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Use of the Bragg Peak for Brain-Tumor Therapy 

Alexander Gottrcholk, John 1. Lyman a n d  Larry W. McDonald 

The e a r l y  work i n  t h i s  laboratory demonstrated t h a t  t h e  b io logica l  e f f e c t  

This led t o  the  s e t t i n g  up of s a f e t y  s tandards 
of t i s s u e  ion iza t ion  produced by the  heavy p a r t i c l e s  from the  f i r s t  cyclotron 
was g r e a t e r  than t h a t  of X rays.  
f o r  workers around acce lera tors  and a lao  t o  the  inves t iga t ion  of neutron i r -  
rad ia t ion  i n  cancer therapy (1,2,3). The i n t e r e s t  i n  t h e  re la t ionship  between 
the  dens i ty  of ion iza t ion  and b io logica l  e f f e c t ,  from the  s tandpoint  of both 
bas ic  radiobiology and rad ia t ion  therapy, has continued here .  Since World War 
11, when la rger  cyclotrons and l i n e a r  accelerator .  ware constructed and higher 
energy. heavy charged p a r t i c l e  beam became a v a i l a b l e ,  extensive b io logica l  and 
medical research has been c a r r i e d  out  with var ious heavy p a r t i c l e s  i n  t h i s  lab- 
oratory and elsewhere ( 4 ) ,  and the work is now leading t o  advances i n  the  therapy 
of severa l  d i seases  ( 5 ) .  

Accelerated heavy p a r t i c l e s  from the  Berkeley 184-inch synchrocyclotron 
have been used f o r  p a t i e n t  therapy aince 1954. Numeroua papers have described 
c l i n i c a l  s t u d i e s  using heavy p a r t i c l e s  f o r  rad iosurg ica l  suppression o r  ab la t ion  
of the hypophysis i n  the treatment of d i seases  such a s  metas ta t ic  b r e a s t  c a r c i -  
noma, d i a b e t i c  re t inopathy,  acromegaly, and Cushing's d iaease ,  and a l s o  f o r  
d i r e c t  i r r a d i a t i o n  of a s o f t - t i s s u e  les ion  and recent ly  f o r  th ree  bra in  tumors 
(6-11). 

& x p . r i m n t s  s t a r t e d  already iii 1348 inc:ud& the  3u=ceczf-l t-coztmenf nf 

animal t-ro with t h e  Bragg peak and thua demonatrated the  unusual c l i n i c a l  i m -  
p l i c a t i o n s  of heavy p a r t i c l e s  i n  therapy using t h i s  por t ion  of the  heavy p a r t i -  
cle beam (12). 
beams a r e  of g r e a t  c l i n i c a l  i n t e r e a t .  
t r a t e  t i s s u e  with l i t t l e  s c a t t e r , a n d  the higher  l i n e a r  energy t r a n s f e r  (LET) as  
the p a r t i c l e s  slow down produces the  Bragg peak, by which it is poss ib le  t o  de- 
laver  a cancerocidal  dose t o  deep-aeated tumors. 
r e l a t i v e l y  l i t t l e  *kin dose, the  depth-dose t o  skin-dose r a t i o  being opposite 
t o  t h a t  of X rays o r  gamma rays.  ,In addi t ion .  each u n i t  of energy del ivered a t  
the Bragg peak has  a g r e a t e r  r e l a t i v e  b io logica l  e f f e c t  ( N E )  per u n i t  of ion i -  
za t ion  present  (4,131 a s  compared t o  250-kVp X rays.  Furthermore, f a c t o r s  such 
as  temperature, f r a c t i o n a t i o n ,  pro tec t ive  agenta and oxygen s a t u r a t i o n ,  which 
a l l  modify electromagnetic o r  o ther  low-LET rad ia t ions ,  a l t e r  t o  a l e s s e r  degree 

I n  theae invest igat ion,  it became evident  t h a t  heavy-particle 
Unlike X rays  o r  g a m  rays ,  they pene- 

This can b. achieved with 
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the  e f f e c t  of higher LET i r r a d i a t i o n  (14,15,16). This repor t  descr ibes  the 
! case h i s t o r i e s  of th ree  p a t i e n t s  suf fe r ing  from brain neoplasms t r e a t e d  with the 

. Bragg peak, discussing t h e  dosimetry and technica l  aspects  of therapy.  

I 
t 

CASE HISTORIES 
CASE 1. A four-year-old white male had the  onset  of neurological  symp- 

toms December 6, 1960, cons is t ing  of a f a l l ,  morning vomiting, d ip lopia ,  p a p i l l -  
edema, and a palsy of the l e f t  abducens nerve. Increased i n t r a c r a n i a l  pressure 
was a l s o  presenl: a t  t h i s  time. Subsequent ventriculography and c a r o t i d  angio- 
graphy revealed a r i g h t  p a r a s a g i t t a l  mass. A craniotomy was performed and a 
lemon-sized, grade 2 oligodendroglioma was removed. I n  the  i n t e r v a l ,  February 
1 3  through March 9 ,  1961, 3.100 rads were del ivered t o  the tumor s i t e  with a 
250-kVp apparatus of HVL (half-value layer )  2.28 nun Cu. 

In May of 1961 signs of increased i n t r a c r a n i a l  pressure again developed, 
and a t  a second craniotomy, recurrent  tumor was found. His to logica l ly ,  t h i s  
a l s o  was a grade 2 oligodendroglioma. I n  October of 1961, because of a develop- 
ing l e f t  hemiparesis, a t h i r d  craniotomy w a s  performed with a recur ren t  neo- 
p l a s t i c  mass once more excised.  A t  t h i s  tine. t h e  tumor had become a grade 3 
oligodendroglioma. 

In December of 1961 the  p a t i e n t  f i r s t  manifested r i g h t  hemiparesis and 
had a r ight-s ided Jacksonian se izure .  Consequently, he was believed t o  have 
tumor spread across  t h e  midline. In  t h e  i n t e r v a l  from December 20. 1961, t o  
January 1 2 .  1962. t h e  p a t i e n t  was t r e a t e d  with Bragg-peak i r r a d i a t i o n  from the 
a lpha-par t ic le  beam of the 184-inch synchrocyclotron. 
over a period of the  next f i v e  months experienced a good p a l l i a t i v e  r e s u l t .  
then gradual ly  began t o  show a s teady d e t e r i o r a t i o n  with obvious regrowth of 
tumor and expired on October 15, 1962. 

H e  slowly improved and 
He 

The autopsy revealed a recur ren t  oligodendroglioma extending widely i n t o  

Hemorrhage and necrosis  within 

Metastases from the i n t r a c r a n i a l  tumor were 

both cerebra l  hemispheres and i n t o  the thalmus. 
the  tumor were i n t e r p r e t e d  as being caused e i t h e r  by the  i r r a d i a t i o n  nr by the 
tumor outgrowing its blood supply. 
found i n  the  lungs. 

CASE 2. A SO-par-old white male wan i n i t i a l l y  su8pected of having a 
bra in  tumor i n  Apr i l  1962 a f t e r  a two-and-a-half year  h i s t o r y  of progressive 
weakness i n  the r i g h t  hand, a s h o r t  h i s t o r y  of d i f f i c u l t y  with speech and 
r i g h t  hemiparesis. A l e f t  c a r o t i d  ar ter iogram demonstrated a l e f t  temporal- 
p a r i e t a l  tumor. On May 21, 1962, a s u b t o t a l  resec t ion  of a grade 3 astrocytoma 
was performed. 
June 29, 1962, but  following the  i n i t i a l  two t reatments ,  the  p a t i e n t  became un- 
responsive and suf fered  from a progressive r i g h t  hemipareria, nausea, and 

Postoperative i r r a d i a t i o n  using the Bragg peak was s t a r t e d  on 
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Figure 1. Bragg curve of 910-MeV 
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vomiting. He was then reoperated, and a lemon-sized tuinor was again removed. 
Bragg-peak therapy was resumed on July 9 and completed on July 1 3 .  1962. 
spite of considerable neurologic deficit consisting of !phasia and a persistent 
hemiparesis, his status improved until October of 1962. :He then gradually began 
a progressive down-hill courae and expired in January of 1963. Terminally, the 
patient appeared to be suffering from bilateral bronchopneumonia for which he 
was hospitalized. He was treated with antibiotics and seemed to improve when 
he suddenly became unresponsive and died three days later. 

In 

I 

A grade 4 astrocytoma was found extensively involvidg the left cerebral 
hemisphere at autopsy. 
showed some eosinophilic coagulum which was PAS positive; a similar type of 
coagulum has been noted in radionecrosis of nerve tissue. The'greater part of 
the tumor showed focal necrosis and some vessel thrombosi: which are common in 
grade 4 astrocytomas. Pressure effects produced encephalomalicia of the right 
occipital lobe and hemorrhage in the brain atem. 
stem and bronchopneumonia were the terminal events. 

Sections from the more superior portions of the t m r  

The hemorrhage in the brain 

C A W  3 .  A j8-year-old white male first noted the onset of left-sided 
headache and nausaa in'January, 1962. The symptoms progresaed in severity and 
were associated w i t h  rather vague personality change with at least one episode 
of loss of contact with hi. surroundings. 

Papilledema was evident in June 1962, and on June 9, 1962, a ventricu- 
logram demonstrated a left frontal mass. 
ed the same day with subtotal removal of a grade 2 astrocytoma from the region 
of the left sylvian fissure. 
treated with alpha-particle Bragg-peak irradiation. 
operative and post-irradiation period a right hemiparesis and pronounced aphasia 
were evident. 

A left frontal craniotomy waa perform- 

From July 6 to July 13, 1962, the patient was 
In the immtdiate post- 

The hemiparesis has now (one year later) completely diaappeared. 
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Figure 2 .  Schematic diagram of treatment setup. 

The aphasia has improved, but  is  s t i l l  p resen t ,  
l a r l y  a s  a stock c l e r k  and i s  ab le  t o  d r ive  h i s  c a r .  
evidence of recurrent  neoplasm. 

The p a t i e n t  is  working regu- 
A t  t h i s  t i m e  t he re  i s  no 

METHOD OF THERAPY AND DOSIMETRY 
The three  pa t i en t s  w e r e  a l l  i r r a d i a t e d  a t  t he  184-inch synchrocyclotron. 

u t i l i z i n g  the  910-MeV alpha-part ic le  beam. A s  t h i s  beam of p a r t i c l e s  i s  slowed 
down by in t e rac t ions  with an absorbing medium, an increase i n  ion iza t ion  in  the 
medium takes place.  This is  shown i n  F ig .  1. This Bragg curve shows the  i n -  
crease i n  ionizat ion of the  ni t rogen gas i n  an ionizat ion chamber a s  a function 
of the amount of absorbing medium i n  f r o n t  of the  ionizat ion chamber, t he  ab- 
sorber  i n  t h i s  case being l u c i t e .  

Relat ive mass-stopping powers of var ious mater ia ls  WeLe  calculated or  
measured (17)  so t h a t  s u i t a b l e  combinations of absorbers could be used t o  permit 
maximum ionizat ion t o  occur a t  required depth below the  surface of the sca lp .  
A f i xed  absorber of l u c i t e  o r  copper w a s  used i n  conjunction with a va r i ab le  
water absorber enclosed i n  a p l i a b l e  p l a s t i c  bag conforming with the p a t i e n t ' s  
head (Fig.  2 ) .  The beam was monitored before t h e  f i r s t  absorber,  and from 
Bragg curves (obtained by using var ious coELinations of absorbing mater ia ls)  the  
dose del ivered t o  var ious depths i n  the  b ra in  w a s  determined. 

Isodose curves w e r e  obtarned by g raph ica l ly  summing the  depth-dose curves 
f o r  the  individual  treatment f i e l d s .  

ta ined by simulating the treatment schedule on the  IBM 7090 computer ( see  Flg. 3 ) .  

In  case 3 ,  isodose curves w e r e  a l s o  ob- 
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Figure 3 .  Isodose curves f o r  case 3. ca lcu la ted  by IBM computer. 

$U-33279 and 33280 

Case 1: Treatment was given on e i g h t  separa te  occasions within a 24-day 
period. I r r a d i a t i o n  was del ivered through 13 separa te  p o r t a l s .  The maximum 
dose del ivered t o  the  tumor was 8,500 rads ,  with the majori ty  of the treatment 
f i e l d  receiving more than 6,000 rads.  I 

', 
1 

Case 2: Treatment was given on f i v e  separa te  o c c a s ~ o n s  during a 15-day 
period. I r r a d i a t i o n  was del ivered through nine p o r t a l s .  Maximum dose del ivered 
t o  the tumor was 5,250 rads .  with t h e  majori ty  of the treatment f i e l d  receiving 
g r e a t e r  than 4 ,000  rads.  I 

Case 3: Treatment was given on four  separa te  occasions during an &day 
period. I r r a d i a t i o n  was de l ivered  through f i v e  d i f f e r e n t  p o r t a l s .  
p o r t a l s  were used more than once, but  t h e  beam was allowed t o  pene t ra te  t o  a 

di f fe rof i t  depth e t c h  tima. 
received more than 2,500 rad.. 

Three of t h e  

Tke moxiir.m 6ixa i d -  4 ,356 rads. Moat of che f i e l a  

DISCUSSION 

cm i n  diameter. 
amall v o l m  of t i s s u e  with a cancerocidal  dose. 
w i l l  permit l a r g e r  treatment f i e l d s  a r e  present ly  underway. 
f e c t i v e  therapy with t h e  Bragg peak does depend upon prec ise  l o c a l i z a t i o n  of the 
reaidual  neoplasm. 
areas  i n  r e l a t i o n  t o  bony landmarks i n  t h e  skull; and i n  moat cases ,  rad io  opaque 
c l i p s  can be placed around the' margins of the operat ive f i e l d  t o  provide a 

The l a r g e s t  beam nor ava i lab le  f o r  heavy-particle therapy is  a c i r c l e  6 

Therefore, it is  cur ren t ly  poss ib le  t o  t r e a t  only a r e l a t i v e l y  

However. modifications t h a t  
Nevertheless. e f -  

The surgeon can of ten  he lp  by loca l iz ing  tumor-containing 

! 

! 
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t a r g e t  v i s i b l e  on alignment X rays .  
tend t o  i n f i l t r a t e  widely. o f t en  sending ou t  microscopic tumor s t r ands  i n t o  
b ra in  t i s s u e  t h a t  g ross ly  appears normal. 
geometric m i s s  with the  heavy p a r t i c l e  beam ( a l s o  a problem when X rays a r e  
used (18)) i s  g r e a t ,  although it may be possible  t o  de l ive r  tumorocidal doses 
t o  a l l  the  t l s s u e  obviously invaded by neoplasm. 

Unfortunately,  highly malignant gliomas 

Consequently, t he  l ikel ihood of a 

I n  both case 1 and 2 t h i s  s i t u a t i o n  almost c e r t a i n l y  occurred. I t  is  
noteworthy, however, t h a t  i n  case 1 p a l l i a t i o n  was achieved with the  Bragg peak 
i n  s p i t e  of the f a c t  t h a t  a conservative dose of conventional i r r a d i a t i o n  had 
no apparent e f f e c t .  
heavy p a r t i c l e s ,  t he  g rea t e r  e f f i cacy  of the  high LET i r4ad ia t ion .  or both,  is  
not  known. 
treatment i s  encouraging b u t  a s  y e t  permits no u l t i m a t e  prognosis;  because, i n  
a la rge  s e r i e s  of p a t i e n t s  w i t h  comparable tumors, Kernohan and Sayre (19) 
found an average su rv iva l  of almost t w o  years  following sdrgery alone. 

SUMMARY AND CONCLUSIONS I 

Whether t h i s  was due t o  the  higher dose given with the  

The r e l a t i v e  good hea l th  enjoyed by case 3 dre than one year a f t e r  

, 

Three p a t i e n t s  with b ra in  tumors have been t r e a t e d  by the  Bragg peak of 
t he  910-MeV alpha-part ic le  h a m  from the  184-inch synchrocyclotron. 
sub to ta l  tumor re sec t ion  p r i o r  t o  therapy. The case h i s t o r i e s  are presented: 
the  technique of dosimetry, and the  method of i r r a d i a t i o n  are discussed. The 
series is too small t o  judge whether o r  no t  t h i s  form of therapy holds g r e a t  
promise for the fu tu re .  

A l l  had had 

', 
I 
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