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INTRODUCTION 

There  is considerable evidence that the human pituitary gland is im-  
plicated in the pathogenesis of various aer ious diseases.  In some of these 
conditions par t ia l  o r  complete removal of the gland may  be of benefit.  
the paet  s eve ra l  decades,  a t tempts  have been made by radiation and su rge ry  
to achieve complete hypophysectomy. 
procedures have me t  with at l ea s t  par t ia l  success .  

F o r  

It is only very  recently that the surgical  

Most of the difficulties in hypophysectomy a r e  due to the central  loca- 
tion of the hypophysis a t  the base  of the skull, and to the sensit ive s t ruc tu res  
of nerve,  brain,  and blood vesse l s  that  a r e  ourrounding and protecting it. 

An account is given below of the initial uoe of acceleratedhigh-speed 
protons in human therapeutic investigation.: the rationale for  proton hypoph- 
ysectomy, the technique employed, and the initial physiological changes after 
proton hypophysectomy a r e  given in detail.  

*With Appendix A, "Prepara t ion  of a Form-Fitt ing Plast ic  Mask for  Radiation 
Therapy" by H. 0. Anger and R. W. Pratt, and Appendix B, "Profile and 
Isodose Measurements  of the 340-Mev Pro ton  and 190-Mev Deuteron Beams 
by Photographic Densitometry" by G. P. Welch. 

**The author8 a r e  indebted to Victor Burns,  Graeme  Welch, Mrs .  Elizabeth 
Ward, R. W .  P r a t t ,  Jack  Allen, and Ann Henderson for ass is tance a t  the 
cyclotron; t9 Shirley Belknap and Barba ra  Boysen fo r  clinical t es t s ;  to 
Joseph Gare i r ,  Charles Riggs, Julian Henry, and 0, K. Anderson for p r e -  
l iminary studies of irradiation involving animala; to  Philip Bean fo r  engi- 
neering design work on the equipment; and to Aram Thomasian for his  
contribution on mathematical  calculations. 
to the Donner Foundation fo r  financial aid in the medical phases  of this  
project.  
Energy Commission. 

The au thors  a r e  fur ther  indebted 

The physical aepects  of these studies were  supported by the Atomic 
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REVIEW OF THE AVAILABLE TECHNIQUES FOR HYPOPHYSECTOMY 

A. Radiation 

Irradiat i  n of the human and animal pituitary by x - rays  was reported 
a s  ea r ly  a s  1909.' It soon became c l e a r  that  the hypophysis was fair ly  radio- 
res is tant .  
of injury to the brain,  the doses by conventional x-radiation had to be limited. 
Nevertheless ,  radiation has  been a frequently used therapeutic pproach in 
pituitary tumors ,  Gushing's syndrome, 4*  and acromegaly.  4 9  Attempts 
have a l s o  been made to i r r ad ia t e  the pituitary in various other conditions, f o r  
example hypertension7 and malignant exophthalmos. 8 * 9  
x- rays  has  a lso been attempted in malignancy in the human, particularly for 
prostat ic  carcinomdo and m a m m a r  carcinoma. 11 The highest doses  were 
probably delivered by Kelly e t  a l .  However, in t h ree  m a m m a r y  cancer  
patients even 15, 000 r to the region of the hypophysis was not sufficient to  
cause noticeable depression in hormone production and histopathological dam - 
age, o r  r emis s ion  of the disease.  
extended and improved, a s  exemplified by the recent  work of 'Santos. l 2  

Because of l imitations imposed by sensitivity of the skin and danger 

Pituitary radiation by 

The technique of x - r a y  therapy i s  still  being 

Since the pioneer work of Lacassagne and h i s   associate^^^ the im-  
plantation of radioactive seeds  seemed to offer a method of delivering large 
local doses  to the pituitary; indeed r a d o a  implantation did affect the pituitary 
in acromegaly and Cushing's syndrome. During the l a s t  few yea r s ,  Kisie1isb.i 
and h i s  a s soc ia t e s  l4 have developed new methods for processing radioactive 
yttrium into seeds ;  this  led to the therapeutic clinical investigations of Kennedy 
e t  a l . ,  15 who implanted seve ra l  yttr ium seeds  into the pituitary,  and gave 
considerable doses  of beta radiation in an attempt to stop hypophyseal function 
and to cause r eg res s ions  in carcinomas.  This  st dy is sti l l  in p rogres s  a t  the 
University of Chicago and a t  McGill University. l t  

B. Surgery 

Owing to g rea t  technical difficulties and associated seve re  t rauma,  i t  
was only recently that complete eurgical hypoph sectomies  were  c a r r i e d  out 
with success ,  by Luft and Olivecrona in Swedenl7.18, 19 and by Pe r rau l t  and 
associates  in F rance .  2o Luft and Olivecrona assembled 34 c a s e s  of metastatic 
carcinoma of the b reas t  and 12 c a s e s  of diabetes melli tus for  surgical hjrpoph- 
ysectomy. 
peared complete showed objective r emis s ions  and subjective r e l i e f ,  which 
las ted for periods ranging to more  than two yea r s .  
and associates ,  and other groups,  a r e  vi orously attacking the problems of 
surgical hypophysectomy in 

A significant portion of the patients in whom hypophysectomy ap- 

Currently Ray, Pearson,  

22*53 and in diabetes mellitus. 2 4  

PROTON IRRADIATION TECHNIQUE 

A .  G e n e r a l  P rope r t i e s  of Pa r t i c l e s  

High-energy protons,  deuterons,  and aleha par t ic les  have great ad-  
vantages over  other radiations in producing localized radiation damage in a 
deep region in t issue as suggested by Wilson. 2 5  The accelerated and properly 
focused pa r t i c l e s  propagate in a well-collimated and straight pencil of beam, 
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which may be directed to any portion of the body. 
iheir scattering is so smal l  (compared  to e lectrons)  that  for  pract ical  purpost:s 
negligibly smal l  amounts of radiation fall outside the main beam to i r radiate  
neighborlng t lssue a reas .  Fu r the r ,  the approximately monoenergetic par t ic les  
penetrate to a uniform and well-defined range, producing their  maximum ion- 
ization just  before they stop. 

A sLi:able aper ture ,  made of b r a s s  o r  other metal ,  i s  used to determine 

A s  the par t ic les  penetrate,  

:he shape oi the radiation field, and the background ionization may be kept to 
less than 0 .  1% of the beam. 

These propert ies  were gemonstrated in  biological experiments by 
-2 Tobias, Anger: and Lawrence. 

B. - Biological Experimentation with 190-Mev Deuterons and 340-Mev Protons 

Experience in the use  of proton, deuteron, and alpha-particle beams 
was gained by investigating their  biological effectiveness and mechanism of 
lethal action through localized irradiation of animal t issues .  

The biological effectiveners of the high-energy portions of the deu- 
This teron and proton beam was found to be close to that of 200-kv x - rays .  

could be predicted f rom physical data on the specific ionization and l inear  en- 
ergy t ransfer  of the par t ic les .  
yeast ce l l s ,  27 t radescact ia  microspores ,  28 and frui t  f l ies.  29 

Experiments of this kind were  done on mice ,  26 

Tine ase of h ig t - speed  par t ic les  allows one to produce radiation-in- 
duced lesions in the animal body with microscopically sharp  demarcation 
lines. 2 6  In smal l  animals,  cylindrical  lesions of one mm diameter  a r e  easily 
produced. Since 1952, a silstained effort  was made, in collaboration with the 
staff of the lnstitute of Experimental  Biology, to study effects of the high-speed 
particles on the r a t  hypophysis. 30 Initial r e su l t s  were  encouraging, and pi-  
tcitary irradiation of young monkeys* and of normal  mature  dogs** and dogs 
with bxeast  cancer** has  a l so  been mder taken ,  with technique s imilar  to that 
for humans (descr ibed  below). 

When l a rge  eingle doses  of more than 5000 rad*+* deuterons o r  p ro -  
'.on5 a r e  giver, to the pituitary gland of animals the end r e su l t  appears  to be 
blmilar i r respect ive of the s i ze  of radiation dose: progress ive  atrophy of the 
er.tire gland rer i i l ts ,  accompanied by reduction in physiological function. The 
higher the dore,  the sooner the physiological effects seem to manifest  them- 
selves.  Singie doses  of the o rde r  of 30 ,000  r a d  a r e  necessa ry  to approximate 
the immediate effects of surgical hypophysectomy. 
ments: Fig. 1 shows the apparent onset in t ime of profound physiological changes 
resembling complete hypophysectomy. Data on ra t .  dog, and monkey follow 
reasonably well the same gener a1 relationship. 
chiefly r a t e  of growth. thyroid function, and s izes  of target organs.  

To i l lustrate  these s ta te-  

Cr i t e r i a  for evaluation a r e  

*:n cooperation with Dr .  Van Wagenen of Yale University. 
*"TO be pkblished. 

* C y ;  rad is equal to 100 e r g s  absorbed/g o r  1 .07  rep absorbed in t issue.  
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OF DOSE AND TIME AFTER 
IRRADIATION 
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F ig . .  1. The time of onset of marked changes due to radiation hypoph- 
ysectomy i s  plotted against dose .  
few monkeys are  included. 

Data for rats, dogs, and a 
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According to the above reasoning, when single doses  a r e  applied, 
hypophysectomy can be achieved with relatively moderate  doses ,  although it 
may not be observed until a fa i r ly  long t ime after the initial radiation exposure.  
The delayed onset of the effects is a factor of g rea t  importance in deciding on 
rhe dose in humans. 

The en t i re  gland must  be  i r rad ia ted  to achieve any lasting physiological 
changes in the ta rge t  organs.  

The effect of pituitary radiation on ta rge t  organs  does not p rogres s  

The 1131 uptake may 
Effects on growth 

simultaneously, but t he re  is a definite pa t te rn  involved. 
to  show measurable  functional changes is  the thyroid. 
decrease within a few weeks a f te r  even a moderate  dose.  
and adrenal function follow, while r eg res s ion  of the sex  glands, regulated by 
the follicle-stimulating hormone (FSH), is usually chronologically l a s t .  The 
histopathology of the i r rad ia ted  pituitary exhibits changes that indicate a pat - 
tern ( in  the r a t ) ,  though differential effects a r e  difficult to detect. The acido- 
philes s eem t o  be f i r s t  to r e g r e s s ,  followed by basophils and, lastly,  chromo-  
phobes. 

In r a t s  the f i r s t  gland 

Long-term studies with doses  up to 10,000 r ad  given to the young 
Long- Evans r a t  indicate that onset and frequency of spontaneous tumors  a r e  
reduced i f  the animals  a r e  i r rad ia ted  in the f i r s t  month of l ife.  Life span of 
h e  animals  that received l a rge  doses  did not significantly differ f rom the l ife 
span of surgically hypophysectomized an imals .  

Nerve and bra in  t issue is  m o r e  sensit ive than pituitary t i s sue .  Lethal 
effects f rom pituitary radiation, where the cause  could be  definitely ascer ta ined ,  
could be ascr ibed  to nerve  and bra in  lesions,  par t icu lar ly  to nec ros i s  and 
hemorrhage.  

Lethal effects of this kind were  usually preceded by damage t o  the 
:bird, fourth, and fifth c ran ia l  nerves ,  which in the dog l ie  very  c lose  to the 
pituitary. The lesions led to  inability of the an imals  to move their  eyelids,  to 
permanently dilated pupils, and to loss of corneal sensitivity. A s e r i e s  of ex-  
per iments  was c a r r i e d  out to t e s t  the dose- t ime relationship in dog cranial  
nerve. A charac te r i s t ic  dose- t ime injury curve  resxlted,  which resembled  
the data obtained with the pituitary.  The lower the dose, the longer the t ime 
required for the eymptoms to appear ,  and--in this case-- they usually proved 
to be l e s s  s eve re  in degree.  Since the data on dogs a r e  available only over a 
period of 16 months, additional information is needed, par t icu lar ly  for long 
postirradiation t imes .  F igure  2 gives the data now available. 

A temporary  type of nerve  damage was a l so  observed in some of t h e  
animals; h e r e  the c ran ia l  ne rves  themeelves  had a low dose,  but neighboring 
structures (pituitary and cavernous venous plexus) received heavy i r rad ia t ior  
( i n  excess  of 10,000 rad) .  The eye symptoms developed and increased  in s e -  
verity two to. th ree  weeks a f t e r  irradiation, then par t ia l ly  o r  completely r e -  
gressed  s ix  to eight weeks l a t e r .  
sure f rom edema of the nearby radiated s t ruc tu res .  

The symptoms were  presumably due to p r e s -  

When portions of the bra in  were  given l a rge  doses  along with the p i -  
tuitary and cran ia l  nerves  ( in  dogs), in some cases  coma and death followed 
the eye symptoms.  
lobes of the bra in  were  found to be  severe ly  necrosed  and liquified, with a 

A t  autopsy the heavily i r rad ia ted  a r e a s  of the temporal  

3 0 0 5 1 2 3  
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NERVE DAMAGE AS A FUNCTION OF DOSE 
AND TIME AFTER IRRADIATION 

(L CALCULATED OOSE 

0 KNOWN (TOTAL) DOSE 

(ROTATIOVIL TECHNIC) 
P 
8 

1 I I I I I 

0 30 60 90 120 IS0 180 : 
TIME POST IRRADIATION, DAYS 

0 

MU-8620 

F i g .  2 .  The occurrence of cranial nerve damage in dogs as  a func- 
tion of time after various single doses  of deuterons. 
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rem.irk;ibly sharp  demarcation l ine between necrosed portion and healthy, 
normal-appearing t issue.  
about the same in different  dogs; a typical brain i s  shown in Fig. 3, f rom J. 
beagle dog that received 40 ,000  r a d  and died in two weeks. 
in the portion receiving the highest dose,  and p rogres ses  to a r e a s  with lower 
doses.  
with accumulation of fluid in the bra in  and high intracranial  p r e s s u r e .  
relatively meager  data indicate that b ra in  damage is a function not only of dose 
and time but a lso of the volume of t issue i r radiated.  It is difficult to compare  
the l i terature  on radiation damage to the brain with the r e s u l t s  reported here;  
most data in the l i t e r a tu re  involve doses  to mass ive  a r e a s  of i r r ad ia t ed  brain 
t issue.  
who observed delayed demyelinization and rad ionecros is  in dose ranges  of 
1500 to 5000 r of high-energy x - rays ,  and in addition acute inflammation, 
hemorrhages,  edema, and nec ros i s  in the range of 3000 t o  14,000 r ,  with in- 
creasing severity a t  higher doses .  

fractionated and single doses  on the central  nervous sys t em.  

The s ize  of the necrosed a r e a  at  time of death was 

Necros is  begins 

The immediate cause of death in some c a s e s  appeared to be hemorrhage ,  
The 

Perhaps  most pertinent a r e  recent  observations by Arnold e t  a l . ,  32  

Fugther studies a r e  being c a r r i e d  out on the relat ive effectiveness of 

LOCAL1 ZED HYPOTHALAMIC IRRADIATION 

The technique described in this  r epor t  h a s  been employed over the 
past two yea r s  for i r radiat ion of hypothalamic a r e a s  of rats. The main prob- 
lem of interest  i s  the mechanism of hypothalamic control of hypophyseal func- 
tions. 
appears to show p romise  a s  an investigational tool. 
will be repor ted  e l sewhere  in detail .  
of hypothalamus h a s  produced a range of effects in r a t s .  
retardation of growth, diabetes insipidus, glycosuria,  hypothyroidism, and 
obesity. 

Because of the low mortali ty and high aiming accuracy  this  technique 
The r e s u l t s  of this work 

Already proton o r  deuteron irradiation 
Among these a r e  

DESCRIPTION O F  IRRADIATION TECHNIQUE IN HUMAN PATIENTS 

The radiosensit ivity of the bra in  and skin is g rea t e r  than that of the 
For this  r eason  the proton i r radiat ion of the human pituitary was 

The position 
pituitary. 
combined w i t k t h e  well-known rotational i r radiat ion technique. 
of the p ro tonbeom was kept fixed in space and directed to c r o s s  the pituitary 
as well as  the en t i r e  head with uniform ionization. 
was rotated around i t s  own pituitary body. 
differently each  day of the fractionated therapeutic I r radiat ions.  
ner the cumulative dose to the pituitary gland was considerable,  while sur- 
rounding blood vesse l s ,  cranial  nerves ,  lobes of the brain,  bone, and skin 
received progress ive ly  l e s s  i r radiat ion in the o r d e r  of enumeration. 

During i r radiat ion the head 
The plane of rotation was chosen 

In this mari- 

A contemplated fur ther  improvement  in  technioue would involve s t o p p  i n z  
the proton beam in the pituitary fos sa  by making use  of the high dose peak of 
the Bragg ionization curve  and thus eliminating i r radiat ion nf one hemisphere  
of the brain.  As yet this hodif icat ion has  not been employed in our  patients.  

1 
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Fig.  3 .  Photograph of the unstained brain of a fully grown male 
beagle dog a f t e r  a single dose of 40,  000 r a d  to  the pituitary. 
Rotation of the head occurred  in a single plane, so that the beam 
swept an a r c  of 90°. Dose at the necrotic a r e a s  (black) i s  e s -  
t imated to be about 30 ,000  rad.  
o r rhage  two weeks af ter  irradiation. 

The animal died of brain hem-  
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A .  Treatment  Room 

With the generous help of the staff of the Berkeley 184-inch cyclotror-* 
a r.ew treatment  room (shown in Fig. 4) was constructed for the human i r r a -  
diation p rogram.  The coll imated beam p a s s e s  through two rooms  suitable for 
irradiation: the one c loser  to the cyclotron is mainly for physics  and chem-  
istry use ,  while the fa r ther  room,  carefully shielded to avoid s t r ay  radiation, 
i s  for medical  use.  

5 Control  of Proton Beam 

The deflected beam p a s s e s  along on an optical bench, and by means 
si electrical  and mechanical techniques, i t  is  brought to p a s s  (within about 
0 2 m m )  r a l o q  a l ine ;.eight inkhe's over  the - center of the optical bench and 
parailel to the t r acks  on the bench. The dose-monitoring ion chamber ,  main 
bea.m ape r tu re ,  and focal spot of the diagnostic x - r ay  machine a r e  all  mounted 
s o  that the proton beam p a s s e s  through their  cen te r s .  
held rigidly in an  adjbstable head ro ta tor  which is a?so mounted on the optical 
bench. Adjustment s c rews  a r e  provided to move the head holder  in three  di-  
rections X,  Y, 2, with an index on each adjustment, so that  on repeated t r e a t -  
ments the index may be r e s e t ,  and the head placed each t ime into a very  cl0st:ly 
ctiyrect position. 
Figure 5 gives the schematics  of the alignment and F i g .  6 shows the actual 
treatment room I 

The patient 's  head is 

This is checked by x - ray  f i lms  before  each t rea tment .  

The success  of the multiple-plane rotational-irradiation technique 

Very satisfactory two-piece individual 

The mask  i s  tightened on the head with thumbscrews ,  

depended on providing a f i r m  mask  to hold the patient 's  head during alignment 
2nd therapy on repeated occasions.  
plastic masks  have been developed for  this purpose,  utilizing f iberg lass  cloth 
and polyester r e s in .  
mril  it  f i t s  tightly enough so that the patient cannot move h i s  head. ( o r  se l la  
?urcica) more  than about 0 .  5 m m  in any direction. 
er.onigh to wear for two hour s  a t  a t ime.  

The masks  a r e  comfortable 

F igure  7a shows the se l la  tu rc ica  of one of the patients in alignment: 

This  la t te r  p ic ture  was taken by f i r s t  
.r irh the c r o s s  ha i r s .  while F ig .  7b shows the autoradiograph of the shaped 
beam and i t s  alignment with the se l l a .  
exposing the patient to the x - r ays ,  then to a smal l  dose of protons.  
i3ear in mind that the se l la  appears  enlarged due to the finite distance of the 
f o c a l  spot of the x- ray  machine,  while the beam spot i s  actual s ize .  

One sh0u.d 

F igure  8 shows a typical ver t ica l  x - ray ,  taken along the Y axis.  Here ,  
the center of rotation in the se l la  was ascer ta ined  by obtaining symmetry ,  on 
Doti? s ides  of the X c r o s s  h a i r ,  of the faint l ine represent ing the base  of the 
sella and the walls of the sphenoid s inuses .  The an ter ior  clinoid p rocesses  
arid rne ocular cavity a r e  also checked for symmetry .  
I t  was necessa ry  to use  a diagnostic x- ray  machine with 0 .  3-mm focal spor 
t o  obtain the necessa ry  resolution. 

On the vertical  x - r ay  

Spatial alignment of both views of the se l la  was usually within f 0. 5 
Occasionally check x - rays  were  made  with the patient forcibly trying t o  

These  were  always co r rec t  within 1 0 m m .  
mm. 
mDve his head out of alignment. 

'We a r e  par t icu lar ly  indebted to P ro fes so r  Robert  Thornton, Marvin Martin,  
Dr E lmer  Kelly. J a m e s  Vale, the cyclotron c rew,  G. F. Schrader and G 
Conatantian of the Elec t ronics  Group. 

3 0 0 5 1 2 7  
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Focusing rnognet, Physics cove 

MU-9321 

Fig. 4.  General layout of the 184-inch cyclotron and treatment 
rooms  (not to sca le) .  
for physics  experimentation and arr ives  at the treatment r o o n :  
beyond. 

The deflected beam p a s s e s  through a roon: 

3 0 0 5 3 2 8  
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, .' 

MU -9320 

Fig.  5. Schematic of the positioning, alignment, and rotation of 
tho human head. 
th8 beam,  while the patient l i es  on an  adjustable table a t  some 
prede termined  t rea tment  angle. This angle is changed in 7 .5 '  
intQrvaln on different t rea tment  days. The head of the patient 
is held rigidly by a mask. Position of the head is checked by a 
la te ra l ,  horizontal diagnostic x-ray.  taken by an x - ray  machine 
rigidly mounted on the t rea tment  bench. 
aligned by moving se t  s c rews  in the X (longitudinal) and Y (vertical  
directions,  until the center of the sella and the c r o s s  ha i r s  mark -  
ing the beam position a r e  coincident. 

With the ver t ical  x - ray  machine, mounted above the t rea tment  
plane, one obtains a frontal  diagnostic picture. 
head i n  moved by set screws  in  the Z direction until the center 
of his  sella coincides with the center of rotation of the head 
rotator ,  as marked by c r o s s  hairs .  
Rotation of the head occurs  around the lon itudinal axis of the 
body (X); rotational l imits  of f 30' o r  f 35 

The optical t rea tment  bench is aligned with 

The sel la  turcica is 

The patient's 

% a r e  easily tolerated.  
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Fig. 6 .  Photograph of the t reatment  room. The t reatment  bench 
occupies the upper par t  of the picture;  the beam enters  on the 
upper r ight  side in a s teel  tube. 
ready for  t reatment ,  he r  head rigidly supported by a plastic 
mask.  
ro ta tor .  
on the left side and a t  the top of thepicture .  

The patient i s  lying in position 

The plastic mask  is fastened on the head positioner and 
Diagnostic x- ray  machin ts  used in the alignment a r e  

3 0 0 5 3 3 0  
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2 N- 1345 

Fig. 7. ( a )  Diagnostic x- ray  of a patient's head in poritioa for 
The c r o s s  ha i r s  mark  the center of the beam. t rea tment .  

outlines of the sella turcica a r e  c lear ly  shown. 
clinoid p rocesses  near ly  overlap. 

of the diagnostic x- ray  film by briefly turning the proton beam 
on pr ior  to developing the film. 
of the beam, adjusted to fit each individual patient. The beam 
spot i s  actual size,  while the x-ray picture of the sella is en- 
larged by 20% due to the finite focal distance of the x-ray ma- 
chine. 

The 
The anterior 

(b) Autoradiograph of the beam may be  obtained on any 

The black spot shows the shape 

Original has  been enlarged 1. 7 t imes.  

3 0 0 5 1 3  I 
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Fig. 8. Vertical diagnostic x- ray  of the skull (anterio-posterior 
projection). The symmetry  of the sel la  turcica with respect  to 
the c r o s s  ha i r s  is checked chiefly from the location of the base 
of the sel la  (Grange's line). 
and positions of the ocular cavities and of the crystogale also 
a r e  helpful. 

The anter ior  clinoid processes  

Original has  been enlarged 1.6 t imes.  

3 0 0 5 7 3 2  
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During the f i r s t  t reatment  usually 6 to 8 s e t s  of diagnostic x - r ays  
were needed to br ing the patient 's  head in alignment. On subsequent repeat  
t reatments  adjustment s c rews  on the supporting head holder were p r e s e t  to 
the positions that had previously given p rope r  alignment,  and usually one o r  
two sets  of diagnostic x - r ays  sufficed. 

CONSIDERATIONS O F  ANATOMY AND RADIOSENSITIVITY 
O F  IMPORTANCE IN THE TREATMENT SCHEDULE 

Relatively l imited information is available concerning radiosensit ivity 
of the brain and of thepi tui tary in the human. In addition to the animal  data 
reported above, i t  is known that the b ra in  is m o r e  sensit ive to radiation than 
the pituitary and that 4800 roentgens of 50-kv x - rays  given in a fractionated 
course. over a l a r g e  a r e a  may cause radionecrosis  delayed by m o r e  than a 
year.  (See,  for  example,  References 31, 32,  33 ) 

In the cour se  of the p re sen t  prel iminary investigations the therapy 
was given in such a way a s  to minimize the dose received by radiosensit ive 
t issues  in the head.  

F igu res  9 a  and 9b a r e  scale  drawings of sections through the sel la  
turcica in the XZ and Y Z  planes.  
tures  a r e  right above the pituitary,  par t icular ly  the optic ne rve  t r a c t  and the 
hypothalamus. These  should be avoided by the radiation a s  much a s  possible 
Laterally,  the carot id  a r t e r i e s  and the cavernous venous plexus are  c loses t  
to the hypophysis. These s t ruc tu res  a r e  known to tolerate  a higher dose.  Of 
the cranial  ne rves  the third,  fourth,  fifth, and sixth are closest ;  beyond the 
cranial  ne rves  extend the temporal  lobes of the brain;  c lose to the hypophysis 
a r e  the regions serving the sense  of sme l l .  

It is apparent that the m o s t  sensit ive s t r u c -  

The l imi t s  of rotation of the head were chosen f 30° o r *  35O f r o m  
the y axis  
pletely avoid the eyes ,  so that cornea,  re t ina,  and l ens  a r e  f r e e  f rom radia-  
tion. There a r e  11 planes of i r radiat ion,  each of which is about 7 .  5 degrees  
apar t .  The choice of the t r ea tmen t  planes is such that the brain s t em and the 
pa r s  optica, mami l l a ry  bodies, tuber cinereum, and infundibulum get negligble 
doses,  since the beam does not c r o s s  these 

The l imi t s  of the angles were given by the requirement  to c o m -  

DOSE SCHEDULE 

At p reseh t  800 to 1000 r a d  is  given each of two to  five t reatment  
planes daily, t h ree  t imes  a week, with the dose figure r e f e r r e d  to the center  
of the pituitary.  
nerves  is about 260 r ad ,  and a t  the skin about 40 r a d .  
treatment takes  2 0  to 40 days,  and total doses  of 14,000, 16,000, 18,000.  
20,000,  22,000,  2 6 , 0 0 0 ,  and 30,000 r a d  were  given to the center  of the p i t u -  
i tary.  

Owing to the rotation of the head, the daily dose a t  the cran1i . i  
The whole cour se  of 
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2 I l o 1  I 2 

C e n t i m e t e r s  MU-7423 

Fig .  9a. Schematic drawing of a section through the sella turcica 

Locations of the optic nerves,  
in the X Y  treatment plane, with isodose curves superimposed 
over the anatomical structures. 
cranial nerves,  and blood veesels  are shown. 

3 0 0 5 1 3 4  
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Fig .  9b. Schematic drawing of a section through the eella turcica 
in the YZ treatment plane indicating locationa of the pituitary 
stalk and optic chiarm. 
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The ell iptical  beam ape r tu re s ,  multiple planes,  and rotation make 
the evaulation of isodose cu rves  a complex procedure.  
utilized. measu remen t  by photographic densitometry,  and calculation f r o m  
the known beam ionization profile.  
i t  c r o s s e s  a solid piece of lucite is  shown in F i g .  10 

Two methods were 

An autoradiograph of the proton beam a s  

A lucite phantom is used in place of the head and photographic f i lm 
inside this  phantom is exposed, using the s a m e  rotations a s  in patients Cne 
complete s e t  of rotations corresponding to  the ent i re  t reatment  schedule gave 
Fig .  11 (reproduced without retouching). The blackened a r e a  obviously cor - 
responds to the s i ze  of the pituitary gland. 

X Y Z  
wher 

Calciilated dose distributions a r e  reproduced along the major  axis  
The dose falls relatively slowly in the l a t e ra l  Z direction in Fig.  12. 

e the hypophysis extends f a r the r ;  towards the top of the head and to the 
front and back, the fall is ve ry  abrupt,  insuring considerable degree of p r o -  
tection for  the optic chiasm and hypothalamus. 
typical isodose cha r t  superimposed over  the anatomical detail of s t ructure .  

F igu res  9 a  and 9b have a 

Since the pathways of i r radiat ion center  in the hypophysis, i t  is usefL1 
to evaluate the ave rage  hypophyseal dose by integrating over  the isodose surfaces .  
The average dose in the patients t r ea t ed  so far was between 55% and 75% of 
the peak dose a t  the center  of the gland. 
va r i e s  considerably among patients,  and several  different ape r tu re s  and ro t a -  
tions were  used. 
See Appendix B for measu remen t s  of isodose surfaces .  

The s i ze  and shape of the sel la  turcica 

Isodose cu rves  for  each of these are being accumulated.  

DOSE RATE 

Most patients received dose r a t e s  of 200 to 300 r a d  per  minute; SO0 rad 
is thus delivered in 4 to 2. 7 minutes;  in this length of t ime the head desc r ibes  
the 60-degree span of rotation 5 . 4  to 8 t imes.  
fo rm of microsecond pulses about 68 t imes  pe r  second; the instantaneous dose 
r a t e  therefore  is high. 

The beam is delivered in the 

BACKGROUND CONSIDERATIONS 

Detailed measu remen t s  were  c a r r i e d  out on the background dose d i s -  
tribution around the proton beam nea r  the body of the patient and in the t r e a t -  
ment  room. 
beyond a radius  of 1 .  5 inches f r o m  the beam the whole body of the patient r e -  
ceives  everywhere l e s s  tnan 0 .  1 7 ~  of the peak dose.  In a full course of therap,?,  
-.he patient r ece ives  l e s s  than 20 r a d  total-body dose,  most  of which i s  r a d i a t i x  
near minimum ionization. 
r*or?s/crn2 s e c .  

“The authors  a r e  indebted to Dr.  Burton J. Moyer and Boyd Thompson fo r  these 

The ent i re  t reatment  room was shielded in such a manner that 
W 
a 

Ln There  i s  a l s o  a t he rma l  neutron flux* of 4000 neu- 
Outside the shielded a r e a ,  personnel delivering the dose ana - 

LAJ 
r -  

data .  
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Fig .  10. . Autoradiograph of the 340-Mev proton beam a s  it c r o s s e s  
a 6-inch-wide piece of solid lucite. 
left .  
slightly divergent nature of the beam and part of it  from multiple 
elastic scattering. 

The beam enters from the 
Part of the l o s s  of definition on the right comes  from the 

Original has been enlarged 1 . 5  t imes .  
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Fig .  11. Autoradiograph of the proton beam on film placed in the 
lucite head phantom, exposed to a full set  of rotations and position 
angles corresponding to the ent i re  treatment schedule in human. 
The blackened a r e a  i s  the region of high dose. Note that the shape 
and s ize  of this a r e a  closely correspond to the shape and size of  
the human hypophysis. (Rotation l imits  f 30°, treatment plane 
orientation angles * 30°, f 2 2 .  5O, f 15O, f 7.5', O o .  
ape r tu re  an ell ipse with 8. 5 m m  major  axis and 5. 5 mm minor 
axis .  ) 

Beam 

3 0 0 5 1 3 8  
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Fig.  12. Dose distribution along the three  major  axes  of the head, 
X (longitudinal), Y (A-P),  and 2 ( la teral) .  Note that the dose 
level  is 10% to 20% of the peak dose a t  the cranial  nerves  and 
temporal  brain lobee. P a r t s  of the optic nerves  receive 209’0 
to 3070 of peak dose, while most  of the optic chiasm and hypo- 
thalamus a re  essentially f r ee  f rom dose. 
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taking c a r e  of the patient receive a f a s t  neutron dose of 420 Mev/cm2 s e c  near  
the t reatment  room door and 50 Mev/crn2 sec elsewhere while the beam i s  on, 
high-energy f a m m a  r a y s  of l e s s  than 1 mr/hour ,  and about 100 slow 
neutrons/cm sec .  

CRITERIA FOR SELECTING PATIENTS 
FOR PITUITARY PROTON-BEAM IRRADIATION 

It was felt that  for  the p re sen t  t ime only patients with cancer  who 
have had al l  other available therapy should be  exposed to protons.  
an attempt is being made to  select  patients who have a real is t ic  chance of 
deriving benefit f rom pituitary ablation. 
p re sen t  a r e  a s  follows: 

In addition. 

Thus the c r i t e r i a  for acceptance at 

a .  The patient should have mammary  carcinoma.  She should have 
had conventional surgical  and radiological t reatment .  

b. The patient should have received a t r i a l  of hormone therapy, o r  
surgical  o r  radiation oophorectomy and adrenalectomy. 

c .  There mus t  be objective evidence showing the presence of progressing 
metastat ic  Icmionr fo r  which none of the above-mentioned procedures  holds 
out fur ther  hope. 

d .  The patient should be  younger than 60 y e a r s  of age and--apart  
f rom the carcinomatous p rocess - - in  fair physical condition. Initially, desper  - 
ate  c a s e s  were selected who did not sat isfy these c r i t e r i a  and were near  t e r -  
minal.  

On the b a s i s  of experience with adrenalectomy by Huggins e t  a l .  it i s  
felt that nondifferentiated carcinomas of the b r e a s t  a r e  controlled by the p i -  
tu i tary-adrenal-ovarian system to a l e s s e r  degree than the well-differentiated 
type 

CLINICAL STUDIES 

Clinical studies and observations a r e  being c a r r i e d  out in th ree  sepa-  
r a t e  fields in o r d e r  to  obtain a s  complete information a s  possible:  ( a )  endo- 
crinological t e s t s ,  ( b )  neurological examinations,  and ( c )  effect on tumor gro-th. 
Endocrinological t e s t s  include many phases  : 

Thyroid function t e s t s  a r e  made by means of 1131 uptake, protein-bound iodine 
determinations,  and basa l  metabolism measuremen t s .  

Pi tui tary gonadotrophin activity is followed by ur inary follicle-stimulating W 
0 hormone determinations (FSH) and, where possible,  ur inary estrogen excretion 
0 studies .  
cn 
L 

e- - 
0 Urinary ketosteroids  a r e  assayed,  however, in most  ca ses .  

Adrenal function t e s t s  a r e  of no use since the patients thus far  studied have 
been previously adrenalectomised and a r e  receiving supporting s teroids .  
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In view of the possible p re sence  of a pituitary hemopoietic fac tor ,  blood- 
volume measu remen t s  and i ron- turnover  measuzements  are  c a r r i e d  out as 
needed. 

Water balance is studied by urine output and specific gravity measu remen t s ,  
as well as  water-loading t e s t s ,  and by studies with t r i t i a ted  wa te r .  

Sugar tolerance and blood sugar determinations a r e  c a r r i e d  out routinely 

Neurological examination includes tee t s  fo r  c ran ia l  nerve damage, 
vis-Jal-field studies,  and t e s t s  for acuity of the s e r s e  of smel l  acd touch. 

Unfortunately, t he re  are no conclusive t e s t s  available for  obtaining 

In addition diagnostic x - r a y  ex-  
information about the s ta te  0: proliferation of tumor ce l l s .  
coagulation tes t  i s  b e i q  done periodically. 
aminations give information aboct bone a:id lung me tas t a ses ;  skin me tas t a ses  
a r e  observed directly;  biopsies are  obtained i f  advisable. 
acid phosphatase levels and calcium excretion have been measu red  routinely. 
These may give evidence of healing o r  progression of bone metastabes.  
addition all conventional clinical l abora tory  observations are made.  

The Huggins s e r u m  

Serum alkaline and 

In 

TREATMENT SCHEDULE 

Ear ly  t reatment  schedules fcllowea the p re sen t  clinical rad io thera-  
peutic prac t ice  of dose fractionation by administration of s eve ra l  r epea t  i r -  
radiations.  Three doses  ware  given weekly, (Monday, Wednesday, Fr iday) .  
This limitation was necess i ta ted  by the avaiiability of the  cyclotron. 
at the center of the p i ta i ta ry  was 800 Tad in a plane. 
were frequently used on a given day. 
and probably inadequate in the ea r l i e r  c a s e s .  With accnmulated experience 
and in the absence of contraindications; tr..e daily do8e was r a i sed  to higher 
values, una1 a t  p resent  a s  m-dch a s  5000 r a d  may be  given in  a single day, in  
five different plane 01 ientations of t:ie body with r e spec t  to the proton beam, 
and f 35' rotation of the head ?n  each orientation. Tb.e dose at the center of 
the pituitary gland a t  the end of the trea'ment (1:soally 20 to 40 days)  was from 
14,000 r ad  to 3 0 .  000 r ad .  

The dose 
Two o r  m o r e  planes 

The dose schedule was conservative 

CLINICAL OBSERVATIONS CN THE COURSE O F  THERAPY 

None of the patients t rea ted  so far has  shown objective o r  subjective 
clinical signs of immediate physiological effects f r o m  the radiation. 
coa r se  of 200 individual exposirres. s eve re  headache was reported in two in- 
stances d u i n g  the day following exposure; however this could not be  definitely 
associated with the t rea tments .  Radiation invoked no sensation; blood p r e s s u r e  
and temperature  remained normal .  

In the 

No obvious evidence was found for secre t ion  o r  dumping of hormones 
This effect f rom the pituitary in the f i r s t  24 hoxre a f te r  e x  ofiare to protons.  

was observed in  rats by Mateyko and Edelman. 5 3  
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Undesirable skin effects, which may include erythema,  epilation, and 
ulceration, were all completely absent during the f i r s t  5 to 9 months following 
exposure,  no doubt because of the low doses  delivered to the skin. 

Neurological observations indicate likewise a complete absence of un- 
des i rab le  s ide  effects on the c ran ia l  nerves ,  temporal lobes,  o r  optic chiasm 
up to the date of preparation of this repor t .  However, it will be  necessa ry  to 
continue these observations fo r  a considerably longer t ime. 

PHYSIOLOGICAL OBSERVATIONS IN THE POSTTREATMENT PERIOD 

Significant depression of pituitary functions was observed in a l l  pa- 
t ients during the postirradiation period. 

A .  Thvroid Function 

Over a period of five months the re  is a decline of thyroid function, a s  
TWG evidenced by the 24-hour uptake of radioactive 1131 adminis tered orally.  

s e t s  of data for individual patients a r e  shown in F igs .  13 and 14. A t  the end 
of s ix  month., iodine uptakes that had been in  the normal  and high range be- 
came  as low as 3% and 5 %  respectively,  in the s a m e  range (270 to 8%) as one 
obtains with rurgically hypophysectomized patients.  
iodine, (shown also in F igs .  13, 14) decline, but in  some  patients show a cu r i -  
ous and a t  p re sen t  unexplained r i s e ,  Basa l  metabolic rates dec rease ,  but l e s s  
significantly. However, clinically, myxedema so far was absent o r  only mild. 

Values for  protein-bound 

There was indication that the iodine uptake dec reased  during the t r ea t -  
ment  period, increased  again in the month following proton exposures ,  then 
slowly and progressively dec reased  again. 

B. Urinary FSH 

The initial FSH values were almost  uniformly high, in the range of 
postmenopausal women. In each instance where measurement  was possible,  
a dec rease  occurred ;  but g rea t  fluctuations a r e  found in the FSH t i t e r .  
five months of posttreatment period, the FSH i s  too sma l l  to be measilred,  
and ( a s  f a r  as  our observations allow us  to determine)  s tays  a t  zero  level.  
(See F igs .  13, 14 . )  

After 

C. Urinary Estrogen 

Only in one patient was measurable  ur inary  es t rogen  level observed 
This patient had incomplete adrenalectomy previously. 
completion of pituitary radiation the ur inary  estrogerl fell to ze ro .  

In one month a f t e r  

In o r d e r  to obtain a general  view of the endocrinological findings il; 

A t  3 0 , 0 0 0  r ad ,  the induced f*.lr.ctior. ch.in::e,, 
the f i r s t  10 patients i r rad ia ted ,  Table 1 l i s t s  p r e -  and posttreatment iodine 
uptake and u r ina ry  FSH values.  
begin to occur  within the f i r s t  30 days and present  a definite pa t te rn .  
i l lus t ra ted  in patient M .  S., Table 11. 

T h > 5  1 5  

3 0 0 5 - l h  2 
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F i g .  13. 1 1 3 1  uptake, protein-bound iodine (PBI), and urinary FSH 
values in patient Mrs .  M. W.  (multiple skeletal and l iver  metas -  
tases ) ,  who received 13.850 rad in 6 3  days.  
decrease of 1131 uptake and FSH until in about 6 months they a r e  
in the hypophysectomy range. 
countably increased for a considerable period of t ime.  

Note the gradual 

The PBI values somewhat unac- 

3 0 0 5 1 Lr 3 
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r .. 
1 

MU-9738 

F i g .  14. 1 1 3 1  uptake, PBI, and FSH values in patient Mre. A .  S.  
(extensive carcinoma metastaeer in cuirase and pulmonary 
metas tases ) .  

3 0 0 5 1 4 4  
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I day 

30 days 

90 days 

PITUITARY PROTON IRRADIATION -TYPICAL LABORATORY DATA 
PATIENT M. S., MULTIPLE BONE METASTASES 

0 5.8 3.9 1.8 6 15.6 

30,000 6.9 4.2 2.7 5.8 16.4 , 
30,000 7.2 4.9 2.3 5.3 19.7 

Normal mnge 6-8 4.5-5.5 1.5-3.0 .5-4 5-13 

Calcium 1 Uptake I PBI 1 Gonadotropins I RBC 1 Hemoplobin 
mq/24hrs %/24hn. pg./IOOml. Mouse units million % gmms 

Urine I Thyroid 

4.5 1 >I 60 1 2.4 1 53 1 7.7 

Blood Urine 

~ 

1410 3.7 
50-300 20-40 

Table I1 

4.1 5 2.9 64  9.3 

4-8 32-128 4-5 16-108 11-15 
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WATER TURNOVER 

Because of the g rea t  fluctuation of water intake and urine output, cu- 
mlrlative cu rves  were plotted. in which the total water turnover was graphically 
shown. In th i s  fashionc one finds that water turnover of all patients is gener -  
ally high. 
postirradiation period. Blood volume and s e r u m  protein,  s e r u m  cholesterol,  
sugar tolerance,  and water-loading tests have so far not significantly aided in 
evaluating pituitary effects; these flcctuated in the normal  range ,  except where 
the values were  off normal  becal;se of complications already p resen t  owing to 
the d isease  p rocess  

It is questionable whether a mild diabetes insipidus ex is t s  in the 

ALKALINE AND ACID PHOSPHATASE 

:n the presence of bone me tas t a ses  alkaline phosphatase and acid 
phosphatase measurements  a r e  of some value; in some  as yet not prec ise ly  
determined way these  depend on pituitary function. While tumor growth is 
actively infiltrating the skeleton the alkaline phosphatase is frequently low, 
and the acid phosphatase high. 
line phospb.atase is usually high. 
of bone recovery ,  unless complicating f ac to r s  are present .  
the pa t te rn  of alkaline aza  acid phosphatase has  changed af te r  radiation ( s e e ,  
e .  g .  Figs  i5a  and 15b;. Complete evalilation of the significance of these  
findings will have to wait 

While deposition of new bone occur s  the alka- 
Thus high alkaline phosphatase is indicative 

In seve ra l  patients 

hov:cver until m o r e  data have been accumulated. 

C A L C X  M EXCRETION 

Bone deposition sometimes depresbes calcium excretion in the urine 
and F i g s  
plicated by the fac t  that pituitary ablation and prolonged bed r e s t  both cause 
decalcification of bone 

15a and 15b show typical data obtained. This meas*-.rement is com - 

DLSCUSSION O F  l'HE PHYS1OLOG:CAL CHANCES 

O r e  observeR a definite depression of the physiological function of 
the pitui:ary gland in a period of s ix  mon.ths. in the absence of undesirable 
side effects.  
previo:lsly by irradiation !he a1,thors feel i t  des i rab le  to t r y  to acce le ra t e  
atrophy of ?he pitvittary glar!d !..,Ither by t h e  application of higher doses  and by 
fur ther  improved t e c h i q u e  
shor te r  t ime 

While this resull  i s  encouraging and has  perhaps not been attained 

i n  order  to ootain m o r e  profolrnd effects in a 

3 0 0 5 14 1 
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F i g .  15a. Alkaline and acid phosphatase, fasting blood sugar, and 
urinary calcium secretion for patient Mrs. M. W. 
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F i g .  15b. Alkaline and acid phosphatase, fasting blood sugar, and 
urinary calcium secretion for patient Mre. A.  S. 
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CLINICAL MANAGEMENT O F  PATIENTS 
FOLLOWING PITUITARY IRRADIATION 

UCRL-303 5 

All the patients receiving pituitary irradiation have previously had 
b i la te ra l  adrenalectomies  and oophorectomies and were  on maintainance doses  
of cortisone ranging f rom 37.5 to 75  mg daily with NaCl supplement and DOCA 
where postural  hypotension existed. 
substitution therapy, including pituitary ex t rac ts ,  has  been necessary  although 
in severa l  casee  the dosage of cortisone h a s  been increased  with subjective 
improvement  to the patient. 
patients on 2 gra ins  of thyroid ex t rac t  daily. 
p i r ica l  bas i s .  

Following pituitary irradiation no additional 

It was believed des i rab le  to place severa l  of the 
This,  however ,  was on an e m -  

THERAPEUTIC EFFECTIVENESS 
O F  PITUITARY IRRADIATION PROCEDURE IN CANCER 

At the t ime of th i s  writing it is  too ea r ly  to give an objective evalu- 
ation of the therapeutical  usefulness of this new method. 
a l ready  being obtained, however, that  tumor proliferation and hormonal  bal-  
ance a r e  intimately related.  
value of this therapy much m o r e  t ime and experience will have to be accumu- 
lated to de te rmine  optimum dcsage and timing. 
investigation is being defer red  to a l a t e r  date. 

Some evidence is 

In o rde r  to obtain a reliable estimation of the 

Report  on this phase of the 

SUMMARY 

1. Initial use of high-energy 340-Mev protons in a human therapeutic 
investigation is repor ted  

2 Localized i r rad ia t ion  of the human pituitary gland was achieved 
by a combination of multiple-port  and rotational application of the high-energy 
par t ic les .  This procedure  allows accura te  delivery of high doses  to the pi-  
tuitary gland, with much lower doses  to surrounding bone, bra in ,  nerves ,  and 
skin. 

3. The patients were  advanced c a s e s  of metastatic carcinoma of the 
b reas t ,  who had previous mastectomy,  x - r ay  therapy, hormone administration, 
oophorectomy, and adrenalectomy.  

4. Definite evidence of depress ion  in pituitary hormone output and 

The effects were  delayed and gradual in their 
control of target organs  was achieved with peak doses  of 14,000 to 30,000 rad  
a t  the center of the pituitary. 
onset.  Undesirable side effects were absent.  

5 .  So fa r  only 9 months' experience on 12 patients is  available. Full 
evaluation of the pituitary -ablation and cancer  - therapeutic effectiveness will 
have to b e  made a t  a l a t e r  t ime.  
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APPENDIX 

A .  Prepa ra t ion  of a Form-Fit t ing P las t ic  Mask for  Radiation Therapy 

Hal 0 Anger and Richard W .  P r a t t  

The form-fitting mask  that holds the pat ient ' s  head in a fixed position 
during alignment and bombardment  i s  made  in the following way. 

The pat ient ' s  head is  f i r s t  covered with a close-fitting s e a m l e s s  rub-  

The 
b e r  cap  made  by cutting the  s t em off a rubbe r  balloon of sui table  s i z e .  Then 
a dividing s t r i p  of aluminum 'foil is taped to the  cap  as shown in F ig .  
fo i l  i s  notched a t  frequent in te rva ls  to  allow it to conform to the shape of the 
head and a t  the s a m e  t ime  stand perpendicular to the cap.  
covered with tape to  f o r m  a n  uninterrupted dividing s t r ip .  
of  the pat ient ' s  head is covered f i r s t  with p l a s t e r  of Paris and then with p l a s t e r  
bandage. 

16 .  

The notches a r e  
Then the back half 

After the p las te r  had hardened, the pat ient  reclines face  up and the 

The upper p a r t  of the face  is covered with a skin 
e y e s  a r e  covered with cone-shaped pieces of celluloid cut t o  f i t  the contour 
around the eyes  (F ig .  17). 
c r e a m  and then with p l a s t e r  of P a r i s  and p l a s t e r  bandage, taking par t icu lar  
c a r e  to get the p las te r  under the brow r idges  so the  completed mask  will fit 
closely there  ( F i g .  18). After the p l a s t e r  has hardened,  the  f ront  half of the 
p las te r  mask  i s  pulled off, and then the back half is eas i ly  slipped off. 

The i r r egu la r i t i e s  in the parting foil make  it possible to  join the two 
ha lves  of the p las te r  mask  exactly a s  they w e r e  on the pat ient ' s  head. The 
two halves a r e  taped together,  thus forming a mold, and the  inside i s  covered 
with a g r e a s e l e s s  hand c r e a m  Thendental  stone i s  poured into the mold to 
fo r in  a positive rep l ica  of the head 
the  mold a r e  removed and the flash m a r k s  and any s m a l l  ho les  in the positive 
rep l ica  a r e  smoothed out.  

A f t e r  it  h a s  hardened,  the two ha lves  of 

Mold-release compound made  for  u s e  with p las t ics  i s  then applied to 
the repl ica .  
resin' which, when ha rdene r  i s  added, ha rdens  a t  room t empera tu re  in  a few 
hour s .  The r e s in ,  with ha rdene r  added i s  painted onto the  r ep l i ca  and s t r ip s  
of F ibe rg la s  OT other cloth a re  applied a t  the  s a m e  t ime .  Since x - r ay  rad io-  
g raphs  must  be taken through the m a s k .  cotton o r  nylon cloth is used in place 
of the F ibe rg la s  cloth where t!ie x - r ay  beam p a s s e s ,  since the F ibe rg la s  cloth 
shows on the  r a d i o g r a p h  

By th is  method, a shel l  of cloth-reinforced plast ic  i s  built up until a 
This  Is shown in F ig .  19.  

The plast ic  that i s  used to make  the final m a s k  i s  a polyester 

thickness of abolit 1/8 inch i s  reached 

At this  point a luci te  flange, machined t o  f i t  the  contour of the mask  
a t  a plane a l i t t le  below the midline,  is attached to the back half of the m a s k  
with F ibe rg la s  cloth and m o r e  of the plast ic .  
and the mask  i s  clrt in two along a plane t r a n s v e r s e  to the median plane.  
holes a r e  cut to  allow the-pat ient  to s e e .  

Then the bottom edge is t r immctl  
Eyc  

F o u r  s m a l l  slotted metal  f langes arl! 

~ 

"Apcolite F3rT,it " A "  Resin .  Taylor ar.d Ar t  : n c . ,  Oakland 6 .  Cal i fornia .  
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Fig.  16. Preparation of the plaster-of-Paris mask. Note the 
rubber cap and dividing aluminum foil. 
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Fig .  17. Protection of the patient'e eyes  with celluloid cups. 
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Fig. 18 .  The complete plaster-of-Paris mask. 
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F i g .  19. Cloth-reinforced plastic mask in preparation. 
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attached to the front half and matching jointed sc rews  are attached to the lucite 
flange. The jointed sc rews  a r e  used with wing nuts to fasten the two halves of 
the mask  together when i t  is fitted onto the patient. 
o f  the patient if necessa ry .  

They allow rapid release 
The completed mask  is shown in Fig.  20. 

B. 
and 190-Mev Deuteron Beams by Photographic Densitometry 

Graeme P. Welch 

Profi le  and Isodose Measurements  of the 340-Mev Proton: 

Introduction 

Dose-distribution measurements  of par t ic le  beams  f rom the Berkeley 
have been made  by Tobias e t  al .  26 using cyclotrons as used for biological wo 

an extrapolation chamber ,  by Sayegf8 and Birge and Sayeg* scanning with a 
smal l  ape r tu re  between beam and ion chamber ,  by Sayeg* activating a mosaic 
of polyethylene squa re r  and subrequently counting annihilation gamma r a y s  
f r o m  carbon- 11, and by Welch* scanning a smal l  CdS c rys t a l  photoconductor 
through the beam and measur ing  the change in conductivity. 

The problem of hypophysectomy requires ,  in addition to a concentra- 
tion of radiation within the pituitary,  a minimum of i r radiat ion to surrounding 
t i s sues .  This i n  accomplished by using a two-axis rotation technique, which 
in effect sp read r  the radiation everywhere within a conical volume a s  a function 
of the dis tance f rom the apex. As an i l lustration r e f e r  to Figs. 10 and 11 in 
the body of the r epor t .  F igu re  10 is a picture  of the beam progress ing  from 
left to right and shows qualitatively how nittle l a t e ra l  s ca t t e r  t he re  i s  and how 
pencil-like the whole beam is. 
Fig .  10, but now the phantom containing the film was rotated as was done for  
a complete t r ea tmen t  of a patient. 
a horizontal axis  perpendicular to the film during each of nine exposurea cover- 
ing * 30 degrees ,  a t  7-112 degree  intervals ,  about a ver t ical  axis lying in the 
plane of the film. 
nea r  the rotatign ax i s  the intensity is much reduced and qualitatively is in pro-  
portion to the distance f rom the axis.  

F igure  11 was taken a t  the same  position a s  

Rotation was continuous f 30 degrees  about 

Note h e r e  that everywhere within the f 30 degrees  except 

Dose measu remen t s  on a sys tem employing this  technique would be 
quite laborioue by any of the methods previously used, since a t ime-integrated 
picture  of the i r radiat ion i s  needed. 
shokld be t r i ed .  

Thie suggested that a photographic method 

The proper ty  of a photographic emulsion that makes  it suitable for 
quantitative radiation measurements  i s  the’dependence of blackening on exposure; 
tniJre specifically, over quite a wide range the deneity ie proportionai to the 
10, exposure.  3 6  Thus a film exposed to the beam gives a picture with grada- 
tions of blackening depending on the number of striking pa r t i c l e s  per unit a rea .  
Densitika within very sma l l  a r e a s  a r e  readily measured  with a standard spec- 
t rographic  microdens i tometer  and the data thus obtained a r e  reduced by m o d -  
ifications of methods deacribed by Harr i son .  37 

*To be published. 
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Fig .  2 0 .  The completed mask with flange and quick-release 
fastening attachments . 
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Equipment and Procedure  

A schematic  diagram of the equipment a r rangement  is  shown in Fig. 21. 
All components indicated the re  except the phantom are the s a m e  a s  used f o r  
the therapy and a r e  d iscussed  in the main repor t .  The phantom, containing 
the photographic f i lms ,  is constructed of 6-by-7-inch p a i r s  of sheet8 of 1 / 3 2 -  
inch black bakelite alternating with lucite of various th icknesses  f r o m  1/8 to 
one inch. The external lucite sur face  that 
faces the beam is spher ica l ,  with a d iameter  of six inches, BO that the amount 
of absorber  through which the beam p a s s e s  is constant with rotation, analogous 
to the human pituitary i r rad ia t ion  conditions. Four  -by-five-inch shee ts  of  
photographic fi lm (EK Super panc ro -p re r r )  are held in  a light-tight pocket 
bctween each pa i r  of the black bakelite shee ts ,  one of which has  a depression, 
of the f i lm ' s  dimeneions, milled in it. The six-inch-thick s tack  made of these 
p a r t s  contained usually between ten and twenty films and was aligned in the 
head-holding rotating mechani rm,  with the cen t r a l  f i lm containing the two axes 
of rotation. Nine exposures  corresponding to a complete t rea tment  schedule 
wcre  made,  one in  each  plane a t  7. 5-degree interval6 about themvertical ax is ,  
and each with rotation f 30 degrees  about the horizontal ax is .  

Six inches is i t s  total thickners.  

The f i lm 's  sensit ivity is such that ten r a d  of 340-Mev protons gives 
a density slightly g rea t e r  than 1 and, although th is  is outside the l inear region, 
the curva ture  a t  this density i s  not so rapid a s  to make accura te  calibration 
difficult. 

For calibration a film in a black bakelite pocket with th ree  inches of 
lucite on each side was given a s e r i e s  of seven exposures  f rom 1 2  to 0 .  2 rad.  
Each dose was 1/2 the previous one, an a r rangement  that gives good distribution 
of data for plotting an approximately logarithmic function such as a f i lm r e -  
sponse.  

used by Tobias et  a1.Z6 It has  a sensit ive volume 0.  5 h c h  in d iameter  b y  
inch long, was used with a collecting potential of 4000 volts, and was connccted 
to a UCRL e lec t rometer .  

The ' s tandard  of re ference  for  these  m e a s u r e r e n t s  was the :on chnrcber 
5 

All f i lms  pertaining to one experiment  were  developed simultaneously 
in fine-grain developer ( E K  Microdol). 
(developer,  wash, hypo) were  equalized in o r d e r  to minimize grain s i z e .  

Tempera tu res  of a l l  th ree  so :u !~of i s  

Densi tometr ic  measuremefi ts  were  made w'ith an  Applied Research 
T h i s  Labora tor ies  spectrographic  densi tometer  with 0. 02-by-0. 7-mm s l i t .  

was in turn connected to a Leeds and Northrup Speedomax reco rde r  w h l c h .  , 2 8  

t h e  fi lm 'paseed beneath the densitometef.i~s?it; contiriuously recorded d c : - , s : t l p s  
( in  t e r m s  of percent  light t ransmiss ion)  on a moving t h a r t .  

Data Reduction 

A calibration curve  was Constructed for each se t  of data b v  > : < ) : ! : n ~  

the percent  t ransmiss ione  at t h e  cen te r s  of the calibration exposa:-s.s '. 5 '!:< i r  
corresponding radia:ion doses. Figure  2 2  i s  typica!. 
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MU-9978 

Fig. 2 1. Schematic arrangement of equipment for photographing 
proton beam, top view, approximately 1/4 scale. 

1. 
2 .  
3. 
4.  
5 .  
6 .  
7 .  
0 .  
9. 

10. 

proton beam 
steel pipe, 1 inch i. d . ,  1-inch wall 
monitor ion chamber 
b ra s s  aperture block 5 inches thick 
interchangeable b ra s s  aperture 
phantom of lucite and black bakelite 
photographic films 
vertical axis, rotation t 30° in 9 steps at 7. 5O intervals 
horizontal axis, rotation continuous i 30° 
equipment bench, machined from 8 -inch steel channel 
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Fig.  2 2 .  Film calibration curve September 1 7 ,  1954. 
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The densitometer is designed so that  the background may be s e t  a t  
IO0 percent t ransmiss ion ,  thus eliminating a background correct ion f rom the 
subsequent calcnlations. An iinexposed film developed with the experimental  
f i lms showed no detectable difference in background. 
the calibration film was 24 r ad  and, since the calibration only extends down 
to  0 . 2  rad,  the best  one can say  f rom this and the comparison with the unex- 
posed film is that the background due to radiation is much l e s s  than 1/120 of 
the radiation dose.  Comparative measurements  were  made of normal  emul- 
sion background and 0. 75 rad dose exposure (which was the smallest  actually 
--sed\ with a smal l  a r e a  f r o m  which the emulsion was removed. 
point density was 1. 7 t imes  the emulsion density so that the measurements  
were never limited by background. 

The total dose given 

The calibration- 

(See a l so  Background considerat ions,  pg. 19. ) 

Two types of dose information were  desired,  (a) the intensity profiles 
&long the three axes--ver t ical .  horizontal, and beam--which meet  a t  the center 
of the pituitary and (b,, Isodose curves  in the ver t ical  and horizontal planes 
ukicr  con!.ain the beam axis.  
horizontal axes of the central  film and f rom measurements  a t  the center of 
zac'c of the other fi lms. 
t o  szpply data f o r  {b,. 

Data for !a) come from scans along vertical  and 

Vertical  and horizontal scans  on al l  f i lms a r e  requi red  

in either case  densit ies measa red  on scanning the f i lms f rom the 
rotated phantom were converted to i r radiat ion intensit ies by means  of the 
calibratiop czrve  and then t o  percentages of maximum intensity. 
'Lev plotted vs distance f rom the rota!ion center (i. e . ,  distance f rom in t e r -  
section of the r h r e e  axes:. 

Ih j c - s s ion  of data 

These were 

----- 
htener ty  profiles for the 5.iby4.5-mm elliptical ape r tu re  a r e  shown 

in Fig 2 3 .  
approximately a s  the inverse square  of distance beyond 9 mm.  
hkrnan setup. by extrapolation, the dose a t  the skin falls to about t h ree  p e r -  
cerit of the pituitary dose.  
m:jr.h m o r e  rapidly at  the edge of the field (about 30 percent/mm), thus giving 
assbrarice that Froximal sensitive nerve s t ruc tu res  will receive negligible 

From the longitudinal prof i le  i t  may be seen  that the dose falls  
Hence for  the 

The horizontal and ver t ical  profile curves  fall 

d 0 3 c 3 .  

Isodose curves  i n  the f i r s t  quadrant of the horizontal plane a r e  shown 
ill Fig 2 4  for  the 5. 5-by-8. 5-mm elliptical aper ture .  
into the second quadrant a s  m i r r o r  images,  owing to symmetry .  A s  i s  shown 
ir! Fig. 10 in the body of the report ,  the beam i s  quite well collimated, so one 
may expect the curves  in  the remaining two quadrants to be s imilar  to those 
of the f i r s t  two. 

These curves  extend 

Figure  25 shows a s imilar  se t  of curves  for  the ver t ical  plane. 
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Fig .  2 3 .  Intensity profiles. 340-Mev protons September 17, 1954. 
Elliptical aperture, 5 . 5  by 8. 5 mm, major axis vertical; 
horizontal rotation f 300,  continuous; vertical rotation f 30°, 
9 positions at 7 . 5 O  intervals. - -transverse major axis,--. - - longitudinal, experimental, - longitudinal, inverse square, calculated. Beam going in 
direction of increasing numbers. 

- - - - -  transverse minor axis, 
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HORIZONTAL DISTANCE FROM ROTATION CENTER, mm. 
MU-9976 

Fig.  2 4 .  Isodose curves September 17, 1954. Horizontal plane. 
Elliptical aper ture ,  5. 5 by 8. 5 mm, major axis vertical .  
Horizontal rotation f 30°. continuous; vertical rotation f 30'. 
9 positions at 7 .  5 O  intervals. 
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MU-9977  

Fig. 25. Isodose curves September 17, 1954. Vertical plane. 
Elliptical aperture, 5.5 by 8. 5 mm, major axis vertical. 
Horizontal rotation f 30°, continuous; vertical rotatior. i 30°, 
9 positions a t  7 .  5' intervals. 
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