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BICLOGICAL AWD MEDICAL STUDIRS WITH HICH ENRRCY PARTICLE ACCELERATORS
by ' '

J. L. Born, A, O, m@n, H, ©. Anger, A. C. Birﬁ‘. . Blﬂﬂqﬂﬁtl
Tor Brustad?, R. A. Carlson, D. C. Van Dyke, D, J. Fluked, J. Garcia,
J. P. Henry, R. M. Knisely, J. B. Lawrence, C. W. Riggs, no Thorell®,
C. A. Tobias, P. Toch and G. P. Welch.

Donner Laboratory of Biophysics and Medical Physics
Univaxsity of Californis, Mrkﬂo'y,. U.8.4,

In contrast with the widespread use of x-rays, gamma rays and
electrons, accelersted positive ions have been applied to biological
studies in relstively few lsboratories._ Working at the Radiation Lebe
oratory of the Univeraity of Caufomias the authors found several
arveas of radiobiclogical interest relat!mg to heavy ions, some' of whi.eh
are daacribad below,

Protons, deutercns and alpha parxticles of some huandred milliom

volts of evergy have been used for producing highly localised radio lesions
in accurately predetermined positions in the body. Because of the reduced

scattoring and deep penetration of these particlas, they can be made to
travel in narvow, almost parsliel bundles or even brought to focus.

The linesr energy transfer of sccelntam heuvy ione incresses
an they slow down in matter, until the ionization comes to a broad max~
imum at the "Bragg ionization peak" just before the end of the range of
the particles. This phenomenon may be used to deliver high doses &t
almost any desired predetermined depth Sa tissue, with i.ntewentng and
deeper ieyara of tissue hardly affected at au.
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The linear energy etanater of heavy idﬁ?’ reases as the square
of their charge, so that it is now possible to investigate the quality
and quantity of vadiation effects ia domains of Lonization which pre-
viously were not eseily accessible to the experimental approach. Since
primary cosmic radiation in faterplanetary space has many highly ionizing
primiries, and since nuclesy transmutations produced in the living body
alaodpxoduca heavy recoils, thnre is potenetal practicsl tnzoteat in this
field gs woll., .

Finally, there asre several machines in existencs now vhich produce
dbriaf pulses of unusually intanse heavy ions, followed by redistionless
intervals. Thess machines may in the future give opportunity for studies
of radiastion-produced intormediates in the milifeecond, and perheps later
microsecond, intervale and for explorations of doss rate effects leading
to better understanding of the kinetics tuvolvgd.

 Below is a brief description of some selected areas of current
tuterest. |

STUDIRS WITH VERY HEAVILY IONIZING PARTICLES

PFluke, Brustad, Birge and Tobies have for the past fow years been
engaged in studying small biological systems and macromoleécules with the
beams of heavy ions from the 60-inch eyclotron snd the Berkeley Heavy Ion
Linear Accelerator (1). The available rediations inclode protons, deuterouns,
alpha particles, and carbon, nitrogen, oxygen, snd neon fona, ell with
enorgies corresponding to tem million electron volts per nucleon. Heavy -
ions of this energy pass through material as nuclei etripped of elsctrons.
As & consequence of the high nuclear cherge, these particles are character-
ized by very high values of linear energy trensfer (LET), up to 1010 ev g°1

or five times the highest lonization of alphe particles. Their range
in biclogical material, however, {s only a few hundred microns. :

Intense moncenergetic beams of these particles permit studies which
bear on the consequences of fission £ragments and other recoil nuclel pro-
duced within an orgeniem, and on the hacards of heavy pricary cosmiceray
particles which will be encountersed in space travel. The radiations are
also of theoretical fatevest in testing the validity of various theories
of the biological action of fonizing radimtion. The target theory of
Dessaver (2), Lea (3) and Pollazrd (4) emphasizes the direct action of
iandividual ions or ion clusters., The intermediate action theory of Zirkle
and Tebias (5) considers the migration of exitstion energy and the forma-
tion of chemical intermediates., The role .of multiple ion pairvs pleced
close together in tracke may be clerified by the work with heavy ions. .
The results of heavy lon irradiation indicate the importance of delta rays
and offer hope of further eluecidation of mechenisms of delta ray effect.

A schematic diagram of the apperatus used for the heavy ion {rradi-
ations is shown {n Figure 1, Hare the material is irradieted in the dry
state in vacuum, and the dosa is measured by mesns of & Faraday chamber.
Pox irradiations in air the beam is allowed to pass through the thin end
window, and the dose iz memcured by mesns of an ionization chawber.
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The mcaru).a studted thus far 1nc1udo vegetative ymt cellp of
§acgharomyces cevevisiae by Birge and Sayeg (6) (7), dry spores of B.
subtilis, dry T-1 bactericphage, and the enzymes lysozyme trypsin and

esoxyribonuclease by Fluke and Brustad (8) (9)., All these matertisls show
an expenential dose~effect relationship. Consequently it is possible to
exprauss the results of {rvediation a&s cross sestion values, or the appareant
aree that the various molecules or orgenisms present to the bonbarding
particles. This description iz convenient for heavy ions, where the
exposure 1s often messured as the density of bowbarding particles over
on area rathar than as the energy asbsorbed per unit mass, In this repre-
sentation 8 constent relative biological effectiveness (RBE) corresponds
to & cross section that is proportionsl to linesr energy transfer (LET).

On the other hand, & cross section that approaches a constent value for .

increauus LET cormspem to & upidly falling RBE. ‘ :

 The data are smrized in Pigure 2. where t.ha messured mctivatm
crose section ie plotted as a function of LET for several different systems.
‘In earlier work the haploid (5) yeast cells end B. subtilis spores (10)
had both shown an incressing RBR at the highest LET values sttainable with
alphe particles. Both theso materials are now shown to have & decreasing
RBB at still higher LET., Dry T-l bacteriophsage shows a relatively flat
BRBE for radiations of intermediate LET, and & decreasing RBE at very high
LET, Preliminary calculations of the effect of delta xays indicate that
for high LET the corrected cross section i8 not lerger than the vim part-
icle oilhomue and may be smallexr. -

¥hile the heavy particle experiments on phage r-x and ba-etatxal spores
give cross sections in fairly good agresment with the models previously
obteined for the mechanism of inactivation, the lyseozyms cross sections
with oxygen nuclel are considerably (sbout 10 times) higher than one would
expect from simple hit theory on the basis of the known molecular weight.
It is well known that when the measured cross sections are corxrected for
delta rays the inectivation eroes sections will be reduced, If a large
part of the effect on lysozyme is due to delta raye, experiments of this -
type might give us more definite knowledge sbout the delta ray energy dis- -
tribution than we have sow. The possibility remsains that further refine-
ments beyond accounting for delts vays will have to be made in the theory
of action of vadiations defore the cross section date of Pigure 2 can he
fully explained.

The techniques aleo meke it possible to irrsdiste the surface of
. animal ticsues and to irradiate thin layers of wet biochemical systems.

- BIOLOGICAL STUDIES WITH 340 MEV PROTONS, 190 MEV DEUTERONS
280 ‘
AND a%&unv ALPHA PARTICLES

Since our report on the initial development of techniques for bio-
logical uses of high energy deuterons (11), we have carried out 8 number
of studies. Most of these take advantage of the fact that the proton,
deuteron or helium particles may be collimated to form a emall penetrating
pencil of rays which way be used to produce localized radiation demsge in-
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varicus deep-lying body structures.

- Interest in these investigations centers about the physiological
procegees which are partislly or fully controlled by activity of the
pituitary gland and by hypothalamie control centers. For many years
physiological investigations tendad to show that homsostasis, the balance
and control of the level of a great many physiclogical processes, lies in
the hypothalamus, but it hes not been fully resolved whether or not sach
homaostatic variadble, s.5., temperature, water turnover, ate., is cone
trolled indepondently, and the sxtent to which the varicus centers are
involved in the so-called "otress resction”. The advantages of ion beams
in this study lie im the ability to produce lesions without operative
procedures and in investigating the posaidbility that neurons and nerve
£ibors might be affected differentially. The welloknown latency
of radiation lestons snd the time vequired for dmlapi.ns them appesr to
be a disadvantage. _

Several suthors have pointed cut the connections bstween the hypo~
thalanus and pituitary (see for example ref. 14) and the possibility of
8 feedback relationship in homeostatic control. In our experiments we
postulate the existence of a feedback arvangement (one general foma of
which 18 shown on Pigure 3), which may mediate the response of the body
to various stimulating or deleteriocus effects. According to this model,
the pituitery gland scts under control of neural and humoral agents £rom
the hypothalaxuis. This latter 48 in turn under the iafluence of informa-
tion received from the body tisswes and endocrine tarxgot organs aund fe,
in addition, in connection with the higher brain centers as well. Thus
any imbalance in any part of the system may react on tha other parts and
bring about corrective or divergent changes in performance.

PITUITARY IRRADIATION

_A reasonable body of data has been accumulated on the effects of
deuterons on rat pituitary by Tobias, Van Dyke, Simpson, and Koneff over
the past five years (13) (14). In this work a small beam of particles,
trisngular in ¢roes section, 1 mm height 2 sm apex, was utilized, and
grovps of 22 day old male Long Bvans rats wers éxposed to single doses,
tanging from 945 rsd to 40,000 rad. Many of the animals were studied for
the rest of their life apan to obtain information on the nature and dura-
tion of the effects on the efficiency of production ofyvarious pituitary
hormones. The measuremant of skeletal development and body mess (ndicated
early that, in order to achieve a physiclogical state comparable to surgical
hypophysectomy, massive dogses (above 10,000 rad) were required and that in
general, hypopituitariem appesrved url.u: and earlier as the doas increased.
It 48 of interest to note, however, that when sufficient time was allowed,
even the lowest dose of highly localized rays hed profound effects on the
animals., Bven at low dose levels clear-cut differences were apparent in
the ability of ths pituitary to produce various hormones as evidenced by
the size of the target organs, none of which had received appreciable
doses of radiation.

The effect on body welght end tail length of some of the animals,

-4.-
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as & function of dose, is shown in Figure 4. Regression of thyroids,
adronals, and gonads 18 indicated in Figure 5. It is apparent that dope«
effect relationship for secondary suppression is different for cach organ,
Reduction of weight gainm or teil growth to one-helf normal tekes ebout
6,000 rad, vhile a similar degree of effect on adrenals and thyroids ts
reached at 2000-3000 vad. The gonads take somowhst more, 3300 rad, for
the same effect. One curious effect at 945 rad was the gain in weight of
the animals ia the postwirradistion period, during which this lowest dose
group exhibited characterietic changes of obesity. We do not kunew at
prosant whether this finding ie entirely due to malfunction of the pitui-
tary gland, Or, could it originate in surrounding injured structures?
The well-known “obesity contar” of the hypothalamus £{s far cmgh eway to
" have recatveé only a few roentgens.

Bypcphysul function &8 known to bé releted in some way to fumor
formation, It was of interest, when high deses of pitultery irradistion
wore given, to find that ot 24 months post Lrradiation the over-all
incidence of tumors of the body as found at autopsy was about oune-hslf the
incidence in nonirradiated controls., On the other hand, at the lowest
exposgures (943 red) the tncidence of pituitary tumors showed a striking
increase, Fifteen months post irradiation 100% of these animals had
pituitary adoncmas, with sn average of 3.5 tumors per glend. The pitul-
tary tumor incidence is shown on Pigure 6., Among 70 animals that veceived
over 3000 rad, not one had & pituitary tumor! The asuthors believe that
this £finding adds to the evidence pointing to endocrins factors in carcinoe
gonesis., Apparently radiastion carcinogenesis occurs following sublethal
fnjury to the celle of a given tissue snd is accelerated by feeddack
stisulation (Figure 3). 1If so, tumor growth may be initiated in response
to need for move pituitery horwones., Furth (15) found that heead {rradis-
tion induced pituitery tumor formation in mice., Pituitary tumors following
radiation or chemical thyroidectomy are well known,

The above explanstion for tumor induction £its in well with the
findings of Bond, et al. (16) who found that mammary tumors in rate were
induced by whole body irradiastion and that the onset of such tumors is
dependent on the function of the intact ovaries.

HYPOTHALAMIC RADIATION STUDIES

Since it seemed that chyonic physiologic changes might be induced
by pituitary irradiation, it became of interest to study proton and
douteron effecte on brain and hypothalamus, in order to determine the
redicsensitivity of these tissues and to find out if high enexrgy particles
can be useful tools in 8 study of feedback mechanisms of homeostatic
control. During the past several years, many groups of rate have been
exposad to deuteron beams ranging in diameter Erom 1.6 med to areas of
20 mn?., Meny of these suffeved lethal effects. fHigh doses resulted in
shorter survival time than low doses. However, at constant dose, survival
time decremsed with increased irvadiated volume. Thexe 16 a correlation
between integral dose and survival time, showm in Figuvre 7.

In &n a&gawt to ascertain the effects of deuterons on the entire

«5-
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hypothalemus, an aperture was febricated which would cover a major portien
of the region. Parts of the mosencephalon, posterior to the hypothalamus,
were also included; the shape of the aperture was designed to exclude the
pituitary. Survival as a function of dose ic shown in Pigure 8. After
veceiving 9500 and 11,000 rad, the animale failed to gain weight and 10-15
days following trradiation exhibited marked rage. The aninmsls were -
extresely difficult to handle, biting everything within reach. The rage
¢ontinued until 2-3 days prior to death, at which time the animols assumed
& "hunchbacked” motionless position and ceased to eat or drink. At
eutopsy all animals in these groups wers consistently found to have gross
petechial hemorrhages at the site of irradiation in the hypothalamus and
aaterior mesencephalon.

Hoxt, two groups of 20 rats each were irradiated with a douteron
bean of 3.2 mm diameter. In one group the besm was dirvected to the anter~
ior hypothalamus, in the other to the posterior hypothalamus. Each
received the same doge «« 13,500 vad. These animals also exhibited rage
and the characteristic hypothalamic radiation syndrome described above,

In addition, convulsions, enophthalamms, ptosis, blindness, end bleody
exudate from eyes and nose were exhibited. On eutopsy many were found to
have gastric ulcers and hemorrhages in the stomach or intestinal tract.
Some of these findings ave shown in Table I.

TABLE 1
ACUTE FINDINGS IN HYPOTHALAMIC DEUTERON IRRADIATION

ival time
hagic lesions at

irrsdiated site
Eo. with bloody

exudate from
Enophthalacus
Blindmess

Ho, with
gastric ulcers
&0. Wlth mz:"
hages in stomach
of intestine

Bo, with bhemorz~
eyes Gr noge
Convalsions
Rage

Prosis

56,
Kusher of
animals

if

20| 18:5| 3

-
@
(7]
w
[~
[ 3
»
[

2001845/ 7] 3 |10 | 2 |af2l7}17]2

Following these initial experiments, the eagittal area of the hypo~
thalamus of the rat was divided into 6 regions. By passing douteron beams
of varying cross sectione through these, we hoped to reproduce various
physiological effects atiriduted to surgically produced lesions as
{llustrated in Pigure 9. We now wish to report briefly only on area iV,
tho median eminence, and srea III in the posterior dorsal hypothalamus.

-b-
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The suimals which were irradiated in area IV, the region of the
median eminence, frequently developed lesions which matched Ln appearance
the contour of the irrvadiasted area. In the center of the region, complete
necrosis and liquefaction had occurred, and st the edge one could often
observe microscopically a2 sharp region of demarcatiom between reasonably
normal-appearing tissue and complete necrosis. Am example is showa in
Figure 10. A detailed time-dose study of the histological changes is in
progress. Physiological changes in the animala are frequently cbserved
even before evidence of complete necrosis. With time, the lesions may
spread to other regions in the brain along channels of vescular supply
or nexve trunk degemeration. The most immediate phyeiclogical changes
observed in these animals were polyuria and polydipsia, increased food
intake with transient hyperphagia, glycosuria, regression of the testes
and thyroid metabolism asbmormality. The urine output increased in gome
snimals to twelve times normal in 8 period of fifty days. Regression of
the testes occurred progressively with time, and in producing this result
the hypothalawus seemed more sensitive than the directly irrvadisted
pituitary.

Blanquet and Tobias (17) found that this group of animals, injured
at the median eminence, exhibited a curious defeect in thyroid metabolism:
the iodinel3l yptake of the thyroid remained pormal, but the gland seemed
to fail almost completely in its production of thyroxine, although labeled
mono~ and difcdotyrosine appesred in normal emounts. In this respect, the
modian eminence irradiated enimals seemed to differ from hypophysectomired
onee, vhich showed low smounts of each amino acid. The results of analyeis
are shown in Figure 11, where fon exchange anelysis of the different
iodinated compounds was uwsed to obtain 2 quantitative measure of each
present in the thyroid hydrolysate. This effect, which has been produced
repeatadly, may eventually lead to the identification of more than one
pituitary thyrotropic hormone and to the better understanding of the
mechanism of hyperphagia. :

Irradiation of area III, in the posterior hypothalamus, led to a
retarded development of bone growth as well as to decressed rate of body
weight gain, as shown in Figure 12. At the same time, adrenazls, thyroid,
and goneds were developing at nearly normsl rate. The first explanation
might be that the hypothalamic "appetite center® is disturbed., However,
the "appetite center™ was not in the radiation field. Thus there is a
possibility that the lesion had to do with control of growth and production
of growth hormone by the pituitary gland. Thorell, working with us,
studied the pathology of the pituitary gland and found that the pituitery
acidophilic cells of the irradisted group were almost entirely depleted
of their granules and these cells would not show the staining reaction so
characteristic of acidophiles. Thus it appears as though irradiation of
the posterior hypothalamus would lead to impaired bone growth and less
weight gain. More work is being done on this problem st tha present. It
is apparent that irrvadiation of several hypothalamic areas can influence
growth rate, and some of these areas are so cloge to the pituitary itself
that part of the effect might be caused by direet pituitary rediation.

-7-
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INVESTIGATIVE TRERAFY OF MAMMARY CANCER BY PITUITARY IREADIATIOR

In 1954 we tyeaced scme dogs with metastatic mammary adenccarcinoms,
giving them single dvuses of pituitery radiation, 0Of 15 animals so troated,
objective remission was obtained in 5, as moasurad by the diaweter of tumor.
One of these animale, in which the discase seemed to be arrested, lived
for three years, and at death none of her motastases appeared active.

PROTON AND RELXUM 10N HYPOPHYBECTOMY IN MAMMARY CANCER

Buman application of high energy protons was fnitiated in 1954 by
irradiating the hypophyses of 26 patiente who had advanced metastatic
mammayy carcinoma. The method was described at the Genova conference in
1955 (18), and a more detailed report has receantly been published (19).

Technique. The fnteornsl besm of the 184-inch cyclotron is et
present deflected by the mapnetic rogeneration method, magnetically sorted
sad focused into an approximately parallel stream of particles, asrviving
at the medical exposure room sbout 50 feet from the cyclotron. The beam,
which was precollimsted to about 3/4 fnch diametexr, is then shaped by
passing through a brass aperture which has been individually designed for
esch patient. The electrical center ¢f the beam is accurately kept on 8
hypothetical axis vunning parallel to &n opticel bench. Aligmmeant of the
object to be irradiated with the beam is accomplished by the use of two
diagnogtic x-ray machines, mounted at right engles to esch other. 4As a
result, any part of an animal or hwmen body may be exposed to any sheped
area of the parallel beam, While the beam {8 on, the body may be rotated
eround the center of the irradiated sres. A photograph of the apparatus
48 shown in FPigure 13. The procedure has beeén greatly speeded up by use
of x-ray televiasfon image amplifiers for aligmment and for checking
aligoment during the rotation of the pationts., In 1957 the umxez
184+4inch cyclotron was rebuilt, and it now operates with 900 Mev He® ions
as wall as with 430 Nev deutercns and 700 Mav protons, The range of the
helium ions in tissue is about 22 g/cm?, while the deuterons penetrate
about twice as far and the protons stop at 190 g/cm?. The mean linear
enorgy tranafer of helium fons 1s about 15 Mav emd p=}, or quite similar
to linesx energy transfer of secondary electrons from a 250 kev n-rvay
machine.

In the first series, 26 patients with watastatic broeast cercincmm
recaivod pitultary proton irxadiation. These patients were carefully
selected with respect to the presence of progreseive metastatic lesions.

In all these casee, generally accepted forms of surgicel and radioliogiecal
treatment had been administered previously and the responses of the patients
to palliative procedures such as oophorectomy, adrenalectomy, and endocrine
therapy woere avaluated. Twenty-three of the pationts had previous
mastectomy, 19 oophorectomy, and 16 bilatersl sdrenalectomy. Two-thirds

of all patients were in a rapidly failing stage of their disease at the
onset of pitultary Lrradiation and could be classed as Sexminal.

-8-
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Proton irrediation was given in fractionated doses three times a
wesk, Since protons have never previously been used to irradiate a human
being and we had no direct knowledge of the pitultary radicsensitivity,
the inftial patients were treated with conseyvatively low doses over a
protracted time period. 1In order to obtainm evidence of the degree of
pltuitary damage obtained, the patients were divided into three groups,
rveceiving 13,000 to 20,000 rad, 20,000 to 26,000 rad, and 30,000 red,
respectively, "nominal' dose, These "nominal"” doses were the amounts
delivered to the geometrical center of head rotation, that is, the ceater
of the pituitary gland. The beam, shaeped to fit the sella tureica in each
individual, eotered the head laterally; body positioning and head rotation
achieved & very rapid fall-off of the dose cuteide of the glend. A typical
three dimensional isodose distribution plot as messured by Weleh ia given
in Pigure 14. The greater part of the optic chiesm, the msdian hypothalamus,
and megencephalion were intentionally avoided in irrvediation. As the
subgequent clinieal, physiclogical, and pathological evidence indicate, the
hypophysis {s destroyed as time progresses after radiation exposure, with
higher doses sccelerating the process. Objective evidence of decreased
pituitary function wes given by various ures. Decrease in pituitary
gonadotropins (Pigure 15) and thyroid 1131 uptake (Figure 16) seemed most
significant. The xadiation ceused progressive cytological destruction in
the hypophysis. 8everal weeke efter receiving the 30,000 rad dose, one
pituitary had regressed sc profoundly that on autopsy less than an estimated
3% of the cells remained. The progressive development of the atrophy of the
glend 1p illustrated by Pigure 17. The sequence appears to consist of a
lateat period during which morphologic changes ere mild. This is followed
probably in several weeks by extensive but subtotsl necroeis, The cells
lose their staining ability, develop cytoplasmic end nuclear vacuoles, end
develop fragmented and clumped pyknotic muclel. Later, when the debris
has been removed the gland atrophies and fibrous tissuve predominates.
Parenchymal cells, however, still can be identified, They are pyknotic
and presumebly nonfunetioning. They tend to be grouped at ome or another
wmargins of the gland,

In view of the generalized nature, advanced atate and rate of progress
of the metastatic mammary carcinoma at the time of treastment, one could not
expect very dramatic prolongation of life of the patient, It is believed
that 10 of the 26 patients hed objective remiesions for various durations
of time, Of these, 7 occurred among 13 patieats treated at the higher dose
levels and 3 among 13 patients with doses of 20,000 rad or below, One
patient fs still in good remission 2-1/2 years after radiation. Objective
remigsions involved regression of intraasbdominel carcinomatosis, dome
lesions, primary bresat tumors, and lung and skin lesions. No benefit was
seen in patients with liver or brain metastases. The postirradiation
period was remarkebly free of adverse secondary effects. Symptoms of
endocrine deficiencies could be corrected by adwinistration of hormone
replacements., Three patients developed diabetes insipidus, which was
managed satisfactorily. Third, fourth, and sixth cranial nerve palsies:
have been cbserved at the highest doses given, However, these remsined
stationary or improved with time. One patient, treated at 30,000 rad,
devaloped occasional uncinate £1its which have been satisfactorily controlled
by anticonvulsant therapy.

-9.
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In October, 1957 iavestigative therapy of mammary carcinoma was

again instituted, using 900 Mev slpha particles. We hope to irradiate a
sufficient number of patiente to gain some statietical idea of the valus
of this procedure. A few patients with pituitary sdenomss and one with
advanced diabetes mellitus were also exposed to pituitary alpha irradia-
tion. It is expected that full evaluation of the patient program may
consume several years. AC the date of this writing (4pril 1, 1958) 30
patients i{n the new series have been irradiated.

In summary, objective evidence was obtained to show that the coursa

of advenced metastatic mammary carcinoma can be temporarily altered in

some patients by massive dosas of high energy protons to the pituitary

gland. These same doses csuse progressive destruction of the pituitary
and its function with a minimum of adverse side effects.
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PIGURE 1

Schematic diagram of the appaeratus used for the heavy ion irradiations. The
beam is firet magnetically anmalysed, then passed through a long evacuated
tube before it impinges on the biological specimens. Dry molecules and phage
are exposed within the vacuum chamber; wet specimens are oxposed in air. The
vacuum chamber is also used as a Paraday cage. Absorbers mounted in a disc

are used to control the range of the particles.
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The messured crose section for inmactivation of several biological mater-

ials as & function of the mean linear energy transfar of the irradiating

particles.J Data of Seyeg and Birge (6,7). m Date of Donnellan and
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FIGURE 3

Pituitery hormones are assumed to be controlled by neural and humorai
mochanisms from the hypothalamus. The endocrine “target” orgens give rise
to hormonal secretions under the influence of the pituitary hormones. The
lgvels of metabolic activity in some, as yet unknown, way feed back to the
hypothalamus. This latter has also neural comnections with upper centers

in the brain.

Vhen any part of this syatem changes its level of function, the rest
of the system tends to modify its activity to return the system to normal

{‘'Homeostasis™).

Careluogenic asctivity s expected from this system when a part of it
has subnormal activity due to sublethal injury to its cells. Pituitary
tumorigenesins following 945 rad dose 18 assumed to ccour on the basis of
feedback stimulation of the subnormally active, sublethslly demaged

hypophyseal tiesue.
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FIGURE 4

Relative increase in tail length and of body mass as function of deuteron
dose to the pituitary gland, measured 18 months following exposure.
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Relative decrease in endocrine organ weights 18 months after various
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FIGURE 6

Development of pituitary tumors in normal rats and in rats that received
various doses of pituitary deuteron irradiation at 28 days of age. The
lowent dose, 945 rad, caused pituitary tumors in practically all animsls,
wvhich appearsd earlier than tumors im the controls. At high doses pituitary
tumore were essentially absent.
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FIGURE 7

Survival of rats receiving varicus doses of deuteron irrediation to various
areas of the brain. There is an apparent corralation between survival and
volums of tissue irradiated as well as dose dalivered.
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Survival of groups of rats receiving verious doses of

to the entire hypothalamus.

-19-

deuteron irradiation




UCRL-8242

0] 2 4 6 millimeters
1 1 1 1 1 | 1
[ T T T ]
0 Y6 Yo e Va inch
Third ventricle .
’ Median eminence Mammilary body
Ventro - median nucleus \_Posferior-hypofhalamus

Lateral hypothalamic nucleus
Paraventricular nucleus

Anterior hypothalamus ——
Supraoptic nucleus
Preoptic nucleus —=

Optic chiasma

Pars anterior of pituitary
Supraoptico - hypophyseal tract

Failure of body temperature requla- Gonadal atrophy.
tion to heat. : Blocks TSH release after propylthio-
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FICURE 9

Lateral view of the rat hypothelamic region illustrating the effects of

bilateral destruction of varicus structures. The location of two radiacione
induced lesions is alge shown.
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FIGURE 10

Transverse section of rat brein at level of and lateral to the median
enianence showing demarcated destruction of nervous tissue 24 days after
dose of goreeo rad deuterons.
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FIGURE 11

Diagrams obtained by fon exchange chromatography of rat thyrcid hydrolysate
from (a) Rormal control, (b) Hypothalamic irrediated, and (c¢) Surgically
hypophysectonized. Note the relatively low activity contained in the
surgically hypophysectomized and the relatively small amount of thyroxian
found in the hypothalamic irradiated animals.
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FIGURE 12

Retardation of growth in rats receiving deuteron irradistion to Area IIX
of the hypothalamus. See Pigure #9 for lesion locatien.
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FIGURE 13

Patient being exposed to 900 Mev helium ioms at the Berkeley 184" cyclotryon.
Note the plastic face mask for holding the head, which is continuslly in
pendulum-rotatory motion. The beam enters om the right through the brass

aperture.
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FIGURE 14
isodose curves for pituitary proton irradiation in humens. The center of
the coordinate system is at the anatomical center of the pituitary. Distances
are indicated in mm.
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FIGURE 15

Urinary FSH measurements in patients exposed to various doses of hypophyseal
proton irradiation.
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FIGURE 16

24 Hour 1131 uptake in patients exposed to various doses of hypophyseal

proton irradiation.
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a. HNonirradiated human anterior hypophysis, hematoxylin ecsin stain.

b, Human anterior hypophysis 2 weeks following 20,000 rad dose to the
pituitary stained as 17a, Acute radiation necrosis is setting in.
Hotice nuclear end cytoplasmic vacuoles and fragments, and loss of
selective staining ability.

¢, Human anterior hypophysies 14 weeks following 30,000 rad dose to the
pituitary stained as l7a., Dead cells fragment and completely disinte-
grate. Cellular debris is gradually elimineted., Note the appearance
of a few viable cells with pyknotic nuclei.
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