l a t e  t h e  dose 
d i s t r i b u t i o n  f rom m u l t i p o r t  charged p a r t i c l e  
beams (Chen e t  al. ,  1979). The process beg ins  
by  t a k i n g  a s e q u e n t i a l  s e t  o f  CT scans th rough  
t h e  r e g i o n  o f  i n t e r e s t .  These scans a re  t h e n  
viewed by  a team o f  r a d i o t h e r a p i s t s  and phys i -  
c i s t s  on a g raph ics  u n i t .  
g raph ics  program has been developed t o  f a c i l i t a t e  
tumor l o c a l i z a t i o n  and t h e  e n t r y  o f  t a r g e t  
volumes i n t o  t h e  computer t rea tmen t  p l a n n i n g  
system. Opt ions a v a i l a b l e  i n  t h i s  program 
i n c l u d e  (1) standard window and l e v e l i n g  c a p a b i l -  
i t y  t o  a d j u s t  t h e  CT image f o r  op t ima l  tumor 
d e l i n e a t i o n ;  ( 2 )  c o n t o u r i n g  r o u t i n e s  t h a t  a l l o w  
t h e  r a d i o t h e r a p i s t  t o  d e f i n e  t h e  t a r g e t  volume 
t o  be t r e a t e d ;  ( 3 )  t h e  a b i l i t y  t o  r e c a l l  and 
d i s p l a y  p rev ious  contours,  and mod i f y  them i f  
needed; ( 4 )  t h e  a b i l i t y  t o  e n t e r  r e f e r e n c e  p o i n t s  
on t h e  t r a n s a x i a l  view, which l a t e r  a s s i s t s  i n  
t h e  placement o f  a computer generated t rea tmen t  
p o r t a l ;  ( 5 )  measurement o f  geometr ic  and wa te r  

An i n t e r a c t i v e  

. 

n - ' \ '  

F i g u r e  2. U p r i g h t  CT scanner. (XBL 7912-13720) 
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e q u i v a l e n t  pa th leng ths  between a r b i t r a r y  p o i n t s ;  
( 6 )  d e t e r m i n a t i o n  o f  t h e  mean CT number and 
s tandard d e v i a t i o n  i n  an i r r e g u l a r  r e g i o n  o f  
i n t e r e s t .  These f e a t u r e s  a l l o w  t h e  r a d i a t i o n  

measurements o f  t h e  l e s i o n  s i z e  and CT charac te r -  
i s t i c s ,  and determine t h e  water  e q u i v a l e n t  depth 
o f  s t r u c t u r e s  o f  i n t e r e s t .  

Feedback t o  v e r i f y  t h a t  t a r g e t  volumes drawn 

' therapy  team t o  d e f i n e  t h e  t a r g e t  volume, make 

on s e q u e n t i a l  a x i a l  CT scans a r e  reasonable i n  
three-d imensional  space i s  h i g h l y  d e s i r a b l e .  One 
method t o  g r a p h i c a l l y  a p p r e c i a t e  t h i s  p o i n t  i s  
seen i n  F i g u r e  3, which shows a s e r i e s  o f  t a r g e t  
con tou rs  a t  d i f f e r e n t  scan l e v e l s .  The d i s p l a y  
may be r o t a t e d  t o  i d e n t i f y  i n c o n s i s t e n c i e s  o f  
tumor volume d e f i n i t i o n  f r o m  s l i c e  t o  s l i c e .  A 
common i n c o n s i s t e n c y  i s  t h e  d e f i n i t i o n  o f  a 
t rea tmen t  volume i n  one s l i c e  which i s  bounded 
above and below by  l a r g e r  volumes. 
ing,  a f e a t u r e  i n  t h e  i n t e r a c t i v e  package, may 
be performed t o  r e c t i f y  these i n c o n s i s t e n c i e s .  

The CT d a t a  a r e  then  prepared f o r  t rea tmen t  
p lann ing .  P i xe l -by -p i xe l  t rea tmen t  c a l c u l a t i o n s  
g e n e r a l l y  r e q u i r e  some d a t a  m a n i p u l a t i o n  p r i o r  
t o  c a l c u l a t i o n .  These opera t i ons  i n c l u d e  c lean-  
i n g  t h e  image t o  remove ext raneous apparatus 
i n c l u d e d  d u r i n g  t h e  scanning process b u t  n o t  
r e l e v a n t  t o  t rea tmen t  p l a n n i n g  c a l c u l a t i o n s  
(e.g., head ho lde rs ,  scan t a b l e ,  b o l u s ) .  In 
a d d i t i o n ,  a i r  i n  t h e  g a s t r o i n t e s t i n a l  t r a c t  must 
be e d i t e d  f o r  p roper  compensation. An au tomat i c  
t h r e s h o l d  edge d e t e c t i o n  a l g o r i t h m  ( r e q u i r i n g  one 
seed p o i n t )  has been developed t o  d e t e c t  t h e  body 
a i r  boundary and s e t  a l l  p i x e l  va lues o u t s i d e  t o  
a i r  d e n s i t y .  The a l g o r i t h m  u t i l i z e s  t h e  r a s t e r  
g raph ics  memory s i n c e  a 320 x 320 m a t r i x  cannot 
be con ta ined  i n  computer core.  

t rea tmen t  p l a n n i n g  programs i s  r u n  t o  generate 

Contour e d i t -  

A f t e r  t h e  CT d a t a  a r e  prepared, a s e r i e s  o f  

V F i g u r e  3. P e r s p e c t i v e  view o f  t a r g i t  volumes. 
(XBB- 10 5 8 7 ) 

(1) a p o r t  des ign  based on t h e  p r o j e c t e d  tumor 
volume, ( 2 )  t h e  des ign  o f  a three-d imensional  
compensator r e q u i r e d  t o  s t o p  t h e  beam a t  t h e  
d i s t a l  edge o f  t h e  con tou r  and ( 3 )  b o t h  p h y s i c a l  
and i s o e f f e c t  isodose d i s t r i b u t i o n s .  

The o b j e c t i v e  i n  charged p a r t i c l e  dose 
d e l i v e r y  i s  t o  shape a three-d imensional  h i g h  
dose r e g i o n  around t h e  d e f i n e d  t a r g e t  volume. 
Th is  i s  done on each s l i c e  by  c a l c u l a t i n g  t h e  
a p p r o p r i a t e  compensation t o  s t o p  t h e  p r i m a r y  beam 
a t  t h e  d i s t a l  end o f  t h e  t a r g e t  con tou r .  The 
co re  o f  t h e  t rea tmen t  p l a n n i n g  a l g o r i t h m  i s  
a s u b r o u t i n e  (Huesman e t  a l . ,  1977) m o d i f i e d  t o  
c a l c u l a t e  t h e  wa te r  e q u i v a l e n t  d i s t a n c e  f rom t h e  
d i s t a l  end o f  t h e  t a r g e t  con tou r  t o  t h e  body a i r  
i n t e r f a c e  a long  t h e  s p e c i f i e d  beam d i r e c t i o n .  
Given t h i s  water  e q u i v a l e n t  range and t h e  maximum 
range o f  t h e  heavy-ion beam, t h e  amount o f  
e x t e r n a l  absorber a long  t h a t  r a y  i s  w e l l  de f i ned .  
The c a l c u l a t i o n  i s  done i n  a m a t r i x  o f  wa te r  
e q u i v a l e n t  d e n s i t i e s  pe r  p i x e l  which i s  d e r i v e d  
u s i n g  a c a l i b r a t i o n  cu rve  such as F i g u r e  1. By 
examining t h e  t a r g e t  con tou rs  i n  a l l  CT s l i c e s ,  
t h e  p l a n n i n g  program a u t o m a t i c a l l y  determines t h e  
a p p r o p r i a t e  spread Bragg peak beam t o  be con- 
s i s t e n t  w i t h  t h e  tumor volume, and c a l c u l a t e s  t h e  
r e q u i r e d  water  column s e t t i n g  f o r  t h e  t rea tmen t .  

Examples o f  t h e  program o u t p u t  a r e  shown i n  
F igu re  4. F i g u r e  4A shows t h e  t rea tmen t  p o r t a l  
as designed f rom a s e r i e s  o f  t a r g e t  con tou rs  
d e l i n e a t e d  on f o u r t e e n  s e q u e n t i a l  CT scans. The 
p o r t  shape i s  ove r layed  on an a n t e r i o r - p o s t e r i o r  
p r o j e c t i o n  o f  m u l t i p l e  CT s l i c e s .  F i g u r e  46 
shows a compensator template,  f rom which a th ree -  
d imensional  compensator may be f a b r i c a t e d .  Con- 
s t r u c t i o n  o f  complex three-d imensional  bo luses 
may a l s o  be executed by  a computer c o n t r o l l e d  
m i l l i n g  machine, as done a t  t h e  Massachusetts 
General H o s p i t a l  c y c l o t r o n  p r o t o n  f a c i l i t y .  

The isodose d i s t r i b u t i o n s  a r e  c a l c u l a t e d  i n  
an 80 x 80 m a t r i x  by a range s h i f t i n g  a l g o r i t h m .  
Beam models used i n  t h e  c a l c u l a t i o n  o f  isodose 
d i s t r i b u t i o n s  are d iscussed i n  d e t a i l  by Lyman 
e t  a l .  i n  t h e  p rev ious  paper .  E i t h e r  CORE o r  
p h y s i c a l  depth dose d i s t r i b u t i o n s  may be used i n  
p lanning,  and t y p i c a l  f i x e d  r i d g e  f i l t e r  beams 
o f  ca rbon 'a re  shown i n  F i g u r e  5. 

F i g u r e  6A i s  a t rea tmen t  p l a n  f o r  a t w o - f i e l d  
i r ' r a d i a t i o n  o f  a p a n c r e a t i c  carcinoma; t h e  broad 
l i g h t  1 ine "de l i nea tes  t h e  t a r g e t  volume. 

l i n e s  i n  10% increments show t h a t  t h e  
r e g i o n  i s  c o n f i n e d  t o  t h e  t a r g e t  

C r i t i c a l  organs such as t h e  k idneys  and 
s p i n a l  c o r d  a re  l a r g e l y  spared. In a d d i t i o n ,  t h e  
dose t o - t h e  g a s t r o i n t e s t i n a l  t r a c t  f rom t h e  
e n t e r i n g  carbon beams i s  l e s s  than  40%. A 
comparison o f  t h e  i n t e g r a l  dose f o r  t h e  i r r a d i a -  
t i o n  o f  t h i s  volume w i t h - a  f o u r - f i e l d  25 MeV box 
i r r a d i a t i o n  o f  t h e  same-target ( F i g u r e  6C) shows 
a r e d u c t i o n  i n  t h e  i n t e g r a l  dose o f  t h e  normal 
t i s s u e  by about 30%. 
corresponding p h y s i c a l  dose d i s t r i b u t i o n .  
n o n u n i f o r m i t y  i n  p h y s i c a l  dose i s  observed w i t h i n  
t h e  t a r g e t  volume, b u t  d i f f e r i n g  RBE va lues 
w i t h i n  t h i s  r e g i o n  r e s u l t  i n  an expected u n i f o r m  
b i o l o g i c a l  e f f e c t .  

F i g u r e  68 i l l u s t r a t e s  t h e  
A 30% 
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Fi ure 4. ( A )  CT derived portal template. d--- B Compensator template for one CT slice. 
[ ( A )  XBB 807-8635; (6) XBL 789-114421 

As with conventional planning, a heavy-ion 
treatment plan is an idealization of the dose 
distribution that can actually be achieved. 
Effects from respiration, multiple scattering of 
particles, errors in compensation registration, 
and patient movement during therapy are likely 
to degrade the sharp dose gradients. 
modified depth-dose distributions and compensa- 
tion misalignment effects can be included in 
current dose calculations. Multiple scattering 
effects on isodose distributions are under study. 

Respiration- 

Beam Scanning 

Target volumes may be rather irregular in 
shape in three dimensions. 
filter beam delivery, a spread Bragg peak must 
be chosen to correspond to the maximum target 
dimension over all slices. This ensures 
biological dose uniformity over the tumor volume, 
but results in overdosing normal tissues in other 
areas. 

With fixed ridge 
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Figure 5. ( A )  Carbon ion Bragg peaks (physical 
distribution). (6) Spread Bragg peaks of carbon 
in CORE units. (XBL 787-3372A) 

Beam scanning may be used t o  overcome this 
disadvantage (Grunder and Leeman, 1977). In beam 
scanning, a charged particle pencil beam is 
scanned across the field by magnetic lenses. 
each raster point, the depth o f  penetration, 
spread Bragg peak dimension, and dose may be 
delivered to a precalculated value. 
one channel of a scanning system has been assem- 
bled for experimental studies at LBL. In this 
section, we will limit the discussion to the 
quantitative gain in sparing normal tissues by 
these techniques over conventional fixed ridge 
filter delivery methods. Radiobiologic consid- 
erations relating to the implicit use of high 
dose rates to achieve raster beam scanning will 
not be considered. 

At 

Hardware for 

The figure used to evaluate the merit of a 
plan is the ratio of the normal tissue integral 
dose (NTID) as del ivered by beam scanning (BS) 
versus fixed ridge filter (FRF) methods. A low 
figure o f  merit indicates a more favorable 
condition for beam scanning. 
influence the normal tissue integral dose include 
the three-dimensional target shape, target size, 
target depth, and field arrangement. 

Two computerized treatment planning codes 
were used i n  the evaluation. As previously 
described, the fixed ridge filter code examines 
all target contours and the maximum target 
dimension i n  any slice along the beam axis is 
determined. The ridge filter closest to this 
value is then chosen and used for treatment 
planning calculations in all scan planes. The 
ridge filters are quantized in 2 cm increments, 
as in actual therapy. In simulating beam 
scanning, an appropriate ridge filter for eacn 
ray i s  chosen from a family of ridge filters 
quantized in 1 cm units. The spread Bragg peak 
selected is at least as large as the target size 
along the ray. 

Variables that 

- - . . . ... .-.. ... . . .,. 
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F i  u re  6 .  ( A )  I s o e f f e c t  t rea tmen t  p l a n  f o r  p a n c r e a t i c - l e s i o n  ( f i x e d  r i d g e  f i l t e r s ) ;  rf-- B Treatment p l a n  f o r  p a n c r e a t i c  l e s i o n ,  p h y s i c a l  dose; ( C )  25 MeV photon f o u r  f i e l d  
p l a n  e q u a l l y  weighted; ( D )  Beam scanned carbon two f i e l d  p l a n  i s o e f f e c t .  
[ (A )  XBB 807-8631; (B) 807-8632; ( C )  807-8634; ( D )  807-8633] 

. .  
. . .  .. . (* .. . .  

Treatment p lans  were c a l c u l a t e d  u s i n g  ?tie two 
codes on p a n c r e a t i c  and b r a i n  tumor volumes. The 
p a n c r e a t i c  tumor c o n s i s t e d  o f  contours o u t l i n e d  
on f o u r t e e n  d i s t i n c t  CT s l i c e s .  A n t e r i o r  and one 
r two l a t e r a l  f i e l d s  were used i n  t h e  p lann ing .  
he o u t p u t  o f  t h e  t rea tmen t  p l a n n i n g  program 
ncluded t h e  t o t a l  i n t e g r a l  dose summed ove r  a l l  

s l i c e s ,  t h e  i n t e g r a l  dose w i t h i n  t h e  tumor 
volume, and t h e  normal t i s s u e  i n t e g r a l  dose. 

A r e p r e s e n t a t i v e  t rea tmen t  p l a n  f rom f i x e d  
r i d g e  f i l t e r  t h e r a p y  was shown i n  F i g u r e  6A. 
Conformation o f  t h e  s topp ing  r e g i o n  a t  t h e  d i s t a l  
edge o f  t h e  con tou r  w i t h  f i x e d  r i d g e  f i l t e r s  and 
compensators n e c e s s a r i l y  r e s u l t s  i n  a h i g h e r  
p rox ima l  r e g i o n  dose. In e l l i p t i c a l  t a r g e t  
volumes, as seen i n  F i g u r e  6A, t h e  wedge-shaped 
40% dose reg ions  l o c a t e d  near t h e  beam edges a re  
due t o  the  use o f  f i x e d  r i d g e  f i l t e r s .  Use o f  a 
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fixed ridge filter consistent with tne maximum 
target dimension also implies that this ridge 
filter will not be appropriate for CT levels 
where the tumor is smaller. 
is a small region outside the target volume 
treated to 100%. 
(isoeffect isodose) is shown in Figure 6D. 
the intermediate (50%) and high isodose (100%) 
lines conform much more closely to the target 
volume. 
in other CT planes would be comparable. 
fragmentation dose is also reduced because it is 
dependent upon ridge filter size. 

The figure of merit analysis was used on the 
identical target volume for helium, carbon, and 
neon ions. The results show that beam scanning 
with carbon reduces the normal tissue integral 
dose the greatest, with neon second, and helium 
third. 
function of the spread-peak-to-plateau ratio and 
the size of the fragmentation dose of different 
ions. 
carbon exhibits the most favorable spread-peak- 
to-plateau ratio with a moderate fragmentation 
component. 

Also note that there 

The beam scanned treatment plan 
Both 

The conformation of the high dose region 
The 

The normal tissue integral dose is a 

From the CORE depth dose currently in use, 

The results are summarized in Table 1. 
b 

In comparison to photon therapy, both fixed 
ridge filter and beam scanning substantially 
reduce the normal tissue integral dose. Again, 
using the same pancreatic target volume for 
comparative purposes, the normal tissue integral 
dose using fixed ridge filters is reduced by 32% 
using fixed ridge filters and 50% by beam 
scanning. In each case, the target volume 
received close to 100% dose uniformly. 

Normal tissue integral dose is not a strong 
function of field arrangement for centrally 
located lesions, as would be expecte'd from finite 
range beams. Comparisons of the normal tissue 
integral dose for two-field right-angle pairs,, 
two-field opposed, and three-field treatment 
plans all resulted in the same normal tissue 
integral dose within 2% (see Table 1). 

Dosimetry 

Specific aspects of heavy charged particle 
dosimetry and verification of penetration depth 
are covered in the heavy-ion radiography 
dosimetry section and in the radioactive beam 

Table 1. Values for Normal Tissue Integral Dose (NTID) 

A. NTID: Photons, Fixed Ridge Filters, Beam Scanning 

Treatment Plan NTID NTID/NTID (25 MeV) 

Photons (25 MeV) four fields, equal weights 10,452 1.00 

Carbon, fixed ridge filters, two fields 7,093 0.68 
equal weights 

Carbon, beam scanned two fields, 5,278 0.50 
equal weights 

B. NTID Ratios: Charged Particles 

He1 ium NTID ( B S ) *  = 0.86 mqm)t 
Carbon NTID ( B S )  = 0.75 

NTID (FRF) 

Neon NTID (BS) = 0.83 
NTID (FRF) 

~~ 

C. NTID as a Function of Field Arrangement for Slice 5 Only 

(Carbon Ions) 
Two fields, right angle pair 
Two fie!ds, opposed pair 1.02 
Three fields (AP, two laterals) 1.01 

1.0 

* BS = beam scanning. 
t FRF = fixed ridge filters. 

- - -  " I . - - - - .  .. .. - - .__ .. - . ~ . . . . . . . 



331 

s e c t i o n s  o f  t h i s  r e p o r t  ( b o t h  found i n  P a r t  V I ;  
S e c t i o n  6 ) .  I n  a d d i t i o n ,  photographic  f i l m  
s tacks ,  e x i t  f i l m  checks, and i n  v i v o  d iode  
measurements a r e  r o u t i n e l y  used f o r  p a t i e n t  
dos ime t ry  when s u i t a b l e .  

Treatment P lann ing  Computer 

A VAX 11/780 computer w i l l  be i n s t a l l e d  i n  
t h e  Bldg. 55 the rapy  p h y s i c s  area i n  l a t e  1980. 
Th is  computer w i l l  a l l o w  t rea tmen t  p lans  t o  be 
performed on 320 x 320 CT d e n s i t y  ma t r i ces ,  
t h e r e b y  i n c r e a s i n g  c a l c u l a t i o n  accuracy. A h a r d  
w i r e d  d a t a  l i n k  between t h e  VAX and t h e  EM1 7070 
CT scanner w i l l  be i n s t a l l e d  t o  f a c i l i t a t e  d a t a  
t r a n s f e r  between t h e  two dev ices.  The VAX w i l l  
be used f o r  Monte C a r l o  s i m u l a t i o n s  o f  beam 
t r a n s p o r t  on CT d e n s i t y  m a t r i c e s  t o  e v a l u a t e  t h e  
need t o  i n c o r p o r a t e  m u l t i p l e  Coulomb s c a t t e r i n g  
a l g o r i t h m s  i n  t r e a t m e n t  p lann ing .  

Choro ida l  Melanoma Treatment P lann ing  

Treatment p l a n n i n g  f o r  o c u l a r  melanoma i s  
c u r r e n t l y  done v i a  te lephone d a t a  l i n k  t o  t h e  
Massachusetts General H o s p i t a l  computer. A code 
developed b y  G o i t e i n  (Gragoudas e t  a l . ,  1980) 
and a g raph ics  t e r m i n a l  a l l o w  t h e  v i s u a l i z a t i o n  
o f  tumor r e l a t i v e  t o  c r i t i c a l  s t r u c t u r e s  o f  t h e  
eye. I n t e r a c t i v e  adjustment  o f  t h e  p o s i t i o n  of 
t h e  eye i s  an e l e g a n t  method o f  o p t i m i z i n g  t h e  
p roper  beam e n t r y  ang le  t o  spare c r i t i c a l  s t r u c -  
t u r e s .  A t  LBL, r e c e n t  i n t e r e s t  i n  t h e  v i s u a l i z a -  
t i o n  o f  o c u l a r  tumors w i t h  h i g h  p r e c i s i o n  CT 
( a v a i l a b l e  a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a ,  San 
F ranc isco )  has l e d  t o  a s tudy  t o  e v a l u a t e  t h i s  
means t o  a s s i s t  i n  t rea tmen t  p lann ing .  One 
p a r t i c u l a r  advantage o f  CT i s  i t s  a b i l i t y  t o  
d e f i n e  t h e  r e l a t i v e  p o s i t i o n  o f  s o f t  t i s s u e s  
su r round ing  t h e  eye. 
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PROJECTION RADIOGRAPHY AND TOMOGRAPHY 

C. A. Tobias, J. I. Fabrikant,' E. V. Benton,t and W. R. Holley 

Our program on heavy-ion rad iog raphy  began 
soon a f t e r  heavy i o n s  were acce le ra ted  t o  h i g h  
energ ies .  As we show below, heavy i o n s  a r e  
capable o f  v e r y  h i g h  e l e c t r o n  d e n s i t y  d i s c r i m i n a -  
t i o n  combined w i t h  good r a d i a l  image r e s o l u t i o n  
and low dose. S ince heavy-ion beams produce many 
secondaries, p l a s t i c  nuc lea r  d e t e c t o r s  have an 
advantage f o r  r e c o r d i n g  heavy-ion images (Benton, 
e t  al., 1973). P r o j e c t i o n  imaging i s  now a 
p r a c t i c a l  t echn ique  t h a t  can r e s o l v e  d e n s i t y  
d i f f e r e n c e s  between normal t i s s u e  and tumor 
t i s s u e  i n  some cases i n  which X r a y s  c o u l d  n o t  
make a d i s t i n c t i o n .  I n i t i a l  a t tempts  a t  heavy- 
i o n  tomography a l s o  i n d i c a t e d  p o t e n t i a l  f o r  h i g h  
r e s o l u t i o n  i n  t h i s  f i e l d  (Tobias e t  al., 1977), 
and heavy-ion mammography proved capable o f  h i g h  
c o n t r a s t  low-dose imaging of abnormal t i s s u e  
d e n s i t i e s  i n  t h e  human b r e a s t .  The techn ique  i s  
now ready f o r  d e t a i l e d  c l i n i c a l  i n v e s t i g a t i o n s  
i n  cancer d iagnos is  and therapy.  

THE PHYSICAL B A S I S  FOR HEAVY- ION RADIOGRAPHY 

Range-Energy R e l a t i o n s h i p  

The passage through water  o f  a beam o f  mono- 
e n e r g e t i c  carbon i o n s  used f o r  rad iog raphy  i s  
shown s c h e m a t i c a l l y  i n  F i g u r e  1. T h i s  f i g u r e  
c o n t a i n s  t h e  r e l a t i v e  f l u x  d e n s i t y  o f  pa ren t  
carbon p a r t i c l e s ,  t h e  o v e r a l l  f l u x  d e n s i t y  o f  
fragments produced by  c o l l i s i o n s  w i t h  n u c l e i  o f  
t h e  absorber, t h e  r e l a t i v e  i o n i z a t i o n  produced 
by t h e  beam a t  v a r i o u s  depths, t h e  Bragg i o n i z a -  
t i o n  curve, and t h e - i o n i z a t i o n  produced b y  t h e  
fragments. 

due t o  c o l l i s i o n s  w i t h  n u c l e i  o f  t h e  absorber, '  . 
b u t  most o f  them a r r i v e  t o  t h e  end o f  t h e i r  range 
where t h e r e  i s  a p r e c i p i t o u s  drop i n  t h e  f l u x  
d e n s i t y  o f  p a r t i c l e s .  

F i g u r e  2 i s  a schematic drawing o f  t h e  
heavy-ion rad iog raphy  technique u s i n g  a s tack  o f  
p l a s t i c  n u c l e a r  d e t e c t o r  sheets. The method i s  
based on p r e c i s i o n  measurement,of t h e  . r e s i d u a l  
range o f  i n i t i a l l y  monoenerget ic ,parent  , . . 
p a r t i c l e s ,  u s u a l l y  carbon.,or neon, a f t e r  t h e y  , , 

pass through t h e  o b j e c t  t o  #be radiographed., 
p r e c i s  i o n  measurement i s .  performed f o r  eac.h,. 
o f  a r a d i o g r a p h i c  image. The:measuremqnt ca, 
done i n  v a r i o u s  ways; however, most o f t e n :  we- ,:.. :,. 

measure t h e  d i s t r i b u t i o n  o f  1es.ions made i n  t h e .  
s tack  o f  p l a s t i c  n u c l e a r  d e t e c t o r  f o i l s  b y  stop- 
p i n g  pa ren t  p a r t i c l e s  o f  t h e  beam. We c a l c u l a t e  
t h e  mean p e n e t r a t i o n  depth o f  these p a r t i c l e s  and 
t h e  s tandard d e v i a t i o n  o f  t h e  s topp ing  p o i n t s  i n  

he p l a s t i c  s tack .  
e t e c t o r s  a re  chosen so t h a t  o n l y  s topp ing  heavy 

i o n s  make l e s i o n s  and t h a t  t h e  m a j o r i t y  o f  lower  
LET p a r t i c l e s  a re  n o t  detected.  

The pa ren t  p a r t i c l e s  a re  g r a d u a l l y  a t tenua ted ,  

The p l a s t i c  nuc lea r  f o i l  

6 

4 

2 

C 
I 

0.5 

Carbon I 

Re l o t  i ve  
Carbon  

/Fragments 
I 

Carbon 
Fluence 

-_---- 
-c-- 

/c-- Frog  men  t s 
I 4 0 

4 
Stopping pa r t i c l es  L C o  r b o  n 

0 IO 2 0  
Water ( c m )  

F i g u r e  1. Top: The Bragg i o n i z a t i o n  cu rve  i n  
t ime, and i o n i z a t i o n  f rom beam fragments. 
Middle:  F l u x  d e n s i t y  o f  p a r e n t  carbon and i t s  
fragments. The fragment cu rve  i s  a l s o  termed 
"dome d i s t r i b u t i o n  . I '  Bottom: The d i s t r i b u t i o n  
o f  s topp ing  carbon p a r t i c l e s  and fragments. 
P l a s t i c  nuc lea r  emulsions a r e  s e n s i t i v e  t o  
s topp ing  p a r t i c l e s  on l y .  (XBL 809-3688) 

On t h e  b a s i s  o f  these measurements, we 
c a l c u l a t e  t h e  accurate 'average e l e c t r o n i c  stop- 
p i n g  power th rough  t h e  o b j e c t  a t  each p i x e l .  
These v'alues can be- used f o r  r e s y n t h e s i z i n g  
s topp ing  power d i s t r i b u t i o n s  f o r  t h e  purpose o f  
imaging i n  computer ized tomography. 

The t h e o r e t i c a l  b a s i s  f o r  energy loss i n  
t i s s u e  i s  g i ven  by  t h e  well-known Bohr-Bethe 
equat ion:  

(Note: 
chap te r  f o r  a d e f i n i t i o n  o f  terms.) 

see t h e  g l o s s a r y  a t  t h e  end o f  t h i s  
I n  t h i s  
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SpeciFen holder ,Plastic detector stack has shown t h a t  t h e r e  i s  a smal l  e f f e c t  on 

lmoges are 
produced on 

plastic 
sheets 

-Zone of particle stopping 
(detection) 

F i g u r e  2. 
nuc lea r  t r a c k  d e t e c t o r s .  The p a r t i c l e  beam 
passes through t h e  t i s s u e  and t h e  p a r t i c l e s  a re  
recorded a t  t h e i r  s topp ing  p o i n t s  i n  t h e  p l a s t i c  
d e t e c t o r  s tack.  The d i s t r i b u t i o n  o f  e tched 
t r a c k s  i n  t h e  d e t e c t o r  sheets  f o r m  t h e  r a d i o -  
g raph ic  image. (XBL 774-811) 

Heavy-ion rad iog raphy  u s i n g  p l a s t i c  

express ion,  r e l a t i v i s t i c  terms and low energy 
c o r r e c t i o n  terms a re  n o t  shown; these va lues  a re  
g i ven  by  Mozumder (1969). 
exp ress ion  g i v e s  t h e  range, R. We o f t e n  measure 
R i n  u n i t s  o f  cm p e n e t r a t i o n  i n  t h e  wa te r  
absorber: 

The i n t e g r a l  o f  t h i s  

R = J o  $& 
E 

The range-energy r e l a t i o n s h i p  f o r  seve ra l  
heavy i o n s  i n  water  were c a l c u l a t e d  by  Stewart  
(1967). 
energy r e l a t i o n s h i p s  f o r  heavy i o n s  were a l s o  
made by N o r t h c l i f f e  (1963) and by  Barkas and 
Berger (1964). 

a s topp ing  power q u a n t i t y  t h a t  r e l a t e s  
e s s e n t i a l l y  t o  t h e  e l e c t r o n  d e n s i t y  o f  m a t t e r :  

Measurements and c a l c u l a t i o n s  o f  range 

As shown i n  equa t ion  1, ou r  method measures 

zivi 

i Ai 
n = p N z -  e ( 3  

ne i s  t h e  number o f  e l e c t r o n s  pe r  cm o t h e  
absorb ing m a t e r i a l  o f  d e n s i t y  p ,  c o n t a i n i n g  
molecules composed o f  atomic species w i t h  f r a c -  
t i o n a l  composi t ion v i .  
assume l i n e a r  super impos i t i on  o f  e l e c t r o n i c  
s topp ing  power o f  atoms. A c t u a l l y ,  we know t h a t  
t h i s  i s  n o t  s t r i c t l y  t r u e ,  s i n c e  Thompson (1952) 

Equat ions 1 and 2 

equa t ion  2 due t o  i n t e r a t o m i c  f o r c e s  i n  
molecules.  

Equa t ion  1 can be a l s o  w r i t t e n  as: 

f ( E )  = Sene ( 4  

where Se i s  t h e  e l e c t r o n i c  s topp ing  power. 
rad iography,  i t  i s  convenient  t o  compare t h e  
s t o p p i n g  power o f  t i s s u e s  t o  t h a t  o f  water .  The 
r a t i o  o f  s topp ing  powers, o r  r e l a t i v e  e l e c t r o n i c  
s t o p p i n g  power, i s  d e f i n e d  as: 

I n  

( 5 )  

T h i s  q u a n t i t y  depends on atomic composi t ion,  b u t  
i s  r e l a t i v e l y  independent o f  t h e  charge and 
v e l o c i t y  o f  p a r t i c l e s ,  except  f o r  h e a v i e r  
p a r t i c l e s  a t  low v e l o c i t i e s .  For  p r a c t i c a l  pur- 
poses i n  rad iog raphy  we u s u a l l y  make t h e  
approx imat ion:  

T h i s  leads t o  t h e  exp ress ion  f o r  e l e c t r o n  d e n s i t y  
i n  t i s s u e :  

['elw Rw bel - 
t - S t w R t  

( 7 )  

The r e l a t i v e  s topp ing  power has been measured 
f o r  p ro tons  and f o r  deuterons. The va lue  o f  S t w  
f o r  s o f t  t i s s u e s  i s  c l o s e  t o  u n i t y .  Fo r  purposes 
o f  comparison w i t h  o t h e r  modes o f  rad iog raphy  we 
d e f i n e  t h e  heavy-ion number ( T )  as: 

T = l O O O ( 2  - 1) = l O O O ( e  ew - 1) (8 )  

The heavy-ion number T i s  zero when t i s s u e  
s topp ing  power i s  t h e  same as water  s topp ing  
power. I t  i s  p o s i t i v e  f o r  m a t e r i a l s  of h i g h  
e l e c t r o n  d e n s i t y  and nega t i ve  f o r  m a t e r i a l s  o f  
low e l e c t r o n  d e n s i t y .  T i s  s i m i l a r  t o  b u t  n o t  
i d e n t i c a l  w i t h  t h e  H o u n s f i e l d  u n i t  (1980) now 
g e n e r a l l y  used i n  X-ray tomography t o  cha rac te r -  
i z e  t h e  a b s o r b t i o n  p r o p e r t i e s  o f  t i s s u e  m a t e r i a l s .  

I n  p r i n c i p l e  a r a d i o g r a p h i c  image w i t h  heavy 
i ons  i s  ob ta ined  by  pe r fo rm ing  p r e c i s i o n  r e s i d u a l  
range measurements a t  eve ry  p o i n t  o f  t h e  image 
p lane,  which i s  u s u a l l y  pe rpend icu la r  t o  t h e  
beam. The b a s i c  l i m i t a t i o n s  t o  t h e  method a r e  
s t r a g g l i n g  and m u l t i p l e  s c a t t e r i n g .  

.. -. . .. .. .. . .. . . . . ... _ _  ... . . . . -. .. - .... - 
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Straggling 

Straggling is a dispersion in path length 
distribution as a result of statistical fluctua- 
tions in the energy loss processes. It was shown 
by Lewis (1952) and by Berger and Seltzer (1964) 
that the distribution is Gaussian. However, we 
know that there are small deviations from this 
distribution. 

For a particle of initial energy E and mean 
range K, proceeding in the direction x, the range 
distribution may be written in the form: 

s(x) = - 1 exp (- $) (X-R) 
ux 427 

(9) 

where ax i s  the variance in the path length 
distribution for particles of range R. For 
particles of initial energy E, a i  is 
calculated as follows: 

There are special corrections to this formula at 
high and low kinetic energies. 

Since the atomic composition of soft tissues 
is similar to that of water, we may use an 
approximate practical expression developed for 
water. 

R0.951 
ux(water) = 0.0120 ~ (11) 

fl 
In the range of validity of this formula 

(25K40 cm), uX is almost proportional to 
range, and it is inversely proportional to the 
square root of particle mass number, A. ax is 
one of the main factors to consider in the 
resolution for electron density in heavy-ion 
radiography. 
obtain uX = 0.046 cm for neon particles, 
uX = 0.06 crn for carbon, uX = 0.1 cm for 
helium, and uX = 0.2 cm for protons. The 
proton value is 4.5 times greater than ax fok 
neon. 

For a range of 20 cm in water,.we 

Multiple Scattering 

The particles of the beam are deflected in 
collisions with nuclei of the radiographic 
object. Many of these collisions result in small 
angle deflections, and multiple scattering leads 
to a divergence o f  the beam and to a radial 
reading of the particles away from ideal 
raight line trajectories. Multiple scattering 

then causes lower limits to the sizes of objects 
that can be resolved by heavy-ion radiography. 

Multiple scattering depends fundamentally on 
the Coulomb forces acting between nuclei. 
Moliere (1948) obtained solutions to the problem 
of scattering of electrons. He demonstrated that 
the distribution of scattering angles follows--at 
small angles--a Gaussian curve, whereas at large 
angles there are serious deviations from that 
form. 
the0r.y for the heavier protons, and Goudsmit and 
Sanderson (1940) introduced screening by atomic 
electrons. However, these theories do not fully 
describe the case of scattering heavy ions on 
lighter nuclei. Litton (1967) in our laboratory 
made an attempt to extend calculations to the 
cases of interest to us. However, uncertainties 
remain at large scattering angles, where 
inelastic nuclear collisions and fragmentation 
of nuclei are taking place, and at very small 
angles where the screening of atomic nuclei by 
electrons diminishes the scattering effects. The 
theoretical screening approximations are not very 
good for atoms at the low end of the periodic 
table, such as those similar to tissue composi- 
tion. In addition, another phenomenon, diffrac- 
tion scattering, is known to exist. At certain 
velocities, the magnitude of this phenomenon can 
be compared to multiple scattering. 
of the theoretical treatment is for pure 
monatomic substances, not for complex molecules. 
For the Gaussian region, equation 12 defines the 
rate of change in deflection angle 8 along the 
path x in the laboratory system: 

Snyder and Scott (1949) developed the 

Finally most 

and d2 can be used to calculate the change in 
radia? deflection of particles, U; , perpendicular 
to x, that a change in angles 8, at x causes 
when the particles stop at range R: 

2 2  u 2  = (R-x) dX Y 

At range R the rad 
y of the particles 

AX (13) 

a1 distribution of deflections 
is given by: 

7 e,,(- $) 
Y 

42 and u2 are obtained by integrating equa- 
tions 12yand 13, taking into account the rate of 
change of particle momentum with beam penetration. 
This was performed by L'itton for the special case 
of heavy particles (1967). 

poses an approximate expression for aY. 
scatter parameter for liquid water is: 

It is convenient to use for practical pur- 
The 

0.896 0.0294 R 
y z0.207A0.396 u =  



We regard this formula as an aproximation 
that is being further tested in the heavy-ion 
program in view of the uncertainties mentioned 
above. So far, we find good agreements between 
equations 11 and 15, and the radiography data 
obtained. However, exact comparison is'difficult 
because of a variety of factors that contribute 
to range spread and radial deflection. Table 1 
gives oy7values for various beams at different 
range penetrations. 

The range straggling and beam deflection 
limit the theoretical resolution of heavy-ion 
radiography. From the table it is clear that 
carbon and neon beams can resolve several times 
smaller density variations over several times 
smaller areas than protons can. The ability to 
resolve small detail in a radiographic image also 
strongly depends on particle flux density, and 
therefore the dose. This question will be 
further discussed below. 

Large Angle Scattering 

particles is that in our technique for heavier 
ions the effects of large angle scattering can 
be largely eliminated. The reason for this is 
that when large angle scattering occurs, almost 
in every case the beam particles fragment to 
particles of smaller atomic masses. The, 
sensitivity of the plastic nuclear detectors may 
be chosen in such a manner that they will 
entirely miss fragments, or that the fragments 
make smaller lesions in the detector, which can 
be discriminated against. In the case of the 
protons, however, large angle p-p scattering can 
occur with the nuclei of hydrogen. Since 
hydrogen is the most abundant atomic species in 
tissue, it provides many scattering centers. 
With a large radiography object, the large angle 
scatters would increase the proton background 
and decrease radial resolution. 

An advantage of heavier against lighter 
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beam and by multiple scattering; the beam deflec- 
tion is increased by angular spread in the beam 
and by scattering processes upstream from the 
subject; 
size in the electronic digitizing and computing 
processes also limit the resolution. Further 
work is in progress t o  reduce the variations 
caused by these factors. 

Noise in the detector system and pixel 

Modulation Transfer and Resolution of 
Functions for Heavy-Ion Imaging 

Transfer function analysis has been used for 
the purposes of image analysis for almost twenty 
years (Rossman, 1969; Metz and Doi, 1979). 
is a method of analysis of transfer of properties 
between the object and image. In simplest terms, 
modulation transfer coefficients are ratios of 
Fourier amplitudes that describe the image and 
the object. 
graphic images are both linear and shift 
invariant, and therefore satisfy the basic 
conditions for applicability of transfer function 
theory . 

It 

de believe that heavy-ion radio- 

Assume that a monoenergetic parallel particle 
beam passes through the phantom shown in Figure 3 
which has a series of evenly spaced parallel 
grooves. The spacing between grooves i s  b and 
the width of each groove is b. Between hills and 
valleys there is stopping power difference of a. 
The shape of this phantom is similar to the shape 
of actual phantoms used in our experimental 
studv. However. it would be more correct to use 
sinuioidal phantoms. 

D e t e c t o r  fo i l  
s t o c k  P h o n t o m  B e o m  

Practical Limitations of Heavy-Ion Radiography 

There are many practical factors that tend 
to decrease the resolution of heavy-ion imaging. 
In addition to straggling, range variations are 
caused by a finite initial energy spread of the 

Table 1. uy Values in Water 

Range (cm) 

Be am 2 6 10 20 40 

H 0.055 0.15 0.23 0.43 0.80 
He 0.027 0.073 0.12 0.22 0.40 
C 0.014 0.038 0.06 0.11 0.21 
Ne 0.01 0.028 0.044 0.082 0.15 

D i s t r i b u t i o n  

s t o p p i n g  
p o i n t s  

of 
Co lcu lo ted  

m e a n  
r a n g e  

Figure 3. 
detector foil stack and particle stopping point 
distribution used to measure and calculate the 
modulation transfer function and the relationship 
of dose to resolution. 

Schematic drawing o f  a phantom 

(XBL 809-3687) 

, .. . . . - . . .. ~~ . . . . . . . . . _. . 



3 39 

We will represent the distribution Ps(x,y) 
of stopping points of the particles stopping 
along axis x with range R as: 

We wish to calculate the probability of 
finding particles at points: y = A and y = 8, 
corresponding to range values of R at the bottom 
of the valleys and (R  + a) the top of the hills. 

from particles of mean range R is: 
The fraction of particles that scatter to A 

1 
a &  

m=- e 

Y 
tm b 4' exp (- )dy (17) 

2 j= -m 

The fraction of particles of mean range ( R  + a) 
scattering to A is 1 - m. 
density at depth x is: 

The particle flux 

r 

1 

and XA the mean value of stopping particle 
distribution is: 

. I  . 

;Axdx i t .  

XA = = R + a(k-m) . * (19) 

,' : 
For 6, which represents the va 
distribution, a similar calculationdleads to: 

. , 8 r  

(20)' r !  . X - R + a m  
. 6  - * /  

B -  
We may now define the modulation transfer factor 1 '  

T as: c ,  

observed mean range difference 
actual stopping power difference T =  

/ - \  

x -x = A B  
-= 1 - 2m a 

GID) 

The theoretical MTF factors are plotted for 
particles proton to neon on Figure 4. 

Using a variety of phantoms, we measured 
modulation transfer functions for certain heavy- 
ion beams. By courtesy of A. M. Koehler, we were 
also able to carry out similar measurements at 
the Harvard proton beam. A representation of 
some of these measurements is shown in Figure 5. 
Since radiographic measurements are done with 
plastic detector stacks, transfer functions have 
been measured for each foil, and some of them are 
shown in the figure. As a function of depth in 
the detector one first obtains an image that is 
light where ridges occur in the phantom and dark 
where valleys are. Deeper in the stack the image 
reverses. We have shown these MTF distributions 
with a negative sign to indicate reversal o f  
image contrast, however, the actual MTF 
coefficients are always positive. 

Flux Density and Dose Needed for Resolution 

The knowledge of T allows one to transform 
observed densities in radiographs to actual 
densities, and if T is available for all spatial 
frequencies then an accurate reconstruction of 
the electron densities of a radiographic object 
can be made. However, transfer function analysis 
applies to noise-free images only. In order to 
calculate resolution in actual physical systems, 
we must also analyze some of the stochastic 
aspects of image formation. 
resolve a structure of dimensions a and b, such 
as shown in Figure 3,  it is necessary to apply a 
beam of sufficiently high particle flux density 
F, measured at a depth where the particle beam 
leaves the subject and enters the detector stack. 

If we wish to 

Figure 4. 
tions for various particles. 
for a beam of approximately 20-cm range in water; 
the inhomogeneity is in,the middle of the 
phantom, about 10 cm from the detector. We 
assumed a value corresponding to about 20% o f  
the statistical error. (XBL 809-1981) 

Calculated modulation transfer func- 
The graph is valid 
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F i g u r e  5.  Top: measured and c a l c u l a t e d  t r a n s f e r  
f u n c t i o n s  f o r  an i n d i v i d u a l  d e t e c t o r  sheet .  S o l i d  
l i n e s  a r e  measured va lues;  dashed l i n e s  a r e  
t h e o r e t i c a l  curves.  Bottom: d a t a  f rom v a r i o u s  
f o i l s  i n  a s t a c k  can be no rma l i zed  t o  g i v e  r e l a -  
t i v e  t r a n s f e r  f u n c t i o n s .  The inhomogenei ty  
produces f i r s t  a p o s i t i v e  image, then  a n e g a t i v e  
one. We have shown t h e  a p p r o p r i a t e  f u n c t i o n s  
w i t h  p o s i t i v e  and n e g a t i v e  s igns ;  however, t h e  
a c t u a l  t r a n s f e r  f a c t o r  i s  always p o s i t i v e .  
(XBL 773-3246A) 

We may use t h e  w e l l  known t e s t  employ ing 
S tuden t ' s  t f o r  q u a n t i t a t i n g  the  s t a t i s t i c a l  
s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e  i n  two numbers n1 
and n2 t h a t  r e p r e s e n t  t h e  measured mean va lues  
o f  random d i s t r i b u t i o n s  w i t h  s tandard  d e v i a t i o n s  
of u 1  and a?: 

nl - t =  

From standard s t a t i s t i c a l  t a b l e s  one may 
o b t a i n  t h e  va lue  o f  t necessary f o r  any d e s i r e d  
l e v e l  o f  s i g n i f i c a n c e  (Bevington, 1969) .  
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R e l a t i n g  t h i s  t o  heavy-ion rad iography,  
assume t h a t  t h e  f l u x  d e n s i t y  o f  p a r t i c l e s  used 
i s  F/cm2 and t h a t  a l l  t h e  p a r t i c l e s  t h a t  c ross  
t h e  area enclosed by  a l i n e  p a i r  o f  w i d t h  b and 
l e n g t h  o f  1 cm are used f o r  t h e  measurement o f  
XA and XB. T h i s  p a r t i c l e  f l u x  i s  Fb. Assume 
f u r t h e r  t h a t  t h e  s tandard d e v i a t i o n s  o f  XA and 
Xg a re  uX. R e f e r r i n g  t o  F i g u r e  3, if 
i n d i v i d u a l  p a r t i c l e s  i p e n e t r a t e  t o  depths X A i  
and X B i  t hen  f rom equa t ion  22: 

nl - n2 = r ( X  - X ) = FbTa 
A Bi 

1 

and t h e  s tandard d e v i a t i o n  o f  t h e  measurement: 

U! + u2 2 = c ( X  - X . - Ta) 2 = 2Fbu: (24)  
A 6 '  i 

1 

S u b s t i t u t  
o b t a i n  : 

ng i n t o  equa t ion  22 and r e a r r a n g i n g  we 

F ( p a r t i c l e s l c m  2 ) = 

bT2a2 

I f  t h e  l i n e a r  energy t r a n s f e r  i n  u n i t s  of 
MeV g-lcm2 i s  L, t hen  we may c a l c u l a t e  t h e  dose 
D i n  r a d  f o r  a s i n g l e  rad iog raph  f rom t h e  f l u x  
d e n s i t y  F i n  p a r t i c l e s l c m 2  as: 

F i g u r e  6 shows range ( o r  d e n s i t y )  r e s o l u t i o n  
a g a i n s t  r a d i a l  r e s o l u t i o n  f o r  neon and f o r  
p ro tons  a t  cons tan t  dose l e v e l s .  It i s  c l e a r  
t h a t  b e t t e r  d e n s i t y  r e s o l u t i o n  i s  achieved a t  
h i g h e r  dose l e v e l s .  A t  t h e  same.depth r e s o l u t i o n  
neon has much b e t t e r  r a d i a l  r e s o l u t i o n  than  
p ro tons  a t  t h e  same dose l e v e l ,  and i t  would take  
ex t reme ly  h i g h  p r o t o n  doses t o  compete w i t h  neon. 

show i n  agreement w i t h  F i g u r e  6, a t  about 20 cm 
range we o b t a i n  a depth r e s o l u t i o n  down t o  about 
0.1% and a r a d i a l  r e s o l u t i o n  o f  0.1 t o  0.2 cm 
w i t h  e i t h e r  carDon o r  neon beams u s i n g  p a r t i c l e  
f l u x  d e n s i t i e s  between lo3 and 5.105 
p a r t i c l e s / c m 2 .  
v i s i b l y  b e t t e r  t han  t h a t  o f  carbon, a c i rcum- 
s tance t h a t  i s  i n  p a r t  due t o  s t a t i s t i c s  and i n  
p a r t  due t o  t h e  f a c t  t h a t  neon p a r t i c l e s  make 
l a r g e r  l e s i o n s  i n  t h e  p l a s t i c  m a t e r i a l s  we use. 
Using neon beams a t  h i g h  dose, we have a c t u a l l y  
ob ta ined  d e n s i t y  r e s o l u t i o n  o f  0.05% f o r  an 
o b j e c t  o f  1 cm i n  s i z e  imbeded i n  a phantom of 
12-cm d iameter .  A dose o f  0.020 r a d  i s  adequate 
f o r  neon o r  carbon- ion mammograms, where r a d i a l  
r e s o l u t i o n  i s  on t h e  o r d e r  o f  0.2 cm. 

As many of t h e  rad iog raphs  i n  t h i s  r e p o r t  

Rad ia l  r e s o l u t i o n  o f  neon i s  

. . . . . - . .. . . . , . . . .. . . .- .- _ _  -. ... . . . 
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Depth and Radial Resolution a t  
- 

Constant Dose in Water 

R=EOcm 
x , =  lOcm PROTON 

-2 

0.2 0.4 0.6 0.8 1.0 I '1.2 
Radial resolution 13 ( c m  ) 

F i g u r e  6. Depth and r a d i a l  r e s o l u t i o n s  t h a t  can 
be reached a t  a cons tan t  dose i n  beams, o f  20-cm 
range from o b j e c t s  about 10  cm f rom t h e  d e t e c t o r  
s tack .  
i s  achieved when t h e  r a d i a l  dimension o f  t h e  
o b j e c t  i s  l a r g e r .  
reached w i t h  neon i o n s  a t  p r a c t i c a l  doses a r e  
o b v i o u s l y  b e t t e r  t h a n  those  w i t h  p ro tons .  
c a l c u l a t i o n s  were lnade f o r  20% accuracy. 
( X BL 809-1982 ) 

A t  t h e  same dose, b e t t e r  depth r e s o l u t i o n  

The r e s o l u t i o n s  t h a t  can be 

The 

Comparison w i t h  X r a y s  

of X-ray quanta i n  t i s s u e s  o f  d i f f e r e n t  atomic 
composi t ion.  X r a y s  a r e  absorbed due t o  photo- 
e l e c t r i c  and Compton a b s o r p t i o n  processes cha r -  
a c t e r i z e d  by  p and a r e  s c a t t e r e d  due t o  t h e  
Compton s c a t t e r i n g  process. I f  X-ray i n t e n s i t y  
i s  1, then:  

X-ray rad iog raphy  i s  based on t h e  a t t e n u a t i o n  

( 2 7 )  

Photographic  emulsions have a l o g a r i t h m i c  
behavior ,  and t h e y  a re  s e n s i t i v e , t o  t h e  r i g h t  
s i d e  of equa t ion  27. 
t h e  va lues of t h e  a o s o r b t i o n  c o e f f i c i e n t  p f0.r 
each p o i n t  i n  a c ross -sec t i ona l  plane. 
process i s  compl icated.  Compton s c a t t e  
produces a background and reduces t h e  a 
r e s o l v e  r a d i a l  d e t a i l .  .A l so  most o f  t h e  
d i a g n o s t i c  X-ray sources a re  polychroma 
l o n g e r  wavelength X rays  and t h e  s o f t e r  
s c a t t e r e d  r a y s  a re  absorbed more r a p i d l y  
s h o r t e r  wavelength ( h a r d e r )  components 
beam. There a re  v a r i o u s  techniques, e. 
use o f  c o l l i m a t i n g  g r i d s ,  t o  i nc rease  r 
r e s o l u t i o n  a t  t h e  expense o f  i n t e n s i t y  and o t h e r  
techniques t h a t  i nc rease  c o n t r a s t  f o r  b e t t e r  
v iew ing  a t  t h e  expense o f  h i g h e r  dose. 
e l e c t r i c  a b s o r p t i o n  does n o t  i n v o l v e  s c a t t e r i n g  

nd i s  t h e r e f o r e  i n h e r e n t l y  capable o f  h i g h  a a d i a l  r e s o l u t i o n ;  however, r e s o l u t i o n  o f  smal l  
changes i n  p a r e  e a s i e r ,  when p i s  h igh;  f o r  
example a t  low k i l o v o l t a g e s .  However, when p i s  

X-ray tomography computes 

Pnoto- 

h igh,  t h e  absorbed dose i s  a l s o  h igh .  I t  i s  n o t  
p o s s i b l e  t o  g i v e  a s i n g l e  f i g u r e  t o  compare 
X r a y s  w i t h  heavy ions. However, we f i n d  t h a t  
i n  mammography X-ray d i a g n o s t i c  doses a re  u s u a l l y  
g r e a t e r  t han  0.5 rad.  Carbon-ion mammograms show 
s u p e r i o r  c o n t r a s t  t o  X r a y s  a t  t w e n t y - f i v e  t imes  
lower  dose,(20 mrad). The carbon p i c t u r e s  a re  
noisy,  b u t  adequate when t h e  r a d i a l  r e s o l u t i o n  
r e q u i r e d  i s  n o t  v e r y  h igh.  

I n  CT scanning, a convenient  u n i t  i s  t h e  
H o u n s f i e l d  u n i t  (1980): 

H = - - 1 1000 c: ) 
where pw i s  t h e  a b s o r b t i o n  c o e f f i c i e n t  of water  
and p t  i s  t h a t  of t i s s u e .  

We have shown aoove ( e q u a t i o n  8 )  t h a t  t h e  
r e l a t i o n s h i p  of t h e  heavy-ion number 'I t o  
e l e c t r o n  d e n s i t y  i s  l i n e a r .  The X-ray a b s o r b t i o n  
c o e f f i c i e n t s  a re  due t o  the  combinat ion o f  a 
s t r o n g l y  n o n l i n e a r  te rm i n  energy and atomic 
number due t o  t h e  p h o t o e l e c t r i c  e f f e c t  and a te rm 
p r o p o r t i o n a l  t o  t h e  atomic number due t o  t h e  
Compton e f f e c t .  The T number i s  dependent 
c h i e f l y  on t h e  atomic compos i t i on  and d e n s i t y  o f  
t i s s u e ;  t h e  H number a l s o  changes w i t h  the  X-ray 
spectrum. We expect  t hen  t h a t  t h e  r a t i o :  

! 3 i ssue  H + 1000 
n = ( T + 1 0 0 0 )  % S t w  ( 2 9 )  
e .  t 1 ssue 

m igh t  be u s e f u l  t o  c o r r e c t  t he  "hardening 
a r t i f a c t ' '  i n  X-ray CT scans, and, a t  t h e  same 
t i m e  g i v e  us new i n f o r m a t i o n  on t h e  atomic 
composi t ion of t i s s u e  m a t e r i a l s .  We have indeed 
demonstrated e x p e r i m e n t a l l y  t h a t  t h i s  i s  t h e  
case. 

TOMOGRAPHIC RECONSTRUCTION STUDIES 

We have shown e a r l i e r  t h a t  heavy-ion 
tomography- is  f e a s i b l e  and t h a t  i t  has p o t e n t i a l l y  
h i g h  r e s o l u t i o n ,  b u t  t h e  e a r l y  r e c o n s t r u c t i o n s  
a l s o  had a r t e f a c t s .  
source of some of these a r t e f a c t s  and des igned 
methods t o  e l i m i n a t e  them. We have consequent ly  
ob ta ined  heavy-ion r e c o n s t r u c t i o n s  t h a t  a r e  
remarkable f o r  t h e i r  c l a r i t y  and h i g h  s i g n a l - t o -  
n o i s e  r a t i o .  

We have now i n v e s t i g a t e d  t h e  

The tomographic  r e c o n s t r u c t i o n s  were made 
w i t h  a " f u l l  s c a l e "  exposure u n i t  w i t h  phantoms 
and t i s s u e  specimens. We hope t h a t ,  by  adding a 
r o t a t i n g  c h a i r ,  t h i s  same u n i t  w i l l  be used w i t h  
human Subjects .  The apparatus i s  shown i n  
F i g u r e  7. 
h o r i z o n t a l  s l i t  i n  a meta l  s h i e l d  s u f f i c i e n t l y  
t h i c k  t o  s top  a l l  p r i m a r y  p a r t i c l e s .  The beam 
then passes through a s t a t i o n a r y  p l a s t i c  b l o c k  
w i t h  an a c c u r a t e l y  machined c y l i n d r i c a l  ho le .  
The p a t i e n t ' s  head-support assembly a c c u r a t e l y  

The beam i s  passed th rough  a 
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1 IW 

EXPLODED VlEU 
OF HEAD LiSSFnBLY 

' h A COMPENSATOR I I Ill 

Figure 7. 
ized particle tomography The device is com- 
pleted and is being used with specimens. The 
patient rotating chair w 1 1  be built in the 
future. (XBL 782-7276) 

Multiple exposure device for computer- 

fits into this hole; above the mask, a cylindri- 
cal head assembly is filled with water. At the 
downstream side of the plastic block a stack of 
nuclear track detectors is mounted. The 
particles stop in the plastic stack, and make 
lesions in a region of approximately the same 
width as the beam slit, usually 0.2 cm. In the 
interval between beam pulses, the patient is 
rotated to a new angular position by about 2 
degrees around the vertical axis. At the same 
time, the plastic stack is moved vertically by 
about 0.2 cm so that the next beam pulse records 
particle transmission for the new angle at an 
unused portion of the filmstack. 
carried out by computer controlled automation 
linked to the dosimetry system. 

the plastic stack has 90 strips of data, each 
corresponding to a different angular position. 
The patient (or the slit) can then be moved to a 
new level. Often "control" exposures are also 
taken on the same plastic stack at a level 
appropriate to obtain data on water and plastic 
alone. 

The motions are 

After 90 beam pulses, each 2 degrees apart, 

Following exposure to the beam, we optically 
scan and digitize the data in preparation for 

computer processing. The optical and computer 
aspects of this process have been described 
previously. 

Foreshortening Distortion 

In order to obtain the best signal to,back- 
ground noise ratio when digitizing it is necessary 
both to illuminate and view the plastic sheets 
obliquely. To eliminate the Nforeshortening" 
distortion produced by this tilt angle (usually 
45 degrees), a grid of accurately and evenly 
spaced points (typically 20 x 20) is placed in 
exactly the same position as the sheets and 
digitized. The digitizer produces an image of 
the grid with the same distortions that are 
present in the digitized sheets. 

A simple pattern recognition procedure is 
then used to find the position of the center of 
each grid point in digitized (distorted) space. 
The corrected image space is related to the true 
grid space by a simple translation and scale 
change, and is determined by specifying the 
location of two corners of the grid in corrected 
image space. 

Correction for Beam Energy Variations 

Tomographic images are obtained with a 
sequence of beam pulses. 
raphy requires about 0.1% constancy in beam 
energy. Within a single pulse, energy variations 
are small; however, at the Bevalac there is about 
0.5% variation in energy from pulse to pulse. 
In order to correct for this, the projections 
include a strip on each side of the object where 
the beam only passes through water. In addition, 
when possible, a full projection is made with the 
radiographed object replaced by water so that a 
true X(object)-X(water) difference can be formed. 
Possible variations in beam energy from pulse to 
pulse (i.e., projection to projection) are cor- 
rected by adjusting the water correction projec- 
tion to match the water strips at the edges of 
each projection before making the subtraction. 

Good quality radiog- 

Reconstruct ion A 1 gor i thms 

Currently, our computer programs are used to 
reconstruct images typically of size 128 x 128 
(sometimes up to 175 x 175) .  Usually a filtered 
back projection algorithm is applied, using a 
modified Shepp-Logan method from the Budinger- 
Huesmann reconstruction program package (Huesman 
et al., 1977). After reconstruction, the results 
to be displayed are transformed to 256 x 256 
pixels which are used to display and examine the 
integrated scans on a RAMTEC color TV display 
system or a CONRAC black and white system. 
can also recall electron densities and standard 
derivations for further computation. 

The actual information obtained by heavy-ion 
radiography has about one thousand significant 
shades of grey. Since our eye can only discern 
about seventy shades, it is not possible to make 
use o f  all information simultaneously in a single 

We 
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d i s p l a y .  I n s t e a d  t h e  system we use can s e l e c t  
e l e c t r o n  d e n s i t y  windows o f  any d e s i r e d  w i d t h  f o r  

@ d i s p l a y  o f  images. I n  o r d e r  t o  i n t e r p r e t  heavy- 
i o n  CT scans, we use t h e  exp ress ion  .given i n  
equa t ion  29. Equat ion 29 i s  impor tan t  f o r  two 
reasons. F i r s t ,  i t  can be used t o  c o r r e c t  X-ray 
CT scans f o r  t h e  beam hardening a r t e f a c t  by  
comparing an X-ray and a heavy-ion CT scan o f  a 
water  phantom. Second, i f  t i s s u e  imaging by  . 
X r a y s  i s  compared t o  t i s s u e  imaging by  heavy 
ions, t he  r a t i o  p t / m e t  g i v e s  i n f o r m a t i o n  on 
t h e  atomic compos i t i on  o f  t i s s u e .  

Test Tube Phantoms 

The s i m p l e s t  phantom c o n s i s t e d  o f  a bowl o f  
wa te r  w i t h  c y l i n d r i c a l  w a l l s .  Four p o l y s t y r e n e  
t e s t  tubes were immersed i n t o  t h e  water ,  each 
c o n t a i n i n g  t e s t  s o l u t i o n s .  The t e s t  tubes had a 
d iameter  o f  1.0 cm and w a l l  t h i c k n e s s  o f  0.07 cm. 
The d e n s i t y  o f  t h e  t e s t  t ube  w a l l ,  compared t o  
water, was 1.04. I n  t h e  c e n t e r  o f  t h e  bowl a 
n y l o n  r o d  marked t h e  a x i s  o f  r o t a t i o n  f o r  t h e  
phantom. 

F i g u r e  8 shows a r e c o n s t r u c t i o n  o f  t h e  t e s t  
t ube  p a t t e r n  w i t h  neon ions .  The p a t t e r n  on 
F i g u r e  8 may be compared t o  an X-ray CT recon- 
s t r u c t i o n ,  F i g u r e  9, which was made o f  t h e  same 
phantom w i t h  a General E l e c t r i c  7800 scanner a t  
t h e  Rad io logy  Department o f  t h e  U n i v e r s i t y  o f  
C a l i f o r n i a ,  San Franc isco.  Both tornograms 
reproduce t h e  p a t t e r n ,  Dut w i t h  n o t a b l e  
d i f f e r e n c e s .  

assembly immersed i n  water.,  The d iameter  of t h e  

F i g u r e  9. X-ray CT image o f  t he  assembly 
desc r ibed  above. The X-ray background d r i f t s  
more than  t h e  neon background. The t e s t  t ube  
w a l l s  appear dark because t h e  X-ray a b s o r b t i o n  
c o e f f i c i e n t  o f  p o l y s t y r e n e  i s  s m a l l e r  t han  t h a t  
of water. (XBB 809-10768) 

The w a l l  o f  t h e  t e s t  t ube  appears w h i t e r  t han  
t h e  background i n  t h e  neon CT scan (T> 0) and 
da rke r  than  background i n  t h e  X-ray CT scan 
(H < 0 ) .  T h i s  i s  because t h e  e l e c t r o n  d e n s i t y  
of t h e  w a l l  i s  g r e a t e r  t han  t h a t  o f  water, 
whereas t h e  X-ray a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  
w a l l  i s  s m a l l e r  t han  t h a t  of water. (The w a l l  
i s  composed o f  p o l y s t y r e n e  p l a s t i c  c o n t a i n i n g  
carbon, whereas i n  water  oxygen i s  a major  
absorb ing c o n s t i t u e n t . )  

Because o f  t h e  r e l a t i v e l y  h i g h e r  a b s o r p t i o n  
c o e f f i c i e n t  o f  oxygen than  carbon o r  n i t r o g e n ,  

r and chemical compounds 
o f  H, C, N ,  and 0 when' 

hese compounds i s  1.02 
graphy i s  e f f i c i e n t  i n  
ns  perhaps why i n  mam- 
graphy can image stroma 

s t  t ube  i s  1.0 cm; t h e  wa l l s .  a re  po l ys ty rene ,  The methodology was a p p l i e d  t o  human t i s s u e  
07 cm t h i c k .  There i s  a l s o  a ny lon  c e n t e r i n g  specimens i n  t h e  same f u l l  s c a l e  apparatus t h a t  
d. The t e s t  t ube  w a l l s  are w h i t e  because t h e i r  w i l l  be used i n  v i v o  on humans. E i t h e r  neon 

beams a t  557 MeV/amu (15 cm range)  o r  carbon a t  e l e c t r o n i c  s topp ing  power (ne)  i s  g r e a t e r  t h a n  
t h a t  o f  water. (XBB 809-10843) 450 MeV/amu (25 cm range)  were u t i l i z e d .  



A coronal plane of a human brain specimen was 
studied withs0.2 cm slit, 90 angles and 557 MeV/ 
amu neon beam. Figure 10 shows the initial CT 
scan which is badly distored due to the edge 
artefact from an air bubble that was lodged in 
the specimen. The sinogram for this reconstruc- 
tion is shown in Figure 11. The bubble is shown 
as a black curved streak; apparently the bubble 
moved out of the field for the late part of the 
exposure. 

streaking artefacts by correcting the projected 
data. 
the boundaries of the sinusoidal regions by 
employing gradient determination methods. Once 
the boundaries are found, the air bubble region 
is removed and replaced with new values by a 
linear interpolation scheme. 

the sinogram changes to the form shown on 
Figure 12. 
obtain the final neon CT scan in Figure 13. 

The neon CT reconstruction of the brain 
demonstrates high resolution of the soft tissue 
structures of the brain. Spatial resolution does 
not limit the precise delineation of the internal 
structure o f  the brain. Density resolution 
appears better than in the X-ray CT scan shown 
on Figure 14 (taken on a Delta scanner at the 
Veterans' Hospital, San Francisco) and differ- 
ences in density are readily determined between 
the regions of the white and gray matter o f  the 
cerebral cortex and the structures of the mid- 
brain (e.g., putamen, internal capsule, caudate 
nucleus), the corpus col losum, the anterior 
commissure, the lateral ventricles and the third 
ventricle, the fornix, and the region of the 
optic chiasm. The brain specimen was fixed, and 

A program has been written to remove these 

An iterative search algorithm first finds 

After the correction algorithm is applied, 

Reconstructing from this level, we 

figure 10. Neon beam CT reconstruction of a 
human brain specimen. The radiating structures 
represent artefacts caused by an air bubble. 
(XBB 809-10867) 

Figure 11. 
Figure 10. 
crescent-shaped dark object. ( X B B  809-10868) 

The sinogram for the specimen in 
The bubble appears as a sharp 

we believe that i n  vivo the actual electron 
density differences between white and gray matter 
would have been greater. Study of the inner 
structure of the brain, including the detection 
of small tumors, has now come within reach of 
heavy-particle quantitative densitometry, image 
enhancement, and CT reconstruction. 

We believe that heavy-ion CT scans will have 
an important role in identifying some o f  the 
characteristics of tumor tissues. We have shown 
that carcinoma of the breast often has stopping 

figure 12. 
brain shown in Fiqures 10, 11, and I ? .  

A computer corrected sinogram of the 
- - -  

(XBB 809-10870) 

- .". -- .. . . . . . . .~ ....... - 
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Figure 13. 
of a human brain specimen. 
projections was used, and many details are 
visible. 
matter is very faint; however, we believe this 
is due to the fact that fixative alters tissue 
densities. (XBB 809-10849) 

Computer corrected CT reconstruction 

The demarcation between white and gray 

A neon beam with 90 

1 ure 14. X-ray tomographic scan of the brain 
%Figure 13. The diameter of the tank 

holding the human brain specimen was 12.7 cm. 
(XBB 809-10951) 

power ratios of 1.02 to 1.04 (see the chapter in 
this section by Fabrikant et al. on mammography). 
Also, we find that X-ray CT scans are particularly 
insensitive to tissue-like materials in this same 
stopping power domain. 
and heavy-ion scans together will yield more 
information than can be obtained with either one 
of these techniques. 

It is likely that X-ray 

ACKNOWLEDGEMENT 

The authors acknowledge the many contribu- 
tions made by their colleagues to the heavy-ion 
radiography research program. Our coworkers 
include A. Margulis, H. Genant, E. Sickles, G. 
Sommer, and M. Federle from the Radiology 
Department, University of California, San 
Francisco; K. Woodruff, J. Castro, G. Gauger, G. 
Chen, D. Feinberg, J. Llacer, J. Lyman, J. 
Howard, M. Pirruccello, 6. Roman, S. Go, R. 
Walton, and G. Welch of LBL; R. Henke of the 
Physics Department, University of San Francisco, 
and R. Huesman wno, working with T. Budinger, 
developed CT reconstruction programs at the 
Donner Laboratory. 
by the National Cancer Institute (Grant No. 
YO1-CB-40302 and K01-CA-20721) . 

These studies are supported 

GLOSSARY 

kinetic energy of heavy ions 
coordinate parallel to beam 
electronic charge 
electronic man 
electron density of stopping matter 

ne in tissue and in water 
atomic number of heavy ions 
velocity of heavy ions 
mean ionization potential 
range in 3 cm (Rt and R, 

Avogadro's number 
atomic number of stopping matter 
mass number of heavy beam particle 
mass number of stopping matter 
mass fraction of component i 
density of stopping matter, g cm-3 
electronic stopping power 
relative electronic stopping power 
heavy-ion number 
straggling parameter 
mass of heavy beam particle 
deflection angle at x in the labor- 

radial deflection Darameter 

per cm3 

range in tissue and water) 

atory system 

the probability of'radial-deflection y 
probability distribution of stopping 
points 

depth of ridges in line phantom 
width of ridges and vallies in line 

phantom 
fraction of radially scattered 
particles 

modulation transfer factor for heavy 
ions 

Student's t 
heavy particle flux density per cm2 
1 inear energy transfer, MeV g-lcmz 
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D dose i n  r a d  
I X  X-ray i n t e n s i t y  t depth x 
)I 

IJt,uw 
H H o u n s f i e l d  u n i t  

X-ray a b s o r p t i o n  c o e f f i c i e n t  p e r  cm 
i n  t i s s u e  and i n  water  
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HEAVY-ION MAMMOGRAPHY AND BREAST CANCER 

J. I .  Fabrikant,* C. A. Tobias, M. P. Capp,? W. R.  Holley, 
K. H. Woodruff,* and E. A. Sickles* 

The s l i g h t  d i f f e r e n c e  i n  r a d i o g r a p h i c  
d e n s i t i e s  o f  t h e  v a r i o u s  t i s s u e s  o f  t h e  human 
female b r e a s t  t h a t  makes X-ray mammography pos- 
s i b l e ,  b u t  t h e  range of r a d i o g r a p h i c  d e n s i t i e s  
i s  q u i t e  smal l .  Thus, t h e  d iagnos is  o f  benign 
and ma l ignan t  b r e a s t  tumors may depend on 
r e c o g n i t i o n  o f  f i n e  shadows and f i n e  g r a d a t i o n s  
o f  c o n t r a s t .  I n  o r d e r  t o  p r o v i d e  t h e  optimum 
X-ray r a d i o g r a p h i c  c o n t r a s t  i n  these s o f t  
t i s s u e s ,  low k i l o v o l t a g e ,  h i g h  X-ray tube  c u r r e n t  
techniques a r e  necessary, imposing h i g h  r a d i a t i o n  
doses t o  t h e  b r e a s t  t i s s u e s .  An a d d i t i o n a l  
c o m p l i c a t i n g  f a c t o r  i n  mammographic d i a g n o s i s  o f  
b r e a s t  tumors i s  t h e  f a c t  t h a t  t h e  t i s s u e  s t r u c -  
t u r e ,  and hence t h e  r a d i o g r a p h i c  appearances o f  
t h e  female b r e a s t ,  v a r i e s  w i t h  age and phys io-  
l o g i c a l  c o n d i t i o n ,  i.e., t i s s u e  compos i t i on  
changes t a k e  p l a c e  a t  d i f f e r e n t  ages, d u r i n g  
pregnancy and l a c t a t i o n ,  and i n  r e l a t i o n  t o  t h e  
phase o f  t h e  mens t rua l  c y c l e .  

C l i n i c a l  mammography f i n d s  i t s  g r e a t e s t  
use fu lness  i n  t h e  i n v e s t i g a t i o n  o f  t h e  lump i n  
t h e  b reas t ,  t o  i d e n t i f y  i t  a t  t h e  e a r l i e s t  stage, 
t o  d i s t i n g u i s h  benign and ma l ignan t  tumors, and 
t o  i d e n t i f y ,  i f  any, a second l e s i o n  i n  t h e  same 
o r  oppos i te  b r e a s t .  I t  i s  a l s o  o f  va lue  i n  t h e  
i n v e s t i g a t i o n  o f  t h e  nodu la r  b reas t ,  p a r t i c u l a r l y  
when i t  i s  d i f f i c u l t  t o  dec ide where t o  b iopsy .  
The g r e a t  m a j o r i t y  o f  ma l i gnan t  b r e a s t  l e s i o n s  
a r e  diagnosed on t h e  mammographic appearance o f  
a mass, i t s  shape, s i ze ,  dens i t y ,  and the  
presence o f  c a l c i f i c a t i o n s .  Secondary changes 
i n  t h e  b r e a s t  which can be i d e n t i f i e d  on rnarnmo- 
g raph ic  s t u d i e s  i n c l u d e  s k i n  t h i c k e n i n g ,  
increased v a s c u l a r i t y ,  and r e t r a c t i o n  o f  t h e  
mammary f i b r o u s  t i s s u e  and d i f f u s e  f i b r o s i s .  A 
number o f  t h e  impor tan t  mammographic cha rac te r -  
i s t i c s  o f  b r e a s t  tumors a r e  l i s t e d  i n  Table 1, 
f o r  p o t e n t i a l  X-ray d i f f e r e n t i a t i o n  between 
benign and ma l ignan t  b r e a s t  tumors. 

Table 1. Mammographic Diagnosis  o f  Breast  Neoplasms 

Radiographic  Ben i gn 
Character  i s t  i c Tumor 

Breast  
Cancer 

X-Ray Heavy-Ion 
Method Method 

D e n s i t y  

Character  o f  
D e n s i t y  

Shape 

Borders 

Surrounding 
Tissues 

V a s c u l a r i t y  

Cal c i f i c a t  i on 

R e l a t i v e  
S ize  

S1 i g h t  o r  
marked inc rease  

Homogeneous 

Round, oval ,  
lobu 1 ated  

We1 1 c i rcumscr ibed,  
smooth su r round ing  
f a t  l a y e r  

Not invaded, 
d i sp laced  t rabeculae,  
v a s c u l a r i t y  normal 

Normal 

Coarse, i s o l a t e d ,  
sca t te red ,  n o t  
punc ta te  

Same s i z e  o r  l a r g e r  
than  c l i n i c a l  
measurements 

j 

Marked inc rease  ++ 

Nonhomogeneous, ++ 
c e n t e r  most dense 

V a r i  ab1 e, 
s p i c u l a t e d  

++ 

P o o r l y  c i r cumscr ibed  ++ 
i r r e g u l a r ,  f u z z y  
h a l o  

I n f i l t r a t e d ,  ++ 
t rabecu lae  
i r r e g u l a r l y  r e t r a c t e d  
and th i ckened  

Increased ++ 

Numerous, punctate,  ++ 
v a r i a b l e  d e n s i t y ,  
c e n t r a l  

Much sma l le r  t han  + 
c l i n i c a l  measurements, 
o f t e n  by f a c t o r  o f  
2 t o  4 

++++ 

++++ 

+ 

+ 

C++ 

++++ 

+ 

+++ 

Scale f o r  d i a g n o s t i c  imaging: + poor, ++ f a i r ,  +++ good, ++++ e x c e l l e n t .  



Since 1977, the heavy-ion radiography basic 
and clinical research program in our laboratory 
has been systematically investigating the poten- 
tial of clinical, low-dose, heavy-ion mammography 
to augment and improve the breast cancer detec- 
tion rate (Tobias et al., 1978; Sickles, 1979). 
Heavy-ion mammographic examination of the female 
breast in our laboratory has now proven to be 
based on a low-dose, safe, reliable, noninvasive 
imaging procedure with improved density resolu- 
tion when compared with X rays (Tobias et al., 
1978; Sickles, 1979). The use of heavy-ions for 
diagnostic imaging of the breast provides valu- 
able quantitative data for image processing, 
which promises to increase the reliability of the 
early detection of small cancers in the breast, 
and to differentiate accurately between benign 
and malignant tumors. Currently, four areas are 
under investigation: (1) stopping power values 
of normal and neoplastic breast tissues: 
(2) reduction of radiation dose in the breast; 
(3) breast tissue specimen radiography; and 
(4) heavy-ion mammography trials i n  clinical 
patients with breast disease (Fabrikant et al., 
1980). 

Stopping Power Values in Breast 
Tissue Specimens 

Heavy-ion radiographs of postmastectomy 
breast tissue specimens provide stopping power 
values along an integrated linear beam path. 
These data are being used for accurate quantita- 
tive densitometry of the stopping power distribu- 
tions in the tissue. Table 2 compares character- 
istic stopping power values (relative to water) 
in benign and malignant breast lesions derived 
from digitized heavy-ion mammograms of formalin- 
fixed breast tissues obtained at very low doses. 
Quantitative differences in stopping power values 
may provide a quantitative approach for differen- 
tiating between benign and malignant tumors. 
Figure 1 i s  an oxygen-ion radiograph of a breast 
specimen containing an infiltrating duct 
carcinoma; comparison can be made with the con- 
ventional X ray. The heavy-ion radiograph 
demonstrated a far more dense tumor image than 
the conventional radiograph (Sommer et al., 
1978). 

TaDle 2. Stopping Power Values (Relative to 
Water) of Normal and Neoplastic 
Breast Tissues 

Breast Tissue Stopping Power T Values 
Values 

Normal 0.957 f 0.004 - 4 3 f 4  
Carcinoma 1.064 f 0.003 64 f 3 
Dysp 1 as i a 1.016 f 0.011 16 f 11 

B 

Figure 1. (A) Conventional X-ray radiograph o f  
a mastectomy breast specimen that contained 
residual infiltrating ductal carcinoma beneath 
the biopsy site. (B) Oxygen-ion radiograph of 
the breast specimen; the dense carcinoma is 
readily identified. (XBB 776-5441) 

CLINICAL PATIENT TRIALS 
WITH HEAVY-ION MAMMOGRAPHY 

Objectives 

Since the initiation of the systematic 
clinical research program, noteworthy advances 
have been made that support our original observa- 
tions for the potential development and applica- 
tion of heavy-ion mammography for the early 
diagnosis of breast cancer in women. In 1978, a 
clinical science study group in heavy-ion radiog- 
raphy was formed and affiliated with the BAHIA 
group, which presently consists of some fifty 
physicians, surgeons, radiologists, pathologists, 
and physicists from the University of California 

- .. - , . .. . . ._ . .  
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at Berkeley and San Francisco School of Medicine, 
the Lawrence Berkeley Laboratory, the San 
Francisco Bay Area community hospitals, and the 
University of San Francisco. 

clinical heavy-ion mammography trial i*n progress 
have been: (1) to establish a safe and celiable 
method for the examination procedure; (2) to 
select the heavy-ion with appropriate character- 
istics for imaging of clinical patients; ( 3 )  to 
determine the degrees of density and spatial 
resolution necessary for obtaining quality 
diagnostic images better than or equal to conven- 
tional X-ray mammography; (4) to establish the 
reliability o f  the nuclear track plastic 
detectors and the developing methods for produc- 
ing the diagnostic images; (5) to establish the 
reliability and reproducibility of imaging pro- 
cessing; ( 6 )  to develop methods and programs for 
computer analysis and image display and for 
electronic densitometric techniques; and (7) to 
develop methods for reduction of radiation dose. 
During the past three years, many of these goals 
have been achieved. 

The specific objectives of the first-stage 

Selection o f  Patients 

Patient selection remains carefully control- 
led by approved clinical protocols, and include 
the following criteria. (1) The patient is 
referred for heavy-ion mammography with the 
clinical diagnosis of breast cancer, a palpable 
mass, or X-ray mammographic breast xerographic 
evidence o f  a breast lesion. (2) The patient 
must have a breast mass determined either by 
clinical palpation and/or X-ray mammography or 
breast xerography, and where the diagnosis is 
uncertain and may be benign or malignant disease. 
(3) The patient may be in a high-risk group with 
breast disease suspicious of cancer, where the 
other breast has had cancer (which has been 
surgically removed or otherwise treated for 
cancer). ( 4 )  The likelihood exists that the 
patient will have a breast biopsy or a surgical 
mastectomy based on the existing clinical and 
X-ray mammographic findings. There .is full 
cooperation with the hospital where the breast 
biopsy or mastectomy is performed in order to 
obtain pathological verification and correlation 
of existing breast disease and mammographic 
examinations. (5) Patients referred to the 
clinical research program will have had clinical 
X-ray mammograms or breast xerograms, obtained 
by the referring physician, or by our clinical 
research protocol. Each patient is interviewed 
and examined by the research physician of the 
program. The heavy-ion examination will be 
arranged so that no delay will occur in the 
normal course of the patient’s management by the 
referring physician (e.g., biopsy or surgery). 

Procedure of Heavy-Ion Mammography Examination 

a cave at the Bevalac (Alonso, 1977; Grunder and 
Leeman, 1977). The patient lies prone on a 

Patients are examined in the patient medical 

specially designed mammography examination table. 
The breast to be examined is immersed in a 
rectangular lucite water bath (filled with warm 
water at 37°C and a wetting agent). The breast 
is gently compressed (either in the lateral or 
in the cephalocaudad direction, depending on the 
radiographic project ion) between para1 1 el plastic 
plates. The water-bath assembly is positioned 
perpendicular to the heavy-ion beam line, and 
parallel to the optical bench rails on which are 
mounted the ionization chambers and a water-batn 
variable-beam attenuator. Three-coordinate 
laser beams provide precise positioning of the 
breast in the beam line. The patient (except for 
the breast to be examined) is shielded by brass- 
block shielding and beam collimation. 
nuclear track plastic detector stack of 25-30 
sheets is mounted on the downstream side of the 
water-bath assembly perpendicular to the beam. 
The patient is left alone in the examination room 
during the exposure, but she is in continuous 
view on closed circuit television and there is 
constant intercom voice communication. A single 
beam pulse at 0.5 sec is used, e.g., 12C, 
250 MeV/n or 20Ne, 425 MeV/n, fluence of 103 to 
2 x 104 particles/cmz. 103 neon ionslcm2 
produce about a 20 mrem dose, and 2 X 104 carbon 
ions/cm2 about a 150 mrem dose, which is suf- 
ficient to expose a nuclear track detector stack 
of 25 sheets. Both breasts are radiographed. 
The patient does not move during the interval 
between the cephalocaudad and lateral projec- 
tions; instead, the examination couch is moved 
so that the second position is achieved by rota- 
tion of the couch around the vertical axis that 
intercepts the horizontal heavy-ion beam. 

Two heavy-ion mammograms (lateral and 
cephalocaudad views) are taken of each breast. 
A single radiograph is sufficient for a general 
comparison of breast tissue stopping power to 
water. 
values, i.e., tissue density in normal and 
abnormal breast structure, two exposures may be 
obtained in the same position; two different 
liquid bath mixtures, water and lipid, are used. 
This additional radiographic projection of eacn 
breast in two different water bath suspensions 
permits more accurate calculations of tissue 
electron densities in vivo. 
mammographic procedure, including patient posi- 
tioning and radiographic exposures, takes aoout 
30 to 40 minutes. 
always present, informed consent is used, and 
human use authorization under National Institutes 
of Health guidelines is followed. Thus far, we 
have experienced no patient problems, and 
particularly with regard to the interface between 
the complex engineering instrumentation and 
equipment for beam delivery and the patient 
examination procedure. 

The 

For exact measurements of stopping power 

The entire heavy-ion 

A physician and nurse are 

Lindings of Heavy-Ion Mammography 

The initial stage heavy-ion mammography 
clinical trial is in progress; thus far, 37 
patients have been examined, and approximately 
150 heavy-ion mammograms have been obtained. 
heavy-ion mammograms are compared with the 

All 



350 

patient’s X-ray mammograms or breast xerograms, 
and pathological examination where available. 

The observations on heavy-ion mammography in 
35 of 37 patients examined are listed in Tables 3 
and 4. Table 3 describes the examinations of 
patients with benign breast disease diagnosed by 
X-ray mammography or breast xeroradiography and/ 
or clinical examination, and heavy-ion mammo- 
grapny. Table 3 also describes the examinations 
of patients with clinically benign disease, but 
where the interpretation of heavy-ion mammograms 
and the conventional X-ray mammograms or breast 
xerograms were in agreement or may have differed, 
but carcinoma was not incorrectly diagnosed. 
Cysts, abscesses, mammary dysplasia, and benign 
breast tumors were clearly imaged on the 
heavy-ion mammograms. 

Table 4 describes the examinations of patients 
with breast cancer. In three patients, cancer 
was not diagnosed by conventional X-ray mammog- 
raphy or breast xerography, but was demonstrated 
by the carbon-ion mammograms. The imaging 
efficiencies of conventional X-ray mammography 
on breast xerography and of heavy-ion mammography 
are qualitatively compared in Table 1. 
important anatomical and pathological character- 
istics as the density, and character of density, 
shape, involvement of surrounding tissues, and 
size are potentially better differentiated by 
heavy-ion imaging. 

Such 

The salient observations of the clinical 
trials include the following: 

1. Heavy-ion mammography is a low-dose, 
safe, reliable, noninvasive imaging 
procedure. 
has provided extensive quantitative image 
processing, analysis, and image display. 
2. The radiation dose to the breast is about 
1/25th to 1/250th of that on conventional 
X-ray mammography or breast xerography 
examinations performed in community-based 
radiological practice (Table 5). 
only 50 mrad for carbon-ion mammograms pro- 
vide images of good quality. Diagnostic 
images have been obtained with radiation 
doses as low as 10 to 20 mrad (Fig. 2). 
These images are somewhat noisy, however, 
they can reliably estimate the electron 
density of tissue regions of about 0.3 cm in 
diameter and larger. Carbon-ion mammography 
is obtained regularly with radiation doses 
to the breast that are substantially less 
than those from conventional X-ray mammog- 
raphy procedures. Furthermore, X-ray 
methods do not provide the wide capabilities 
of quantitative densitometry, computer 
analysis and image display for determination 
of composition of normal and diseased breast 
tissues in clinical patients. 
3. Density resolution in carbon-ion mammog- 
raphs is equal to or exceeds that of con- 
ventional X-ray mammography in all patients 
examined. Carbon-ions demonstrate all 
abnormal densities in the breasts of patients 
that can be detected by X rays. However, 
the caroon-ion mammograms provide greater 
sensitivity for detection of minute con- 

The examination of eacn patient 

Doses of 

trasting tissue densities in the breast 
compared with X-ray mammograms. X rays pro- 
vide improved lateral (spatial resolution), 
and are relatively more sensitive to higher 
atomic number tissue structures, such as 
microcalcifications in the breast (Fig. 3). 
4. Carbon-ion mammography detected changes 
in tissue structure detailed in the breast, 
and particularly in dense breast tissue, 
inore readily than X rays (fig. 4). Heavy 
ions appear to have an advantage in imaging 
dense breasts, and especially breasts with 
fibrocystic disease or with a small, dense 
cancer. 
5. Carbon-ion mammography demonstrated 
small abnormal densities in the breasts of 
two patients which were not detected by 
X rays. Both these densities were nonpalp- 
able masses lying deep in the breast tissue, 
and measured less than 1 cm in diameter on 
the heavy-ion mammograms. Thus, in the 
initial patient trails, in those breasts 
with potentially detectable cancer, carbon- 
ion mammography demonstrated soft-tissue 
breast cancers less than 1 cm in diameter 
which were not demonstrated on conventional 
X-ray mammography. 
6. In all patients examined with X-ray 
mammography and carbon-ion mammography, the 
heavy-ions confirmed the X-ray studies, 
i.e., either positive or negative for breast 
cancer (Fabrikant, 1980; Sickles, 1979). 
Surgical biopsy studies verified these find- 
ings in 12 patients (8 benign and 4 malignant 
tumors); 25 patients either did not have 
biopsies done, or the results of biopsies 
done are not available at this time. One 
patient had a nonpalpable mass less than 
1 cm that was demonstrated on the carbon-ion 
mammograms and not on X-ray examination; 
biopsy proved the mass to be carcinoma 
(fig. 3 ) .  In a second patient with a less 
than 1 cm nonpalpable mass, less than 1 cm 
which was demonstrated only on the carbon-ion 
mammogram, the results of the biopsy also 
demonstrated a benign breast tumor. 

Radiation Dose and Heavy-Ion Mammography 

At the present time, the improved X-ray 
mammographic and breast xerographic methods can 
almost always distinguish between benign and 
malignant tumors in the breast; the experienced 
radiologist can make this distinction with an 
accuracy of better than 90%. Any significant 
improvement in diagnostic accuracy, whether in 
differentiating among benign diseases, or between 
benign and malignant tumors, must depend on 
improved image quality with decreased radiation 
dose. While there have been significant 
technical developments in conventional X-ray 
mammography and breast xerography, the majority 
o f  mammographic X-ray units and procedures still 
result in skin doses of 2 to 10 rad, and a 3 cm 
depth dose of about 5 to 7 rad (Egan, 1960; 
Sutton, 1975), and aoout similar values, or 
slightly greater, for breast xerography. Table 5 
lists radiation doses to the breast during the 
various clinically applicable mammographic 
procedures in current radiological practice. 



Table 3. P a t i e n t s  w i th  Benign Breast Disease 

P a t i e n t  
No. Age C1 i n i c a l  Heavy-Ion Mammography X-Ray Mammography F o l  lowup 

5 

6 

13 

1 7  

19 

20 

21  

22 

24 

25 

27 

28 

34 

39 

-- 

48 

39 

39 

46 

60 

31 

23 

47 

46 

Dense l e f t  b reas t ,  
2-cm mass 

2-cm mass, r i g h t  o u t e r  
quadrant, massive f a t t y  
b r e a s t  

Mass, l e f t  b reas t ,  o u t e r  
quadrant 

B i l a t e r a l  b r e a s t  masses 

Symmetrical b r e a s t s  w i t h -  
o u t  mass 

No masses Mass unchanged 
i n  5 yea rs  

Biopsy: lymph 
node 

No masses, mass a t  ches t  
w a l l  o u t  o f  beam f i e l d  

No masses 

Mass in l e f t  b reas t ,  
o u t e r  quadrant  

No masses o r  asymmetry 

Mass i n  l e f t  b r e a s t ,  Biopsy: mammary 
o u t e r  quadrant  dysp 1 as i a 

2 c a l c i f i c a t i o n s  i n  Biopsy: mammary 
l e f t  b r e a s t  and 1 i n  d y s p l a s i a  
r i g h t  

No mass Biopsy:  abcess B reas t  mass 

Mass, l e f t  b r e a s t  

No mass 

No mass W 
If No mass Biopsy: f i b r o -  

adenoma 

1- t o  2-cm mass, 
l e f t  b r e a s t  

Mass, i nc reased  dens i t y ,  
l e f t  b r e a s t  

Mass, i nc reased  No change i n  3 
dens i t y ,  l e f t  years; p robab ly  
b r e a s t  f ibroadenoma 

Breas t  mass Mass Mass Biopsy: mammary 
d y s p l a s i a  

4-cm mass, r i g h t  b r e a s t  Symmetrical dense b reas ts ,  
mass 

Dense b reas ts ,  Mass unchanged 
mammary d y s p l a s i a  i n  6 months, 

no b i o p s y  

Dense b r e a s t s  w i t h  Mass unchanged 
mammary d y s p l a s i a  i n  6 months, 

no b i o p s y  

2-cm mob i le  mass, l e f t  
b r e a s t  

Asymmetrical dense b r e a s t s  

R i g h t  mastectomy f o r  
i n f i l t r a t i n g  duc ta l  
carcinoma; l e f t  b reas t  mass 

Mass i n  l e f t  l a t e r a l  
b r e a s t  

No mass Biopsy:  f o c a l  
f a t  n e c r o s i s  

Breast  c y s t  w i th  recen t  
appearance o f  2 masses 

No masses No masses B i o p s i e s  : mammary 
d y s p l a s i a  

(Tab le  3 con t inued)  

I 



Table 3. ( con t i nued)  

P a t i e n t  
F o l  lowup No. Age C1 i n i c a l  Heavy-Ion Mammography X-Ray Mammography 

30 31 

31 44 

32 32 

33 59 

_- 34 

35 24 

36 32 

-- 38 

-- 39 

_ _  41  

44 

45 

_- 

_- 

R i g h t  mastectomy f o r  
i n f i l t r a t i n g  d u c t a l  
carcinoma, l e f t  b r e a s t  
normal 

B i l a t e r a l  b r e a s t  masses 

Mass, l e f t  b r e a s t  

B i l a t e r a l  masses 

Mass c y s t  

Dense b reas ts ;  l e f t  b r e a s t  
mass 

B reas t  mass w i t h  c a l c i f i -  
c a t i o n  

Dense b r e a s t s  

Mass, l e f t  b r e a s t  

Mass 

Dense b r e a s t s  

Dense b r e a s t s  

No mass, l e f t  b r e a s t  

Focal  area i nc reased  
d e n s i t y  l e f t  b r e a s t ,  
p o s s i b l y  carcinoma 

No mass, dense b reas ts  

No mass 

No mass 

No mass 

No mass 

No mass 

Mass, l e f t  b r e a s t ,  
mammary d y s p l a s i a  

No mass, scar  t i s s u e  

No mass 

No mass 

No mass, l e f t  
b r e a s t  

M i c r o c a l c i f i c a t i o n s ,  
l e f t  b r e a s t  

No mass, mammary 
d y s p l a s i a  

No mass, mammary 
d y s p l a s i a  

No mass o r  c y s t  

No mass, mammary 
d y s p l a s i a  

Mammary d y s p l a s i a  

Dense b reas ts ,  
no mass 

Mass, mammary 
d y s p l a s i a  

Small mass 

No mass 

No mass 

Normal 

B iops ies :  mammary 
d y s p l a s i a  

M u l t i p l e  b r e a s t  
c y s t s  

No change i n  
5 yea rs  

Normal 

Norma 1 

Normal 

No change i n  
2 yea rs  

No change 

Normal 

Normal 



Taole 4. Patients with Malignant Breast Disease 

Patient 
No. Age Clinical Heavy-Ion Mammography X-Ray Mammography Fol lowup 

7 60 Mastectomy, right breast; 
lateral mass, left breast 

14 -- Mass, left breast 

15 50 No mass, left breast 

"43 - 2-cm mass, left breast 

37 66 1-cm mass, left breast 

40 80 1-cm mass, right breast 

47 66 4.5-cm mass, right breast 

48 45 Crusting lesion, left 
breast 

Density left breast 

No mass 

Mass at site of micro- 
calcifications, left 
breast 

Mass, left breast 

Mass, left breast 

Mass, right breast 

Mass, right breast 

No masses 

Dense left breast 

No mass 

1.5 x 3 cm area of 
microcalcification, 
left breast 

Mass, left breast 

Mass, left breast 

Mass, right breast 

Mass, right breast 

No masses 

None 

Infiltrating 
ductal carcinoma 

In situ ductal 
carcinoma, left 
breast 

Mass larger; 
biopsies: atypical 
hyperplasia to 
lobular in situ 
carcinoma 

1-cm infiltrating 
ductal carcinoma 

Infiltrating ductal 
carc i noma 

Infiltrating ductal 
carcinoma 

Infiltrating carci- 
noma; Paget's disease 
of nipple 

W 
ul 
W 
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Table 5 .  R a d i a t i o n  Dose t o  B reas t  f o r  D i f f e r e n t  Mammographic 
Examinations 

B reas t  Dose pe r  Exposure B reas t  Dose per Examination 
(mrem) (mrem) 

X-ray mammography 
Convent ional  
New r a r e - e a r t h  screens 
and f i l m s  

500-3000 
250-1 500 

3000-10,000 
1500-5000 

3000-6000 
Xerography 

Convent ional  1000-2000 
( p o s i t i v e  mode) 

Improved f i l t r a t i o n  500-1000 1500-5000 
(Nega t i ve  mode) 

Heavy-ion mammography 20-loo* 
Carbon i o n  300 
Neon i o n  

100-200 
1000 

* D iagnos t i c  carbon- ion mammograms have been ob ta ined  a t  a dose o f  
20 mrad (see F i g .  3 ) .  

F i g u r e  2 .  
same p a t i e n t :  
( l e f t ) .  (XBB 782-2218) 

Low-dose carbon-ion mammogram on t h e  
20 mrad ( r i g h t ) ' a n d  60 mrad 

F i g u r e  3. Computer synthes ized carbon- ion 
mammograms o f  b o t h  b r e a s t s  o f  t h e  same p a t i e n t .  
L e f t ,  normal b reas t ;  r i g h t ,  b r e a s t  w i t h  6 mm 
carcinoma ( a r r o w ) .  (XBB 780-13077) 

- - _  - _ -  _ _  
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The physical factors that affect the radia- 
tion dose in heavy-ion radiography include the 
particle fluence, the particle energy loss rate, 
range straggling, and nuclear disintegrations 
(Benton et al., 1973). Particle fluence and 
energy loss rate are the important factors in 
dose calculations for heavy-ion mammography since 
low initial energies are used, and the radiation 
dose in the breast tissue is far removed from the 
stopping point of the particles. 
number of particles in the heavy-ion beam remains 
quite low, even if large radiographs are made. 
For example, a 50 cm x 50 cm carbon-ion radio- 
graph, with 1000 particles per cm2, uses about 
2.5 x 106 particles. 
of magnitude lower than the maximum available 
from the Bevalac in a single pulse. 

mammography with carbon-ions (425 MeV/n) and 
using nuclear track detector stacks of 25 film 
detectors has regularly provided excellent 
quality diagnostic mammograms with radiation 
doses of 50 mrad per exposure (Fig. 3) ;  the 
maximum RBE for plateau phase carbon-ions is 
estimated to be 1.98 (Blakely et al., 1979). We 
have demonstrated that carbon-ion mammography can 
achieve satisfactory radiographic images with 
doses of 1 0  mrad per exposure (Fig. 3); the total 
radiation dose would be 40 mrad for the four- 
image examination of both breasts. 
diagnostic heavy-ion mammograms can be obtained 
with radiation dose-reduction factors of some 25 
to 250 over conventional and improved X-ray and 
breast xerography mammographic procedures. 

The total 

This is several orders 

In our clinical patient trials, heavy-ion 

Thus, 

Stopping Power Density Distribution 
Histogram Analysis 

The stopping power density distributions 
determined as a consequence of range distribu- 
tions are usually employed in some form of visual 
display-so that the clinician can derive 
diagnostic information from them. However, it 
is also possible to attempt statistical analysis 
o f  the density distribution patterns, and perhaps 
eventually use other techniques for mathematical 
analysis o f  the internal topography of tissues 
of the breasts. This is o f  particular interest, 
since mammograms of both breasts are usually 
available and the distribution of. normal density 
patterns between left and right breasts o f  the 
same individual exhibit a degree of symmetry, 
while these patterns are markedly different from 
one individual to the next. Abnormal densities 
due to cysts often appear most clearly when 
deviations between density patterns of the 
abnormal and the normal breast are under study. 

We have made some simple preliminary 
investigations of breast density patterns. 
Figure 5 shows the normalized electron density 
distribution based on lateral radiographs of the 
left and of the right breast of the same 
individual. The shaded area is the left breast 
which had a small carcinoma that was later 
'*emoved by biopsy. Grd reasts was about T = -5 * 1; the values of 
T = 0 correspond to the same electron density as 
water. 

The mean density of both 

Fi ure 4. (Upper) Computer synthesized half-tone 

density deep in the breast is a carcinoma 
(arrow). (Lower) Corresponding isodensity 
contour plot derived from stopping power values 
of the carbon-ion mammograms. The carcinoma is 
readily discerned and quantitated. 
(XBB 782-1823A) 

_e, image o a carbon ion mammogram; the increased 

n 

-50 -40 -30-20 -10 0 IO 20 30 40 
Heavy-ion number ( T I  

Figure 5. Stopping-power density-distribution 
histogram of a breast image obtained from a 
carbon-ion mammogram. (XBL 8010-3718) 
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The d i f f e r e n c e s  i n  t h e  e l e c t r o n  d e n s i t y  
d i s t r i b u t i o n  a r e  n o t i c e a b l e  a t  t h e  h i g h  d e n s i t i e s ,  
above water. The l e f t  b r e a s t  had more r e g i o n s  o f  
r e l a t i v e l y  h i g h  d e n s i t y ,  T = 20 t o  30, and t h e  
r i g h t  b r e a s t  had more reg ions  o f  r e l a t i v e l y  low 
dens i t y ,  T = 0 t o  15. The mean e l e c t r o n  d e n s i t y  
o f  each b r e a s t  was about t h e  same. The i r r e g u l a r  
f l u c t u a t i o n s  i n  t h e  graphs a re  due t o  d e n s i t y  
p a t t e r n s  t h a t  a re  r e p r o d u c i b l e  and a re  n o t  due 
t o  s t a t i s t i c a l  v a r i a t i o n s .  With t h i s  approach 
one m igh t  be a b l e  t o  d e t e c t  d i f f e r e n c e s  i n  t h e  
densi togram due t o  d i f f u s i v e l y  growing tumor, 
which does n o t  have a s i n g l e  module l a r g e  enough 
f o r  viewing, b u t  which i s  s u f f i c i e n t l y  widespread 
t o  cause a d i f f e r e n c e  i n  t h e  spectrum. 

We a r e  p l a n n i n g  t o  improve q u a n t i t a t i v e  
mammographic a n a l y s i s  techniques.  The e l e c t r o n  
d e n s i t i e s  used i n  t h e  f requency p l o t  a r e  n o t  t h e  
r e a l  d e n s i t i e s ,  b u t  r a t h e r  t h e y  are t rans fo rmed  
because o f  t h e  f i n i t e  r e s o l u t i o n  o f  t h e  method. 
However, we have i n c r e a s i n g l y  improved in forma- 
t i o n  on t h e  modu la t i on  t r a n s f e r  f u n c t i o n ,  and we 
are p lann ing  t o  r e c o n s t r u c t  a more c o r r e c t  image 
o f  t h e  b r e a s t .  The most s t r a i g h t f o r w a r d  method 
i s  t o  pe r fo rm a F o u r i e r  a n a l y s i s  on t h e  d a t a  
ob ta ined  by  d e v i s i n g  t h e  F o u r i e r  c o e f f i c i e n t s ,  
d i v i d e  each c o e f f i c i e n t  w i t h  t h e  a p p r o p r i a t e  MTF 
f a c t o r ,  and then  r e s y n t h e s i z e  t h e  image. The 
new image enhances d e n s i t y  d i f f e r e n c e s  o f  sma l l  
s t r u c t u r e s .  We a re  aware o f  d i f f i c u l t i e s  w i t h  
t h i s  method a t  h i g h  f requencies,  when n o i s e  f rom 
t h e  s t a t i s t i c a l  d i s t r i b u t i o n  o f  p a r t i c l e  
d e n s i t i e s  becomes impor tan t .  However, h i g h  
f requency components can be f i l t e r e d  ou t .  The 
c o r r e l a t e d  d e n s i t y  d i s t r i b u t i o n s  w i l l  g i v e  new 
i n f o r m a t i o n  on t i s s u e  d e n s i t i e s  i n  t h e  b r e a s t ;  
so f a r  ou r  de te rm ina t ions  g i v e  d e n s i t y  va lues 
between T = -20 and T =O. 

Test-Retest C o r r e l a t i o n  i n  F i b r o c y s t i c  Disease 

Heavy-ion mammography has achieved a 
s u f f i c i e n t l y  q u a n t i t a t i v e  s t a t u s  so t h a t  we p l a n  
t o  c o r r e l a t e  mammograms taken on t h e  same 
p a t i e n t ,  seve ra l  months apar t .  Since t h e  dose 
i s  low (20 mrad per  exposure), t h i s  does n o t  
appear t o  be hazardous f o r  t h e  p a t i e n t .  Retest -  
i n g  may d e t e c t  e i t h e r  l o c a l  changes i n  t i s s u e  
d e n s i t y ,  o r  s t a t i s t i c a l l y  s i g n i f i c a n t  changes i n  
e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  spect ra,  i n c l u d i n g  
d e t e r m i n a t i o n  o f  mean d e n s i t y  and i n t e g r a t e d  
d e n s i t i e s .  One group o f  p a t i e n t s  w i t h  f i b r o -  
c y s t i c  d isease c o u l d  b e n e f i t  f rom improved 
q u a n t i t a t i o n  so t h a t  a measure o f  t h e  changes 
t h a t  may be o c c u r r i n g  i n  the  b r e a s t  w i t h  t i m e  
c o u l d  be recorded. Once these techniques have 
been w e l l  es tab l i shed ,  we p l a n  t o  i n c l u d e  them 
i n  a second s e r i e s  o f  c l i n i c a l  i n v e s t i g a t i o n s  
which w i l l  beg in  i n  1981. 

FUTURE STUDIES 

Convent ional  X-ray mammography f a i l s  t o  
d i f f e r e n t i a t e  between dense b r e a s t  t i s s u e  t h a t  
i s  normal and benign, and dense cancer t i s s u e  
t h a t  may be inasked i n  t h e  dense b reas t ,  un less  
i n t e r v e n i n g  b r e a s t  f a t  i s  present .  Over 50% of 
b r e a s t  cancers do n o t  have m i c r o c a l c i f i c a t i o n s ,  

and i t  i s  n these p a t i e n t s  t h a t  dense b r e a s t  
t i s s u e  can and f r e q u e n t l y  does mask sma l l  
ma l i gnan t  changes. Heavy-ion mammography d e t e c t s  
changes i n  t i s s u e  s t r u c t u r e  i n  dense b r e a s t  
t i s s u e  more r e a d i l y  t han  X rays.  The heavy-ion 
rad iog raphs  can demonstrate cons ide rab le  d e t a i l  
i n  these dense b reas ts ,  whereas X r a y s  f r e q u e n t l y  
lacK t h e  d e t a i l .  Q u a n t i t a t i v e  heavy-ion mammo- 
graphy, t h e r e f o r e ,  appears t o  have an advantage 
over  X r a y s  i n  examining dense b r e a s t  t i s s u e s .  
De te rm ina t ion  o f  s topp ing  power g r a d i e n t s  t o  
i d e n t i f y  sma l l  l e s i o n s  w i t h  o n l y  s l i g h t l y  d i f f e r -  
i n g  d e n s i t y  va lues may lead  t o  d i f f e r e n t i a t i o n  
o f  dense b r e a s t  t i s s u e  and smal l  carcinomas. 
Some progress has been r e p o r t e d  i n  t h i s  r e g a r d  
based on X-ray CT mammography combined w i th  
i o d i n a t e d  c o n t r a s t  media i n f u s i o n ;  t h i s  tech- 
nique, however r e q u i r e s  l a r g e  r a d i a t i o n  doses and 
p o t e n t i a l  adverse r e a c t i o n s  t o  i o d i n a t e d  c o n t r a s t  
media. 

I n  ou r  heavy-ion mammography c l i n i c a l  t r i a l ,  
i n  those p a t i e n t s  w i t h  dense b reas ts ,  w i t h  or  
w i t h o u t  b r e a s t  cancer, b o t h  b r e a s t s  a r e  examined. 
Vigorous c r i t e r i a  a re  s e t  t o  e s t a b l i s h  t h e  smal- 
l e s t  s i z e  o f  cancer i n  t h e  b r e a s t  t h a t  can be 
determined. I t  w i l l  be impor tan t  t o  d i f f e r e n t i -  
a t e  between dense b r e a s t s  and t h e  development o f  
e a r l y  cancer masked by  dense b r e a s t  t i s s u e .  
i s  be ing  c a r e f u l l y  eva lua ted  i n  t h e  c l i n i c a l  
t r i a l s  and comparisons a re  b e i n g  made w i t h  con- 
v e n t i o n a l  X-ray mammography i n  a l l  cases, and 
w i t h  s u r g i c a l  o r  p a t h o l o g i c a l  specimens when 
a v a i l a b l e .  

Lymphogenous m e t a s t a t i c  spread o f  b r e a s t  
cancer p r o f o u n d l y  a f f e c t s  t h e  c l i n i c a l  management 
and p rognos is  o f  t h e  n e o p l a s t i c  disease. 
Metastases t o  t h e  d r a i n i n g  lymph nodes can occur  
e a r l y ,  and we a re  c o n s i d e r i n g  t h e  p o t e n t i a l  o f  
heavy-ion mammography f o r  imaging o f  a x i l l a r y  
lymph node metastases i n  s e l e c t e d  p a t i e n t s .  I f  
i t  i s  p o s s i b l e  t o  d i f f e r e n t i a t e  o n l y  s l i g h t l y  
d i f f e r i n g  d e n s i t y  va lues  i n  s o f t  t i s s u e s ,  t h e  
p o t e n t i a l  e x i s t s  f o r  t h e  i d e n t i f i c a t i o n  o f  dense 
m e t a s t a t i c  b r e a s t  cancers i n  t h e  lymph nodes, 
p a r t i c u l a r l y  i n  t h e  loose a r e o l a r  t i s s u e  o f  t h e  
a x i l l a .  Comparisons o f  image s t r u c t u r e  and 
d e n s i t y  r e s o l u t i o n  ( s t o p p i n g  power va lues )  may 

T h i s  

p r o v i d e  q u a n t i t a t i v e  i n f o r m a t i o n  on t h e  p r e  
o f  m e t a s t a t i c  d isease n o t  p r e s e n t l y  a v a i l a b  
w i t h  conven t iona l  X-ray mammography. 

CONCLUSIONS 

Heavy-ion rad iog raphy  i s  a new d iagnos t  

ence 
e 

C 
imaging techn ique  developed i n  ou r  l a b o r a t o r y  
t h a t  produces s u p e r i o r  d e n s i t y  r e s o l u t i o n  a t  low 
r a d i a t i o n  doses. Heavy-ion mammography has now 
emerged as a low-dose, safe, r e l i a b l e ,  noninva- 
s i v e  d i a g n o s t i c  r a d i o l o g i c a l  procedure t h a t  can 
q u a n t i t a t e  and image ve ry  smal l  d i f f e r e n c e s  i n  
s o f t  t i s s u e  d e n s i t i e s  i n  t h e  b r e a s t  t i s s u e s  o f  
p a t i e n t s  w i t h  c l i n i c a l  b r e a s t  disease. The 
improved d e n s i t y  r e s o l u t i o n  o f  heavy-ion mammog- 
raphy over  conven t iona l  X-ray mammography and 
b r e a s t  xerography p r o v i d e s  t h e  p o t e n t i a l  o f  
d e t e c t i n g  smal l  b r e a s t  cancers o f  l e s s  than  1 cm 
diameter; o c c u l t  carcinomas as smal l  as 6 mm have 
been i d e n t i f i e d .  I n  dense b r e a s t s  o f  younger 
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women, t h e  improved d e n s i t y  r e s o l u t i o n  o f  heavy- 
i o n  mammography shou ld  p r o v i d e  improved d iag-  
n o s t i c  accuracy than  does conven t iona l  X-ray 
mammography. 
f rom carbon-ion mammography i s  about 50 mrad o r  
less,  and can p o t e n t i a l l y  be o n l y  a f r a c t i o n  o f  
t h i s  l e v e l .  The development o f  computer- 
syn thes i zed  d i a g n o s t i c  images, image d i s p l a y  and 
methods o f  a n a l y s i s  p r o v i d e s  a d d i t i o n a l  v a l u a b l e  
q u a n t i t a t i v e  in formaton,  and improved image 
q u a l i t y  assoc ia ted  w i t h  t h e  p o t e n t i a l  o f  f u r t h e r  
r e d u c t i o n  i n  r a d i a t i o n  dose t o  t h e  b r e a s t .  The 
r e s u l t s  o f  t h e  p resen t  c l i n i c a l  t r i a l  i n  p rog ress  
o f  heavy-ion mammography i n  37 p a t i e n t s ,  t hus  f a r  
s tud ied,  a re  ex t reme ly  encouraging, and war ran t  
con t inued  s t u d y  f o r  a p p l i c a t i o n  t o  t h e  e a r l y  
d i a g n o s i s  o f  b r e a s t  cancer i n  women. 

The r a d i a t i o n  dose t o  t h e  b r e a s t  
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HEAVY-ION RADIOGRAPHY APPLIED TO 
CHARGED PARTICLE RADIOTHERAPY 

G. T. Y. Chen, J. I. Fabrikant,’ W. R. Holley, C. A. Tobias, and J. R. Castrot 

Successful radiation therapy of clinical 
cancer depends in large measure on: (1) the 
ability for precise diagnostic localization and 
a knowledge of the the size and position of the 
tumor and of adjacent and surrounding normal 
tissue structures; (2) optimum utilization of such 
diagnostic information in radiotherapy treatment 
planning; and (3) delivery of optimum radiation 
dose distributions to the neoplasm in the patient, 
and at the same time, to protect and to spare the 
normal surrounding tissues or to minimize the 
radiation dose received by the sensitive normal 
structures of the body. The use of accelerated 
heavy-ions (and other charged particles) in high- 
LET radiotherapy of cancer provides unique 
opportunities for improvement of tumor localiza- 
tion and for accurate delivery of effective 
heavy-ion dose distributions (Castro et al., 
1979, 1980). Heavy-ion radiography (Tobias 
et al., 1977, 1978; Holley et al., 1979; 
Fabrikant et al., 1980) is being developed con- 
currently at LBL for direct application to 
problems of tumor localization, tissue inhomoge- 
neities, and treatment planning for charged 
particle radiotherapy o f  clinical cancer. The 
imaging method uses accelerated heavy-ion beams 
that allow for better localization of deep-seated 
tumors, for diagnostic imaging adjustment of 
charged particle therapy beams, for design of 
irregular-shaped compensators for treatment, and 
for evaluating tumor response during and 
following charged particle radiotherapy. 

instituted by Stone and Lawrence in the 1940s 
(Stone et al., 1940). 
tion of the pituitary for endocrine disease and 
palliation of advanced can 
1955, with protons and deu 
with plateau helium-ion (a 
tion. In the ensuing twen 
800 pituitary patients hav 
review, see Tobias, 1979). 
has supported the rddiatio 
biology research program a 
under C.A. Tobias, (NIH-NC 
led to preparation for cli 
trials with helium-ion irradiation 
184-inch Synchrocyclotron, 
charged particles (carbon, 
Bevalac. A systematic cli 
charged particle radiother gan in 1975 with 
support from the Department o f  Energy, and in 
1976 with NCI support (NIH-NCI CA 19138 under 
J. R. Castro and C. A. Tobias). The clinical 
trials have now included over 225 patients, and 
the program has continued strong support. 

Clinical trials of neutron radiotherapy were 

Charged particle irradia- 

The 
rincipal core staff include Drs. Castro, Tobias, 
lpen and Chen. Randomized and nonrandomized 
linical protocols with helium-ion radiotherapy 

now include: carcinoma of the pancreas (random- 

, .  

ized); carcinoma of the esophagus (nonrandomized); 
advanced carcinoma of the cervix (randomized); 
and a number of miscellaneous sites of locally 
advanced cancers (nonrandomized) . Approximately 
125 patients are treated with helium ions on the 
184-inch Synchrocyclotron each year. Nonrandom- 
ized clinical trials have now begun at the 
Bevalac, and it is anticipated that about 75 
patients will be treated each year with heavier 
charged particles, such as carbon, neon, or 
argon (Castro et al., 1979, 1980). 

CLINICAL PHYSICS FOR 
CHARGED PARTICLE RADIOTHERAPY 

A computerized treatment planning system 
which used quantitative information from X-ray 
computerized tomographic (CT) scan examinations 
of the cancer patients has been developed for the 
heavy-ion radiotherapy trials at LBL (Chen et al., 
1979). A range shortening algorithm is used 
based on water equivalent range to convert X-ray 
CT numbers to electron densities. Dose distribu- 
tions are then calculated on a pixel-by-pixel 
basis with appropriate corrections for bone, 
intestinal gas, and other tissue inhomogeneities 
in the charged particle beam path. These dose 
distributions are superimposed on a gray-scale 
X-ray CT scan display and are produced for multi- 
ple X-ray CT scan levels through the tumor target 
volume. Charged particle isodose distributions 
are thus produced, oased on X-ray CT data taken 
prior to radiation therapy. These plans are 
developed for isodose distribution in particle- 
rad and the biologically corrected dose distri- 
butions in megavoltage photon-rad-equivalents. 

Investigations i n  .progress on charged 
particle treatment planning include an evaluation 
of physical techniques of compensation of tissue 
and other inhomogeneities in the particle beam 
path.- Heavy-ion radiography and CT reconstruc- 
tion imaging provide an important role in this 
study. For the present, wax bolus compensating 
devices,are utilized in order to stop the beam 
at the desired depth in the body. dith avail- 

of heavy-ion radiography and CT recon- 
on scans in the patient treatment position, 

e.g., upright, prone, or supine positions, more 
precise compensation can be achieved. 
pensation would be based on corrections derived 
from.two-dimensional and three-dimensional heavy- 
ion CT &imaging with the patient in the treatment 
position at the time of charged particle radio- 
therapy, and using the same or similar charged 
particles. An investigation of motion and 
respiration effects has also been begun in order 
to determine the extent of beam range changes in 
dose distribution occurring during the motion of 
respiration. 

Such com- 
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V e r i f i c a t i o n  o f  charged p a r t i c l e  dose 
d i s t r i b u t i o n  i n  cancer  p a t i e n t s  has been made by  
heavy-ion rad iog raphy  s t u d i e s  u s i n g  n u c l e a r  
d e t e c t o r  f i l m  s tacks  (e.g., p a t i e n t s  w i t h  b r a i n  
tumors and p a n c r e a t i c  carcinoma) as w e l l  as 
i n  v i v o  d iode  measurements (e.g., p a t i e n t s  w i t h  
esophageal carc inoma).  S tud ies  comparing 
i r r a d i a t i o n  w i t h  t h e  s t a t i c  f i x e d  f i e l d s  w i t h  
three-d imensional  beam scanning techniques a re  
under way i n  p r e p a r a t i o n  f o r  subsequent develop- 
ment o f  beam scanning a t  t h e  Bevalac. 
o f  d o s e - d i s t r i b u t i o n  g raph ics  f o r  d i s p l a y  o f  
three-d imensional  isodose d i s t r i b u t i o n s  ob ta ined  
by  m u l t i p l e  X-ray CT r e c o n s t r u c t i o n s  (based 
p r e s e n t l y  on X-ray a t t e n u a t i o n  c o e f f i c i e n t  d a t a )  
a t  1-cm i n t e r v a l s  and l e s s  through t h e  tumor 
t a r g e t  volume a re  i n  progress.  A c o n t i n u i n g  
programming development f o r  t h e  computer ized 
t rea tmen t  p l a n n i n g  system i s  be ing  c a r r i e d  o u t  
and developed t o  p r o v i d e  a f a s t e r ,  i n t e r a c t i v e  
t rea tmen t  p l a n n i n g  program. 

Development 

OBJECTIVES OF HEAVY- ION RADIOGRAPHY 
APPLIED TO CHARGED PARTICLE 

RADIOTHERAPY OF CANCER 

The o b j e c t i v e s  o f  t h e  heavy-ion rad iog raphy  
research program a p p l i e d . t o  t h e  c l i n i c a l  cancer  
research  program o f  charged p a r t i c l e  r a d i o t h e r a p y  
have a t w o f o l d  purpose: 
manner i n  which heavy-ion rad iog raphy  and CT 
r e c o n s t r u c t i o n  can p r o v i d e  improved tumor 
l o c a l i z a t i o n ,  t rea tmen t  p lanning,  and beam 
d e l i v e r y  f o r  r a d i o t h e r a p y  wi th  a c c e l e r a t e d  heavy 
charged p a r t i c l e s ;  and ( 2 )  t o  e x p l o r e  t h e  use- 
f u l n e s s  o f  heavy-ion rad iog raphy  i n  d e t e c t i n g ,  
l o c a l i z i n g ,  and s i z i n g  s o f t  t i s s u e  cancers i n  t h e  
human body. 
developed f o r  heavy-ion rad iog raphy  should prove 
success fu l  i n  suppor t  o f  charged p a r t i c l e  
rad io the rapy .  

(1) t o  e x p l o r e  t h e  

The techniques and procedures 

Even w i t h  t h e  b e s t  a v a i l a b l e  d i a g n o s t i c  X-ray 
procedures (e.g., X-ray CT scans) f o r  t rea tmen t  
p l a n n i n g  and tumor l o c a l i z a t i o n  f o r  charged 
p a r t i c l e  r a d i o t h e r a p y ,  impor tan t  d e f i c i e n c i e s  i n  
t h e  necessary q u a n t i t a t i v e  d a t a  s t i l l  e x i s t .  

1. De te rm ina t ion  o f  t h e  e l e c t r o n  d e n s i t y  
d i s t r i b u t i o n  o f  t he  p a t i e n t ' s  t i s s u e s  depends 
on images o b t a i n e d  f rom X-ray CT tomographic 
scans; these procedures p r o v i d e  a measure 
o n l y  o f  X-ray a t t e n u a t i o n  c o e f f i c i e n t s .  
U n c e r t a i n t i e s  remain i n  t h e  stopping-power 
c a l c u l a t i o n s ,  s i n c e  t h e y  a r e  determined by 
assuming t i s s u e  s t r u c t u r e  and t i s s u e  composi- 
t i o n ,  and by  t h e  presence o f  computer 
a r t i f a c t s .  Heavy-ion rad iog raphy  now a i d s  
d i r e c t l y  i n  de te rm in ing  o v e r a l l  s t o p p i n g  
power d i s t r i b u t i o n  i n  the  beam path, t h u s  
a l l o w i n g  c o r r e c t i o n s  i n  t h e  X-ray CT recon- 
s t r u c t e d  image. U l t i m a t e l y ,  heavy-ion imag- 
i n g  has t h e  p o t e n t i a l  t o  determine p r e c i s e  
s topp ing  power d i s t r i b u t i o n  w i t h i n  t h e  t i s s u e  
a t  each p o i n t  w i t h  t h e  a p p l i c a t i o n  of heavy- 
i o n  CT scanning, thereDy making assumptions 
and c o r r e c t i o n s  which p r e s e n t l y  a re  d e r i v e d  
f rom X-ray C T  scanning d a t a  f o r  t h e  t rea tmen t  
p l a n n i n g  no l onger  necessary. 

2. 
methods, i n c l u d i n g  X-ray CT scanning, t h e  
tumor volume i s  p o o r l y  def ined o r  o f t e n  
i n d i s t i n g u i s h a b l e  f rom normal su r round ing  
t i s s u e s  and organs, and cannot be l o c a l i z e d  
o r  d e f i n e d  w i t h  t h e  p r e c i s i o n  necessary f o r  
charged p a r t i c l e  Bragg peak rad io the rapy .  
From c u r r e n t  s t u d i e s  i n  progress we have 
demonstrated t h a t  heavy-ion rad iog raphy  
d e t e c t s  s m a l l e r  t i s s u e  d e n s i t y  d i f f e r e n c e s  
than  X r a y s  (Tobias e t  al., 1978; F a b r i k a n t  
e t  al., 1980). Therefore, heavy i o n s  would 
have a g r e a t e r  chance i n , d e t e c t i n g  normal 
and abnormal t i s s u e  d e n s i t i e s  w i t h i n  t h e  
tumor s i t e  and i n  t h e  normal and abnormal 
t i s s u e s  and s t r u c t u r e s  su r round ing  t h e  
neop 1 a m .  

Even w i t h  t h e  bes t  a v a i l a b l e  X-ray 

RADIOTHERAPY TREATMENT PLANNING, 
CORRELATION OF X-RAY CT NUMBERS, 
X-RAY ATTENUATION COEFFICIENTS,  

AND HEAVY-ION STOPPING POWER VALUES 

The i n i t i a l  s t u d i e s  o f  heavy-ion rad iog raphy  
a p p l i e d  t o  charged p a r t i c l e  r a d i o t h e r a p y  t r e a t -  
ment p l a n n i n g  were c a r r i e d  o u t  i n  b r a i n  tumor 
p a t i e n t s  and i n  p a n c r e a t i c  cancer p a t i e n t s .  
F i g u r e  1 i s  a computer-synthesized carbon-ion 
rad iog raph  o f  t h e  abdomen o f  a p a t i e n t  w i t h  
p a n c r e a t i c  Carcinoma. 
d e t e c t o r  sheets  were used. The image c l e a r l y  
demonstrates t h e  r e g i o n  o f  t h e  head o f  t h e  
pancreas, t h e  l i v e r ,  t h e  l a r g e  and smal l  i n t e s -  
t i n e ,  t h e  r i b s ,  and lumbar v e r t e b r a l  column. A 
s i n g l e  sheet  o f  t h e  n u c l e a r  d e t e c t o r  s tack i s  

Here, 150 n u c l e a r  p l a s t i c  

F i  u r e  1. Computer syn thes i zed  carbon-ion r a d i o -  

o f  t h e  head o f  t h e  pancreas. 
+ graph o t h e  abdomen of a p a t i e n t  w i t h  carcinoma 

(XBB 780-13070) 

. . .. ... .- . . . ~. .. . .. . . . ..-. . .. -_ . - - 
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i l l u s t r a t e d  i n  F i g u r e  2 ,  upper; an i s o d e n s i t y  
con tou r  p l o t  o f  t h e  d s t r i b u t i o n  o f  s topp ing  
power va lues  o f  t h e  t ssues, by  d i g i t i z i n g  eve ry  
t h i r d  d e t e c t o r  sheet s seen i n  f igure.2,; lower. Grs The d e n s i t y  d i s t r i b u t  on p l o t  demonstrates t h e  
lower  s topp ing  power va lues of t h e  l i v e r  
parenchyma (L ) .  The l o c a l i z a t i o n  o f  t h e  i n t e s -  
t i n a l  gas i n  t h e  c o l o n  (C), which i s  e s s e n t i a l  
f o r  c o r r e c t i n g  f o r  p e r t u r b a t i o n s  a r i s i n g  f rom 
t i s s u e  inhomogenei t ies,  i s  r e a d i l y  i d e n t i f i e d .  

We a r e  p r e s e n t l y  i n v e s t i g a t i n g  t h e  app l i ca -  
t i o n s  of heavy-ion rad iog raphy  and CT recons t ruc -  
t i o n  tomography t o  charged p a r t i c l e  r a d i o t h e r a p y  
t rea tmen t  p l a n n i n g  i n  two p a r a l l e l  i n v e s t i g a t i o n s :  
i n  phantoms, organs, and t i s s u e  specimens; and 
p a t i e n t s .  
organ and t i s s u e  specimens o f  known d e n s i t y  

We have been s t u d y i n g  phantoms and 

F i g u r e  2. Above: Carbon-ion rad iog raph  o f  a 
p a t i e n t  w i t h  carcinoma o f  t h e  head o f  t h e  
pancreas. Th is  i s  one o f  t h e  150 p l a s t i c  
de tec to r -shee ts  t h a t  we exposed. Below: Contour 
p l o t  o f  t h e  d a t a  ob ta ined  f rom t h e  rad iog raph .  
Th is  f i g u r e  demonstrates t h e  low stopping-power 
va lues o f  t h e  p a n c r e a t i c  neoplasm (T ) ;  t h e  h i g h e r  

a lues o f  t h e  l i v e r  ( L ) ;  and t h e  i n t e s t i n a l  gas 
q n  t h e  c o l o n  ( C )  . (XBB 782 1165A) 

d i s t r i b u t i o n  f o r  comparison o f  X-ray a t t e n u a t i o n  
c o e f f i c i e n t s  ob ta ined  f rom X-ray CT scans w i t h  
s topp ing  power va lues f rom heavy-ion rad iog raphy  
and p a r t i c l e  CT r e c o n s t r u c t i o n s .  
l i s h i n g  a r e l i a b l e  s c a l e  o f  conve rs ion  b y  com- 
p a r i n g  i n t e g r a t e d  X-ray CT va lues w i t h  p l a n a r  
p r o j e c t i o n  heavy-ion r a d i o g r a p h i c  data, and by  
comparing, on a p i x e l - b y - p i x e l  bas i s ,  X-ray CT 
va lues w i t h  co r respond ing  p a r t i c l e  C T  recons t ruc -  
t i o n  values. Th is  i s  e s s e n t i a l  b o t h  f o r  t a r g e t  
d e l i n e a t i o n ,  and f o r  t h e  q u a n t i t a t i v e  assessment 
of t i s s u e  and organ s t r u c t u r e  inhomogenei t ies i n  
t h e  beam pa th .  We have achieved p romis ing  
r e s u l t s  b o t h  i n  s t u d i e s  i n  phantoms and i n  
p a t i e n t s  d u r i n g  t h e  p a s t  year .  

We a re  estab-  

We have a l s o  been i n v e s t i g a t i n g  t h e  p o t e n t i a l  
of heavy-ion rad iog raphy  t o  v e r i f y  t h a t  t h e  
m o d i f i c a t i o n s  t o  charged p a r t i c l e  t rea tmen t  p lans  
achieved by  d e t a i l e d  c a l i b r a t i o n  o f  X-ray CT 
numbers ( o b t a i n e d  f rom c l i n i c a l  X-ray CT scans) 
t o  s topp ing  power va lues a re  r e l i a b l e  i n  p a t i e n t s  
i n  s i t u  i n  t h e  c l i n i c a l  s i t u a t i o n  u s i n g  t n e  same 
p o s i t i o n i n g  and t h e  same p a r t i c l e  beams f o r  
rad io the rapy .  Here, i n  a d d i t i o n ,  heavy-ion 
imaging w i l l  be o f  cons ide rab le  va lue  i n  
d e t e c t i n g  day-to-day s h i f t s  i n  s topp ing  power 
values i n  p a t i e n t s  under t rea tmen t  due t o  
i n a c c u r a t e  beam al ignment ,  movement o f  a i r  and 
gas spaces, and changes i n  s i z e  and l o c a t i o n  o f  
organs and t i s s u e s .  Accurate d e t e c t i o n  o f  these 
f e a t u r e s  can be used t o  a d j u s t  t h e  charged 
p a r t i c l e  r a d i o t h e r a p y  procedure on a day-to-day 
bas i s .  

S tud ies  on Phantoms 

I n i t i a l  s t u d i e s  on phantoms i n c l u d e  heavy-ion 
rad iog raphs  o f  t i s s u e - e q u i v a l e n t  r a d i o t h e r a p y  
phantoms and X-ray CT phantoms. X-ray CT scan 
da ta  a re  used t o  compare t h e  c a l c u l a t e d  water-  
e q u i v a l e n t  a n t e r o p o s t e r i o r  p a t h l e n g t h  w i t h  t h e  
heavy-ion rad iog raphy  data, i n  o r d e r  t o  determine 
t h e  accuracy of  t h e  X-ray CT d a t a  f o r  purposes 
o f  t rea tmen t  p lann ing .  

f i g u r e  3 demonstrates t h e  agreement between 
X-ray CT measurements (squares)  and measured 
heavy-ion pa th leng ths  ( con t inuous  l i n e )  u s i n g  a 
t i s s u e  e q u i v a l e n t  X-ray CT phantom c o n t a i n i n g  a 
human s p i n a l  v e r t e b r a l  column. Agreement between 
t h e  c a l c u l a t e d  and exper imenta l  p o i n t s  i s  gener- 
a l l y  w i t h i n  2-3 mm over  a 19-cm water  e q u i v a l e n t  
pa th leng th ;  t h i s  r e p r e s e n t s  an accuracy o f  about 
2 .  However, i n  t h e  r e g i o n  o f  t h e  v e r t e b r a l  
column ( t r a n s v e r s e  ax i s ,  1 2 ~ 1 6  cm) l a c k  o f  agree- 
ment approaches 4 mm o r  more. T h i s  may be due 
t o  p a r t i a l  volume ave rag ing  e f f e c t s  (X-ray CT 
r e c o n s t r u c t i o n  of a 1-cm s l i c e  t h i c k n e s s ) ;  t o  
i n a c c u r a c i e s  i n  t h e  X-ray CT t o  water  e q u i v a l e n t  
l e n g t h  c a l i b r a t i o n  curve;  t o  smal l  e r r o r s  i n  
r e g i s t r a t i o n s  between t h e  X-ray CT r e c o n s t r u c t i o n  
and t h e  heavy-ion data; o r  t o  a combinat ion o f  
t hese  e f f e c t s .  The sources o f  these e r r o r s  a re  
p r e s e n t l y  be ing  i n v e s t i g a t e d  u s i n g  t i s s u e -  
e q u i v a l e n t  phantoms designed f o r  comparison o f  
X-ray and heavy-ion CT r e c o n s t r u c t i o n  images 
c o n t a i n i n g  s o l u t i o n s  o f  known d e n s i t y .  
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Figure 3. 
calculated water-equivalent dose distribution for 
a two-field plan in the irradiation of a pan- 
creatic carcinoma. The target is delineated by 
the broad line in the center of the body image. 

Comparison of X ray CT scan data 

(XBL 809-11823) 

Studies on Patients with 
Carcinoma of the Pancreas 

The largest clinical trial for cancer 
patients treated with charged particles at LBL 
is for carcinoma of the pancreas. The treatment 
procedure, at present, is based on tissue-target 
two-dimensional contour outline on a diagnostic 
X-ray CT scan of the tumor region. This contour 
and the X-ray CT matrix is used to design a 
three-dimensional compensator to stop the beam 
at the distal edge of the contour from each beam 
direction. Figure 4 illustrates a treatment plan 
for carbon-ion therapy o f  pancreatic carcinoma. 
The plan is designed so that the tumor volume 
will be treated to a high, homogeneous radiation 
dose, while the spinal cord, the kidneys, and the 
gastrointestinal tract will be protected. The 
accuracy o f  the treatment plan, and thus the dose 
distribution on the tissues, is strongly influ- 
enced by three important factors: (1) errors due 
to conversion from X-ray CT data to water- 
equivalent range for heavy-ions (about 3 mm in 
water equivalent range); (2) range variations and 
perturbations from entrance to planned beam 
stopping point due to tissue inhomogeneities, 
such as bowel gas (from 5-10 mm) or motion due 
to respiration (from 5-10 mm); ( 3 )  compensation 
misregistration resulting in beam penetration 
depth errors. 

Heavy-ion radiography and CT reconstruction 
imaging are being applied for the correction of 
these errors in dose distributions by precise 
calculation of beam penetration based directly 
on stopping power points. Eventually, this depth 
of penetration can be overlayed on a precisely 

Figure 4. Carbon beam, irregular contour, fixed 
ridge filters. Isoeffect dose distribution for 
a two-field plan in the irradiation of a pan- 
creatic carcinoma. The target is delineated by 
the broad line in the center of the body image. 
(XBB 794-4289) 

registered heavy-ion CT reconstruction of the 
abdomen, and will include the beam entrance and 
the stopping points of the beam relative to the 
organs and tissues of the body, e.g., the tumor, 
kidneys, spinal cord, and other important 
structures in the treatment region. 

Initial carbon-ion radiographs of three 
patients with carcinoma of the pancreas under- 
going charged particle radiotherapy at LBL have 
been obtained at the Bevalac. For two patients 
(1P and 2P), a water bolus technique with 
entrance and exit flattening surfaces was 
developed. For the third patient (3P), a wax 
bolus technique used fpr treatment was applied, 
with no exit flattening surface. The heavy-ion 
data for patient 1P were analyzed and compared 
with X-ray CT data taken two months previously. 
Difficulties in analysis arose due to: 
(1) differences in patient positioning--the X-ray 
CT image procedure was done with the patient in 
the recumbent position, and the heavy-ion radio- 
graph in the upright position, i.e., the same 
position for charged particle treatment; 
(2) slice thickness of the X-ray CT scan was 
1.3-cm, and part of the body was outside the 
reconstructed circle. Accordingly, much data 
correction was necessary for the X-ray CT data 
for comparison with the heavy-ion radiograph for 
deriving integrated anteroposterior water 
equivalent pathlengths. 

scan with a corresponding heavy-ion "slice." 
There i s  reasonably good agreement, within 3 mm, 
between the calculated X-ray CT values and the 
measured heavy-ion integrated pathlengths; one 
slice showed disagreement of 5 mm. However, the 
1.3 cm X-ray CT slice thickness obscured detailed 

Figure 5 compares the 1.3 cin thick X-ray CT 



363 

drs 
0 

Fi ure 5. Comparison of the X-ray CT scan P-- 1.3-cm thickness) with carbon-ion image 
"slices. 'I (XBL 809-1 1824) 

range perturbation effects by the vertebral 
column through partial volume averaging. 
ion radiography showed much more detail of the 
beam pull-back by the complex structures of the 
vertebral column. Figure 6 contains the heavy- 
ion radiography data within the 1.3-cm slice 
sample by the X-ray CT reconstruction scan. 
water equivalent relative range is plotted 
against the transverse axis. The curves are 
arbitrarily displaced by 0.5 cm for clarity. 
greatest perturbation error occurs in the region 
of the vertebral column (approximately 1.0 cm to 
1.6 cm). Each equivalent slice of heavy-ion data 
is 1-mm thick; the 1.3-cm X-ray CT slice averages 
these data with resultant loss of detailed range 
perturbations. Differences between the uppermost 
and lowermost  c u r v e s  are as g r e a t  as 7 mm, which 
could be important in charged particle treatment 
planning, particularly in regard to the sharp 
dose gradient at the distal end of the charged 
part i c 1 e beam. 

Heavy- 

The 

The 

Studies on Patients with Brain Tumors 

Five patients with prim2ry brain tumors and 
undergoing charged particle radiotherapy have 
been radiographed using carbon-ions at the ' 
Bevalac. 
radiograph of the head of a brain tumor patient; 
tne original image is 256 gray level,, but the 
hard copy illustration consists of 16 gray 
levels. No wax or water bolus was used for' 
surface flattening; a metal washer (arrow) is 
placed over the frontal bone and can be seen in 
the left lateral projection. The carbon-ion 

,radiograph was made with a 16-mm port with a 

Figure 7 demonstrates the carbon-ion 

esidual range of 19 cm. Dense bone complexes 

paranasal sinuses and mastoids), soft tissues, 
cartilage (e.g., pinna of ear) are seen. The 

Gril e.g., base o f  skull), air cavities (e.g., 

1 
Figure 6. Heavy-ion radiographic within the 
1.3-cm scan thickness sample by the X-ray CT 
reconstruction. The water equivalent relative 
range is plotted against the transverse axis. 
The curves are arbitrarily displaced by 0.5 cm 
for clarity. (XBL 809-11825) 

video image displays extremely improved detail; 
each pixel is about 1 mm. 

Figure 8 plots the water equivalent path- 
length of a 5-mm thick slice through the base of 
the skull crossing the dense bone; range 
perturbations of about 4 cm are seen relative to 
transit paths. These data are in only fair 
agreement with X-ray CT calculations; differences 
average less than 3 mm, but are as great as 
6-7 mm. 
data of the 5-mm thick slice into five 1-mm thick 

Figure 9 segments and superimposes the 

Figure 7. 
a brain tumor patient undergoing charged particle 
radiotherapy. (XBB 809-10572) 

Carbon-ion radiograph of the head o f  
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8 

Figure 8. 
length of a 5-mm thick slice through the base of 
the skull crossing dense bone; data derived from 
carbon-ion radiograph in Figure 7. 
(XBL 809-11821) 

Plot of the water equivalent path- 

slices. Here, differences as much as 2 cm are 
seen at the same x-axis value and the largest 
variation is at x = 11 cm. In charged particle 
radiotherapy of brain tumor patients, it i s  
unlikely that X-ray CT scans of less than 2-3 mm 
thick will be practical for treatment planning. 
Here, heavy-ion radiography, and particularly 
heavy-ion CT tomography reconstruction o f  the 
head, will be required where extremely sharp 
range gradients exist. 

8 

?----- 

1 

Figure 9. 
illustrated in Figure 8; data are segmented and 
superimposed. 
at the same X-axis value, and the largest 
variation is at x = 11 cm. 

Plot of the 5-mm thick slice 

Differences as much as 2 cm occur 

(XBL 809-11822) 

DISCUSSION 

The technique of heavy-ion radiography is 
being developed in our laboratory to use carbon 
and other heavy-ion beams for quantitative 
radiography of the tissues o f  the body. The 
sensitivity of such beams to tissue electron 
density variations is much greater than that of 
X rays, and this method is being applied to 
heavy-ion CT scanning. Potentially it promises 
to be helpful in delineating the boundaries, 
structure, and stopping power values of neoplasms 
under treatment with charged particle beams. The 
specific objectives of these current investiga- 
tions are to examine how heavy-ion radiography 
applied to charged particle radiotherapy aids in 
treatment planning of patients undergoing 
accelerated heavy particle radiotherapy; and in 
detecting, localizing, and sizing the soft tissue 
tumors in these cancer patients for pretherapy 
diagnosis and subsequently, for the assessment 
of response to heavy-ion treatment. 

These investigations may help provide the 
answers to two important questions essential for 
successful charged particle radiotherapy: 
(1) what is the relationship between electron 
densities measured with X-ray CT reconstruction 
and with heavy ions; and (2) what are typical 
tissue densities of various human cancers, what 
is the critical tumor dimension that is detect- 
able, and how do these change under treatment? 
We have begun experiments to answer these ques- 
tions. Our initial studies, both in phantoms and 
with patients are promising, and demonstrate the 
need for more research on soft tissue tumor 
localization and delineation with charged 
particle beam porting with heavy-ion CT 
reconstruction. 

Epp (1977) has urged for continued research 
in charged particle radiotherapy directed toward 
tumor localization and delineation with charged 
particle beam porting using charged particle 
imaging and CT reconstruction tomography, in 
order to take full advantage o f  concurrent 
piysics developments in beam delivery, instru- 
mentation, and dose distribution. 
has pointed out that at the present time, 
information for charged particle treatment plan- 
ning must require translation of measured X-ray 
CT absorption coefficients to stopping power 
values. In the LBL charged-particle radiotherapy 
clinical trials, the data derived from diacvldstic 
X-ray CT reconstructions are used to predicr 
charged particle ranges and tissue densities for 
measurement of any necessary compensation for 
tissue inhomogeneities. Furthermore, the spatial 
resolution of present day X-ray CT scanners in 
about 1 to 3 mm may be insufficient for planning 
for charged particle therapy, where 1 mm or less 
may be required. Certain problems arise in 
relating X-ray CT numbers to stopping power 
values. 
density regions such as dense bone, and such 
effects diminish density resolution and introduce 
ambiguities in relating X-ray CT numbers to X-ray 
attenuation coefficients. In addition, beam 
hardening effects occurring when soft X rays are 
absorbed in the outer layers of tissue also 
introduce ambiguities in the correlation of X-ray 

Goitein (1977) 

The X-ray CT values saturate in high 

.~ . . - . . . -. . . . .  . . . .  . I 
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CT numbers to the derivation of X-ray absorption 
coefficients and subsequently to charged 
particles stopping power values. 
saturation and beam-hardening effects of X-rays 
are not encountered, or are of little 
significance, in heavy-ion radiography. 

ment planning can arise from sharp interfaces 
between tissues of widely differing density; 
these artifacts are inherent in the reconstruc- 
tion techniques. 
reconstructions contain these artifacts, but they 
are less for stopping power values than for X-ray 
attenuation coefficients. Cormack and Koehler 
(1976) demonstrated charged particle artifacts 
associated with sharp interfaces due to multiple 
Coloumb scattering effects and appearing similar 
to edge enhancements. These are potentially 
important for proton radiography, but appear less 
important for heavy-ions, such as carbon and 
neon. And finally, additional artifacts can 
result from effects caused by variation in stop- 
ping power with particle energy and tissue 
composition; these ef.fects are probably small, 
but need to be investigated. 

Both the 

CT reconstruction artifacts affecting treat- 

Both X-ray CT and heavy-ion CT 

Focal Lesions in the Central Nervous System 

There are additional malignant and nonmalig- 
nant diseases in patients who can benefit sub- 
stantially from the heavy-ion radiography 
research program, for lesion localization and 
sizing, for treatment planning with charged 
particle beams, and for evaluation of response 
for charged particle therapy. These include 
patients with pituitary disorders, selected 
advanced cancer patients, particularly those 
with carcinoma of the breast or Carcinoma of the 
prostate, and patients with neoplastic and non- 
neoplastic lesions in the brain, such as 
metastatic brain tumors, anterovenous malforma- 
tions, carotid artery-cavernous sinus fistulas, 
aneurisms, and the radiosurgical treatment of 
certain enurological diseases, including 
Parkinson's disease and cont ro l  o f  pain. 

SUMMARY AND CONCLUSIONS 

The goals of treatment planning for charged 
particle radiotherapy include precise beam 
localization and dose distribution within the 
neoplasm and protection of the surrounding 
sensitive normal tissues and organs, and correc- 
tion for perturbations due to tissue inhomogene- 
ities affecting stopping power of the charged 
particle beams. 
ning system presently based on quantitative 
information in CT scans has been developed for 
the heavy-ion radiotherapy patient trials at LBL. 
The CT number of each pixel is converted to water 
equivalent pathlength and used in the calculation 
of isoeffect dose distributions from multiport 
heavy charged-particle irradiation. The develop- 
ents in heavy-ion radiotherapy and CT scanning 
re now being applied to charged particle radio- 
herapy treatment planning, and presently the 
data from electronic tissue density values may 
be used for quantitatively studying the range 

A computerized treatment plan- 

shortening effects by inhomogeneities. Heavy-ion 
radiography promises further important develop- 
ments in the radiation physics of charged 
particle radiotherapy. Ultimately, it will be 
possible to deliver greater radiation doses with 
increased accuracy and distribution of dose to 
lesions in patients and with greater protection 
of adjacent normal or sensitive tissue or organ 
structures than has been possible in the past. 
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ACTIVE HEAVY-ION RADIOGRAPHY AND COMPUTERIZED TOMOGRAPHY 

J. Llacer, W. Chu, C. A. Tobias, J. I .  Fabrikant,' and J. R. Alonso 

THE USE OF SOLID-STATE DETECTORS 

(J.  L l a c e r ,  3 .  I .  f a b r i k a n t ,  and C. A. Tobias)  

A c t i v e  heavy-ion rad iog raphy  and computer ized 
tomography (CT) have t h e  p o t e n t i a l  t o  generate 
and process d a t a  t o  o b t a i n  CT r e c o n s t r u c t i o n  
images o f  a c l i n i c a l  p a t i e n t .  The use o f  s o l i d -  
s t a t e  d e t e c t o r s ,  f a s t  p rocess ing  e l e c t r o n i c s ,  and 
an o n - l i n e  computer w i t h  a f a s t  a r r a y  processor  
w i l l  a l l o w  immediate a v a i l a b i l i t y  o f  t h e  recon- 
s t r u c t e d  CT image t o  t h e  phys i c ian ,  b o t h  f o r  
d i a g n o s t i c  r a d i o l o g y  and f o r  t h e r a p e u t i c  
r a d i o l o g y .  The p r i n c i p a l  advantage o f  u s i n g  t h e  
same charged p a r t i c l e s  f o r  r a d i o t h e r a p y  t rea tmen t  
p l a n n i n g  t h a t  a r e  used f o r  t h e  suDsequent the ra -  
p e u t i c  i r r a d i a t i o n  o f  t h e  cancer p a t i e n t  i s  t o  
reduce t h e  sys temat i c  and random e r r o r s  i n  t h e  
c a l c u l a t i o n  of d e n s i t y  and compos i t i on  i n h e r e n t  
i n  X-ray CT. An a c t i v e  heavy-ion CT scanner t h a t  
c o u l d  generate a tomographic image w i t h i n  a s h o r t  
t i m e  a f t e r  comp le t i ng  t h e  examinat ion would be 
v a l u a b l e  t o  t h e  r a d i o t h e r a p i s t  i f  t h e  procedure 
were c a r r i e d  o u t  w i t h  a p a t i e n t  a l r e a d y  p o s i -  
t i o n e d  f o r  charged p a r t i c l e  therapy. Treatment 
p l a n n i n g  parameters c o u l d  be v e r i f i e d  and co r rec -  
t i o n s  f o r  organ p o s i t i o n  changes would then  be 
done e f f e c t i v e l y  j u s t  p r i o r  t o  t reatment .  

r e s i s t i v e  sheet, p o s i  t i o n - s e n s i  t ive,  f u l  l y  
dep le ted  de tec to rs ,  and a s t a b l e  s u r f a c e  c o a t i n g  
f o r  germanium d e t e c t o r s  w i t h o u t  any apparent 
s u r f a c e  dead l a y e r s  have a l lowed us t o  t e s t  t h e  
c o n f i g u r a t i o n  o f  a p r o t o t y p e  ins t rumen t  f o r  t h e  
development o f  an a c t i v e  o n - l i n e  heavy-ion r a d i o -  
g raph ic  and CT scanner. Th i s  r e p o r t  rev iews  t h e  
r e s u l t s  o f  t h e  i n i t i a l  i n v e s t i g a t i o n s  and those 
in prog ress  u s i n g  s e l e c t e d  s o l i d - s t a t e  d e t e c t o r  
c o n f i g u r a t i o n  and design, and d iscusses t h e  
r e l e v a n t  parameters t h a t  make t h e  s o l i d - s t a t e  
d e t e c t o r s  u s e f u l  f o r  a high-accuracy low-dose 
computer ized tomographic r e c o n s t r u c t i o n  a p p l i e d  
t o  heavy-ion imaging ( L l a c e r  e t  a l . ,  1981). 

The a v a i l a b i l i t y  o f  a s i l i c o n  ion- implanted 

M a t e r i a l s  and Methods . 

Recent developments i n  s o l i d - s t a t e  r a d i a t i o n  
d e t e c t o r s  have p r o v i d e d  accu ra te  i n f o r m a t i o n  on) 
the  i d e n t i t y ,  p o s i t i o n ,  and energy o f  i n d i v i d u a l  
neavy i ons  before and a f t e r  t h e y  t r a n s v e r s e  an 
absorber (see L l a c e r  e t  a1 . , P a r t  11). 
developed i n  o u r  l a b o r a t o r y  t h i n  s i l i c o n  dE/dx 
d e t e c t o r  s t r i p s  p o s i t i o n e d  t ranve rse  t o  t h e  beam 
p a t h  t h a t  can d e t e c t  t h e  LET of a heavy charged 
p a r t i c l e  and separate p r imary  beam charged 

a r t i c l e s  f rom fragmented n u c l e i .  Furthermore, 6d he s i l i c o n  d e t e c t o r  s t r i p s  i n d i c a t e  beam 
p o s i t i o n  w i t h  an accuracy b e t t e r  t han  0.15 mm, 
b e f o r e  and a f t e r  t h e y  t r a v e r s e  a sub jec t .  

We have 

I n  a d d i t i o n ,  t h e  r e c e n t  development o f  a 
s t a b l e  sur face t rea tmen t  f o r  germanium d e t e c t o r s ,  
w i t h  no dead laye rs ,  a l l o w s  t h e  use o f  long, f l a t  
s o l i d - s t a t e  d e t e c t o r s  f o r  f u l l  a b s o r p t i o n  o f  
heavy i o n s  w i t h o u t  hav ing  t o  c o n s t r u c t  expensive 
d e t e c t o r  te lescopes.  Wi th t h e  new geometr ic  
design, t h e  energy of heavy i ons  can be 
determined w i t h i n  0.2% accuracy, even when as 
few as 100 p a r t i c l e s  e n t e r  t h e  d e t e c t o r .  

Based on these  developments, an a c t i v e  
heavy-ion computer ized tomography d e t e c t o r  system 
i s  be ing  developed a t  LBL ( F i g .  1). A f l a t  beam 
o f  heavy i o n s  w i t h  s u f f i c i e n t  energy t o  t r a v e r s e  
t h e  o b j e c t  t o  be imaged i s  d i r e c t e d  t o  a l ong  
s t r i p  of t h i n  (200 pm) s i l i c o n  d e t e c t o r s .  These 
d e t e c t o r s  d e l i v e r  s i g n a l s  i d e n t i f y i n g  t h e  t ime  
of passage o f  each p r i m a r y  p a r t i c l e  and i t s  
p o s i t i o n .  The heavy i o n s  t r a v e l  through t h e  
o b j e c t  t o  be imaged and e n t e r  t h e  second s t r i p  
o f  t h i n  s i l i c o n  d e t e c t o r s .  These d e t e c t o r s  
determine t h e  n a t u r e  and p o s i t i o n  o f  t h e  p a r t i c l e  
i n  t i m e  co inc idence  w i t h  t h e  s i g n a l  f rom t h e  
f i r s t  s i l i c o n  d e t e c t o r .  Immediate ly  a f t e r  t h e  
second s i l i c o n  d e t e c t o r  s t r i p ,  a s l a b  o f  germa- 
nium f u l l - a b s o r p t i o n  d e t e c t o r s  measures t h e  
r e s i d u a l  energy o f  t h e  charged p a r t i c l e ,  which 
i s  a l s o  i n  t i m e  co inc idence.  E l e c t r o n i c  pro-  
cess ing  o f  t h e  s i g n a l s  p e r m i t s  t e s t i n g  whether 
each i n i t i a l  p r i m a r y  p a r t i c l e  has o r  has n o t  
undergone n u c l e a r  c o l l i s i o n s ,  and de te rm in ing  
whether i t  has been s c a t t e r e d  by  an excess i ve  
angle. When these t e s t s  a re  passed, t h e  r e s i d u a l  
energy and p o s i t i o n  o f  t h e  charged p a r t i c l e  a re  
accepted f o r  f u r t h e r  process ing.  

Bevalac i s  c a r r i e d  o u t  by r o t a t i n g  t h e  o b j e c t s  
t o  be imaged ( u l t i m a t e l y ,  t he  p a t i e n t )  thcough 
about 50-60 ang le  p o s i t i o n s ,  each about 3 , 
c o v e r i n g  a complete s e c t o r  o f  180°, w i t h  t h e  
r o t a t i o n  mo t ion  o c c u r r i n g  as increments between 
beam pu lses .  The a c c e l e r a t o r  pu l ses  occur  a t  a 
r a t e  o f  one Pu lse  eve ry  4 seconds; d u r i n g  each 

The process o f  image scanning w i t h  t h e  

1- 

detectors germanium defectors 
(200pml 

F i g u r e  1. C o n f i g u r a t i o n  o f  s o l i d - s t a t e  s i l i c o n  
dE/dx and germanium d e t e c t o r s  f o r  a c t i v e  heavy- 
i o n  CT imaging. (XBL 804-3220) 
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pulse, t h e  o b j e c t  o r  t h e  p a t i e n t  remains s t a t i o n -  
a r y  and enough d a t a  a re  c o l l e c t e d  t o  o b t a i n  one 
complete p r o j e c t i o n  f o r  r e c o n s t r u c t i o n .  

Image p rocess ing  and CT r e c o n s t r u c t i o n  f r o m  
t h e  e l e c t r o n i c  d a t a  proceed i n  t h r e e  steps. 
F i r s t ,  t h e  e l e c t r o n i c a l l y  v a l i d a t e d  s i g n a l s  o f  
r e s i d u a l  energy and p o s i t i o n  a re  histogrammed 
between beam pulses.  Second, t h e  h i s tog ram o f  
energy vs. p o s i t i o n  i s  scanned by  an o p t i m a l  
f i l t e r i n g  procedure which t rans fo rms  t h e  l a r g e  
two-dimensional h i s tog ram i n t o  a s imple l i s t  o f  
va lues o f  a b s o r p t i o n  (wa te r  e q u i v a l e n t )  vs. 
p o s i t i o n  (L lace r ,  1981). Th i s  procedure i s  a l s o  
c a r r i e d  o u t  between beam pulses.  Th i rd ,  t h e  
c o n t r i b u t i o n  t o  t h e  f i n a l  image o f  t h e  p u l s e  j u s t  
completed i s  c a l c u l a t e d  b e f o r e  t h e  n e x t  beam 
p u l s e  a r r i v e s .  

The CT r e c o n s t r u c t i o n  can be comp l t ted  w i t h i n  
a few seconds a f t e r  t h e  end o f  t h e  180 r o t a t i o n .  
The r e s u l t s  and t h e  f i n a l  r e c o n s t r u c t e d  CT image 
can be presented immediate ly  t o  t h e  d i a g n o s t i c  
r a d i o l o g i s t ,  r a d i o t h e r a p i s t ,  o r  c l i n i c a l  
p h y s i c i s t .  
germanium d e t e c t o r s  p e r m i t s  computerized tomo- 
g raph ic  r e c o n s t r u c t i o n s  w i t h o u t  water  bags, 
t i s s u e  e q u i v a l e n t  m a t e r i a l s ,  o r  o t h e r  a b s o r p t i o n  
m a t e r i a l s  su r round ing  t h e  p a t i e n t .  

The l a r g e  dynamic range o f  t h e  

R e s u l t s  

I n i t i a l  exper iments were designed (1) t o  
determine t h e  response o f  germanium d e t e c t o r s  t o  
e n e r g e t i c  heavy ions, i n c l u d i n g  t h e  s e n s i t i v i t y  
t o  smal l  changes i n  water  column th i ckness ;  and 
(2) t o  determine t h e  t h r e s h o l d  f o r  r a d i a t i o n  
damage. 
made w i t h  a h i g h - p u r i t y  1-cm t h i c k  germanium 
p l a n a r  d e t e c t o r .  12C (400 MeV/n) and 20Ne ions  
(425 MeV/n) were used f o r  t hese  exper iments.  A 
water  column absorber o f  v a r i a b l e  t h i c k n e s s  was 
p laced  upstream i n  f r o n t  o f  t h e  d e t e c t o r  so t h a t  
t h e  Bragg peak f e l l  i n  t h e  d e t e c t o r  t h i ckness .  

A s e r i e s  o f  p r e l i m i n a r y  measurements was 

Response o f  a P lana r  Germanium De tec to r  
t o  Heavy I o n s  

The response o f  t h e  d e t e c t o r  t o  heavy i o n s  
was examined b o t h  i n  a pulse-by-pulse mode and 
i n  an i n t e g r a l  mode. I n  t h e  pulse-by-pulse mode, 
p u l s e  h e i g h t  a n a l y s i s  was made o f  t h e  reco rded  
events. S e n s i t i v i t y  t o  smal l  changes i n  wa te r  
column t h i c k n e s s  was measured by  t h e  change i n  
t h e  p o s i t i o n  o f  t h e  c e n t r o i d  o f  t h e  Gaussian main 
peak i n  t h e  spectrum. 
t o t a l  c u r r e n t  i n  t h e  d e t e c t o r  f rom t h e  s t o p p i n g  
p a r t i c l e s  was measured. 
d i v i d e d  by  t h e  number o f  p a r t i c l e s ,  was used as 
a measure o f  t h e  water  column th i ckness .  

I n  t h e  i n t e g r a l  mode, t h e  

Th is  t o t a l  c u r r e n t ,  

The pulse-oy-pulse method proved s u p e r i o r  t o  
t h e  i n t e g r a l  method. Here, o n l y  those i o n s  t h a t  
underwent sha l l ow  angle i o n i z a t i o n  c o l l i s i o n s ,  
and t h e r e f o r e  c a r r i e d  t h e  d e s i r e d  i n f o r m a t i o n  on 
d e n s i t y  and compos i t i on  o f  t h e  absorber a long t h e  
s t r a i g h t  i o n  p a t h  l eng th ,  depos i ted  t h e i r  energy 
i n  t h e  main Gaussian spectrum peak. The remain- 
i n g  i ons  underwent nuc lea r  c o l l i s i o n s  and a r r i v e d  

a t  t h e  
i ons  d 

d e t e c t o r  i n  
d n o t  deDos 

a m o d i f i e d  form. These l a t t e r  
t t h e i r  energy i n  t h e  Gaussian 

peak, so t h e  p u l  se-by-pul se mode d i sca rded  these 
i o n s  i n  c a l c u l a t i n g  t h e  c h a r a c t e r i s t i c s  o f  t h e  
absorber. I n  t h e  i n t e g r a l  mode, on t h e  o t h e r  
hand, a l l  t h e  p a r t i c l e s  c o n t r i b u t e d  t o  t h e  
e l e c t r o n i c  s i g n a l ,  and t h e  s t a t i s t i c a l  f l u c t u a -  
t i o n s  f rom a l l  these o t h e r  processes c o n t r i b u t e d  
t o  a s u b s t a n t i a l  u n c e r t a i n t y  t o  t h e  r e s u l t s .  
Consequently, t h e  pulse-by-pulse mode o f  opera- 
t i o n  was considered t h e  b e t t e r  method f o r  f u r t h e r  
i n v e s t i g a t i o n .  

A beam o f  12C i o n s  (400 MeV/n) was t h e n  
passed th rough  approx ima te l y  21 t o  25 cm o f  water  
so t h a t  t h e  beam stopped w i t h i n  t h e  1-cm 
germanium d e t e c t o r .  
Gaussian peak wi th  a f u l l - w i d t h  a t  h a l f  maximum 
(FWHM) co r respond ing  t o  approx imate ly  0.25 cm o f  
water. There were a l s o  o t h e r  lower  peaks 
corresponding t o  o t h e r  n u c l e i .  

The beam spec t ra  showed a 

F i v e  heavy-ion exposures w i t h  3,600 t o  4,500 
counts each, were made w i t h  12C i o n s  (400 MeV/n) 
and a water  column th i ckness  o f  23 cm. F i v e  more 
i r r a d i a t i o n s  w i t h  a s i m i l a r  number o f  counts  were 
done w i t h  a water  th i ckness  o f  23.1 cm. The 
c e n t r o i d s  o f  t h e  Gaussian peaks were ob ta ined  by  
least -squares f i t  t o  t h e  l o g a r i t h m  o f  t h e  peak 
shapes. The means o f  t h e  two s e t s  of c e n t r o i d s  
were separated b y  4 MeV/n o f  c o l l e c t e d  energy, 
w i t h  a s tandard d e v i a t i o n  o f  0.4 MeV/n. T h i s  
i n d i c a t e s  t h a t  t h e  expected e r r o r  i n  t h e  measure- 
ment w i t h  app rox ima te l y  4,000 p a r t i c l e s  i n t o  t h e  
d e t e c t o r  corresponds t o  0.01 cm o f  water, o r  
app rox ima te l y  0.04%. 

Threshold f o r  R a d i a t i o n  Damage 

Experiments c a r r i e d  o u t  w i t h  425 MeV/n 20Ne 
i o n s  were done p r i n c i p a l l y  t o  s tudy  t h e  e x t e n t  
t o  which heavy i ons  caused r a d i a t i o n  damage t o  
t h e  germanium. The main peak w i d t h s  i n  t h e  
spec t ra  were 0.1 cm wa te r  e q u i v a l e n t  FWHW. 
S e n s i t i v i t y  t o  sma l l  water  column t h i c k n e s s  
change was s i m i l a r  t o  t h e  one observed f o r  12C 
ions  (400 MeV/n). The c h a r a c t e r i s t i c s  o f  t h e  
energy s p e c t r a  c o l l e c t e d  by the  germanium 
d e t e c t o r  remained repea tab le  and s t a b l e  u n t i l  a 
t o t a l  f l u e n c e  of 2 x 108 p a r t i c l e s / c m 2  was 
reached. A t  t h a t  p o i n t ,  t h e  germanium d e t e c t o r  
f a i l e d  complete ly .  Examination o f  t he  shape o f  
t h e  energy spectrum as a f u n c t i o n  o f  t h e  water  
column th i ckness  a f t e r  t h e  damage occurred showed 
t h a t  ho les  and e l e c t r o n s  f a i l e d  t o  t r a v e r s e  a 
t h i n  l a y e r  i n  t h e  d e t e c t o r  where t h e  Bragg peak 
was l o c a t e d  d u r i n g  t h e  heavy-ion i r r a d i a t i o n .  
The d e t e c t o r  recovered i t s  i n i t i a l  c h a r a c t e r i s t i c s  
a f t e r  annea l i ng  f o r  a few hours a t  150°C. 

Experiments w i t h  S i l i c o n  dE/dx 
P o s i t i o n  S e n s i t i v e  De tec to rs  
and a Side Entrance De tec to r  

Based on t h e  r e s u l t s  o f  these s e n s i t i v i t y  
response and r a d i a t i o n  damage experiments, a 
t h i n  s i l i c o n  dE/dx p o s i t i o n  s e n s i t i v e  d e t e c t o r  
and a 3-cm long,  f l a t  germanium d e t e c t o r  were 
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f a b r i c a t e d .  Standard nuc lea r  spect roscopy 
e l e c t r o n i c s  and a connec t ion  t o  a POP 11 /34  
computer were used f o r  a s e r i e s  of exper iments 
t h a t  a re  desc r ibed  b r i e f l y  below. A s tandard 
nuc lea r  phys i cs  d a t a  a c q u i s i t i o n  and a n a l y s i s  
program was used. 

d e t e c t o r  were: (1) t o  determine how w e l l  t h e  
d i f f e r e n t  heavy-ion n u c l e i  cou ld  be separated, 
( 2 )  t o  assess t h e  l e v e l s  e l e c t r o n i c  n o i s e  c o u l d  
be achieved inexpens ive l y ,  and ( 3 )  t o  determine 
t h e  r e l i a b i l i t y  o f  t h e  d e t e c t o r  design. 
f a b r i c a t e d  s i l i c o n  d e t e c t o r  has a t h i c k n e s s  o f  
200 pm, a h e i g h t  o f  5 mm, and a w i d t h  ( h o r i z o n t a l ,  
p e r p e n d i c u l a r  t o  t h e  beam) o f  30 mm. 
f u l l y  dep le ted  w i t h  an a l p h a - p a r t i c l e  r e s o l u t i o n  
o f  70 keV FWHM. The e l e c t r o n i c  n o i s e  r e s o l u t i o n  
i s  such t h a t  p o s i t i o n a l  accuracy can be de te r -  
mined t o  be approx ima te l y  0.6% FWHM o f  t h e  
d e t e c t o r  l e n g t h  f o r  p a r t i c l e s  d e p o s i t i n g  approx- 
i m a t e l  5 MeV i n  t h e  de tec to r ,  as i s  t h e  case 

exper iments w i t h  20Ne beams of h i g h  energy 
(560 MeV/n) and a 15-cm water  column; t h e  r e s u l t s  
demonstrate a c l e a n  Landau peak f o r  t h e  p a r e n t  
neon n u c l e i  and f o r  t h e  fragments down t o  hel ium. 

A f l a t  h i g h - p u r i t y  germanium d e t e c t o r  was 
then  f a b r i c a t e d  w i t h  dimensions o f  3.2 cm i n  
l e n g t h  ( i n  the  i o n  beam d i r e c t i o n ) ,  0.5 cm i n  
h e i g h t ,  and 2.2 cm i n  t r a n s v e r s e  w id th .  The aims 
of t h e  exper iments w i t h  t h i s  new germanium 
d e t e c t o r  were: (1) t o  understand t h e  e f f e c t  o f  
d e t e c t o r  s u r f a c e  c h a r a c t e r i s t i c s  on heavy-ion 
s p e c t r a  when t h e  p a r t i c l e s  e n t e r  t h e  d e t e c t o r  
from t h e  exposed sur face of a f l a t ,  l ong  
d e t e c t o r ,  and ( 2 )  t o  v e r i f y  t h e  i n i t i a l  f i n d i n g s  
w i t h  a 1-cm t h i c k  p l a n a r  germanium d e t e c t o r .  

The aims o f  t h e  exper iments w i t h  t h e  s i l i c o n  

The 

I t  operates 

w i t h  1 3 C i o n s  (400 MeV/n). F i g u r e  2 i l l u s t r a t e s  

F i g u r e  2.  
i l i c o n  dE/dx d e t e c t o r  f rom a 561 MeV/n z0Ne 
earn a f t e r  pass ing  th rough  15 cm o f  water. 

main Landau-shaped 20Ne peak and peaks f rom 
seve ra l  n u c l e i  a r e  v i s i b l e .  (XBL 806-10544) 

dE/dx spectrum ob ta ined  b y  a 200 pm 

The 

I n i t i a l  s t u d i e s  demonstrated t h a t  t h e  uneven 
t h i c k n e s s  o f  s u r f a c e  l a y e r s  i n  n o r m a l l y  t r e a t e d  
germanium d e t e c t o r s  r e s u l t e d  i n  broadened peaks 
i n  t h e  ob ta ined  spec t ra .  The e f f e c t s  o f  a guard 
r i n g  were p a r t i c u l a r l y  damaging, as t h e y  produced 
double peaking. 
r e c e n t l y  been developed a t  LBL b y  Hansen e t  a l .  
(1980). The method leaves t h e  su r faces  n e u t r a l  
and s t a b l e  under a v a r i e t y  o f  c o n d i t i o n s ;  t h e  new 
c o a t i n g  ( a  few angstroms t h i c k )  was a p p l i e d  t o  
t h e  d e t e c t o r  e a r l y  i n  December 1979. 
s t u d i e s  now demonstrate spec t ra  as r e l i a b l e  as 
those ob ta ined  p r e v i o u s l y  wi th  t h e  p l a n a r  
d e t e c t o r  (which measures i ons  as t h e y  e n t e r  
through t h e  t h i n  p+ implanted c o n t a c t ) .  

A s e r i e s  o f  measurements was c a r r i e d  o u t  w i t h  
a beam o f  20Ne i o n s  (669 MeV/n); t he  water-column 
th i ckness  ranged f rom 19.6 t o  13 5 cm, and co r -  
responded t o  t h e  t o t a l  dynamic range o f  t h e  
germanium d e t e c t o r  (11.9 cm water  e q u i v a l e n t ) .  
F i g u r e  3 i l l u s t r a t e s  t h e  p u l s e  h e i g h t  d i s t r i b u -  
t i o n  f o r  t h e  measurements w i t h  a water  column 
th i ckness  of 19.6 cm. The main Gaussian peak, 
and those generated b y  o t h e r  n u c l e i ,  can be 
i d e n t i f i e d  c l e a r l y .  A p l o t  peak p o s i t i o n  vs. 
water  column t h i c k n e s s  f o l l o w s  t h e  t h e o r e t i c a l  
cu rve  f o r  d i f f e r e n t i a l  range c a l c u l a t e d  f o r  
germanium p a r t i c u l a r l y  w e l l .  We have t h e r e f o r e  
concluded t h a t  t h e r e  a re  no d e t r i m e n t a l  e f f e c t s  
due t o  t h e  i o n s  e n t e r i n g  t h e  exposed coated 
sur faces,  and t h a t  t h e  energy loss o f  p r i m a r y  
heavy i o n s  i n  germanium d e t e c t o r s  f o l l o w s  t h e  
t h e o r e t i c a l  p r e d i c t i o n s  w e l l .  

w i t h  the  20Ne i o n  (669 MeV/n) beams a 19.8-cm 
water  column, each w i t h  e x a c t l y  3,000 p a r t i c l e s  
e n t e r i n g  t h e  germanium d e t e c t o r .  

A new su r face  t rea tmen t  has 

Present  

S i x  more consecu t i ve  exper iments were done 

The mean o f  t he  
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F i g u r e  3. 
a 3.2 cm germanium d e t e c t o r  f rom a 669 MeV/n 
20Ne beam a f t e r  pass ing  through 19.6 cm o f  
water .  
neon beam. 
a r e  a l s o  v i s i b l e .  (XBL 806-10541) 

Residual  energy spectrum o b t a i n e d  w i t h  

The narrow peak corresponds t o  t h e  p a r e n t  
Peaks corresponding t o  o t h e r  n u c l e i  
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Gaussian peak occurred a t  315.46 MeV/n, w i t h  a 
s tandard d e v i a t i o n  o f  0.1924 MeV/n, which co r -  
responded t o  0.011 cm o f  water. 
e r r o r  was 0.056%, which i s  i n  t h e  same range as 
t h e  r e s u l t s  o b t a i n e d  p r e v i o u s l y  w i t h  t h e  p l a n a r  
d e t e c t o r .  

The c a p a c i t y  o f  t h e  germanium s o l i d - s t a t e  
d e t e c t o r s  t o  separate and i d e n t i f y  a number o f  
d i f f e r e n t  n u c l e i  i n  an i o n  beam, as shown i n  
F i g u r e  2 and F i g u r e  3, i s  be ing  examined f o r  beam 
c h a r a c t e r i z a t i o n  measurements (see P a r t  11). 

The expected 

Beam S c a t t e r i n g  E f f e c t s  

The a d d i t i o n  o f  a second s i l i c o n  dE/dx 
d e t e c t o r  t o  t h e  d e t e c t o r  assembly ( F i g .  1) has 
made i t  p o s s i b l e  t o  analyze q u a n t i t a t i v e l y  t h e  
geometr ic  s c a t t e r i n g  o f  p r i m a r y  p a r t i c l e s  i n  
t r a v e r s i n g  a c e r t a i n  t h i c k n e s s  o f  m a t e r i a l s ,  and 
t o  determine t h e  pe rcen t  o f  s u r v i v i n g  p r i m a r i e s  
f r o m  t h e  p a r e n t  beam t o  t h e  f u l l  a b s o r p t i o n  
d e t e c t o r .  F i g u r e  4 i l l u s t r a t e s  t h e  exper imen ta l  
d e t e c t o r  system c o n f i g u r a t i o n  designed t o  de te r -  
mine t h e  beam t r a n s p o r t  c h a r a c t e r i s t i c s  th rough  
a 20-cm ba r  o f  l u c i t e  p l a s t i c  (23.80 cm water  
e q u i v a l e n t ) .  I n  t h e  f i r s t  experiment, t h e  l u c i t e  
ba r  was n o t  i n s e r t e d  i n  t h e  beam i n  o r d e r  t o  
determine t h e  c h a r a c t e r i s t i c s  o f  t h e  beam 
d e l i v e r e d  by  t h e  Bevalac. F i g u r e  5 i s  a 
h i s tog ram o f  t h e  o f f s e t  i n  t r a v e r s e  p o s i t i o n  o f  
a l l  t h e  p r i m a r y  charged p a r t i c l e s  t h a t  t r a v e r s e d  
t h e  two p o s i t i o n - s e n s i t i v e  s i l i c o n  dE/dx 
d e t e c t o r s .  The r e s u l t s  demonstrate a near 
Gaussian d i s t r i b u t i o n  w i t h  a s tandard d e v i a t i o n  
o f  0.74 mm. Because t h e  d e t e c t o r  n o i s e  c o n t r i o -  
Utes o n l y  0.18 mm p o s i t i o n  o f f s e t  u n c e r t a i n t y ,  
t h e  Gaussian w i d t h  d e f i n e s  t h e  i n i t i a l  q u a l i t y  
o f  t he  beam. A p a r t i c l e  t r a v e r s i n g  t h e  f i r s t  
d e t e c t o r  a t  a p a r t i c u l a r  p o s i t i o n  can be expected 
t o  a r r i v e  a t  t h e  second d e t e c t o r ,  27 cm down- 
stream, w i t h  a Gaussian d i s t r i b u t i o n  o f f s e t  w i t h  
u = 0.74 mm. The reasons f o r  t h i s  i n i t i a l  beam 
c h a r a c t e r i s t i c  may be due t o  s c a t t e r i n g  i n  t h e  
seve ra l  windows i n  t h e  beam path, i n  t h e  dE/dx 
de tec to rs ,  o r  c h a r a c t e r i s t i c s  o f  t h e  beam 
f o c u s i n g  mechanism o f  t h e  Bevalac. 

Top v iew 

27cm 

j ~ z ~ =  - -1 9 
# I 4  - 
2.54cm+ 'Si 20cm Lucite bar detector detector 

collimator defector No. 2 No I 

F i g u r e  4. 
s t a t e  d e t e c t o r s  and l u c i t e  ba r  o b j e c t  t o  s tudy  
the  e f f e c t s  o f  beam s c a t t e r i n g  on imaging and f o r  
a s i n g l e - p r o j e c t i o n  imaging experiment u s i n g  
20Ne (560 MeV/n). (XBL 804-3221) 

Exper imenta l  c o n f i g u r a t i o n  o f  s o l i d -  

'i 

i I I  
I I  

F i g u r e  5. P o s i t i o n  o f f s e t  h i s tog ram i n  a 27-cm 
a i r  p a t h  f o r  s i n g l e  p a r t i c l e s  t r a v e r s i n g  t h e  two 
s i l i c o n  dE/dx d e t e c t o r s  o f  F i g u r e  4. An i o n  
a r r i v i n g  a t  t h e  f i r s t  d e t e c t o r  a t  some p o s i t i o n  
x ( t r a n s v e r s e  t o  t h e  beam) w i l l  t r a v e r s e  t h e  
second d e t e c t o r  a t  some p o s i t i o n  x-x' ,  where x '  
i s  a Gaussian d i s t r i b u t e d  v a r i a b l e  w i t h  a 
s tandard d e v i a t i o n  o f  0.74 mm (ZONe, 560 MeV/n). 
(XBL 806-10542) 

I n  a subsequent experiment, t h e  20-cm l u c i t e  
ba r  was p laced  i n  i t s  h o l d e r  and p o s i t i o n e d  i n  
t h e  beam path,  and t h e  above measurements were 
repeated.  Only p a r t i c l e s  t h a t  remained 12C 
i o n s  upon a r r i v a l  a t  t h e  germanium d e t e c t o r  
p rov ided  t h e  d a t a  f o r  a n a l y s i s  o f  d i s t r i b u t i o n  
c h a r a c t e r i s t i c s .  F i g u r e  6 i l l u s t r a t e s  t h e  
d i s t r i b u t i o n  o f  t h e  r e s u l t i n g  p o s i t i o n  o f f s e t  
Gaussian. Here, t h e  s tandard d e v i a t i o n  i s  
u = 1.37 mm. Because o f  m u l t i p l e  s c a t t e r i n g  
w i t h i n  t h e  l u c i t e  bar ,  t h e  i nc rease  i n  p o s i t i o n  
o f f s e t  i s  u = 1.15 mm, which i s  p robab ly  
magn i f i ed  by  t h e  a i r  gap between t h e  b a r  and 
second s i l i c o n  dE/dx d e t e c t o r .  

The e f f e c t  o f  t h e  sample s c a t t e r i n g  on f i n a l  
image q u a l i t y  should be some l o s s  o f  c o n t r a s t  
( o r  b l u r r i n g )  a t  h i g h  s p a t i a l  f requenc ies  when 
t h e  o b j e c t  t o  be r e c o n s t r u c t e d  i s  comparable i n  
s i z e  t o  24 cm o f  water  i n  abso rp t i on .  Exper i -  
ments a r e  p r e s e n t l y  i n  progress t o  q u a n t i t a t e  
t h e  a c t u a l  e f f e c t s .  

Requirements f o r  Imaging 

I n  o r d e r  t o  determine t h e  approximate minimum 
number o f  charged p a r t i c l e s  r e q u i r e d  t o  ene ra te  
a c l i n i c a l l y  u s e f u l  tomogram, d a t a  f rom joNe 
(560 MeV/n) exper iments were analyzed. The 2-mm 
s e c t i o n s  o f  t h e  dE/dx d e t e c t o r  were d e f i n e d  as 
d a t a  b ins ,  and t h e  p o s i t i o n s  o f  t h e  Gaussian 
peaks measured b y  t h e  germanium d e t e c t o r  as a 
f u n c t i o n  o f  number o f  p a r t i c l e s  pe r  b i n  were 
obta ined.  Using a 15-cm water  absorber, t h e  
s tandard d e v i a t i o n  i n  s i x  consecu t i ve  b i n s  f o r  



Figure 6. 
but with ions traversing the 20-cm lucite object. 
The standard deviation is now 1.37 mm 
560 MeV/n). (XBL 806-10543) 

Histogram that is similar to Figure 5 

(z0Ne, 

200 particles per bin was 0.55 MeV/n, which 
corresponds to 0.03 cm water. 
is 0.2%. For an extrapolation from a single 
projection to a complete reconstruction for 
3 x 3 mm pixels and 50 angles, the error magni- 
f ication factor is approximately 2 (Huesmann, 
1977). Thus, less than a 0.5% reconstruction 
error can be obtained with as few as 200 
particles in a ion section of useful dimensions 
(2-4 mm width). 

The expected error 

An imaging experiment was then carried out 
with the same detector and phantom arrangement 
described in Figure 4. Three holes, 1 mm, 2 mm, 
and 3 mm diameter, were positioned in a 20-cm 
lucite bar at approximately midlength transverse 
to the beam path. 
generated in 16 bins of 1-mm thickness for 
approximately 200, 400, 1000, 2000, and 4500 
particles per b i n .  
in Figure 7. 
with 200 counts per bin, in which statistical 
uncertainty would make it difficult to determine 
whether the hole can be seen in one projection, 
the results show that multiple scattering effects 
do not have a strong effect even with the bin 
size of 1 mm used. 
of requiring only 200 particles per bin is 
ascertained for 2 mm bins. 

Examination of the energy spectra of the 
three solid-state detectors in the present system 
(Fig. 1) showed that approximately 14% of the 12C 
ion primaries incident in the first silicon dE/dx 
detector remained primaries in the residual 
energy silicon dE/dx detector after passing 
through 24-cm water equivalent absorption and 
travelling through most of the length of the 
germanium detector (approximately 11-cm water 

e@at 30 1% particles in the primary peak are 

The resulting projection was 

The results are illustrated 
With the exception of the 1-mm hole 

In addition, the expectation 

--equivalent). From these experiments, we found 

ufficient to determine the residual energy in 
one of the image bins for an expected error less 
than 0.2% in density. 
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Figure 7. 
through the experimental configurations illus- 
trated in Figure 4. 
holes are shown as generated by 200, 400, 1000, 
2000 and 4500 particles per 1-mm bin. 

Single projection images of absorption 

The images of the three 

(XBL 804-3223) 

Radiation Dosimetry for Heavy-Ion Reconstruction 

From the above experimental results, it is 

The average approximate dose, D, for 

possible to estimate the radiation dose required 
for a complete heavy-ion tomographic reconstruc- 
tion. 
heavy-ion CT imaging is given by: 

Dose (rad) = 1.6 x 10-6 x LET (eV/A) x (Nnisz), 

where LET is the approximate value of that para- 
meter (in eV/A) in the Bragg plateau region, N 
is the number of particles needed per bin per 
view, n is the number of views required, and s 
is the linear size of the 
approximate LET of 1.5 ev/i for 12c ions, and 
for N = 200, n = 50 and s = 0.3 x 0.3 cm, the 
approximate average dOSe is estimated to oe 
0.26 rad. 
with protons by Hanson et al. (1978), with 
N = 625, n = 180, s = 0.15 x 0.15 cm, required 
an average dose of 0.6 rad. 
for protons in the energy range of 25 to 
250 MeV/n is taken to be approximately 0.08 eV/A, 
the calculated dose for the proton reconstruc- 
tion, based on the above formula 0.64 rad, is in 
good agreement with the dose estimated by Hanson 

ixel in cm. With an 

A similar reconstruction carried out 

If the average LET 
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et al. (1978). 
related to the modulation transfer functions 
described in the first chapter of Section B, but 
they represent convenient particle fluences for 
accurate measurements. 

These numbers are not directly 

From the radiation damage studies with the 
planar germanium detector and the above require- 
ments for imaging, it can be estimated that 
between 3,000 and 5,000 complete reconstructions 
can be carried out before the germanium detectors 
are sufficiently degraded to require anneajing. 
By raising the detector temperature to 150 C for 
two or three hours in vacuum, the annealing 
process can be carried out in the same detector 
cryostat without disassembling the apparatus. 

THE USE OF MULTIWIRE CHAMBERS 

(W. Chu, 3. Alonso, and C. A. Tobias) 

In Part I1  of this report we described a 
novel instrument, the MEDUSA, which was con- 
structed to measure the flux density distribution 
of a beam of heavy particles (see Alonso et al.). 
The MEDUSA can measure and display the iso- 
ionization contours of a heavy-particle field, 
and a single beam pulse of 0.2 sec duration or 
less i s  sufficient for the measurement. 
has been purposefully constructed for relatively 
low resolution and for use chiefly with "plateau" 
particles. However, some initial tests convinced 
us that an instrument of the general class of 
MEDUSA might also be useful for imaging in the 
Bragg peak region. 

MEDUSA 

The MEDUSA is a,multiplane, multiwire, 
proportional chamber that we are investigating 
for on-line heavy-ion radiography. 
provides two-dimensional projection radiographs 
in terms of the line integral of the stopping 
power of the radiographic object. 
be extended to produce a three-dimensional 
representation of the objects in terms of their 
densities. The exposure time can be extremely 
short, the data acquisition is simple, and the 
time between the exposure and the reconstructed 
image is reduced. Its capability of producing 
images while the patient is in the exposure 
position is of clinical value in patient measure- 
ment for radiation treatment planning and for 
verification of the patient setup. 
is easily adjusted to imaging large objects, up 
to 20 x 20 cm2 x 30 cm thick or bigger. 

Such a device 

Its use can 

The method 

In a preliminary study, we used the MEDUSA 
to produce heavy-ion radiographs of simple 
phantoms (see Alonso et al., Part 11). In the 
following paragraph, some of the first results 
from the MEDUSA used for radiography are 
presented. 

By placing a certain thickness of absorber 
in the heavy-ion beam, we can place the trans- 
mitted unmodified Bragg peak slightly downstream 
of the multiwire chamber. 
is sent into the device, it will reconstruct a 
flat beam profile. If an object is introduced 
in the Deam before it reaches the chamber, the 
part of the beam impinging on the object will 

When a wide, flat beam 

stop within the object and fail to go through the 
chamber, casting a "shadow" of the object in the 
chamber. 
reconstructed. Each plane of the chamber is made 
of 64 wires, spaced 4 mm apart. 
radiograph of two laboratory tools, as recon- 
structed in the MEDUSA, using a 20Ne beam of 
the energy 670 MeV/nucleon. 
structed in 384 x 384 pixels, or 6 pixels per 
wire spacing of 4 mm. 
of an edge, the transition from minimum to 
maximum transmission of the heavy-ion beam takes 
only about 2 mm. 
structed to an accuracy of about 1.4 mm, which 
is about one-third the wire spacings. 

The image of the shadow is readily 

Figure 8 is a 

The image is recon- 

In the reconstructed image 

A straight edge is recon- 

If a modified Bragg peak (spread by a spiral 
ridge filter, for example) is used, only the 
particles in the portion of the peak that have 
excess energy after passing through the object 
will enter the chamber. In other words, the 
transmitted beam intensity is a function of the 
integrated stopping power of the object along the 
path of the radiation. The image of the trans- 
mitted beam intensities may be translated into 
an image of the two-dimensional projection radio- 
graph of the object in terms of its residual 
ranges. 
per image. 

This method requires only one exposure 

The simple phantom shown in Figure 9 
represents the human body (plastic) with lungs 
(air space cut out in the plastics), and a spinal 
column (teflon). 
the energy of 670 MeV/nucleon was used to make 
the projection radiographs (Figs. 10A and 105) 
of the simple phantom. The beam was laterally 
broadened with a 28/64 inch Pb scatterer, and 
spread in range using 12 cm spiral ridge filters 
and an occluding ring. Figures 10A and 105 were 
produced with the water column thickness of 0 
and 14 cm, respectively. 

A heavy-ion beam of 20Ne with 

Figure 8. 
tools produced in the MEDUSA using 20Ne ions 
with the energy 670 MeV/nucleon. 

A projection radiograph of laboratory 

(CBB 805-5990) 

. . - .  . _ _  . . . . .. .~ . - .. . . . . , . - 
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A 
Figure 9. 
human body ( P  = plastic), lungs ( A  = air space), 
and the spinal column ( T  = teflon). 
(XBL 808-11466) 

A simple phantom representing the 

To compensate for the beam intensity 
profiles, variation across the M E D U S A  field, the 
oeam intensity profiles without the phantom are 
also reconstructed at various depths of the 
modified Bragg peak. 
setting, the range of the beam is 23.3 cm water 
equivalent, and the structure in the thicker part 
of the phantom is well analyzed. The entire 
heavy-ion beams are transmitted through the thin 
part of the phantom, and the structures in that 
area are n o t  resolved. On the other hand, at the 
14-cm water-column setting, the situation is 
reversed. 

At the 0-cm water-column 

By rotating the object and taking a series 
of exposures for two-dimensional projection 
radiographs, we are aDle to collect data neces- 
sary to reconstruct a three-dimensional repre- 
sentation of the object. Note that this method 
does not produce a three-dimensional image by 
stacking multiple tomographic slices. Instead, 
a three-dimensional image is directly synthesized 
from a series of two-dimensional projections, and 
therefore, we expect the resolutions of the 
reconstructed images are uniform in all three 
d i men s i on s . 

The analysis of the data obtained using the 
M E D U S A  and the same phantom described above i s  

Figure 10. 
phantom at 0-cm water-column setting. 
radiograph of the phantom at 12-cm water-column 
setting. [ ( A )  XBB 808-10093; ( B )  XBB 808-100911 

( A )  A projection radiograph of the 
( B )  A 
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in progress. The radiation dose required per 
exposure i s  typically less than 1 x 10-5 rad. 
If we use exposures at 16 different angles, and 
two water-column settings, i.e., a total of 32 
exposures, this translates to about 0.3 mrad for 
the entire three-dimensional reconstruction. 

CONCLUSION 

There are a number of possible detector 
systems and arrangements that can be designed to 
measure charged particle dE/dx, position, and 
residual energy. These include multiwire 
proportional chambers, array of plastic or alkali 
halide scintillators, solid-state detectors, or 
combinations of these detectors. The fast 
response and analog signal processing time of 
solid-state detectors, their low electronic noise 
levels, the accuracy with which resistive layers 
can be ion-implanted for position sensitivity, 
and their stability under extremely high count 
rates make them promising for the application to 
heavy-ion radio"graphic CT reconstruction imaging. 
The experiments described and those in progress 
are encouraging and have the potential for 
developing heavy-ion CT reconstruction imaging 
of small objects. Ultimately, we expect to 
design and construct a prototype detector and 
electronics modules, and t o  construct a final 
imaging system o f  active heavy-ion CT recon- 
struction imaging for direct application to 
diagnostic and therapeutic radiology in the 
clinical situation. 
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HEAVY-ION MICROSCOPY 

G. Kraft,' T. C. H. Yang, T. Richards, and C. A. Tobias 

Historically, much of the progress in 
biological science has been associated with pro- 
gress in microscopy. Microscopes with high 
resolution have been developed to obtain a 
detailed picture from the inside of the cell. 
In optical microscopy the spatial resolution is 
limited by the wavelength of the used light which 
is about 5,000 A.  Therefore, the smallest 
structures that can be visualized by these 
methods are about the same size (Table 1). 

After tne discovery of tne defraction 
properties of material waves, two different modes 
o f  electron microscopy, scanning (SEM) and trans- 
mission (TEM), were developed, In the SEM, the 
intensity of  the secondary electrons, which is 
created in the surface of the object, is recorded 
and almost no information is obtained from the 
deeper layers. In TEM, the transmitted intensity 
of the electron beam which has traversed a thin 
object as target is measured. Due to the 
multiple scattering of the electrons, only 
thin layers o f  target material can be used for 
high resolution transmission microscopy 
(Table 1). 

It was early recognized that heavy acceler- 
ated particles, like protons, alpha particles, 
or heavy ions have still a much shorter wave- 
length than optical light or even the electron. 
They also exhibit much less multiple scattering 
than electrons and show, therefore, less angular 
deflection during their path through the target 
(Magnan, 1949; Belanger and Belanger, 1959; 
Tobias et al., 1967). 

At energies above 10 keV/u the main interac- 
tion of the ions with the target material con- 
sists of collisions witn the target electrons. 
Because the electron have a much lower mass than 
the heavy ions, the angular deflection and the 
energy transfer of the projectile is small and 
the electronic energy loss is a smooth function 
of the electron density of the target material 
which is given as the product of atomic number 
times the number of atoms per unit volume. 
Therefore, the energy distribution of tne 
particle beam that has traversed the target 
object reflects the electron density distribu- 
tion, i.e., the chemical composition and density 
of tne taryet over the irradiated area. 

enlarged images of the target object by active 
focussing of the transmitted particle beam. 
Also, a beam scanning method could not be used 
up to now because it is not possible to achieve 
beam spots with sufficiently small diameters 
(< 1 pm). Heavy-ion microscopy methods recently 
published (Yang et al., 1978; Fischer et al., 
1979) consists , therefore, of microradiography 
techniques in which a monoenergetic and parallel 
beam traverses the object. The energy distribu- 
tion behind the object is converted in a range 
distribution in a nuclear track detector. 
Developing the track detector yields a one-to-one 
density replica of the object that can be 
examined in SEM. 

copy (Feder et al., 1977; McGowan et al., 1979) 

Up to now it has not been possible to produce 

Tnis method is similar to soft X-ray rnicros- 

Table 1. Resolution Obtained with Different Microscopy Techniques 
* I  

Technique Resolution 1 

Optical microscopy 5 , 000 

Scanning electron microscopy (SEM) 100 Information only from 

Transmission electron'miscroscopy 100 Thickness dependent 
(TEM 1 
Heavy-i on microscopy 600 Cells (1 ,,m thick) 

Soft X-ray microscopy 500 Cells (1 thick) 

, + the surface 
I .  

100 Thin slices of cell 
(700-900 1) 
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in which a replica is produced by exposing the 
object to the nearly monochromatic soft X rays 
eitner from synchrotron radiation or from char- 
acterisitc Ka radiation of carbon. The trans- 
mitted intensity of the X rays depends on the 
absorption coefficient of the element and is 
recorded by a photoresist of high homogeneity. 

TECHNIQUE OF HEAVY-ION MICROSCOPY 

A monoenergetic parallel beam of heavy ions 

The energy loss (AE) of each particle 

traverses an object, e.g., a biological cell, 
which is in front of a nuclear track detector 
(Fig. 1). 
in the target material is given by BE = /dE/dx-dx. 
For high energies (E > 100 keV/u) the energy loss 
dE/dx can be approximated by the Bethe-Bloch 
formula (Bethe, 1930; Bloch, 1933); for lower 
energies the Lindhard-Scharff-Schiott (Lindhard 
et al., 1963) theory can be used. In both cases 
the energy loss is mainly proportional to the 
product of the atomic number times the number of 
atom per unit volume, i.e., the electron density. 
The residual energy (E = Eo - AE) is converted 
into the range of the particle in the nuclear 
track detector and the contour envelope of all 
stopping points reflects the density distribution 
of the object. When the track detector is 
etched, the residual range of the particle 
becomes visible. If the particle tracks are 
close enough, the tracks overlap and the etching 
procedure yields a density replica of the object. 
This replica has the same dimensions as the 
object, but it also shows the internal structure 
and it can be magnified by the use of SEM. 

Heavy particle beam 

1 I l l l l l l l l l l l l  
Cell with nucleus 

/and vacuole 

Mica 

Latent tracks 

Completely d isolved 
/ 

Figure 1. 
formation. (A) Irradiation of the object with a 
parallel, monoenergetic heavy-ion beam. 
Particles penetrating the object lose their 
energy according to the actual density of the 
object; residual energy of the particles is con- 
verted in residual ranges in the mica and the 
contour envelope of the latent track is a picture 
o f  the density of the imaged object. (B) Etching 
in a suitaole solvent dissolves the particle 
affected region completely and produces a heavy- 
ion replica. (XBL 808-3607) 

Principles of neavy ion replica 

CELL PREPARATION AND IRRADIATION 

The mammalian cells used in these experiments 
(CHO and V79) have been grown for 1 or 2 days on 
sterile mica plates under normal conditions. The 
cells usually have a better growth rate on mica 
than on the plastic surface of the Petri dishes. 
Chromosomes are prepared by arresting the cells 
in metaphase and subsequent hypotonic treatment. 
The mica plates with the cells are rinsed with 
water, dehydrated with ethanol, air dryed for 
several hours, and irradiated in a vacuum'chamber 
of the 88-inch Synchrocyclotron or the 2 MeV 
van de Graaf accelerator. 
controlled by integrating the beam current. 

dichromate sulfuric acid and the mica etched in 
HF for 30-60 sec. Tne replicas were covered with 
a 100 to 200 A Au-Pd layer and then examined in 
a field emission SEM (Coates and Welter, Electron 
Microscop Laboratory). A1 though high particle 
doses (1014 cm-2) were used, there was no 
visible change in the morphology of the cells. 
Figure 2 shows an SEM image of'cells of the same 
sample: irradiated and nonirradiated. The 
irradiated cells appear slightly brighter in the 
SEM, which indicates a higher*secondary electron 
emission yield than in the nonirradiated case. 
In the optical microscope, the cell appears 
slightly yellow after irradiation, but in both 
cases there was no dramatic change found in the 
morphology of the cells. 

replica (1 MeV argon) of a mammalian cell, at a 
magnification of 7,OOOX. The main part of the 
cell with the cell nucleus (darker region) and 
nucleolus is visible in the lower right part o f  
the picture. 
left, and ends in thin structured region. 
left side at the top of the picture, part of the 
mica was shadowed from the particle irradiation 
and the original, unetched surface of the mica 
is visible. The small white grains at the border 
line of the cell are replicas of salt crystal 
remanants o f  the cell medium which was not 
totally rinsed off. 
is about 600 8 .  

The particle dose was 

After irradiation, the cells were removed in 

Figure 3 is an SEM picture of a heavy ion 

A long thick fiber stretches to the 
At the 

The resolution of Figure 3 

RESOLUTION OF HEAVY-ION MICROSCOPY 

The maximum resolution obtained with heavy 
ion microscopy depends on the following 
parameters : 

1. the energy resolution and the divergence 
of the particle beam; 
2. the energy loss straggling and the 
lateral straggling in the target and tne 
range straggling and lateral straggling in 
the track detector; 
3. the resolution o f  the etching procedure 
as given by the track diameter and the 
steepness of the etched cones; 
4. the heat resistivity of the track detector 
against the high intensity electron beam o f  
SEM; 
5. the resolution of the S E M .  



F i g u r e  2. SEM image o f  V79 c e l l s  growing on a mica p l a t e .  L e f t :  Not i r r a d i a t e d .  R i  h t :  
C e l l s  i r r a d i a t e d  w i t h  l o J 3  argon ions  p e r  cm2 w i t h  an energy o f  1 MeV. (XBB 808-9828? 

I 

__ 

F i g u r e  3.  SEM image of heavy-ion r e p l i c a  o f  a mammalian c e l l  ob ta ined  w i t h  1 MeV argon beam. 
A t  t h e  r i g h t  s i d e  t h e  nuc leus o f  t h e  c e l l  ( da rk  r e g i o n )  t n e  dense nuc leo lus  i s  v i s i b l e .  In t h e  
upper l e f t ,  a p a r t  of t h e  mica was shadowed f rom i r r a d i a t i o n  and t h e  o r i g i n a l  s u r f a c e  o f  t h e  
mica and t h e  steepness o f  t h e  etched w a l l s  a r e  v i s i b l e .  The marker rep resen ts  10 ,,m. 
(XBB 808-9829) 

(3 
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Sufficient parallelism of the beam can be 
easily achieved by enlarging tne d,istance between 
the last focussing element in the beam pipe and 
the target. The influence of energy straggling 
of the primary beam to the range straggling in 
the detector as well as the intrinsic range 
straggling and the lateral straggling are the 
main limiting factors of the resolution (Fig. 4 ) .  
For the calculation of tnese curves, the ranges 
of argon ions in carbon and aluminum have been 
taken from the Winterbon (1968) tables which are 
based on the Lindhard-Scnar f f -Schiot t  theory. 
Other tabulated values (J. F. Ziegler, 1980 and 
private communication) yield about 20% shorter 
ranges. But the argon ranges, which are measured 
in.tnis experiment in mica, are in good agreement 
with the argon range in carbon of the Winterbon 
tables. 
ions in water, which is nearly tissue equivalent, 
i s  very close to the energy loss of argon in 
carbon (Schbipfer et al., 1980). Therefore, when 
ranges and lateral and longitudinal straggling 
were calculated, no distinction was made between 
the particle track in the biological object and 
in the mica. The carbon values are used instead 
o f  the target material actually used (tissue and 
mica, both of which have a complex chemical 

In addition, the energy loss of argon 

composition). 

The intrinsic range straggling (which is not 
caused by the energy spread of the primary beam) 
is calculated according to Bohr's theory (1948) 
which yields a straggling parameter AR/R = 3.3%. 
Usually this theory overestimates the measured 
range straggling values, but for the lighter 
target atoms used here the discrepancy is small 
and straggling values between 2 and 3% should be 
realistic. The lateral straggling in the energy 
range between 30 and 8 MeV is taken from 3. F. 
Ziegler's tables (1980) and extrapolated to the 
lower energies using the Sigmund-Meyer theory. 
The two compounds of the longitudinal straggling 
caused by the energy straggling o f  the beam and 
the intrinsic range straggling sum up quadra- 
tically and the values o f  the total straggling 
assuminq 0.2% beam straggling are given in 
Table 2,  

From Table 2 and Figure 4 it is evident that 
the lowest possible particle energy that is suf- 
ficient to penetrate the target object should be 
used to achieve best resolution. 
the replicas of the same type of cells obtained 
with 14 MeV and 2 MeV argon ion are compared. 
The decrease of resolution with increasing 
particle energy and increasing range is clearly 

In Figure 5, 

visible. 

The track etchlng procedures have always a 
tnresnold energy below wnich the particle track 
cannot be developed. Therefore, it was suggested 
that tracks should exhioit a range deficit 
(Fleischer et al., 1975). The formulas used here 
always refer to the total range and the range 
deficit is neglected. But in the case of the 
high particle doses, with which most of the track 
overlap with each otner, tne threshold energy of 
the etching procedure is no longer determined by 
tne individual track as given in the literature. 

A 

I 1 I 1 I I I 

/ 

" 
Energy (MeV) 

Fi ure 4. (A)  Range of argon ions in carbon and h as a function of particle energy 
(Winteroon, 1968). (6) Straggling of argon ions 
as function of particle energy. 
straggling in carbon is taken from J. F. Ziegler 
(1980) and Sigmund et al. (1974), range strag- 
gling from Bonr (1948), and the contribution of 
1% and 0.2% energy spread in the primary beam is 
calculated according to Figure 4A. 
[ ( A )  XBL 808-3605; (6) XBL 808-3604] 

The lateral 

In additlon, these high doses are needed to 
acnieve a good laterdl resolution. 
resolution on the order of 100 a is required then 
it is necessary tnat every square of 100 a length $ 
is hit by at least one particle. 
to a total particle dose of 1012 particleslcm . 
Considering that the particles are randomly 
distributed, higher doses between 1013 and 1014 @ 

If a lateral 

This sums U 

- . _  
are used in this experiment. 

. . . . - ~ . . . ~ 
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Table 2. Straggling Parameters for Argon Ions in 
Carbon 

Energy Range Straggling 
(MeV) (ug cm-2) Longitudinal* Lateral 

(a cm-2) (lig cm-2) 

1 0.20 7.2 16 

2 0.34 12.5 20 

5 0.63 22.0 31 

10 0.97 33.5 38 

20 1.50 50.3 42 

30 1.90 64.6 45 

1,000 a = 0.1 

* Assuming 0.2% energy spread o f  the primary beam. 

= 35 ug/cm2 carbon = 28 lig/cm2 
mica = 10 ug/cm2 water 

THE INFLUENCE OF THE ETCHING PROCEDURE 
TO THE RESOLUTION 

In most plastic materials and glasses the 
tracks are etched as cones, which can be easily 
explained by assuming two different dissolving 
velocities in the amorphous substrate (Fleischer 
et al., 1975). 
is the normal dissolving velocity of the 
material, which is not affected by the radiation. 
The other dissolving velocity, vt, is the dis- 
solving velocity along the particle .path (Fig. 6) .  
As long as the ratio o f  these two velocities 
remains constant during the etching 
cone wi 11 result as track&formation 
angle 0 which is given by sin 0 = v 
structure can be successfully image 
replica technique, which has steepe 
the etched cones (Fig. 6);  less ste 
will also be affected 
To yield a correct de 
walls, a high etch ve 
Plastic detectors and 
etching velocities (vt 
cones. In contrast to 
mica snows an extreme1 
track (Vt = 0.3 ,,m/sec 
velocity VN = 10-5 ,,m 
particle tracks that 
(Sophr, 1980). The r 
the particle track in 
crystal 1 ine structure 
et al., 1975).  The s 

One dissolving velocity, VN, 

rocedure is also visible in Figure 3, where a 
art of unirradiated mica is visible in the upper 
eft of the picture. Besides the favored track 

geometry, mica also has a high heat resistivity 
and qood vacuum properties. Replicas made of 

A 

Figure 5. 
to the resolution of heavy-ion microscopy. 
( A )  Replicas of V79 cells taken with 14 MeV argon 
ions, SEM magnification 700X. (E) Replicas o f  
V79 cells taken with 2 MeV argon ions, SEM 

Influence of the primary beam energy 

affected by the intense electron 
SEM. Therefore, the heat damage and 

' TOTAL RESOL'U 

imal absolute 

oped and the straggling o f  individual particles 
in both directions (longitudinal and lateral) may 
be averaged. The experimental resolution o f  a 
2.4 MeV argon replica is demonstrated by the 
image o f  a small fiber of cell (Fii. 7).  This 
fiber has a diameter of about 900 and is shown 
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I in different magn 
I > to bacKuround ripple 

F i  ure 6 Track geometry for different etching 

stant etching velocities VN and vt. Structures 
having steeper walls than the etch cones cannot 
be rep1 icated. (XBL 808-3606) 

= 0 < ti < t2) assuming two con- 

fications of the SEM. The 
caused by tne straggling is 

srnalier than the fiber and the grain size of the 
background is about 500 8 .  These values may be 
compared with the calculated values of longitu- 
dinal and lateral straggling of 14 and 23 ug/cm2, 
respectively, of Table 2 wnich are the same 
magnitudes. Higher resolutions are only possible 
for tninner targets. 

COMPARISON WITH SOFT X-RAY MICROSCOPY 

The structure obtained with the heavy-ion 
microscopy technique in Figure 3 is similar to 
the image that has been obtained with the soft 
X-ray replication technique (McGowan et al., 
1979). 
of whole cells is about the same magnitude (about 
500 A ) .  Higher resolution (about 100 A )  was 
reported from soft X-ray pictures of retina cells 
(Feder et al., 1977) that were stained and cut 
in 700 A thick slices. A further increase of the 
resolution of heavy-ion microscopy is expected 
using samples of the same thickness. 

The resolution of the soft X-ray images 

Figure 7. m) 1,OOOX; (B) 5,000; (C) 10,OOOX; (0) 25,OOOX. 
Replicas of a small fiber of V79 cell with different magnification at the 

(XBB 808-9826) 

- . . .. . .. . .I. .. __ _. .. .~.. . . . . . . .. . . . . . -  
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The information obtained with soft X-ray 
microscopy is different from heavy-ion micros- 
copy: X-ray absorption is based on the differ- 
ent absorption coefficient of the different 
atomic numbers; heavy-ion microscopy is sensitive 
to both chemical composition and density varia- 
tion. Therefore, internal structures of 'similar 
chemical composition but having different 
densities as, for example, spindle fibers or 
condensed chromosomes, are easier to detect with 
heavy-ion microscopy. 

Figure 8 is a replica of a dense cell layer 
taken by an optical microscope with all cells 
arrested in metaphase. The cells have a close 
contact to each other; the outline of the 
individual cells is not visible but the cell 
nuclei and the chromosomes in some nuclei are 
visible. With more careful preparation tech- 
nique such as critical point drying and the 
incorporation o f  contrast material, like IudR 
which is only bound to the DNA, it should be 
possible to obtain information of the composition 
of the chromosomes that are not in a condensed 
phase. 
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HIGH ENERGY BEAMS OF RADIOACTIVE NUCLEI AND 
THE1 R BIOMEDICAL APPLl CAT1 ONS 

A. Chatterjee, E. L. Alpen, J. Llacer, J. R. Alonso, and C. A. Tobias 

E n e r g e t i c  charged p a r t i c l e s  h e a v i e r  t han  
e l e c t r o n s  a r e  now be ing  used i n  r a d i a t i o n  therapy.  
The v a r i o u s  c h a r g e d - p a r t i c l e  r a d i a t i o n  moda l i -  
t i e s  i nc lude :  p i o n s  a t  Los Alamos, he l i um through 
argon a t  LBL, and p r o t o n s  a t  Harvard. A l l  of 
these m o d a l i t i e s  have one t h i n g  i n  common: t h e y  
e x h i b i t  a f a v o r a b l e  depth-dose c h a r a c t e r i s t i c  
when l o c a l i z e d  tumor volume i s  concerned. They 
can d e l i v e r  a h i g h  dose t o  t h e  t rea tmen t  volume 
w h i l e  m i n i m i z i n g  t h e  dose t o  normal t i s s u e s  ou t -  
s i d e  t h e  t rea tmen t  volume (Tobias e t  a l . ,  1952). 
Th i s  p r e f e r e n t i a l  d e p o s i t i o n  o f  dose i n  t h e  tumor 
r e g i o n  i s  a t t r i b u t a b l e  t o  t h e  Bragg i o n i z a t i o n  
phenomenon of heavy charged p a r t i c l e s .  
r e g i o n  of maximum i o n i z a t i o n  i n t e n s i t y  i s  c a l l e d  
t h e  Bragg peak. 

The 

F i g u r e  1 shows a t y p i c a l  Bragg 

Penetration distance (cm of water) 

F i g u r e  1. 
t i o n  curves f o r  high-energy, heavy p a r t i c l e  beams - 
( L l a c e r  e t  a l . ,  1979). ( A )  425 MeV/n 20Ne beam, ', 
t h e  range i n  wa te r  i s  15.8 cm, and the-peak i n  
i o n i z a t i o n  occurs a t  15.6 cm; t h e s e ' a r e  p r i m a r y  , 
beam p a r t i c l e s  acce le ra ted  i n  t h e  Bevalac 
(Ghiorso e t  a l . ,  1973). (B) Measurements , 

made w i t h  a secondary beam of 1 1 C  n u c l e i  pro-  
duced f rom a p r i m a r y  beam of 12C p a r t i c l e s ;  t h e  
Bragg peak occurs a t  9.7 cm. ( C )  Data f o r  a 

"secondary beam o f  19Ne p a r t i c l e s ;  t h e  Bragg 
6&eak occurs a t  10.25 cm. There i s  a smal l  amount 

of con tamina t ion  p r e s e n t  as i n d i c a t e d  by two 
sma l l  peaks o f  17F and 150, (XBL 798-3750A) 

E x p e r i m e n t a l l y  measured Bragg i o n i z a -  

i o n i z a t i o n  cu rve  f o r  425 MeV/n neon beam ( i . e . ,  
8.5 GeV) as measured w i th  a v a r i a b l e  t h i c k n e s s  
water  phantom and i o n i z a t i o n  chamber (Lyman and 
Howard, 1977). 

S ince t h e  Bragg peak o f  monoenergetic heavy 
p a r t i c l e s  i s  q u i t e  sharp, and s i n c e  tne  degree 
o f  i o n i z a t i o n  i n  t h e  peaK r e g i o n  i s  severa l  t imes  
h i g h e r  than  t h e  p l a t e a u  reg ion ,  c a u t i o n  must be 
exe rc i sed  i n  l o c a t i n g  t h e  Bragg peak w i t h i n  t h e  
tumor volume. 
t o  s i g n i f i c a n t l y  i nc reased  dose o u t s i d e  t h e  
t a r g e t  volume, b u t  more i m p o r t a n t l y ,  i t  may r e s u l t  
i n  s e r i o u s l y  underdosiny t h e  tumor volume. 
t h e  past ,  n o t  b e i n g  a b l e  t o  t r e a t  w i t h  t h e  Bragg 
peaK nas been a severe l i m i t a t i o n  i n  t h e  heavy- 
p a r t i c l e  the rapy  program (Lawrence e t  a l . ,  1971).  
A l though t h e  l o c a t i o n  o f  a tumor can be w e l l  
d e f i n e d  through conven t iona l  d i a g n o s t i c  tech-  
niques, t h e  placement o f  t h e  Bragg peak on t h e  
tumor depends on knowing t h e  d e n s i t y  and composi- 
t i o n  of i n t e r v e n i n g  substance, bone, t i s s u e ,  
Sinus, a i r ,  b lood,  e tc . ,  through which t h e  beam 
must pass. We know f rom exper ience w i t n  neavy 
p a r t i c l e  the rapy  t h a t  t he  p r e c i s e  l o c a l i z a t i o n  
of t n e  Bragg peaK i s  an impor tan t  component o f  
t h e  e v a l u a t i o n  o f  t h i s  t rea tmen t  m o d a l i t y .  
are many examples where Br3gg peak t rea tmen t  i s  
r iot o n l y  d e s i r a b l e  b u t  e s s e n t i a l  i n  o rde r  t o  
d e r i v e  maximum b e n e f i t  f r om e n e r g e t i c  charged 
p a r t i c l e s .  Exact  c a l c u l a t i o n  o f  beam s t o p p i n g  
p o i n t  i s  imposs ib le  because o f  unknown amounts 
o f  i n t e r v e n i n g  bone, t i s s u e ,  b lood,  f a t ,  a i r ,  
e tc . ,  i n  p a t i e n t s .  

Very smal l  e r r o r s  may g i v e  r i s e  

I n  

There 

A program f o r  t h e  r a d i o t h e r a p e u t i c  management 
o f  p i t u i t a r y  tumors exists a t  LBL. 
o f  tumors have been t r e a t e d  w i t h  t h e  p l a t e a u  
r e g i o n  of e n e r g e t i c  he l i um beams w i t h  encouraging 
r e s u l t s .  
i r r a d i a t i o n  f o r  t h e  a b l a t i o n  o f  endocr ine d i sease  
( L i n f o o t  e t  a l . ,  1971) r e s u l t s  i n  t h e  d e l i v e r y  
o f  a p r e c i s e  h e l i u m  beam t o  t h e  r e g i o n  o f  s e l l a  
t u r c i c a  and t h e  e n t i r e  p i t u i t a r y  fossa. 
t aken  t o  spare t h e  c r i t i c a l  su r round ing  nervous 
t i s s u e - - p a r t i c u l a r l y  t h e  o p t i c  chiasm--the 
c r a n i a l  nerves, and t h e  temporal lobes. Success- 
f u l  c o n t r o l  o f  t h e  d isease occurs i n  g r e a t e r  t han  
70 t o  80 of t h e  cases. F a i l u r e s ,  when t h e y  
occur, a re  p r i m a r i l y  i n  p a t i e n t s  w i t h  Cushing's 
d isease and Nelson syndrome. These p a t i e n t s  
f r e q u e n t l y  have normal t o  smal l  s e l l a e ,  and con- 
s i d e r a b l e  re f inement  i n  c o n t r o l  o f  dose and dose 
d i s t r i b u t i o n  i s  needed f o r  improved c o n t r o l  
r a t e s .  T h i s  can be accomplished w i t h  Bragg peak 
r a t h e r  than  p l a t e a u  i o n  rad io the rapy .  There a r e  
many examples where Bragg peak t rea tmen t  i s  n o t  
o n l y  d e s i r a b l e  b u t  e s s e n t i a l  i n  o r d e r  t o  d e r i v e  
maximum b e n e f i t  f r o m  e n e r g e t i c  charged p a r t i c l e s .  
But so f a r ,  such accu ra te  procedures have n o t  
been accomplished f o r  l a c k  o f  p r e c i s e  i n f o r m a t i o n  

These types 

The success of h e l i u m - p a r t i c l e  p i t u i t a r y  

Care i s  



on effective stopping power of normal tissue 
between entry port and tumor target. 
calculation of beam stopping point is impossible 
because of the unknown amounts of intervening 
tissue in patients. 

i s  given by the Bethe stopping power formula 
(Bethe, 1930): 

Exact 

The average LET of a heavy charged particle 

6' + 

correction terms (1) 1 
where z is the charge on the incident particle, 

NZ is the number of electrons/volume in 
the medium, 
6 is the velocity of the incident particle 
in units of the velocity of light, c, 
I is the mean excitation potential o f  the 
med i um, 
e is the electronic Charge, 
mc2 is the rest energy of an electron. 

Correspondingly, the range R can be calculated 
as : 

E 

R = A  

where E is the energy per nucleon of the incident 
heavy particle, and A is its mass number. 
homogeneous medium, applications of equations 1 
and 2 are straightforward, and positioning the 
Bragg peak at a specified depth is simple. But 
if the medium i s  nonhomogeneous (as in a patient), 
and if we do not know the explicit path length 
for specific tissues, then equations 1 and 2 are 
not useful. The electron density and composition 
of each volume element that a beam penetrates are 
essential for calculating the depth of penetra- 
tion of a charged particle for a given energy. 
An approach to solving this problem is by esti- 
mating electron density from X-ray computerized 
tomography information (Chen, 1979). Error in 
this procedure can be as high as 8 mm over a 
pathlength of 20 cm due to several effects: X-ray 
beam hardening, reconstruction artifacts, cali- 
bration errors and possible inaccuracies in 
separating Compton from photoelectric effects 
(G. T. Y. Chen, private communication). Of 
course, for smaller pathlengths, the error will 
be smaller. 

For a 

Another technique based on tissue activation 
has been developed by Bennett et al. (1978). 
Most of their measurements have been restricted 
to therapeutic proton beams (200 MeV). They 
detect the decay of 150 (positron emitter with 
half life of 2 min) produced from proton nuclear 
interactions in vivo. In their technique, one 
has to deal with higher diagnostic dose (about 
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20 rad); and, in rotational therapy, such high 
dose per rotation may not be desirable. Also, 
in the last 5 mm of the proton pathlength, no 
activation is produced because of the energy- 
threshold requirement. A possible alternative 
approach to this problem is to make direct 
measurements of the beam-stopping region. 
can be done with high-energy radioactive beams 
from the Bevalac (Ghiorso et al., 1973). 

This 

RADIOACTIVE BEAMS 

The availability of high-energy beams of 
radioactive species is the most recent advance- 
ment in the field of accelerator physics. 
Besides the interest in such beams for nuclear 
physics, there will also be important applica- 
tions in therapeutic and diagnostic radiology and 
in nuclear medicine. 

One of the primary interactions experienced 
by relativistic heavy ions is the peripheral 
nuclear collision (Greiner et al., 1978; Heckman 
et al., 1971). The main characteristic of this 
type of reaction is that only a small amount of 
excitation energy is imparted to the projectile-- 
enough to cause a break up of the nucleus, but 
insufficient to produce significant changes in 
the projectile's velocity or trajectory 
(Chatterjee et al., 1976). 
nuclei are produced as secondary particles from 
peripheral nuclear fragmentation reactions. 
These nuclei have trajectories and energies 
differing little from that of the parent 
particle. 
a result of these reactions, now available on a 
regular basis from the Bevalac, are: llC, 13N, 
150, and 19Ne with sufficient intensity (about 
107 particles /pu 1se 1. 

Thus, radioactive 

Various radioactive beams produced as 

The secondary beam intensity and quality are 
dependent in large measure on the choice of 
target material and thickness as well as on the 
specific properties of the production reaction. 
For production of radioactive beams, beryllium 
is the most efficient target. 

Since the charge-tomass ratio of the desired 
radioactive product nuclei is quite different 
from most of the other fragments (which are also 
produced i n  peripheral nuclear collisions) and 
from the parent nucleus, isolation of a given 
radioactive Deam nas been achieved quite effec- 
tively by magnetic deflection (Alonso et al., 
1979). Figure 1 shows a Bragg ionization curve 
measured for the 11C beam, a positron emitter, 
with a half life of 20 min. In this type of 
measurement, made witn a variable thicKness water 
absorber (Tobias et al., 1971), each ion species 
present in the beam exnibits an identifiable 
signature: a sharp peak at the end of its range. 
All the fragments that are produced in a pe- 
ripheral nuclear collision have the same energy 
per nucleon, but because of their different 
cnarge and/or mass, they exhibit different depths 
of penetration, as can be deduced from equations 
1 and 2. 

The measured Bragg peak of the 11C beam 
produced from 240 MeV/n 12C occurred at a depth 
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o f  9.7 cm o f  water; t h e  unreacted 12C beam 
emerging f rom t h e  t a r g e t  had been measured 
e a r l i e r  t o  have t h e  Bragg peak a t  a dep th  o f  
10.6 cm. The absence o f  any peak a t  10.6.cm 
depth conf i rmed t h e  near  100% p u r i t y  o f  ' t t ie  
separated 11C beam, and decay measurements 
con f i rmed  t h e  1 1 C  h a l f  l i f e  o f  20 min. The 
beam f l u x  mon i to red  a t  t h e  exper imenta l  area was 
t y p i c a l l y  2 x 107 o f  1 1 ~  p a r t i c l e s / p u l s e  
corn ared t o  t h e  f l u x  o f  1.5 x 1010 p a r t i c l e s  
o f  f2C beam--a y i e l d  o f  about  one p a r t  i n  750. 

t i c s  o f  20Ne ( t h e  p a r e n t  beam) and 19Ne ( t h e  
r a d i o a c t i v e  beam) a r e  b o t h  shown i n  F i g u r e  1. 
Data have been p l o t t e d  i n  F i g u r e  1 t o  show t h e  
Bragg i o n i z a t i o n  phenomenon f o r  a pure 20Ne 
beam f rom t h e  Bevalac. The peak o f  i o n i z a t i o n  
occurs a t  15.6 cm o f  water, which corresponds t o  
about 425 MeV/n. The Bragg peak i s  q u i t e  sharp, 
and t h e  s e p a r a t i o n  between t h e  maximum range o f  
t h e  p a r t i c l e s  and t h a t  o f  t h e  Bragg peak i s  o n l y  
about 2 mm. 

I n  o rde r  t o  produce 19Ne, we p u t  3 cm o f  
b e r y l l i u m  i n  t h e  p a r e n t  beam p a t h  so t h a t  20Ne 
can undergo n u c l e a r  f ragmen ta t i on .  A f r a c t i o n  
of t h e  pa ren t  beam loses  one neu t ron  and i s  con- 
v e r t e d  i n t o  19Ne n u c l e i .  
d a t a  f o r  19Ne when t h i s  p a r t i c u l a r  beam was 
tuned i n t o  t h e  exper imen ta l  area i n s t e a d  o f  20Ne. 
The Bragg peak o f  19Ne occurs a t  10.25 cm, about 
0.95 (= 19 /20 )  t imes  t h e  r e s i d u a l  range o f  20Ne 
beam. The r e s i d u a l  range o f  20Ne a f t e r  i t  went 
through 3 cm o f  b e r y l l i u m  was 10.8 cm. Beyond 
t h e  range o f  19Ne, t h e r e  a re  a few more sma l l  
peaks, i n d i c a t i n g  a smal l  con tamina t ion  w i t h  such 
p roduc ts  as 17F ( h a l f  l i f e  -60 sec)  and 150 
( h a l f  l i f e  -2 m in ) .  A l l  these species have 
approx ima te l y  t h e  same charge- tomass r a t i o ,  and 
hence c o u l d  n o t  be separated.  Never the less,  t h e  
amount o f  con tamina t ion  i s  v e r y  smal l ,  and t h e i r  
h a l f  l i v e s  and ranges a r e  so d i f f e r e n t  t h a t  t h e  
e l e c t r o n  d e n s i t y  measurements done w i tn  19Ne 
beam a re  n o t  a f f e c t e d .  

Resu l t s  comparing t h e  p h y s i c a l  c h a r a c t e r i s -  

F i g u r e  1 shows t h e  

SUITABLE RADIOACTIVE BEAMS 
AND A DETECTOR D E V I C E  (PEBA) 

P o s i t r o n  emiss ion  ( t h e  decay mode o f  1 1 C  
and 19Ne) a l l o w s  one t o  e a s i l y  p i n p o i n t  t h e  
l o c a t i o n  o f  t h e  n u c l e a r  d i s i n t e g r a t i o n ,  i.e., t h e  
p o i n t  where t h e  beam p a r t i c l e  stopped. The 
p o s i t r o n  s tops w i t h i n  a s h o r t  d i s t a n c e  ( t y p i c a l l y  
l e s s  than  2 mm) and a n n i h i l a t e s ,  p roduc ing  two 
511-keV photons g i v e n  o f f  i n  oppos i te  d i r e c t i o n .  
Rad ioac t i ve  beams t h a t  decay by p o s i t r o n  emiss ion  
have s p e c i a l  advantages over  o t h e r  r a d i o a c t i v e  
beams f o r  i nc reased  e f f i c i e n c y  i n  d e t e c t i o n .  The 
two d e t e c t a b l e  gamma-rays (511  keV) a r e  generated 
w i t h  an ang le  o f  180O between them, and a l s o  i n  
t i m e  co inc idence.  In such a s i t u a t i o n  a c o l l i -  
mator i s  n o t  necessary, and t h e  e f f e c t i v e  s o l i d  
ang le  i s  increased enormously. 

In s p i t e  o f  t hese  f i n e  advantages o f  r a d i o -  

4sl i que  depends upon t h e  a v a i l a b i l i t y  o f  a p roper  
' i c t i v e  beams, much o f  t h e  success o f  t h e  tech -  

d e t e c t i o n  dev ice.  Such a dev i ce  has been con- 
s t r u c t e d  i n  o u r  l a b o r a t o r y  ( L l a c e r  e t  a l . ,  1979). 

We c a l l  i t  a " p o s i t r o n  e m i t t e r  beam ana lyze r "  
(PEBA). B r i e f l y ,  t h e r e  a re  two banks o f  
de tec to rs ,  and each d e t e c t o r  i s  made up o f  l a r g e  
c r y s t a l s  o f  Na4 ( T i ) .  In o r d e r  t o  b r i n g  t h e  
d e t e c t o r s  as c l o s e  as p o s s i b l e  t o  t h e  t a r g e t s  
(which can range i n  d iameter  f r o m  approx ima te l y  
20 t o  50 cm), t h e  two banks can be separated by 
a v a r i a b l e  d i s tance .  Economics have d i c t a t e d  t h e  
use o f  s tandard d e t e c t o r  s i z e s  and a l i m i t a t i o n  
t o  48 NaI ( T i ) - p h o t o m u l t i p l i e r  d e t e c t o r s  a t  t h i s  
t ime. 
arrangements o f  t h e  d e t e c t o r s  which a re  1.9 cm 
i n  d iameter  and 7.62 cm i n  l eng th .  

F i g u r e  2 i s  a schematic drawing o f  t h e  

E f f i c i e n c y  measurements demonstrate t h a t  t h e  
system can d e t e c t  app rox ima te l y  0.34% o f  gamma 
r a y  p a i r s  i n  co inc idence  f o r  a d i s t a n c e  o f  37 cm 
between planes, o r  7,752 c t s / m i n / p C i  w i t h o u t  
absorber and 100 keV energy t h r e s h o l d .  E f f i c i e n c y  
depends approx ima te l y  on t h e  r e c i p r o c a l  o f  
d i s t a n c e  between d e t e c t o r  planes. A l though PEBA 
i n  i t s  f i r s t  c o n f i g u r a t i o n  has a low e f f i c i e n c y  
of de tec t i on ,  i t  can p r o v i d e  enough accuracy f o r  
i n i t i a l  development procedures. A r a d i a t i o n  dose 
o f  app rox ima te l y  8 r a d  a t  t h e  Bragg peak reg ion ,  
u s i n g  19Ne, corresponds t o  about 66,000 gamma- 
r a y  p a i r s  e m i t t e d  i n  a measurement t i m e  o f  5 sec. 
T h i s  r e s u l t s  i n  80 co inc idence  counts u s i n g  a 
phantom s i m i l a r  t o  a human head. The expected 
s tandard d e v i a t i o n  f o r  f i n d i n g  t h e  c e n t r o i d  o f  
t h e  end-of-range peak i s  0.7 mm under t h e  above 
cond i t i ons .  Doubl ing t h e  number o f  d e t e c t o r s ,  
which i s  f e a s i b l e ,  would decrease t h e  dose by  a 
f a c t o r  o f  4 f o r  t h e  same accuracy, o r  would a l l o w  
a d e v i a t i o n  o f  0.5 mm w i th  4 r a d  o n l y  a t  t h e  
s topp ing  r e g i o n .  

BRAGG PEAK LOCALIZATION 

Several e x p l o r a t o r y  measurements have been 
conducted w i t h  r a d i o a c t i v e  beams t o  t e s t  t h e  
f e a s i b i l i t y  o f  u s i n g  these beams t o  measure 
e f f e c t i v e  s t o p p i n g  power o f  heterogeneous media 
f o r  heavy charged p a r t i c l e s .  Such measurements 
w i l l  p r o v i d e  d i r e c t  i n f o r m a t i o n  on t h e  average 
e l e c t r o n  d e n s i t y  and average s t o p p i n g  number 

F i g u r e  2. Conceptual des ign  o f  t h e  d e t e c t o r  
m P E B A )  showing two banks o f  24 d e t e c t o r s ,  
d e f i n i n g  a volume a long  t h e  p a t h  o f  a heavy-ion 
beam. (XBL 772-7742) 
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(see equation 1) o f  a target with an unknown 
heterogeneous beam path. 
is obtained with a suitable radioactive beam, it 
can be used in equations 1 and 2 to calculate the 
energy of any heavy particle of therapeutic 
choice so that the Bragg peak of the therapeutic 
beam can be placed oncthe tumor volume. Figure 3 
is a representation of the general geometry used 
in experiments. A beam of high-energy heavy ions 
was collimated,to a diameter of 1.58 cm (PEBA has 
a good positiocal accuracy as long as the beam 
diameter is less than 2 cm), and made to enter 
target materials (mixed or homogeneous) posi- 
tioned between the detector banks and centered 
along the beam axis. 

beams, but the short half life of 19Ne (-19 sec) 
allows prompt repeated measurements, making that 
nucleus very interesting for our%purposes. .We 
will report only the results obtained with it. 

Prior to the data collection with the 19Ne 
beam, a 22Na point source embedded in plastic 
was used to establish the x = zero reference 
point on the detector. 
source was seen by PEBA as a nearly Gaussian 
distribution with a full width at half maximum 
of about 1 cm. 
was established as x = zero. Centroid position 
was found to be reproducible with i0.5 mm 
accuracy, or better if at least 150 counts were 
accepted to form an image. 

was 425 MeV/n, and that of the product 19Ne 
beam was 302 MeV/n. In the experiment reported 
here, ten pulses from the Bevalac (with a period 
of approximately 4 sec) were injected into a 
solid lucite cylinder 25 cm long and 7.62 cm in 

Once this information 

We have made measurements with 11C and 19Ne 

The activity of the point 

The centroid of the distribution 

The initial energy of the 20Ne parent beam 

DETECTOR COLLIMATOR 

B 
2 

I 
I 
I 

DETECTOR 
BANK B 

Figure 3. General geometrical setup for experi- 
ments with PEBA in the irradiation chamber. The 
x = zero line is placed in the center o f  the 
detector banks. 
(shown in the diagram as 15 cm) can be varied so 
that maximum efficiency can be obtained with 
irradiation subjects of various dimensions. 
(XBL 788-9963) 

The distance between the banks 

diameter. The purpose was to compare the 
measured beam-path length with the calculated 
value for a material of well-known composition. 
The total number of particles injected was 
5.94 x 105, yielding a#proximately 8.95 x lo4 
disintegrations in the first 10 sec measurement 
interval starting 4 sec after the end of the 
irradiation. The lucite cylinder was placed 
axially in the beam path, as in Figure 3. The 
separation between the two banks of crystals was 
20 cm, and all the crystals were focused on the 
beam axis. The zero of the PEBA device was at 
10.1 cm from the (direction of the beam) leading 
end of the lucite bar. 

Figure 4 shows the video output of the PEBA 
data analysis program. 
x = 1.57 cm (PEBA coordinates) i s  shown. The 
average activity detected uncorrected for absorp- 
tion was 59 nCi, with a total of 173 counts 
collected. The efficiency was found to be 0.26% 
for the configuration used, consistent with data 
obtained with fixed radiation sources. Expected 
error in the measurement was u = 0.05 cm. The 
fluctuation depth of the 19Ne beam in repeated 
measurements was (10.1 - 1.57) = 8.53 cm 
0.05 cm. 

A peak centroid at 

Since the theoretical mass penetration depth 
of 19Ne in lucite is within 1% that of water, 
and the density o f  the plastic has been measured 
to be 1.186, the theoretical penetration can be 
calculated as (penetration in waterll.186). Froin 
the original data of Figure 1, we estimate the 
maximum penetration in water to be 10.3 0.1 cm; 
the corresponding penetration in lucite would 
then be 8.68 * 0.1 cm. 
with the PEBA measurements within the expected 
errors. 

This result agrees well 
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Figure 4. One-dimensional image of the end-of- 
range peak of the 19Ne beam of Figure 1 in an 
absorber of lucite. The centroid of the peak is 
measured by a convolution of the image with an 
antisymmetric function selected for insensitivity 
to statistical fluctuations. The centroid is 
obtained at the zero crossing of the results of 
the convolution, also shown in the figure 
(sinusoidal curve). 
59 nCi (uncorrected for absorption); it was the 
result of 10 sec of counting (4 sec after the end 

The activity detected was 

of a ten pulse irradiation iasting 40 sec). 
(XBL 7912-13606) 
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S i m i l a r l y ,  a c c u r a t e  r e s u l t s  were ob ta ined  
when ranges o f  19Ne were measured i n  pure 
p a r a f f i n  ( f a t - 1  i k e )  and pure Cas04 (bone-1 i k e )  
m a t e r i a l s ,  e s t a b l i s h i n g  t h e  techn ique  w i t h  
a p p r o p r i a t e  p r e c i s i o n .  I n  another  experiment, 
v a r i o u s  t h i n  s l i c e s  o f  d i f f e r e n t  m a t e r i a l s  were 
i n t e r p o s e d  between t h e  beam and s o l i d  l u c i t e  
cy1 i n d e r .  
p o r t ,  t h e  m a t e r i a l s  were a 3-mm t h i c k  Cas04 
p l a t e ,  a l - m m  l u c i t e  p l a t e ,  a 9 - m  p a r a f f i n  
p l a t e ,  and t h e  l o n g  l u c i t e  column. As i n  F i g u r e  
4, we examined t h e  v ideo  d i s p l a y  o f  t h e  beam- 
s topp ing  r e g i o n  i n  t h e  r e f e r e n c e  m a t e r i a l  l u c i t e  
rod.  The r e s i d u a l  range i n  t h e  l u c i t e  r o d  was 
7.54 cm, and t h e  a c t u a l  c a l c u l a t i o n  f r o m  t h e  
stopping-power f o r m u l a  f o r  t h e  complex he te ro -  
geneous column shows t h e  range shou ld  be 7.60 cm. 

I n  t h e  f u t u r e  these  measurements w i l l  be made 
w i t h  s u i t a b l e  phantoms, w i t h  animals, and u l t i -  
m a t e l y  w i t h  p a t i e n t s .  The goal  i s  t o  demonstrate 
t h a t  t h e  rad ioact ive-beam techn ique  and t h e  PEBA 
dev ice  can p r o v i d e  v e r y  u s e f u l  i n f o r m a t i o n  f o r  
t rea tmen t  p lann ing ,  u s i n g  heavy p a r t i c l e  beams 
i n  t h e  Bragg peak reg ion .  

P rog ress i ve l y ,  f rom t h e  beam en'try 

POTENTIAL APPLICATIONS OF RADIOACTIVE BEAMS 

The medica l  i n t e r e s t  i n  h e a v y - p a r t i c l e  
the rapy  a r i s e s  because o f  t h e  p o s s i b i l i t y  o f  
d e l i v e r i n g  a maximum dose (Bragg peak) a t  t h e  
tumor volume w h i l e  m i n i m i z i n g  t h e  dose i n  t h e  
su r round ing  normal t i s s u e  r e g i o n .  However, a 
s l i g h t  e r r o r  i n  l o c a l i z i n g  t h e  Bragg peak a t  t h e  
a p p r o p r i a t e  l o c a t i o n  may lead  t o  u n d e s i r a b l e  
e f fec ts .  A l a c k  o f  knowledge i n  t h e  t i s s u e  non- 
homogeneity i s  t h e  ma jo r  cause o f  t h i s  e r r o r .  
Unless t h i s  nonhomogeneity i s  f u l l y  compensated 
f o r ,  t h e  f u l l  p o t e n t i a l  o f  Bragg peak t h e r a p y  b y  
heavy p a r t i c l e s  w i l l  never be r e a l i z e d .  The 
rad ioact ive-beam technique,  a long w i t h  a p o s i t r o n  
imaging dev i ce  l i k e  PEBA can overcome t h i s  
p r a c t i c a l  d i f f i c u l t y ,  even i n  t h e  r e g i o n s  o f  t h e  
body such as t h e  t h o r a x  where t h e  degree o f  
v a r i a t i o n  i n  t i s s u e  homogeneity i s  l a r g e .  
p a r t i c u l a r  t echn ique  may p rove  t o  be t h e  most 
power fu l  t o o l  a v a i l a b l e  f o r  mapping t h e  beam- 
s t o p p i n g  r e g i o n  w i th  g r e a t  accuracy. 

Th is  

The dose r e q u i r e d  f o r  t h e  l o c a l i z a t i o n  o f  
Bragg peak shou ld  e v e n t u a l l y  be as sma l l  as 
2 rad.  The accuracy can be as good as 1 mm i n  a 
measurement t i m e  s h o r t  enough t h a t  t h e  e l i m i n a -  
t i o n  o f  a c t i v i t y  t h rough  b lood  f l o w  may n o t  pose 
any problems i n  de te rm in ing  t h e  Bragg peak loca-  
t i o n .  F u r t h e r  measurements a r e  needed t o  
e v a l u a t e  those e f f e c t s ,  and such s t u d i e s  a r e  i n  
progress.  

I t  i s  h i g h l y  d e s i r a b l e ,  and i t  may even be 
necessary t o  a c q u i r e  a l l  t h e  r e q u i r e d  d i a g n o s t i c  
i n f o r m a t i o n  l e a d i n g  t o  Bragg peak l o c a l i z a t i o n  
w i t h i n  a v e r y  s h o r t  t ime.  A d a t a  c o l l e c t i o n  t i m e  
of about 10 minutes f o r  t e n  beam p o s i t i o n s  seems 
f e a s i b l e  w i t h  a 19Ne beam, a l though  a maximum 

me of 1 h would be c l i n i c a l l y  acceptable. 
n s i d e r a t i o n  i s  e s p e c i a l l y  impor tan t  when an 

i r r e g u l a r l y  shaped compensator has t o  be used 
(H. S u i t ,  p r i v a t e  communication). 

Th i s  {@ 
I n  such a 

s i t u a t i o n  t h e  r a d i o a c t i v e  beam i s  made t o  scan 
a long  t h e  compensator, and t h e  s t o p p i n g  p o i n t s  
a r e  determined a t  each beam p o s i t i o n .  
f e rence  i n  a c t i v i t y  measurements between neigh-  
b o r i n g  p o i n t s  shou ld  be k e p t  t o  a minimum. 
Rad ioac t i ve  p a r t i c l e s  w i t h  s h o r t  h a l f  l i v e s  a r e  
t h e  b e s t  candidates f o r  these d i a g n o s t i c  p ro -  
cedures. 
r a d i o a c t i v e  beams c o n s i d e r i n g  t h a t  one has t o  
Wa i t  about t h r e e  p h y s i c a l  h a l f  l i v e s  between each 
measurement. Other  r a d i o a c t i v e  p a r t i c l e s  o f  
l onger  h a l f  l i v e s  may a l s o  be s u i t a b l e  i f  one 
takes i n t o  account t h e  e l i m i n a t i o n  o f  a c t i v i t y  
due t o  t i s s u e  p e r f u s i o n  by b lood  f l o w .  

I n t e r -  

19Ne and 150 a r e  i d e a l l y  s u i t e d  

I r r e s p e c t i v e  o f  t h e  cho ice  o f  t h e  t h e r a p e u t i c  
beam, 19Ne o r  150 can always be used t o  o b t a i n  
i n f o r m a t i o n  which w i l l  ensure t h e  placement o f  
the Bragg peak o f  t h e  the reapy  beam a t  t h e  
d e s i r e d  l o c a t i o n  i n  a s h o r t  t ime.  For example, 
i f  1% p a r t i c l e s  have been s e l e c t e d  t o  t r e a t  a 
tumor volume, 19Ne then  can be used t o  
determine t h e  average e l e c t r o n  d e n s i t y  a long  t h e  
beam path. T h i s  i n f o r m a t i o n  w i l l  h e l p  determine 
t h e  r e q u i r e d  energy f o r  12C p a r t i c l e s  t o  s t o p  
a t  t h e  same p l a c e  where 19Ne stopped. 
t o  v e r i f y  t h e  c o r r e c t n e s s  o f  t h i s  procedure 
e x p e r i m e n t a l l y  by  u s i n g  phantoms and animals. 
J u s t  f o r  t h e  p u r  ose of demonstrat ion,  we may 
choose 19Ne and P I C  i n s t e a d  o f  19Ne and 12C (as 
mentioned i n  t h e  above example), because 1 1 C  i s  
a l s o  a p o s i t r o n  e m i t t e r ,  and thus a l l o w s  us a 
d i r e c t  v e r i f i c a t i o n  o f  ou r  procedure. 
active-beam techn ique  has t h e  p o t e n t i a l  o f  b e i n g  
h i g h l y  usefu l ,  and w i l l  n o t  be l i m i t e d  by t h e  
c h o i c e  o f  a p a r t i c u l a r  t he rapy  beam. 
Bevalac w i l l  have t h e  c a p a b i l i t y  o f  s w i t c h i n g  
f rom one beam 50 another  w i t h i n  a v e r y  s h o r t  
t ime.  

We want 

The r a d i o -  

Also, t h e  

Bragg peak l o c a l i z a t i o n  w i l l  n o t  be t h e  o n l y  
use o f  r a d i o a c t i v e  beams. I t s  a p p l i c a t i o n  i n  
n u c l e a r  med ic ine  may g i v e  r i s e  t o  new d i a g n o s t i c  
techniques t h a t  a r e  n o t  p o s s i b l e  a t  p resen t .  
Because t h e y  a re  i n s t a n t  t r a c e r s ,  r a d i o a c t i v e  
beams can be imp lan ted  Q u i c k l y  i n t o  t h e  body 
w i t h o u t  i n v a s i v e  methods--even i n  a s i n g l e  beam 
pu lse  o f  1 msec d u r a t i o n ;  i n  the  n e x t  i n s t a n t ,  
i t  becomes p o s s i b l e  t o  t r a c e  t h e i r  t r a n s p o r t  by 
t h e  h e l p  of a s u i t a b l e  d e t e c t i o n  dev ice.  19Ne 
appears t o  be a good cand ida te  f o r  these a p p l i c a -  
t i o n s .  Radioactive-beam techniques may p rove  t o  
have s p e c i a l  advantages over  t h e  techniques used 
i n  conven t iona l  n u c l e a r  medicine, s i n c e  these  
beam p a r t i c l e s  can be depos i ted  i n  p r e c i s e  l oca -  
t i o n s  w i t n o u t  t h e  need f o r  i n j e c t i o n  o r  s u r g i c a l  
approach. P o s s i b l e  a p p l i c a t i o n s  i n  d e t e c t i n g  
m i c r o c i r c u l a t i o n  r a t e s  i n  v a r i o u s  p a r t s  o f  t h e  
b r a i n  w i l l  be another  m i l e s t o n e  i n  n u c l e a r  
med ic ine  techniques.  
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RECENT ADVANCES IN PITUITARY RESEARCH 
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The investigational program on human pituitary 
therapy carried on at LBL has relied on passing 
plateau phase ions through the pituitary gland 
ratner than using the Bragg ionization peak. 
There are two general reasons for this (Tobias, 
1979). 
the Bragg peak in the center of the pituitary 
since the exact stopping power of the tissues 
along the beam pathway is not known. 
placement of the Bragg peak could result in high 
doses to the cranial nerves or temporal lobe. 
Second, the Bragg ionization curve of the 900 MeV 
helium ions from the 184-inch Synchrocyclotron 
is unnecessarily broad due to straggling and 
multiple scattering. Ce ain he$v ions available 
at the Bevalac, such as ‘!C and 10Ne, promise 
great improvements in pituitary radiation tech- 
niques. The exact localization of the Bragg peak 
is possible with the aid of the radioactive beams 
11C and I9Ne particles (see Tobias, 1973 and 
the chapter by Chatterjee et al. in Part VIB). 
In addition, the multiple scattering and strag- 
gling are significantly smaller, so that the dose 
can be better localized with the heavier particle 
beams than with helium ions. Finally, the high 
biological effectiveness of stopping carbon and 
neon ions would enhance the effects of these 
particles on the pituitary gland. 

multiple laminar lesions or larger lesions using 
the spread peak should produce focal or total 
destruction of normal or abnormal pituitary 
tissue because of the high RBE. The spatial 
localization of hormone secreting Cells within 
the pituitary of primates (Herbert and Hayashida, 
1974) and man (Hardy, 1979) offers a physiolog- 
ical parameter to determine the effects of 
localized radiation on the pituitary in vivo. 

While 910 MeV helium ions have been highly 
successful in the treatment of hormone secreting 
pituitary tumors; e.g., those associated with 
acromegaly, Cushing’s disease, and amenorrhea- 
galactorrhea syndromes (Linfoot, 1980), there 
are a number of patients who would benefit from 
the hormonal effects of rapid ablation of either 
a small selected portion or total destruction of 
the pituitary gland by a nonsurgical technique, 
performed on an ambulatory basis. 

The aims of the present study are to 
investigate the neuroendocrine, neuroanatomica 
and other effects of irradiation on defined. 
regions of the pituitary with 12C from. tne 
Bevalac and to correlate the onset of specific 
hormonal changes to anatomical localization of : 
the focal lesions as well as dose and mode of 
heavy ion delivery. It is further planned to 

First, there are uncertainties in placing 

Erroneous 

Using heavy ions and the Bragg peak, sinqle or 

1 
’ 

--rlevelop methodology for total pituitary destruc- 
ion without producing localized or widespread 

‘*adionecrosis of surrounding neural and neuro- 
endocrine structures such as the cranial nerves, 
temporal lobes, and hypothalamus. 

ME THO DS 

hree experiments using 250 MeV/amu 12C 
have been initiated on Cynomolgus monkeys. 
the nitial experiment (LBP) a tightly collimated 
6 mm circulator beam from two opposing ports was 
used to produce bilateral Bragg peak lesions 
estimated to measure 2 mm. High LET laminar 
lesions with a plateau dose of 2,000 rad (skin 
dose) with an estimated peak-to-plateau ratio of 
-6 to 1 (range 5-7 to 1) were placed at the 
margins of the pituitary. Plateau portions of 
the beam overlapped within the central portion 
of the gland. The composite peak dose, deter- 
mined by addition of the entry dose (-2,000 rad) 
and the estimated peak dose (12,000 rad), was 
-14,000 rad, while the central pituitary dose 
composed of trailing Bragg peaks plus the overlap 
was estimated to be 10,000 rad. An isodose curve 
for this experiment is presented in Figure 1. 

Bragg peaks (CBP) were superimposed in the 

In 

In,the second experiment, bilateral central 
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Figure 1. Xoro‘nal view of isodose curve employed 
in experiment ‘I. 
were localized to the lateral margin of the 
pituitary opposite the site o f  entry. 
dose of 2,000 rad, 6 mm circular aperture and 
bilateral oppositional ports were used. Tne 
composite dose was calculated using peak-to- 
plateau ratio of -6 t o  1 and the addition of the 
superimposed peak and plateau doses. (XBL 806-3375) 

Brhgg peak 250 MeV/amu 12C 

An entry 



39 2 

c e n t r a l  p o r t i o n  o f  t h e  p i t u i t a r y  gland. A 
s i m i l a r  c i r c u l a r  6 mm beam and b i l a t e r a l  opposi -  
t i o n a l  p o r t s  were used. The p l a t e a u  en t r y .  dose, 
however, was reduced t o  1,500 r a d  ( s k i n  dose). 
The peak-to-plateau r a t i o  was again es t ima ted  t o  
be -6 t o  1 w i t h  an es t ima ted  Bragg peak dose o f  
9,000 rad, and, assuming b o t h  peaks were com- 
p l e t e l y  superimposed, r e s u l t e d  i n  a combined 
c e n t r a l  dose of -18,000 rad. The t h i r d  e x p e r i -  
ment employed ove r lapp ing  5 mm spread Bragg peaks 
w i t h  t h e  d i s t a l  peaks l o c a l i z e d  t o  t h e  o p p o s i t e  
l a t e r a l  marg in o f  t h e  p i t u i t a r y  and o v e r l a p  o f  
t h e  spread peaks w i t h i n  t h e  remainder o f  t h e  
gland. 12C p l a t e a u  dose o f  1,500 rad, immobil- 
i z a t i o n ,  and o t h e r  techniques were s i m i l a r  t o  
those used i n  t h e  second experiment. 

C o r r e c t i o n  f o r  v a r i a t i o n  i n  t i s s u e  d e n s i t y  
r e q u i r e d  f o r  accu ra te  l o c a l i z a t i o n  o f  t h e  Bragg 
peak was ob ta ined  by means o f  a x i a l  computer ized 
tomographic (CT) scans (Ambrose, 1973 , 910 MeV 
h e l i u m  i o n  beams scans, and 250 MeV 13, i o n  
rad iog raphy  techniques (Tobias e t  al. ,  1977). 
P i t u i t a r y  l o c a l i z a t i o n  i n  t h e  monkeys was 
achieved u s i n g  AP and l a t e r a l  s k u l l  X r a y s  and 
low energy beam spots. The monkeys were anes- 
t h e t i z e d  w i t h  ketamine d u r i n g  t h e  r a d i a t i o n  
procedure and head movement was r e s t r i c t e d  u s i n g  
a s o f t  c a s t  t echn ique  i n  experiment LBP. A 
s p e c i a l l y  designed headholder w i t h  a c a s t  b i t e  
b l o c k  i n s e r t e d  i n  t h e  o r a l  c a v i t y  was used i n  
LBP and SBP. 

P r i o r  t o  r a d i a t i o n ,  b a s e l i n e  measurements 
were ob ta ined  under ketamine, p e n t o b a r b i t a l ,  o r  
ketamine-methoxyflurane anesthes ia.  Ketamine was 
determined t o  be t h e  most s a t i s f a c t o r y  f o r  s h o r t  
t e rm s t u d i e s .  
samples, p r o v o c a t i v e  hormonal t e s t i n g  was c a r r i e d  
o u t  u s i n g  a c o c k t a i l  c o n s i s t i n g  o f  t h y r o i d  
r e 1  eas i ng hormone (TRH) , gonadotrop in r e l e a s i n g  
hormone (GnRH), r e g u l a r  U40 i n s u l i n ,  and, i n  
exper iment  I animals, a r g i n i n e  h y d r o c h l o r i d e .  
Pep t ide  hormones f o r  growth hormone (GH), pro-  
l a c t i n  (PRL), t h y r o i d  s t i m u l a t i n g  hormone (TSH), 
l u t e i n i z i n g  hormone (LH), and, i n  s e l e c t e d  cases, 
f o l l i c l e  s t i m u l a t i n g  hormone (FSH) were measured 
u s i n g  s tandard double an t i body  N I H  radioimmuno- 
assay ( R I A )  k i t s .  

The t a r g e t  hormone, thy rox ine ,  was measured 
as t o t a l  t h y r o x i n e  by  R I A  as w e l l  as f r e e  
t h y r o x i n e  by a s o l i d  phase techn ique  (Witherspoon 
e t  a l . ,  1980). 
and t h e  plasma 17-keostero id ,  dehydroepiandros- 
t e r o n e  s u l f a t e  (DHEA-S04), were measured by  R I A  
u s i n g  t r i t i a t e d  s t e r o i d s  and charcoal  Separa t i on  
( 3 .  L i n f o o t ,  H .  Hwang, T. Sa i to ,  and G. Connel l ,  
unpubl ished methods). 

Because o f  chemical s t r u c t u r a l  d i f f e r e n c e s  
o f  p i t u i t a r y  pep t ides  o f  many mammalian spec ies  
(Hummel e t  a l .  , 1974) , c r o s s r e a c t i n g  radioimmuno- 
assays a re  n o t  a v a i l a b l e  f o r  many commonly used 
animal species. F o r t u n a t e l y ,  t h e r e  i s  s u f f i c i e n t  
c r o s s r e a c t i v i t y  between most p r i m a t e  and human 
p e p t i d e  hormones so t n a t  w i t h  m o d i f i c a t i o n ,  
c u r r e n t l y  a v a i l a b l e  human assays can be used i n  
t h e  Cynomolgus monkey. 

o r  s t r e s s  v a r i a t i o n s ,  one male and one female 

A f t e r  0 and -15 m in  b a s e l i n e  

C o r t i s o l ,  t es tos te rone ,  e s t r a d i o l ,  

I n  o rde r  t o  determine n u t r i t i o n a l ,  seasonal, 

monkey were n o t  i r r a d i a t e d  and served as 
c o n t r o l s .  Endocr ine s t u d i e s  were per formed a t  
t h e  same t i m e  i n t e r v a l  and i n  the  same f a s h i o n  
as t h e  i r r a d i a t e d  animals. Monkeys i n  t h e  CBP 
and SBP exper iments were i r r a d i a t e d  r e c e n t l y ,  
and o n l y  d a t a  ob ta ined  a t  38 days a f t e r  i r r a d i a -  
t i o n  were used t o  compare t h e  r e s u l t s  i n  t h e  
t h r e e  exper iments . 

Complete autopsy examinat ions a re  p lanned 
f o r  a l l  groups and have been performed on a l l  
b u t  one monkey f r o m  t h e  LBP exper iments t h a t  i s  
be ing  ma in ta ined  f o r  long-term r a d i a t i o n  e f f e c t s .  
H i s t o l o g i c a l  samples were prepared f r o m  b r a i n ,  
p i t u i t a r y ,  t a r g e t  glands, and o t h e r  major  organ 
systems i n  o rde r  t o  determine endocr ine o r  
hormonal e f f e c t s  and t h e  presence o r  absence of 
r a d i o n e c r o s i s .  P i t u i t a r y  t i s s u e s  were d i v i d e d  
and f i x e d  i n  b u f f e r e d  f o r m a l i n  and m e r c u r i c  
c h l o r i d e  f o r  l i g h t  microscopy and immunohisto- 
chemical s t a i n i n g .  Samples f o r  u l t r a s t r u c t u r a l  
s t u d i e s  were f i x e d  i n i t i a l l y  i n  g l u t e r a l d e h y d e  
and p o s t f i x e d  i n  osmium t e t r o x i d e  f o r  b o t h  
scanning and t ransmiss ion  e l e c t r o n  microscopy.  

RESULTS 

S e r i a l  changes i n  p i t u i t a r y  p e p t i d e  hormone 
c o n c e n t r a t i o n s  i n  monkeys t r e a t e d  w i t h  LBP a r e  
i l l u s t r a t e d  i n  F i g u r e  2 and 3. Because of 
v a r i a t i o n s  i n  s t r e s s  response t o  anesthes ia,  each 
a n i m a l ' s  p o s t i r r a d i a t i o n  da ta  a re  compared t o  i t s  
own p r e i r r a d i a t i o n  va lue  as w e l l  as t o  t h e  mean 
and s tandard e r r o r  o f  s i x  t o  e i g h t  t e s t s  con- 
ducted on t h e  c o n t r o l  monkeys. The s t r e s s  
response s t u d i e s  comparing ketamine, pentobar- 
b i t a l ,  and ketamine-methoxyflurane anes thes ia  
show t h a t  ketamine alone, w h i l e  s t i m u l a t i n g  t h e  
r e l e a s e  o f  ACTH (Redgate e t  a l . ,  1972) i s  
p robab ly  t h e  l e a s t  s t r e s s f u l  on t h e  monkeys and, 
f o r  s e r i a l  p r o v o c a t i v e  s t u d i e s  such as employed 
i n  these experiments, i s  most s a t i s f a c t o r y .  

P rog ress i ve  change i n  p r o l a c t i n  and TSH was 
observed, however, complete l o s s  o f  these p e p t i d e  
hormones was n o t  achieved w i t h  t h e  f o c a l  l e s i o n s  
i n  t h e  l a t e r a l  l obes  o f  t h e  p i t u i t a r y .  Growth 
hormone ( n o t  shown) was a l s o  suppressed e a r l y  i n  
t h e  exper iment  and remained suppressed th roughou t  
t h e  s tudy.  There was no s i g n i f i c a n t  change i n  
basal  LH s e c r e t i o n  i n  any o f  t h e  male monkeys. 
P rovoca t i ve  responses o f  LH and FSH t o  GnRH were 
n o t  observed i n  e i t h e r  t h e  c o n t r o l  o r  t r e a t e d  
monkeys p r i o r  t o  o r  a f t e r  r a d i a t i o n  under k e t a -  
mine, p e n t o b a r b i t a l ,  o r  ketamine-methoxyflurane 
(Mor i  and Hafez, 1973). I n  s p i t e  o f  e f f o r t s  t o  
i nc rease  s e n s i t i v i t y  o f  t h e  human hormone assays, 
t h e  problem o f  poor c r o s s r e a c t i v i t y  w i t h  s im ian  
gonadotrop ins (Ho tchk i ss  e t  al., 1971) may n o t  
have been comp le te l y  e l i m i n a t e d  i n  our  system 
and/or  t h e  s t r e s s  r e l e a s e  o f  p r o l a c t i n  may have 
i n h i b i t e d  LH and FSH. 
( n o t  measured d i r e c t l y )  was i m p l i e d  by t h e  f a c t  
t h a t  t he  basal  l e v e l s  o f  c o r t i s o l  and DHEA-SO4 
d i d  n o t  decrease, and the  c o r t i s o l  response t o  
i n s u l i n  hypoglycemia was n o t  app rec iab l y  b l u n t e d  
i n  any o f  t h e  i r r a d i a t e d  monkeys. I n  a l l  t h r e e  
experiments, basal  s e c r e t i o n  o f  o t h e r  t a r g e t  
hormones, e.g., gonadal s t e r o i d s ,  t es tos te rone ,  
and e s t r a d i o l  showed no c o n s i s t e n t  o r  s i g n i f i c a n t  

L i t t l e  change i n  ACTH 
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F i g u r e  2 .  S e r i a l  changes i n  p i t u i t a r y  p r o l a c t i n  hormone s e c r e t i o n  
before,  2, 5, 8, and 11 months a f t e r  250 MeV/amu 12C i r r a d i a t i o n  o f  
Cynomolgus monkeys u t i l i z e d  i n  exper iment  I .  The l a t e r a l  Bragg peak 
(LBP) (see F i g .  1) was used i n  these  experiments. The hormonal 
responses t o  pharmacologica l  s t i m u l a t i o n  were .measured a f t e r  t h e  r a p i d  
i n t ravenous  i n j e c t i o n  o f  TKH, GnRH, i n s u l i n ,  and a r g i n i n e  h y d r o c h l o r i d e .  
Normal responses i n  a c o n t r o l  monkey s t u d i e d  s i m i l a r l y  under ketamine 
anes thes ia  i s  p resen ted  i n  t h e  shaded a rea .  (XBL 806-3377) 

change. T o t a l  t h y r o x i n e  d i d  n o t  change s i g n i f -  
i c a n t l y ;  however, f r e e  t h y r o x i n e  d i d  cnange 
c o i n c i d e n t  w i t h  t h e  f a l l  i n  TSH s e c r e t i o n  (see 
Taoles 1 A  and 16 ) .  

Tables 2A and 2 6  compare t h e  da ta  f rom t h r e e  
experiments (LBP, CBP, and SBP) ob ta ined  a t  38 
days a f t e r  i r r a d i a t i o n .  Growth hormone response 
t o  hypoglycemia appears t o  f a l l  i n  a l l  groups 
except  f o r  one monkey i n  t h e  SBP group, which 
suggests t h a t  t h e  min imal  dose, 1,500 rad ,  I 

d e l i v e r e d  t o  the  l a t e r a l  marg in o f  t h e  p i t u i t a r y  
g land i n  exper iment  I 1  (CBP) had s u f f i c i e n t  
b i o l o g i c a l  e f f e c t  t o  s u b s t a n t i a l l y  decrease GH 
s e c r e t i o n .  Prev ious s t u d i e s  i n d i c a t e  somato- 
t ropes  t o  be t h e  most r a d i o s e n s i t i v e  p i t u i t a r y  
c e l l s  (Simpson e t  a l . ,  1959; Van Dyke e t  a l . ,  
1959; Tobias, 1979) .  It i s  n o t  c l e a r  f r o m  these  
i n  v i v o  s t u d i e s  whether t h e  LBP o r  SBP an imals  
d i f f e r e d  i n  t h i s  e f f e c t .  The CBP: and SBP 
d i f f e r e d  f rom t h e  LBP monkeys and had l i t t l e  o r  
n o  b l u n t i n g  o f  TSH o r  PRL s e c r e t i o n  n o r  any f a l l  
i n  t h e  t a r g e t  hormones, i n c l u d i n g  c o r t i s o l  and 
f r e e  t h y r o x i n e .  I f  complete super impos i t i on  o f  
t h e  peaks occurred,  a g r e a t e r  e f f e c t  on c o r t i s o l  
i n  t h e  CBP animals  m igh t  have been a n t i c i p a t e d  
s i n c e  t h e  c e n t r a l  n e c r o t i c  l e s i o n s  should have 
i n v o l v e d  t h e  c o r t i c o t r o p e s  which tend  t o  l o c a l i z e  
near t h e  i n t e r m e d i a t e  l obe  a t  t h e  c e n t e r  o f  t h e  

@g 1 and . F u r t h e r  post -mor tem s t u d i e s  t o  c o n f i r m  
t h e  accuracy o f  peak placement w i l l  be per formed 
a t  t h e  end o f  t h e  experiments, and combined w i th  

h i s t o l o g i c a l  changes i n  c e l l  composi t ion of  t h e  
p i t u i t a r y ,  w i l l  c l a r i f y  t h e  s i g n i f i c a n c e  o f  these 
i n  v i v o  e f f e c t s .  

Lower p l a t e a u  doses were s e l e c t e d  f o r  t h e  
CBP and SBP exper iments because p igmentary s k i n  
l e s i o n s  and s l i g h t  e p i l a t i o n  o f  t h e  s k i n  were 
observed i n  severa l  monkeys i n  t h e  LBP group. 
A t  t h e  t i m e  of autopsy of t h e  LBP monkeys, how- 
ever ,  no gross r a d i o n e c r o t i c  l e s i o n s  were 
observed i n  t h e  c e r e b r a l  c o r t e x  i n  any o f  t h e  
animals, except  f o r  one animal who was i m p r o p e r l y  
a l i g n e d  d u r i n g  i r r a d i a t i o n .  I n  s p i t e  o f  ketamine 
anesthes ia and head i m m o b i l i z a t i o n ,  t he  animal 
moved and sus ta ined  b r a i n  stem as w e l l  as 
c o r t i c a l  i r r a d i a t i o n .  Th is  animal had a t r o p h y  
o f  t h e  t h i r d  and f i f t h  c r a n i a l  nerves and had 

~ smal l  hemorrhagic r a d i o n e c r o t i c  l e s i o n s  a t  t h e  
s i t e  o f  Bragg peak i n  t h e  hypothalamus b u t  no 
c o r t i c a l  l e s i o n s .  The presence o f  m ic roscop ic  
r a d i o n e c r o t i c  t r a c t s  f r o m  p l a t e a u  i r r a d i a t i o n  
(-2,000 r a d s )  o f  t h e  b r a i n  stem suggests a 
g r e a t e r  r a d i o s e n s i t i v i t y  o f  c r a n i a l  nerves and 
hypothalamus than c e r e b r a l  c o r t e x  i n  t h i s  animal. 
No gross r a d i o n e c r o s i s  has been observed i n  t h e  
o t h e r  au tops ied  animals. 
m ic roscop ic  s t u d i e s  a re  c u r r e n t l y  i n  progress.  

L i g h t  and e l e c t r o n  

Prev ious animal s t u d i e s  w i t h  h i g h  energy 
beams focused on t h e  cen te r  o f  t h e  p i t u i t a r y  
g land and demonstrated t h a t  s i n g l e  c e n t r a l  
p l a t e a u  doses o f  190 MeV deuterons o r  340 MeV 
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TSH RESPONSE TO T R H  
=Control %+SE 8 tests 

I = Pre-irrodigtton 
2- 2 months _P R 
3: 5 months R 
4: 8months p R 
5 = 1 l m o n t h s P R  

1 #127 “1 # 123 
16 

E 

Time ( m i n l  Time Imin)  

Figure 3 .  Serial changes in pituitary TSH hormone secretion before, 
2, 5, 8, and 11 months after 250 MeV/amu 12C irradiation o f  
Cynomolgus monkeys utilized in experiment I. The lateral Bragg peak 
(LBP) (see Fig. 1) was employed in these experiments. The hormonal 
responses to pharmacological stimulation were measured after the rapid 
intravenous injection o f  TRH, GnRH, insulin, and arginine hydrochloride. 
Normal responses in a control monkey studied similarly under ketamine 
anesthesia is presented in the shaded area. (XBL 806-3376) 

Table 1 A .  Experiment 1: Lateral Bragg Peak (LBP). Mean Maximum 
Response of Pituitary Peptides to Provocative Pharmaco- 
logical Testing Mean Increment Change From Zero Time 

No. Tests TSH PRL GH LH 
uU/ml ng/dl ng/ml mIU/ml 

Preirradiation 10 11.3 69.3 4.64 1.01 

Postirradiation 

2 months 6 5.5 23.6 7.68 1.35 

5 months 4 2.5 21.4 0.84 1.16 

8 months 5 2.0 29.2 0.11 1.09 

11 months 3 2.3 14.1 0.08 0.02 

Changes in mean maximum peptide hormone responses in Cynomolgus 
monkeys before and after 250 MeV/amu 12C irradiation o f  the 
pituitary. Pharmacological stimulation o f  the pituitary peptides was 
produced using TRH, GnRH, insulin, and arginine hydrochloride 
administered by rapid, consecutive intravenous injection. 

. - .~~ ... _ _  . .. . . . . .. . ~ ., --. .. . . .. - . . . - - . . . . 
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Table 1 B .  Experiment 1: L a t e r a l  Bragg Peak (LBP) Basal Levels  Mean 
Target  Hormone Leve ls  

No. Tes tos te rone  C o r t i s o l  DHEA-SO4 Free T4 
Tests  n g / d l  u g l d l  d d l  n g / d l  

P r e i r r a d i a t i o n  10 7 18 21.6 18.12 1.16 

P o s t i r r a d i a t i o n  

2 months 6 4 69 17.1 22.88 0.92 

5 months 4 32 4 10.9 ---- 0.94 

8 months 5 385 16.8 11.56 1.24 

11 months 3 1006 13.4 19.57 0.70 

Changes i n  basal  t a r g e t  hormone l e v e l s  before and a f t e r  250 MeV/amu 
12C i r r a d i a t i o n  o f  t h e  p i t u i t a r y .  

Table 2A. Percent  Change o f  Mean Leve ls  P r e i r r a d i a t i o n  and 38 Days P o s t i r r a d i a t i o n  

TSH 
dJ /m l  

PRL 
n g / d l  

GH 
ng/ml 

LH 
m I U / m l  

a R  p R % h  a R  p R  % A  a R  p R  %A a R  p R  % A  

LBP* 
male 15.6 7.9 494 44.9 27.4 39c 8.77 3.63 594 1.28 0.63 51 1 
male 35.2 2.3 93.1 70.7 24.9 64$ 3.51 2.03 424 0.30 0.55 83 t 

CPBt 
female 10.4 5.6 464 70.3 105.8 50 t  6.39 1.03 8 4 4  0.62 1.50 i 4 2 t  
male 0.78 1.45 8 6 t  32.1 37.2 i 6 t  13.49 2.63 81+ 0.25 1.47 4 8 8 t  

- SBP+ 
female 2.98 3.27 l o t  3 100.8 56.8 444 18.33 8.59 534  0.04 0 100 4 
male 2.68 3.77 41 t 8.1 2Y.9 2 2 0 t  17.11 26.09 5 2 t  0.69 0.30 57.1- 

: ’  
~~~ ~~ 

i LJ 

Comparative e f f e c t s  of 250 MeV/amu 1% i r r a d i a  
pharmacologica l  s t i m u l a t i o n  w i th  TRH, GnRH, and i n s u l i n  hypoglycemia. 
observed i n  t h e  animals t r e a t e d  in ’Exper iment ’1 .  
had a g r e a t e r  e f f e c t  on GH, PRL, and TSH, which p redomina te  i n  t h e  J a t e r a l  p o r t i o n  o f  t h e  a n t e r i o r  
p i t u i t a r y  than  on ACTH, which predominates i n  t h e  c e n t r a l  p o r t i o n  o f  t h e  p i t u i t a r y .  
as abso lu te  change f r o m  0 t ime .  Mean l e v e l  = (15 + 30 + 45 + 60 min va lues ) /4 .  

o f  average p e p t i d e  hormone s e c r e t i o n  d u r i n g  
The g r e a t e s t  e f f e c t  a t  38 days was 

Values a r e  expressed 

The isodose c u r v e  (F ig .  1) employed i n  t h e  LBP animals  

u;i;;; L a t e r a l  Bragg Peak, exper iment  1. 
. Cen t ra l  Bragg Peak, exper iment  2 .  

?SBP: Spread Bragg Peak, exper iment  3. 
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Table 28. Percent Change of Basal Levels Preirradiation and 38 D y s  Postirradiation. 

Estradiol/ 
Testosterone 

ng/dl 
Corti sol 
lJg/dl 

Free Ta 
ngldl ' 

a R  P R  %A a R  p R  %A a R  p R  %A 

LBP* 
male 930 240 74-1 25.6 11.4 55-1 25.8 51.7 100 t 1.07 0.51 522 
male 517 575 l l t  26.8 26.4 1 J 24.5 16.5 33 4 1.94 1.06 452 

CBPt 
female 11.0 8.3 25-1 27.2 18.2 33-1 8.5 11.0 29 t 1.03 0.82 202 

0.60 0.68 1 3 t  male 148 237 6 0 t  20.0 20.4 2 t 14.1 20.3 44 t 

SBPf 
female 15.5 14.2 8 4  17.3 17.0 2 4  6.8 6.7 1 4 1.23 1.25 2 t  

15.1 18.8 2 5 t  8.1 14.0 73 t 0.65 0.70 8 t  male 646 358 45 4 

Comparative effects of 250 MeV/amu 12C irradiation on target hormone secretion. No consistent f a l l  was 
observed in any experiment except for the fall in free thyroxine, which parallels the decline in TSH in 
experiment I .  

* 
LBP: Lateral Bragg Peak, experiment 1. 

Central Bragg Peak, experiment 2 .  
Spread Bragg Peak, experiment 3. 

'CBP: 
*SBP: 

protons in excess of 5,000 rad produced progres- 
sive atrophy of the gland. 
rad per single dose, above 5,000 rad the amount 
of tissue destruction was eventually the same, 
although higher doses manifested earlier physio- 
logical effects (Simpson et al., 1959; Van Dyke 
et al., 1959). Because of the rapid fall in 
dose, it was determined that in the rat, dog, 
and monkey central doses of 30,000 rad were 
necessary to approximate the effects of surgical 
hypophysectomy. 
protons in man demonstrated that fractionated 
central doses greater than 20,000 rad produced 
extensive histological changes in the pituitary 
as well as variable neurological complications. 
Lower doses, however, resulted in a delay in the 
destruction of the target tissue (Linfoot et al., 
1968; Linfoot, 1979; Tobias, 1979). 

Regardless of the 

Subsequent studies using 340 MeV 

CONCLUSION 

From these initial three experiments using 
250 MeV/amu carbon ions and with use of sensitive 
radioimmunoassay hormone measurements, effects 
on the in vivo secretion of the pituitary peptide 
hormones by high LET carbon ions has been 
demonstrated. 
ablative effect was observed for LBP with com- 
bined peak doses of approximately 14,000 rad in 
the lateral margins of the pituitary than when 

A greater and more rapid hormonal 

either higher central doses (CBP) or lower spread 
peak doses (SBP) were employed. The in vivo 
differences observed at 38 days suggest that both 
dose and volume of irradiated tissues determine 
the magnitude of the effect on hormone secretion. 
The greater hormonal effect of Bragg peak lesions 
in the lateral lobes of the pituitary conforms 
to other anatomical data and confirms that 
spatial distribution of cells in the pituitary 
can be used as an in vivo means of confirming 
accurate localization of high LET irradiation in 
the pituitary. Provocative hormone testing is a 
very sensitive measure of radiation effects. 

Further experiments employing in vivo studies 
correlated with anatomic changes in the pituitary 
will facilitate the planning of future experi- 
ments employing multiple ports and sufficient 
pituitary doses required for either rapid focal 
or total pituitary destruction. Finally, these 
initial experiments confirm the potential role 
for the use o f  carbon ion Bragg peak irradiation 
in the treatment of human disease. 
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FOCAL LESIONS IN THE CENTRAL NERVOUS SYSTEM 

J. I. Fabrikant,* T. F. Budinger, C. A. Tobias, and J. L. Born 

The potential for Bragg peak irradiation with 
heavy-ion beams as a method for producing 
discrete focal lesions in the brain is derived 
from two clinical observations: (1) heavy-ion 
radiosurgery avoids the morbidity and mortality 
associated with extensive neurosurgical proce- 
dures; and ( 2 )  alternative methods, such as 
cryosurgery, electrothermal surgery, and X rays, 
provide poor spatial definition and lack of 
reliability (Budinger, et al., 1977). This 
capability for inducing focal lesions in the 
central nervous system (CNS) introduces a valu- 
able neurosurgical probe for investigating 
mechanisms of radiation injury in nervous tissue 
at the molecular and cellular level, and for 
determining limitations in tolerance of radiation 
by nervous tissues, neurovascular tissues, and 
supportive glial structures. In addition, the 
use of the Bragg peak for experimental neuro- 
science provides a unique tool to investigate the 
mammalian Drain, including nerve pathways, neuro- 
endocrine pathophysiology and the functional 
anatomy of centers in the brain responsible for 
homeostasis and regulatory control. Such 
investigations have potential for treatment of 
pathological disorders of the CNS in clinical 
patients. 

Budinger and his colleagues (Pelletier 
et al., 1978a,b) have been investigating the 
effects o f  Bragg peak irradiation with narrow 
heavy-ion beams in the brain, and particularly 
the neuroendocrine response of heavy-ion beam 
Bragg peak irradiation of the anterior hypothal- 
amus in dogs. Tobias and his co-workers are 
examining mechanisms of heavy-ion beam radiation 
injury and repair in the central nervous system 
o f  the rabbit. Fabrikant and his colleagues have 
begun to use the Bragg ionization peak of heavy- 
ion beams for radiosurgical treatment of selected 
neurovascular disorders in the central nervous 
system in patients who are unable to be treated 
with alternative neurosurgical procedures. This 
report reviews the animal and-human studies cur-. 
rently in progress at LBL with heavy-ion beams 
to induce focal lesions in the central nervous 
system, and discusses the potential future 
prospects of fundamental and applied brain 
research with heavy-ion beams. 

ANIMAL STUDIES 

Budinger and his co-workers (Pelletier et al., 

The 

1978a,b) are investigating the effects of 2-nun 
diameter neon-ion beams (400 MeVlamu) on the 
anterior hypothalamus in beagle dogs. 
plateau dose before final collimation was 
8,000 rad; the peak-to-plateau ratio was 4:l. 
The dose to a (2 mm3) region at the Bragg 
ionization peak was about 24,000 rad. 
of 8,000 rad did not produce cellular changes or 
other destructive lesions in the hypothalamus 

The dose 

4 months after irradiation, but neurophysiolog- 
ical changes were recorded. There was a marked 
depression of thyrotrop i n-re 1 easing hormone (TRH ) 
levels in the serum which began a few days after 
irradiation, and fell to 20% of normal range 5 
weeks after irradiation; recovery to 80% of 
normal occurred by 4 months (Fig. 1). A con- 
current fall and recovery of growth hormone 
occurred; plasma levels fell to 80% of normal 
between the 30th and 50th day following irradia- 
tion. There was a small but significant decrease 
in plasma growth hormone (GH) levels and a large 
response to GH-release following L-DOPA infusion 
in the irradiated animals (Fig. 2 ) .  Studies of 
9gmTc-TRH transport from the cerebrosp i na 1 
fluid to the circulating blood demonstrated a 
bimodal appearance in normal dogs due to both 
active third ventricle transport and delayed 
passive transport through the subarachnoid 
granules. In the irradiated dogs, this bimodal 
curve was abnormal, and demonstrated a slow 
washout, when the blood-brain barrier was 
disrupted in the region of the third ventricle. 

These studies demonstrate the value of 
heavy-ion beams as a neuroscience tool. The 
implications o f  these results are that the major 
production center of TRH in dogs is in the 
anterior hypothalamus, and not in diffuse regions 
throughout the brain; that TRH centers can be 
replenished after destruction of most of the 

I 1  I I I I I I I I I I 4 1  

T.R.H.-levels in serum of 4 dogs after anterior- ' 

hypothalamic irradiation (8000 rads plateau - Neon ions) I 

20 40 60 80 IO0 
Days 

Figure 1. Thyrotropin-releasing hormone (TRH) 
plasma levels in four beagle dogs following Bragg 
peak irradiation (neon ions, 400 MeV/amu, 2 mm 
diameter beam of the anterior hypothalamus. 
To value i s  the mean of preirradiation levels 
obtained up to two weeks prior to irradiation. 
(XBL 7712-4070) 

The 



400 

PLASMA GH-LEVELS AFTER L-DOPA INFUSION 
NORMAL 8 NEON IRRADIATED DOGS 

23 doys ofte! 

L-DOPA 

'c' 

Minutes 

92 doys aftei 

1 2 1 ,  
-40 o 40 eo 

Minuter 

Figure 2. 
following L-DOPA infusion in both control and 
Bragg peak irradiated (neon ions, 400 MeV/amu) 
beagle dogs, 23 days and 92 days after irradia- 
tion. (XBL 781-2725) 

Plasma growth hormone (GH) levels 

active production centers in the hypothalamus; 
and that 24,000 rad could be delivered to 
0.01 cm3 regions of the anterior hypothalamus 
without fatal sequelae. 

studying the production of discrete focal lesions 
in the raobit brain using carbon and neon beams, 
with an aim to apply Bragg peak irradiation to 
the treatment of a number of nonneoplastic 
disorders in the central nervous system. The 
studies are directed toward investigating the 
pathophysiology of Bragg peak focal radiation 
injury in the CNS in relation t o  correlation of 
(1) dose, volume and time dependency for induc- 
tion of damage at various sites; (2) CNS effects 
of different charged particles with known 
differences in RBE, particularly carbon, neon, 
and helium; (3) CNS effects during fractionation 
of dose, and the extent of repair; (4) sites and 
nature of cellular and molecular injury with 
functional neurophysiological alterations. The 
application of these studies relates to estab- 
lishing tolerance doses for normal CNS tissues 
in man for Bragg peak irradiation of CNS dis- 
orders, such as vascular abnormalities and 
tumors. Initial studies in raobits using neon 
ions (425 MeV/amu, 15-cm range), 1 cm3 volume 
spread Bragg peak, demonstrated the extent of 
damage of a 1 cm3 focal lesion in the cerebral 
cortex (see Fig. 3). 
dye (carbon) is associated with damage to the 
blood-brain barrier and increased permeability 
of the cerebrovascular structures. These studies 
are providing a better understanding o f  the 
sequence of events following local brain injury 
by heavy-ion radiation. 

Tobias, Fabrikant, Woodruff, and Lyman are 

Marked leakage of insoluble 

Figure 3. 
following 8,000 rad neon-ion Bragg peak irradia- 
tion, 1 cm3 aperture to the left frontal 
cortex. A 10 ml carbon dye solution was injected 
1 h prior to killing. A focal area of marked 
carbon leakage in the irradiated field is noted. 
(CBB 807-8173) 

Sections of raDbit brain one week 
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CLINICAL STUDIES ON PATIENTS 

Intracranial Vascular Disorders 

Surgical excision or surgical ablation are 
the methods of treatment for intracranial arter- 
iovenous malformations, vascular fistulae, and 
acoustic neuromas. However, when the CNS lesion 
is inoperable, or when other factors exist that 
preclude surgery, alternative methods of treat- 
ment are necessary. Neurological radiosurgery 
for inoperable intracranial arteriovenous mal- 
formations, for certain other vascular disorders 
in the brain, and for large, inoperable acoustic 
neuromas have become a potential therapeutic 
procedure in three university centers: 
University (Kjel lberg, 1979) , the Karol inska 
Institute, Stockholm (Leksell , 1971; Steiner 
et al., 1978), and University Hospital, Valencia, 
Spain (Barcia-Salorio, et al. , 1979). The 
results, using beams o f  cyclotron-produced 
protons (Harvard) , intense high-dose gamma- 
radiation (Karolinska Institute), or linear 
accelerator photons (Valencia) appear promising. 
Approximately 140 patients have been treated, 
with only minimal morbidity. Conventional photon 
radiotherapy has been tried in the past, and 
abandoned. 

Harvard 

As part of a collaborative effort between the 
Department o f  Neurosurgery, UCSF, and our labor- 
atory, J. I. Fabrikant, Y .  Hosobuchi, and their 
coworkers are applying helium and other heavy-ion 
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beams for radiosurgery in intracranical arterio- 
venous malformations, intracranial vascular 
fistulae, and other vascular disorders. The 
procedure for obliteration of cerebral arterio- 
venous malformations and interval caroti,d.artery- 
cavernous sinus fistulae using stereotaiical ~ y ,  
directed heavy-ion Bragg peak irradiation is now 
being developed. In the neurological evaluation, 
it is necessary to select patients for whom 
direct surgical or other invasive surgical pro- 
cedures (including cryosurgery and electrothermal 
cautery) are not possible. 
energy heavy-ion beams provides the opportunity 
for altering the intracerebral hemodynamic 
condition o f  these vascular malformations and 
fistulae and thereby achieving a decrease in the 
patient's neurological deficiencies, suDjective 
complaints, and frequency of seizures, arresting 
progressive blindness, and decreasing or arrest- 
ing episodes of intracranial hemorrhage. The 
objective, in the case of the intracranial 
vascular malformations and carotid-cavernous 
sinus fistulae, is to achieve intravascular 
obliteration using stereotaxically simulated and 
directed heavy-ion beams. 

patient-treatment procedure for stereotaxic Bragg 
peak focal irradiation of the brain. The patient 
is a 26 year old woman with a large arteriovenous 
malformation (AVM) of the right thalamus that 
extends throughout the right lateral ventricle 
and replaces brain tissue both in the midbrain 
and the cerebral cortex. 
cerebral angiogram (Fig. 4A) demonstrates the 

Treatment with high- 

Figure 4 illustrates the sequence for a 

The right lateral 

A 

Figure 4. Imaging stud 
arteriovenous malformat 

size and location of the AVM in the brain; the 
patient is wearing the polystyrene head mask used 
for stereotaxic beam localization, treatment 
planning, and head immobiliation during the Bragg 
peak irradiation. Figure 48 is the X-ray compu- 
terized tomography scan through the AVM lesion; 
the AVM isjenhanced with contrast medium. The 
AVMis replacing a large part of the dilated 
right lateral ventricle; the left lateral 
ventricle is small and compressed by the left 
thalamus, which is now shifting across the mid- 
line. The posterior occipital helium-ion beam 
port Bragg-peak localization film is illustrated 
in Figure 4C. The helium-ion beam is collimated 
to a 20 mm x 22 mm D aperture with a 40 mm spread 
Bragg peak, extending posteroanteriorly. The 
patient received multiport fractionated helium- 
ion (234 MeV/arnu) therapy for four days, for a 
total dose of 2,500 rem. Changes within the AVM 
are expected to occur within 6-7 months, with 
occlusion and obliteration of the arteriolar 
vessels within 9 months to 1 year. 

Figure 5 is the pretherapy positron emission 
tomogram using 82Rb; the dynamic image demon- 
strates the large blood volume flow transfer from 
the arterial AVM through to the draining venous 
system. The objective of Bragg peak therapy is 
to alter and decrease the high volume intra- 
cranial hernodynamic flow pattern to a normal 
level in order to preclude further intracranial / 
hemorrhage. 
appear, follow-up positron emission tomograph 
studies to quantitate changes in intracerebral 
blood flow dynamics will be carried out. 

When clinical changes begin to 

B 
es of patient who received helium-ion beam 
on (AVM) in the brain. (A) Cerebral anqio 

C 
Bragg therapy to a large 

clram of the AVM: the 
patient ' s  head is immobi 1 ized in the polystyrene head mask used-for stereotaxic localization, 
treatment-planning, and heavy-ion radiotherapy. 
demonstrating the precise size, location, and extension of the AVM in the thalamus and 
cerebral cortex necessary for treatment planning for Bragg peak irradiation. 
(C) Posteroanterior occipital port film demonstrating the precise volume of the AVM treated 
with Bragg peak helium-ion irradiation. 

(8) X-ray computerized tomographic scan, 

(XBB 809-10582A) 
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Fi ure 5. Intracranial arterovenous malformation F - r  AVM localization using 82Rb in positron 
emission tomography with the Donner 280-crystal 
ring. 
right, extending into the region of the midbrain 
and cerebral cortex. 
positron emitter, transverse sections that 
demonstrate the dynamic change of the isotope 
distribution are obtained using coincidence 
detection of the annihilation photons. Positron 
emission tomography provides a quantitative 
method for investigating blood transit flow and 
altered intracerebral hemodynamics and blood 
flow transit patterns following Bragg peak 
radiosurgery. (From the research medicine 
laboratory of Budinger, Yen, and coworkers). 
(XBB 809-10973) 

The large AVM is seen on the patient's 

Because 8 2 R ~  is a 

Pituitary Disorders 

The treatment of pituitary disorders, 
including acromegaly, Cushing's disease, and 
prolactinlsecretiny tumors, with helium-ion beams 
(225 MeVlamu) has been under continuing scien- 
tific investigation at LBL for almost twenty-five 
years, since the initial studies of Lawrence, 
Tobias, and their colleagues (Lawrence et al., 
1937; Tobias et al., 1952, 1959). 
energy particle beams, it is possible to overcome 
the relative insensitivity of the pituitary gland 
to externally delivered radiation without irradi- 
ating large volumes of surrounding normal brain 
tissue. In order to achieve adequate radiation 
dose to the pituitary gland in certain disorders, 
however, the Bragg peak has only rarely been used 
at LBL; without knowledge of the details of 
tissue inhomogeneities and the precise location 
of vital neural structures relative to the Bragg 
ionization peak, plateau ions have been used for 
treatment of pituitary disorders since sufficient 
energy is available for head penetration. 

J. A. Linfoot, J. I .  Fabrikant and their 
colleagues are carrying on the pioneering invest- 
igations of J. H. Lawrence and C. A. Tobias and 
their COWOrKerS on charged particle radiotherapy 

With high 

of pituitary tumors (for review, see Tobias, 
1979; Linfoot, 1979). Since 1957, 799 patients 
have been treated with alpha particle irradiation 
to the pituitary gland; of these, 467 had pitui- 
tary tumors, 157 had metastatic breast cancer, 
and 169 had diabetic retinopathy. Fractionated 
doses of high-energy collimated plateau helium- 
ion beams were used, and total doses from 4,500 
to about 18,000 rad, depending on the patho- 
logical condition, were delivered to the pitui- 
tary gland; the beams passed through the head 
without being attenuated. The manner in which a 
variety of beams in the course of therapy impinge 
on the pituitary, and three-dimensional dose 
distribution, is shown in Figure 6.  

Upper limitations to the treatment dose are 
due to possible injury to cranial nerves and to 
the temporal lobes nearest the pituitary; the 
optic nerves, the optic chiasm, and the 
hypothalamus are protected very efficiently. In 
acromegaly and Cushing's disease, the aim is not 
complete ablation of pituitary function, but 
rather permanent inhibition of the pituitary 
tumor while preserving some normal pituitary 
hormone-secreting potential of surviving normal 
cells. Much o f  the research on the treatment of 
acromegaly and Cushing's disease may be con- 
sidered complete, as these procedures are used 
in routine clinical practice. 

FUTURE MEDICAL RESEARCH: 
CLINICAL APPLICATIONS OF FOCAL LESIONS 

IN THE CENTRAL NERVOUS SYSTEM 

Accelerated carbon ions have particularly 
good potential for use in the application of 
focal lesions in the central nervous system with 
the Bragg ionization peak. This is because the 
carbon-ion beam has less scattering and strag- 
gling than helium ions and protons by a factor 
of 1.6 (helium ions) or 3 . 4  (protons). 
depth ionization curves obtained have greater 
peak-to-plateau ratios, and can be positioned . 
more accurately, thereby protecting adjacent CNS 
structures, such as the hypothalamus, thalamus, 
and brain stem. Furthermore, near the peak of 
the Bragg curve, the biological effectiveness of 
the carbon-ion beam is much greater than at the 
plateau. 
such as in a small vascular disorder in the 
brain, relatively greater radiobiological effect 
is achieved with much less dose. In addition, 
the sensitive neural structures in adjacent 
regions of the brain are better protected. This 
is illustrated in the dose-distribution of paral- 
lel opposed fields using the Bragg peak or 
plateau ions. Figure 7 illustrates the lateral 
dose distribution with transirradiat ion through 
the head using plateau heavy ions, and with 
parallel opposed ports when the Bragg peak is at 
or near the center of the lesion, e.g., the 
center of the pituitary gland. In the former, 
the isodose fall-off within 10 mm o f  the center 
is to 50% o f  the maximum dose, whereas in the 
latter, it is to 5% of the maximum dose. 

The Bragg 

If the peak is stopped in a CNS lesion, 

f that heavy-ion beams, such 
listribut ion 
irradi at ion 

It is our beli 
as carbon, will a1 
and dose delivery 

ow imp 
n loca 

w e d  dose 
ized foca 

_--_-.I.-.. ~. ... . . . . -. . . .. - . . ... .". . ... - _ _  ... - . 



. .... 

403 

SUPERIOR 
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Figure 6. 
radiation field. (MU-14976) 

Three-dimensional dose distribution for an octant o f  the 
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Figure 7. 
transirradiation and with parallel opposed ports 
when the Bragg peaK is at or near the center of 
-the pituitary gland. I f  the Bragg peak can be 
-curately positioned, then the temporal lobes e nd cranial nerves are much better protected 

than they are with the current transirradiation 
(plateau ions) technique. (XBL 785-8710) 

Lateral dose distributions with 

in the central nervous system. It can be 
expected that 'small lesions, e.g., vascular 
fistulae, pituitary microadenomas, and similar 
radiosurgically amenable disorders, can now be 
successfully approached. Furthermore, localiza- 
tion of very discrete focal lesions can be 
achieved in vital-brain centers to treat certain 
diseases, such as Parkinson's disease or for the 
control of pain. 

APPLICATION OF RADIOACTIVE BEAMS 

' A technique is being developed in our 
laboratory (A. Chatterjee, E. L. Alpen, J .  Llacer, 
and C. A. Tobias) to achieve precise localization 
o f  the stopping points of the beam inside the 
body by the use o f  a radioactive beam (see 
Part V I ,  Section 6). This will make it feasible 
to stop the beam accurately at the appropriate 
depth in the central nervous system. Here, 1 1 C  
ion beams, for  example, are attractive and pro- 
vide the potential o f  accurate positionin not 
available with helium ions or protons. IaNe, 
150, and other radioactive beams can also be 
produced at the Bevalac. Tobias et al. (1971) 
demonstrated that radioactive 1lC nuclei are 
produced by collisions o f  12C beam particles 
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with target nuclei. 
up to 3% of the total carbon-ion beam, and will 
decay emitting positrons with a half life of 
20.5 min. 
specially constructed gamma camera. Recent 
studies have made it possible to form a small 
beam of pure 11C particles, which permits 
determination of the stopping points in an 
absorber with an accuracy of 1 mm. Figure 8 
illustrates one possible scheme for production 
of Bragg peak focal lesions in the brain using 
radioactive heavy particle beams. 
camera would continually monitor the precise 
location of the stopping points of the beam in 
the patient's head. The data are fed back on- 
line to a variable absorber which then controls 
the range penetration o f  the beam, thereby fully 
controlling the location and depth dose of the 
heavy- i on beam. 

These 11C nuclei comprise 

These positrons are detected with a 

The positron 

SUMMARY AND CONCLUSIONS 

The applications of heavy-ion beams for 
fundamental and applied brain research have 
unusual potential. 
for producing discrete focal lesions in the 
central nervous system using the Bragg ionization 
peak t o  investigate nerve pathways and neuroen- 
docrine responses, and for treating pathological 
disorders of the brain with Bragg peak heavy-ion 
radiosurgery. 

value of this neuroscience tool in investigating 
the response in the mammalian brain following 

Methods are being developed 

Studies in animals are demonstrating the 

Localization of Bragg peak 
of radioactive beam 

Gamma cameras 

Water absorber 

\ Ion chamber 

Figure 8. Possible scheme for focal irradiation 
of the central nervous system with radioactive 
beams. A positron camera is continually 
monitoring the stopping point o f  the radioactive 
beam at the center of the head. The camera 
automatically sends signals for range adjustments 
as the rotational exposures proceed. The scheme 
illustrates application of an 150 beam, but 
also ap lies to other radioactive beams like 
11C or P 9Ne. (XBL 752-4708 

induction of discrete focal lesions in the 
hypothalamus or in the cerebral cortex. These 
studies are elucidating the neuroendocrinologica 
responses following heavy-ion irradiation of 
various portions of the midbrain, without the 
need for complex neurosurgical preparations. 

Clinical studies are demonstrating the 
feasibility of neurological radiosurgery for 
treating inoperable disorders of the brain, such 
as arteriovenous malformations and carotid 
artery-cavenous sinus fistulae in patients who 
are already demonstrating progressive neurolog- 
ical deficit, including progressive blindness. 
Further possible applications of heavy-ion focal- 
lesion Bragg peak therapy include localized 
radiation exposure to centers of the brain and 
spinal cord for treatment of such disorders as 
Parkinson's disease, pituitary microadenomas, and 
the control of pain. The potential application 
of radioactive beams will provide accurate 
localization o f  the stopping points of the beam, 
thereby making it feasible to stop the beam 
accurately at a defined depth within the central 
nervous system. 
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RESTRICTION OF THE SPREAD OF EPILEPTOGENIC DISCHARGES IN CATS 
BY INTRACRANIAL IRRADIATIONS 

C. T. Gaffey, V. J. Montoya, J. T. Lyman, and J. Howard 

Epilepsy is a term that describes a group of 
disorders caused by sudden, recurrent, high- 
voltage bursts of electrical activity by some o f  
the brain’s hyperexcitable neurons. In certain 
cases of epilepsy, the presence of a discrete 
focus is the origin of the brain’s paroxysmal, 
electrical discharges. An example of a focal 
epilepsy is an occipital scar that produces 
disruptive effects in one visual field and can 
spread to involve control centers in both hemi- 
spheres of the brain, and thus produce convulsions 
and loss of consciousness (Huott et al., 1974). 
Four million Americans have some form of epilepsy. 
Epilepsy is more widespread than cancer, tuber- 
culosis, muscular dystrophy, cerebral palsy and 
multiple sclerosis combined. Because 20% of 
epileptics have intractable symptoms that can no 
longer be relieved by drugs or any other known 
treatment, new approaches to manage epilepsy are 
needed. 

The best approach to the control of epileptic 
activity involves the least interference with 
normal brain function. Our aim is to determine 
in animal studies whether heavy-ion Bragg peak 
radiation can be used as a noninvasive technique 
to prevent focal, cortical epilepsy from sending 
epi 1 ept i f orm electroencephalographic (EEG) d i s- 
charges to the rest o f  the brain. The unique 
advantage of heavy ions is that these particles 
can be physically controlled to release their 
energy at a preselected distance inside matter 
(the Bragg peak radiation effect), even when the 
target is an intracranial site. Experiments on 
cats have been used to evaluate if intracranially 
deposited Bragg peak radiation can render brain 
tissue incapable of transmitting disruptive EEG 
seizure signals. 

METHODS 

Stereotaxic Implantation Procedure 

The cats are first anesthetized and their 
heads are immobilized in a David Kapf stereotaxic’ 
instrument. Needle electrodes are inserted 
through burr holes in the skull of the animal to’ ’ 
make contact with the cortex. The electrodes are 
made of nichrome wire (0.0091 in diameter) and 
they are Formvar insulated except for 1 mm at the 
tips. Each cat is stimulated electrically 
through electrodes in one cortical hemisphere 
during the implantation procedure (Gaffey, 1966) 
while an evoked response in the opposite cortical 
hemisphere is maximized by finely adjusting the 
position of the recording electrode. An array 
of eight electrodes is implanted through the 

ull into the cortex of each experimental 
G k i m a l ,  four homologous leads in each cerebral 

cortex. A ninth wire lead, inserted into the 
bony inion, serves as a ground lead. The leads 

from the right and left hemisphere are soldered 
to an Amphenol nine pin radiosocket. Leads and 
sockets are securely held together by Kadon 
methacrylate denta.1 plastic. 
is permanently anchored to the skull by bone 
screws and additional dental plastic. 

The whole assembly 

A nine line cable is used to attach the 
cortical sites in test animals to appropriate 
stimulating and recording electrophysiological 
equipment. An eight channel electroencephalo- 
graphic machine (Grass, Model IIIE) can simul- 
taneously record the spontaneous activity of the 
eight cortical brain sites of each awake, alert 
cat. 
base with a T3A3 differential amplifier) in 
series with a Grass P-5 amplifier is used to 
monitor fast cortical responses evoked by 
electrical stimulation in the opposing 
hemisphere. 

A Tektronix oscilloscope (type 3B4 time 

Production of an Epileptogenic Site 

To generate an epileptic site in cats a 
sterile craniotomy is performed and a subpial 
injection of alumina gel (Calbiochem) is made 
(Kopeloff, 1960; Kopeloff et al., 1955; Fetz and 
Wiler, 1973). The alumina-induced epileptogenic 
focus in the cortex is located at a known 
distance from each implanted electrode. A 
similar surgical procedure is performed on the 
opposite side without depositing alumina gel. 
The stereotype EEG structure of the spike and 
burst pattern serves as evidence of the success 
of the alumina gel treatment. 
occipital lobe epilepsy were prepared with a 
single focal lesion in the left occipital cortex. 

Heavy-Ion Irradiation 

Heavy-ion beams are produced in the Bevalac 

Eight cats with 

at LBL (Tobias et al., 1971). Ghiorso et al. 
(1973)‘have described this facility and its 
operation. The depth-ionization advantage of 
heavy-ion beams producing a Bragg peak made this 
source of radiation most suitable for intra- 
cranial radiations.”-The set-up for biological 
experiments Land the physical measurements of 
heavy-ion beams at the Bevalac have been 
described (Lyman et al.;1971; Beckman et al., 
1974). 

Our purpose is to deposit Bragg peak 
radiation i n  a desired brain target. To perform 
this task a precision alignment apparatus has 
been constructed (Fig. 1). This device locks 
the head of a cat into a supportive, rigid frame. 
This assembly can position an intracranial target 
to be irradiated with a precision of *0.05 cm. 
Heavy-ion Bragg peak irradiation of cats is per- 



F i g u r e  1. 
apparatus a t  t h e  Bevalac f a c i  1 i ty.  (XBB 766-4939) 

An a n e s t h e t i z e d  c a t  i n  a headholder  

formed by remote c o n t r o l  ope ra t i ons  f o r  t h e  
s a f e t y  o f  personnel .  A c l o s e d - c i r c u i t  TV a l l o w s  
i n v e s t i g a t o r s  t o  check t h e  c o n d i t i o n  of each c a t  
d u r i n g  r a d i a t i o n  exposure. 
p laced  immediate ly  i n  f r o n t  o f  an exper imen ta l  
animal measures t h e  p l a t e a u  dose. 

An i o n i z a t i o n  chamber 

RESULTS 

E i g h t  a d u l t  c a t s  had a c o r t i c a l  spo t  2-3 mm 
i n  d iameter  p a i n t e d  w i t h  a lumina cream i n  t h e i r  
l e f t  o c c i p i t a l  c o r t e x .  The onset  o f  e p i l e p t i -  
form EEG d i s c h a r g e . p a t t e r n s  f rom f o u r  l o c a t i o n s  
(a, b, c and d )  i n  t h i s  c o r t e x  i s  presented i n  
F i g u r e  2. High-frequency, c o r t i c a l  s p i k e  d i s -  
charges o f  about 400 v V  a r e  p resen t  i n  these EEG 
reco rds .  The amp l i t ude  o f  t h e  d i scha rges  i n  t h e  
e p i l e p t i c  c o r t e x  i s  about t h r e e  t o  f i v e  t imes  
g r e a t e r  than t h e  c o n t r o l  c o r t e x .  I n  F i g u r e  2 t h e  
EEG t r a c e s  f rom t h e  c o n t r o l  ( r i g h t )  o c c i p i t a l  
c o r t e x  do n o t  show EEG paroxysms, b u t  w i t h  t i m e  
f o c a l  s p i k i n g  f rom t h e  l e f t  c o r t e x  spreads t o  
i n v o l v e  t h e  r i g h t  ( c o n t r a 1  a t e r a l  ) c o r t e x .  

Experiments on s i x  c a t s  used 9-BeV neon i o n s  
(400 MeV/nucleon) generated by t h e  Bevalac. The 
c h a r a c t e r i s t i c s  o f  t h e  neon-ion beam a re  summar- 
i z e d  i n  Table 1. Tne Bragg peak r e g i o n  o f  t h e  
beam was used i n  c a t  b r a i n  i r r a d i a t i o n s .  A 
c i r c u l a r  beam 1.77 cm i n  d iameter  was achieved 
w i t h  a b s o r p t i o n  c o l l u m i n a t i o n .  The Bragg peak 
l o c a t i o n  i n s i d e  t h e  b r a i n  was accomplished by 
i n s e r t i n g  a range-ad jus t i ng  wa te r  column i n t o  
t h e  neon-ion beam pa th .  Absorbed dose va lues  
were ob ta ined  f rom p a r a l l e l  i o n i z a t i o n  chambers. 
P r e c i s i o n  a l ignment  o f  t h e  en t rance  beam t o  t h e  
s e l e c t e d  b r a i n  t a r g e t  was conf i rmed by X-ray 
photographs o f  t h e  c a t ' s  head, as g i v e n  i n  
F i g u r e  3. S i x  c a t s  had a d i s c  o f  b r a i n  t i s s u e  
absorb Bragg peak, neon-ion r a d i a t i o n .  
o f  i r r a d i a t e d  t i s s u e  was p o s i t i o n e d  3 mm below 
t h e  c o r t i c a l  s u r f a c e  and beneath t h e  alumina- 
generated focus.  The absorbed dose a t  t h e  Bragg 
peak was 6, 8, 10, 12, 14, and 16 k r a d  o f  400 MeV 
neon ions /nuc leon  i n  the  animals s tud ied .  

The d i s c  
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F i g u r e  2. 

c o r t i c e s  of a c a t .  R i g h t  c o r t i c a l  t r a c e s  (aR, 
bR, cR, dR) show normal EEG a c t i v i t y  w h i l e  l e f t  
c o r t i c a l  t r a c e s  (aL, bL, cL, dL) show e p i l e p t i -  
f o rm EEG d ischarges.  (XBB 775-4285) 

EEG t r a c e s  f rom f o u r  l o c a t i o n s  (a, b, 
t h e  l e f t  ( L )  and r i g h t  (R) o c c i p i t a l  

I n  a l e r t ,  d rug - f ree  c a t s  t h e  e f f e c t  o f  
e l e c t r i c a l  s t i m u l a t i o n  through a p a i r  o f  
e l e c t r o d e s  i n  one o c c i p i t a l  c o r t e x  i s  seen as an 
evoked p o t e n t i a l  d i f f e r e n c e  when measured i n  t h e  
homologous s i t e  o f  t h e  oppos i te  c o r t e x .  
i n te r -hemispher i c  response (IHR) i s  d e f i n e d  as 
t h e  b i o e l e c t r i c  a c t i v i t y  reco rded  i n  one hemi- 
sphere as a consequence o f  an a o o l i e d  e l e c t r i c a l  
s t i m u l u s  i n  t h e  c o n t r a l a t e r a l  hemisphere. I H R  
a re  used as a p h y s i o l o g i c a l  index o f  t h e  conduc- 
t i o n  pathway between e l e c t r o d e s  i n  t h e  i p s i -  
l a t e r a l  and c o n t r a l a t e r a l  o c c i p i t a l  c o r t i c e s .  

The te rm 

Table 1. Bevalac Beam C h a r a c t e r i s t i c s  

P a r t i c l e  Neon i o n  

Energy 400 MeV/nucleon 

Charge +10 

Range 14 cm i n  water  

LET, p l a t e a u  32 keV/um o f  water  

Beam diameter  0.5 i nch  (1 .77  crn) 

P a r t i c l e s l p u l s e  2 x 108 to 1 x 109 

Dose r a t e  400 rad /m in  

Peak- t o - p l  ateau r a t i o  4 
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F i g u r e  3. An X-ray p i c t u r e  o f  t h e  c a t ' s  head i n  
a s t e r e o t a x i c  headholder a t  t h e  Bevalac f a c i l i t y .  
Cross-hairs l o c a t e  t h e  ent rance o f  heavy i o n s  
i n t o  t h e  c a t ' s  b r a i n .  (XBB 775-4274) 

I t  was found t h a t  8 k r a d  o f  neon-ion Bragg 
peak r a d i a t i o n  suppressed t h e  I H R  7 days pos t -  
i r r a d i a t i o n .  I H R  o s c i l l o g r a m s  i n  F i g u r e  4 show 
t h e  I H R  c o n t r o l  (C) p a t t e r n  b e f o r e  i r r a d i a t i o n .  
Tne I H R  a r e  [measured 4 hours a f t e r  i r r a d i a t i o n  
and then d a i l y .  F i g u r e  5 p resen ts  a graph o f  
t h e  t i m e  course f o r  t h e  d e c l i n e  o f  t h e  amp l i t ude  
o f  t h e  I H R  and i t s  u l t i m a t e  loss a t  t h e  seventh 
day a f t e r  i r r a d i a t i o n .  

I n  these p i l o t  exper iments i t  was observed 
t h a t  t h e  Bragg peak dose was i n v e r s e l y  r e l a t e d  

F i g u r e  4 .  

a f t e r  absorb ing 8 k r a d  neon-ion Bragg peak @ r a d i  a t  i o n  . I H R  a r e  f rom a l e r t ,  d rug - f ree  ca ts .  
C a l i b r a t i o n  b a r s  a r e  200 V V  and 50 msec. 

Osc i l l og rams  o f  I H R  i n  t h e  c o n t r o l  
p r i o r  t o  i r r a d i a t i o n )  and a t  i n t e r v a l s  

(XBB 774-4272) 

I I I I I I 

0 
0 

0 
0 

0 

d 0.4 

LT 0.2 
r 

c 
0 

I I I I I I 01 0 1  2 3 4 5 6 7  I 0- 

Days postirradiation 

F i g u r e  5. Time course f o r  t h e  a t t e n u a t i o n  and 
U l t i m a t e  loss o f  t h e  I H R  a f t e r  8 k r a d  o f  Bragg 
peak neon-ion r a d i a t i o n .  (XBL 775-923) 

t o  t h e  p o s t i r r a d i a t i o n  t i m e  f o r  t h e  loss o f  I H R .  
Neon dose as a f u n c t i o n  o f  p o s t i r r a d i a t i o n  t i m e  
f o r  t h e  disappearance o f  I H R  i s  g i ven  i n  F i g u r e  6 
f o r  f i v e  ca ts .  We found t h a t  6 k r a d  o f  neon ions  
d i d  n o t  cause a loss o f  I H R  even a f t e r  30 days 
p o s t i r r a d i a t i o n ,  a l t hough  t h e  amp l i t ude  o f  t h e  

2oJ 

F i g u r e  6 .  
p r e s s i o n  o f  t h e  I H R .  (XBL 775-922) 

Dose-response r e l a t i o n  f o r  t he  sup- 
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IHR was attentuated by 20%. 
tively concluded that the minimum neon-ion dose 
for the complete suppression of IHR falls between 
6 and 8 krad. 

It may be tenta- 

EEG recordings of constrained, drug-free cats 
were taken daily after irradiations for two weeks 
and then EEG sessions were scheduled twice a week 
for ten weeks. 
had spread from the left occipital cortex 
(alumina treated) to involve the right occipital 
cortex prior to the administration of Bragg peak 
radiation faded from the EEG records after 8 or 
more krads at postirradiation times comparable 
to the IHR loss (Fig. 6). 

Epileptiform EEG patterns that 

In early studies two cats were exposed to 
oxygen-ion beams (160) obtained from the 
Bevalac with an exit energy of 200 MeV/nucleon. 
The range of these oxygen ions in water was 
7.8 cm and their LET in the plateau region was 
approximately 23 keV/!JTl of water. 
water column was used to place a circular beam 
(1.77 cm diameter) of Bragg peak oxygen ions 
3 mm below the cortical surface. The intra- 
cranial absorbed doses for these two cats were 
only 425 and 600 rad because of beam failures. 
No electrophysiological effects, as determined 
by EEG measurements, were detected by either Of 
these oxygen-ion irradiations. 

A variable 

DISCUSSION 

The cerebral cortex of the cat is a 3-mm deep 
covering o f  gray matter containing layers of 
nerve cells (about 50 to 100 cells thick), glial 
cells, and blood vessels. 
vertically arranged i n  columns. Each column 
consists of layers which vary in cell density, 
in the size of cells they contain, and sometimes 
in the degree of "columnation." 
layers are generally recognized. Szentagothai 
(1969) suggested that information processing 
occurs in successively arranged echelons along 
these vertical columns, with each echelon 
functioning to extract some meaningful bit of 
information. Accordingly, EEG activity depends 
on vertically oriented columna1 structure in 
which excitation occurs predominatly near the top 
of the column (layer I), which contains mostly 
fibers, both axonal and dendritic. The cortex 
sends out and receives associational or commis- 
sural fibers from other parts of the cortex. 
These originate in layer 111 and V as axons of 
pyramidal cells. 
maintain a modulated balance of excitatory and 
inhibitory influences, but in an epileptogenic 
area a column of neurons receives excessive, 
frequent, and almost simultaneous synaptic 
influences. The common dysfunction at the 
cellular level in epilepsy is an abnormal, 
excessive, synchronous discharge of neuronal 
columns. 
mission of these epileptic signals with Bragg 
peak, heavy-ion radiation is supported by the 
findings in this study. Experiments witn cats 
demonstrate that transmission of bioelectrical 
activity (IHR) in the vertical, columnar direc- 

Nerve cells are 

Six cortical 

Normally columns of neurons 

The feasibility of interrupting trans- 

tion of the cortex can be inhibited by locally 
deposed neon-ion radiation. 

The premise that heavy-ion radiation can 
serve as a tool to block the flow of bioelectric 
discharges from one part of the brain to another 
has support in other research. 
Montoya (1973) demonstrated the efficiency of 
helium-ion beams in inhibiting interhemispheric 
transfer after irradiation of the corpus callosum 
in the cat. It was found that with low doses 
corpus callosum transmission could be blocked and 
no obvious vascular reactions developed. The 
lack of a vascular response to thin, heavy-ion 
beams is also supported by others. 
(1957) noted that laminar lesions in the Cat's 
cerebral cortex could be created by Bragg peak 
radiation. 
band of cerebral cortex devoid of nerve cells was 
the only sign of radiation. Exquisite lesions 
were produced, and yet the neurons and the 
complex vascularity adjacent to these discrete 
lesions remained intact (Malis et al., 1960; 
Malis et al., 1962; Rose et al., 1960; Kruger and 
Malis, 1964). As a consequence Van Dyke and 
Janssen (1963) made a study comparing lesions 
produced with Bragg peak radiation to those made 
by a sharp knife, and concluded that Bragg peak 
radiation produced superior cortical lesions. 
Like others, they demonstrated an important 
finding: radiolesions below certain doses were 
free of circulatory damage for narrow radiation 
fields. 
and Brightman (1959) on the histopathogenesis of 
brain lesions with Bragg peaK radiation agree 
with this observation. 
considered Bragg peak radiation an important tool 
for the production of lesions in the future 
because, as the treated tissue disappeared, 
healing occurred without gross or microscopic 
evidence of scar formation. 

Gaffey and 

Malis et al. 

The striking feature was that a thin 

The findings of Janssen et al. (1962) 

Janssen et a1 (1962) 

There is intrinsic interest in the applica- 
tion of heavy-ion Bragg peak radiation to the 
epileptic brain since it is possible that a 
radiobiological approach may provide information 
about the nature of epilepsy. 
of this research is to dissociate an epileptic 
focus from conducting disruptive signals in both 
the vertical and lateral direction in the cortex 
while sparing vascular circulation and normal 
brain tissue. Experiments have yet to be under- 
taken to see if the lateral spread of epileptic 
signals can be blocked by narrow-field, heavy-ion 
radiation. Histopathological examination of 
brain tissues absorbing Bragg peak heavy-ion 
radiation is required to determine if normal 
brain cells are altered by the plateau (entrance 
dose to the brain) radiation. Also, the task 
still remains of determining the presence or 
absence of a vascular involvement as a conse- 
quence of the use of heavy ions in intracranial 
irradiations to correct epilepsy. 

Will intracranially deposited Bragg peak 
radiation be used to restrict the spreading 
action of epileptic and Parkinsonian signals in 
man's brain? 
approach are still to be determined before Such 
an application can be considered. 

The specific aim 

The relative merits of this 

,. . . . . .-. . . - . . . _ .  _ _ _  .. - - 
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A FUTURE DEDICATED MEDICAL ION ACCELERATOR 

R. A. Gough, J. R. Alonso, T. Elioff, and H. Grunder 

Current biomedical studies and clinical 
trials with charged particles rely on acceler- 
ators that were designed for physics research. 
Extending the performance of these machines in 
terms of beam energies, intensities, and flex- 
ibility is often stressed at the expense of high 
reliability and ease of operation, which are 
crucial for successful biomedical applications. 

In contrast, the design and construction of 
particle accelerators designed specifically to 
meet medical requirements would result in cost- 
effective and highly reliable accelerators suit- 
able for routine, hospital-based, clinical 
service with modest operations and maintenance 
crews. In fact, as patient trials become fully 
randomized over more treatment sites, the sub- 
stantially increased patient loads will make 
biomedical usage increasingly incompatible with 
physics programs on existing machines. The con- 
struction of dedicated.medica1 ion accelerators 
such as the facility now being planned in Canada 
(MARIA, 1980) will be the only feasible solution 
t o  permit the large scale evaluation of charged 
particle radiotherapy. 
184-Inch Synchrocyclotron, which is dedicated 
for medical use, indicates that extremely high 
facility availability can be readily achieved 
when operational standards are optimized for 
reliability. 

time to pursue the design of a complete heavy-ion 
therapy facility. First, after considerable 
experience with 225 MeV/amu alpha particles at 
the LBL 184-inch Synchrocyc~otron, and carbon, 
nitrogen, oxygen, neon, silicon and argon ions 
from 400 t o  670 MeV/amu at the Bevalac (LBL, 
1977a; Alonso et al., 1979), radiotherapists are. 
converging on carbon, neon, and silicon as the 
particles of choice for the majority of heavy-ion 
radiotherapy. Second, accelerator designers can 
build upon the large body of'relevant experience 
gained at LBL, including the extensive survey of 
appropriate accelerator structures for various 
particle beams that was completed in 1977 (LBL, 
1977b). Since that study there have been SUb- 
stantial technological developments at LBL and 
elsewhere in the accelerator-related areas of ion 
sources, injectors, and computer control systems, 
as well as the biomedical techniques of beam 
delivery and shaping, monitoring, and verifica- 
tion both at the LBL 184-inch Synchrocyclotron 
and the Bevalac. 

The experience of the LBL 

Two factors combine to make this a favorable 

Therefore, we are in the process of submit- 
ting to the National Cancer Institute a three- 
year design proposal (for fiscal years 1981-1983) 
to perform the requisite research and development 
and to generate plans and realistic cost esti- 
mates for a dedicated heavy-ion medical acceler- 
ator suitable for a hospital-based environment. 

The specific objectives of this proposal are: 

1. optimize the facility design for the 
desired treatment characteristics, opera- 
tional reliabililty and cost-effectiveness, 
and produce preliminary engineering design 
drawings and cost projections; 
2. prototype key components of the 
accelerator as required; 
3. advance beam delivery techniques toward 
systems that will more fully realize the 
advantages of heavy ions for radiotherapy. 

PRESENT STATUS 

It was the conclusion of the earlier design 
study that established technology should be used 
in the conception of a medical accelerator unless 
novel techniques were judged essential to achieve 
the design goals or made possible substantial 
cost savings. This conclusion is valid if a 
facility is to be created with the highest 
possible reliability and operational simplicity. 
Nonetneless, we consider it imperative to eval- 
uate the applicability of new advances in 
accelerator technology to make the best selection 
of available techniques in accomplishing the 
design and operational goals. 

If a facility optimized for radiotherapy with 
beams of silicon and lighter ions were to be 
built at the conclusion of the earlier design 
study, the choices for accelerator components 
would have been: 

1. PIG (Penning Ion Gauge) source in 750 kV 
Cockcroft-Walton power supply; 
2. Alvarez linac to inject fully stripped 
ions into a 
3. conventional 700 MeV/amu strong-focusing 
synchrotron, of approximately 12 m radius, 
as the main accelerator. 

Such a configuration could deliver heavy ions 
through silicon at maximum energies of 700 
MeV/amu. As can be seen in Figure 1, this will 
ensure for silicon approximately 30 cm range in 
tissue; which is suf,ficient to treat most human 
tumors. Lighter ions would be available with 
much longer ranges, which makes them suitable 
for additional applications such as radiography 
and associ'ated radiobiological programs, as well 
as radiotherapy. Since an actual facility will 
notd-be constructed for several years, it is 
advantageous to investigate the potential 
application of several new technological develop- 
ments. Among the most appropriate are advanced 
i o n  sources designed to produce large beam cur- 
rents of high charge state ions such as the EBIS 
source (Arianer et al., 1979) under study at LBL 
and in other countries, radiofrequency quadrupole 
(RFQ) (Stokes et al., 1980; Hamm et al., 1980), 
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RANGE-ENERGY CURVES 

Kinetic energy IMeV/omu) 

figure 1. 
beams showing the kinetic energy as a function of 
range in tissue. (XBL 809-3667) 

Range-energy curves for charged particle 

and other compact linac structures (Halbach, 
1980), all of which might significantly condense 
and simplify the preinjector and injector 
schemes, and superconducting magnet technology, 
which could possibly reduce the size and operat- 
ing costs of the facility. Evaluation of per- 
formance options such as pulse-to-pulse energy 
variations will be made. 
enhance the efficient utilization of the 
accelerator as long as they are not achieved at 
the expense of reliability. Considerable 
flexibility would be possible, depending on the 
priorities of the user community. 
systems at existing LBL accelerator facilities 
demonstrate that highly sophisticated beam shar- 
ing, beam switching, and multiuser capabilities 
are presently feasible. 

Such options might 

Control 

One of the most promising recent developments 
in accelerator technology, demonstrated in a 
proof-of-principle test (Hamm et al., 1980) at 
Los Alamos Scientific Laboratory earlier this 
year, is the radiofrequency quadrupole linac. 
This structure may provide an elegant method of 
injection into a medical synchrotron in a 
hospital-based environment. Among its attractive 
features are a greatly simplified and smaller 
preinjector, plus an injector that would consume 
less electrical power and be much easier to 
operate than a conventional drift-tube linac. 

Some calculations have recently been 
performed with the Los Alamos group (R. H. Stokes 

and T. P. Wangler, private communication) to 
determine the specifications and performance of 
an RFQ linac for ions of charge-to-mass ratio = 
0.25 (e.g., 20Ne+5). 
were very encouraging. 
structures, however, will be necessary before 
they can confidently be incorporated into a 
medical accelerator. 

The results obtained 
further studies of the 

The efforts in beam delivery systems will 
concentrate on advancing beyond the presently 
used scattering foil-occluding ring technique for 
producing large and uniform exposure fields. 
Although this system has been employed for 
several years at the 184-inch Synchrocyclotron 
and the Bevalac, and has proved to be effective 
and reliable, there are certain possibilities for 
improvement. The lead scattering foils cause a 
substantial loss o f  beam energy, up to 20% for 
the neon beams, thus higher accelerator energies 
are required to produce a given depth of penetra- 
tion in the patient. 
quite low even though the beam intensities 
extracted from the Bevalac are high enough to 
overcome the high beam loss and permit adequate 
dose rates. Furthermore, field sizes are some- 
what smaller than desired, and limitations are 
placed on treatment planning by the inability to 
vary either the dose delivered or the extent of 
Bragg peak spreading across the field. 

Also, beam utilization is 

Thus, to make best use of the inherent 
properties of heavy ions, and to minimize beam 
intensity and energy requirements, thereby keep- 
ing accelerator costs as low as possible, it is 
desirable to explore more advanced ideas in beam 
delivery systems. 
efforts toward a scanning system concept: 
magnets sweeping the beam across horizontal and 
vertical axes, with possible added dimensions of 
range modulation and beam spot size variation. 

We propose to direct these 
two 

SPECIFIC AIMS OF THE PROPOSAL 

The’purpose of this project is to prepare a 
preliminary engineering and cost estimate for a 
dedicated medical ion accelerator. In developing 
the overall facility design, special attention 
will be paid to the control system and the beam 
delivery system. Research and development, and 
prototyping of key components will be performed 
where necessary. When these tasks are completed, 
it will be possible to prepare a comprehensive 
and reliable projection of both construction and 
operating costs. 

Medical Accelerator Design 

Particle Beam Requirements 

The basic design of the medical ion acceler- 
ator proceeds from a single set of quantities 
describing the desired particle beam: particle 
choice, charge state, kinetic energy, maximum 
particle flux, transverse emittance, momentum and 
energy spread, and duty factor. Some of these 
quantities are dictated by the medical require- 
ments, while others are determined by cost- 
effective accelerator performance. 

. . . . . . . . .- I - ... . -. . - . - .. . .. - . . - . .  . . .. . - . ... .- . .. . . . .. . . . . 
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Radiotherapists and radiobiologists are 
focusing on carbon, neon, and silicon beams as 
presenting the best combination of physical 
characteristics and biological effectiveness. 
Therefore, the appropriate beam parameters to 
satisfy user requirements can be specified as 
follows. 

28 
Probable heaviest particle 
Maximum kinetic energy ~06~1900 MeV amu 
Maximum particle flux 
Transverse emittance 1 to 2 x 10-5 m-radian 
Momentum and energy spread 4 x 10-3 
Repetition rate 1 to 2 Hz 
Duty factor 25% to 50% 

These parameters provide an intense beam of 
sufficient range to irradiate even sizeable 
tumors in treatment times of two minutes or less. 
The same accelerator configuration can also 
provide carbon or other lighter ions to readily 
satisfy all potential radiographic applications. 
Furthermore, radioactive beams (Alonso et al. , 
1979) can be generated from the primary ion beams 
in intensities adequate for many other applica- 
tions, including treatment verification and 
nuclear medicine. The final choice of heaviest 
particle and maximum energy will be a specific 
objective of the proposed effort. 

The relationship between these beam 
parameters and the accelerator design can be 
briefly described. First, particle species and 
energy are determined by radiobiological studies 
of the physical and biological dose character- 
istics and the necessary particle range to reach 
the tumor sites to be treated. A range of 30 cm 
is adequate to reach most deep-seated tumors. 
Average particle flux is derived from considera- 
tions of treatment volume and dose rate. For a 
conventional beam delivery scheme, an arbitrary 
standard of 600 rad-literslmin has been used for 
small treatment volumes, with a lower dose rate 
of 200 rad/min acceptable for a large treatment 
volume of 13.5 liters of 15 cm thickness. The 
required particle flux depends on the depth of 
the treatment volume, with increased flux 
required for treatment volumes that are wide and 
flat rather than deep. Beam and energy losses 
in the transport and beam handling systems must 
also be accounted for in determining the 
intensity and energy of beam to be extracted 
from the accelerator. 

particles moving in the same general direction 
but with small internal deviations from the 
average position and direction. The magnitude 
of these deviations is related to a quantity 
known as the beam emittance. Although medical , 
applications do not require emittance values 
smaller than those routinely provided by modern 
accelerators, the size, cost, and power demand? 
of beam transport elements is affected by these 
considerations. Consequently, we expect 
emittance values of 1 to 2 x 10-5 m-radian. 
Similarly, real beams possess a distribution of 
nomenta (or energies). For a1 1 charged particles 

different stopping points in matter due to the 

1 to 5 x 10 4 particles/sec 

Accelerator beams consist of an ensemble of 

e63 except electrons, this corresponds to slightly 

energy-range correlation. 
for this range variation is to require that it 
not exceed the spread in range due to range 
straggling that occurs even in an initially 
monoenergetic beam. 
tolerable energy spread is approximately 
4 x 10-3. Again, beam handling and transport 
is greatly facilitated by keeping the spread 
even smaller than this value. 

A sensible upper limit 

For nebn ions, the resulting 

Finally, repetition rate and duty factor (the 
beam on-off periods) specify the macroscopic time 
scales of the beam. The accelerating (radio- 
frequency) system sets the microscopic time scale 
in which the beam appears bunched or modulated. 
For radiotherapy requirements in the areas of 
beam monitoring, dosimetry, and beam delivery 
(especially beam scanning or dynamic isocentric 
beam delivery), generous duty factors are highly 
desirable. 

Facility Layout 

The detailed design of the overall facility 
layout must be worked out in consideration of 
local conditions and site constraints as well as 
staff preferences. However, it will be important 
to maximize accelerator utilization by using 
several parallel treatment rooms, so that the 
beam may be switched from one room to another 
during the time needed for patient set-up 
(approximately 20 min). 
for a single synchrotron to serve up to eight 
patient rooms. Assuming five eight-hour treat- 
ment days per week, this facility could, as an 
upper limit, treat nearly 200 patients per day. 
A major task of this proposal will be to invest- 
igate optimal treatment room layouts given 
different site and economic considerations. With 
this tasK and the conceptual accelerator design 
completed, it will be possible to specify opera- 
tional modes of the facility and to produce 
analyses of operating costs. 

It is entirely possible 

Engineering for Reliability 

High reliabilty, and the related concept of 
operational ease and simplicity, are critical for 
a medical facility from the time the accelerator 
is first used. The experience at the 184-inch 
Synchrocyclotron has been an excel lent example 
of high accelerator availability. That machine, 
which now operates solely for medical studies 
and patient therapy, consistently averages 98+% 
availability with exceedingly modest operations 
and maintenance staff. We can also benefit from 
the experience.of industry by using the estab- 
lished methods for-quality assurance and control. 
These techniques permit rapid improvements in 
component development by subjecting design pro- 
cedures and shop practices to critical assessment 
atpall Stages. 
ability means achieving low failure rates and 
high availability, it is essential to eliminate 
failure modes requiring long repair times. For 
a medical accelerator, this means that patient 
scheduling can proceed in a routine and confident 
manner. 

Since attainment of high reli- 



Among the important concepts are to construct 
computer-based reliability models and establish 
failure rates of known components in order to 
analyze proposed system desigqs; to minimize the 
number of new, untested components; and to 
evaluate all designs with respect to maintain- 
ability and replaceability. furthermore, the 
concept of reliabilty should extend over the 
complete working life of the system. 
consider are automatic or built-in diagnostic 
equipment and systematic test procedures, 
simplicity in design with fewest different parts, 
easy accessibility of parts and replacements on 
site, and as much modular construction as 
possible. 

factors to 

Prototyping Components 

As mentioned earlier, based on present 
technology a conventional, strong-focusing 
synchrotron, injected by a linac (or a cyclotron 
if neutron and radioisotope production are con- 
sidered important) is the choice as the most 
efficient and economical source of ion beams of 
carbon or heavier. Several components may 
warrant prototyping to assure reliable cost 
estimate and project schedules. 
for much of this prototyping are yet to be 
determined. 

One area where developmental effort is 

The priorities 

indicated is beam delivery. A beam scanning 
system appears to be the best technique for bio- 
medical applications of heavy ions. The range 
of scanning system concepts is wide: from free- 
running sweeps of fairly large diameter beams 
over a rectangular field (using the present ridge 
filter, water column, and patient collimators for 
field definition) to a highly sophisticated 
pixel-by-pixel dose delivery with beams o f  a few 
mm in diameter (Kanai et al., 1980; Leemann 
et al., 1977). Greatest flexibility is obtained 
with the latter concept, but its implementation 
requires substantial technological development 
of control systems, dosimetry, verification 
techniques, and the resolution of biological 
questions about the very high instantaneous dose 
rates delivered to each pixel. 

The proposed plan is to assemble a two- 
dimensional scanning system, largely from exist- 
ing components, and to install it in a beam line 
in the Bevalac Biomedical area. It will be used 
as a research tool to develop and test control 
systems, to verify dosimetry and beam instrumen- 
tation, and to perform radiobiology experiments 
with the scanned beams. It is anticipated that 
even in its simplest form, this scanning system 
will offer substantialtadvantages over the 
occluding ring technique such as larger field 
sizes, greater uniformity, and higher dose rates. 
furthermore, implementation of this System iS 
expected to be straightforward; all the basic 
components are already in existence and have been 
shown to easily meet design specifications for 
the first-order scanning system: 

Ultimately, it is anticipated that this beam 
line may oe used for actual patient treatments, 
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and thus may serve as a true prototype for the 
medical accelerator beam delivery system. 

CONCLUSION 

The final phase and ultimate goal of the 
research and development project will be the 
development of detailed and reliable cost 
estimates for the total facility. To accomplish 
this task, it will be necessary to identify and 
describe in considerable detail, every signif- 
icant component of the facility. At the same 
time, projections of operational costs and 
required staff will be prepared so that a cost 
per patient treatment may be generated for 
comparison purposes. 

is expected to begin in summer 1981, although 
considerable preparatory effort has already been 
expended. It is expected that a proposal to 
construct such a facility will be submitted in 
the third year o f  the design effort. At the 
completion of the tasks set forth above, the 
radiotherapy community will be in a confident 
position to pursue the construction of a fully 
developed and optimized dedicated medical ion 
accelerator. 

This preliminary engineering design effort 
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