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HISTORICAL SURVEY 

C. A. Tobias and J. H. Lawrence 

For many years there has been close cooperation between the Bio­

medical and the Physics and Chemistry groups of the Lawrence Radiation 

Laboratory, and many of the biomedical discoveries and techniques were 

made possible by basic developments in the physical sciences. Since the 

acceleration of particles is a difficult and complex speciality, developments 

in this field often took place in several stages. Ideas for developments in the 

field of,ten appear several years before they can be technologically executed; 

whenever new particles have been accelerated successfully, this was fol­

lowed by a wave of applications and discoveries, and the results achieved 

often could not have been fully predicted initially. Generally speaking, 

heavy pa:rticles~t;h<:l.t is, protons, alpha: particles and fast-moving heavy 

ions '-- have interest in 'science because of four distinctly different aspects; 

First, these particles are a natural phenomenon; that is, they occur 

in nature. Their presence in interstellar space is indicative of the nuclear 

proces ses occurring in stars, and the fact that they impinge on the outer sur­

face of planets leads us to as sume that they may have influenced the evolution, 

physiochemical properties , and ecology of our planet. 

Second, heavy particles can be used to probe the properties of inert 

or living matter. In this respect, as an information-gathering tool they may 

be regarded as similar to light. We use light and vision for discovery of the 

structure of the macroscopic and microscopic world. At the submicroscopic 

level, we must resort to the use of penetrating radiation~ or to accelerated 

, particles to understand living and nonliving matter and the structure of atoms 

and nuclei. The heavy ions have particularly desirable properties for such 

purposes. 

The third aspect of interest is the modification of matter by heavy 

ions. A very wide range of phenomena is encountered here. The nuclear 

interest began with the production and discovery of radioisotopes. Such 
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studies not only led to the identification and production of new elements, but 

also to our understanding of nuclear structure. Radioisotopes became es­

sential tools in biology and medicine. Radiation studies are continuing as 

attempts are made to better understand how crystal lattices, biomolecules, 

and living cells are modified by heavy particles. 

Finally, applications of accelerated particles include diagnostic and 

biophysical applications fordisease-contrblling processes, and in this field 

some unique approaches are available. The extent of the involvement of 

the Laboratory with accelerators can be perhaps most easily understood in 

a historical review. 

Table I lists chronologically some of the dates of interest in the de­

velopment of the Laboratory. The last thirty years may be divided into 

three periods. The first is that of nuclear discovery and Clevelop::nent of 

neutron and isotope science (1931-1945). The second period concerns initial 

biomedical use of protons, and biophysical elaborations of isotope techniques 

yielding basic solutions to the problems of synthesis and turnover of bio­

logical systems (1945-1957). The third period began with the availability of 

mesons and heavy ions (1957 to present) and is continuing with elaboration 

of biomedical appHcations. 

Biomedical interest began shortly after Ernest O. Lawrence and 

associates built the first cyclotron in 193L Among the many medically 

important isotopes discovered at Berkeley, we might mention sodium-24, 

carbon-14, and hydrogen- 3. The first demonstration of selective uptake of 

a radioisotope by the humAn body was made in 1936 by the use of iodine-131, 

demonstrating its uptake in vivo in the thyroid gland. This experiment as 

much as any other event has stimulated the development of tracer biology. 

Carbon-14 was discovered in 1939 after initial attempts for following 

the pathway of carbon in biosynthesis had already been made in photosynthetic 

organisms by the use of the short-lived isotope, carbon-11. The discovery 
3 14 

of H at Berkeley followed that of C by only a few months. Another mile-

stone concerned the initial thera'peutic application of radioisotopes, first 

attempted in 1936 by use of radioactive phosphorus-32 for the treatment of 

leukemia and related blood diseases. Many other medical applications of 

radioisotopes were made since that time. 
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Table 1. Dates of interest in the development of the Laboratory. 

First cyclotron. 

Discovery of 24 Na . 

First biological experiment with neutrons (on mice). 

Selective uptak~ of an isotope in vivo (131 I) in the thyroid of a child. 

First isotope therapy of leukemia with 32p. 

Carbon-11 used in photosynthesis research. 

D " f 14C lscovery 0 • 

Acceleration of C
6

+. 

Discovery of 3H , 

Acceleration of Ne 10+ in cyclotron. 

Proton microscope proposed. 

Radioactive inert gases used in respiratory study. 

Synchrotron principle. 

Description of Bragg-peak effects, 

First large cyclotron completed. 

Neutron activation analysis for biology. 

First biological experiments with protons. 

Dis covery of heavy primaries in cosmic rays. 

Radiation hypophys ectomy in animals. 

First proton therapy - radiation hypophysectomy for mammary cancer. 

First large solar flare observed, 

Heavy ion linear accelerator completed. 

First heavy ion exposures of unicellular organisms. 

Dis covery of proton radiation belt around Earth. 

Laminar cerebral iJ.es_iDll.s by protons. 

Treatment of acromegaly and diabetic retinopathy; 

Gamma- ray camera completed, 

Radiation induction of nerve reflex at Hilac. 

Carbon-i1 activation by helium beam observed in humans. 

Corpus callosum cut by helium ion beam in animals. 

Omnitron principle. 

First exposure of biological specimens to pi mesons. 

Studies begin on heavy ion microscope. 

Heavy ion radioactivation of humans proposed for diagnostic -studies. 
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. In. the initial period of the use of radioisotopes, many technical prob­

lems had t.o be overcome in the production of sufficient quantities of radio­

isotopes Jor biomedical use through grappling with the problems of measure­

ment and quantitation. Techniques such as the radioautographic technique, 

special methods of measurements for carbon-14 and hydrogen-3 and other 

soft beta ray-emitting isotopes, had their origins in the early 1940' s. Par­

allel with accelerator development, inquiries were made into the biological 

effects of the various particles, too, with the discovery that neutrons pro­

duced by the cyclotron appear to be more effective in producing biological 

effects than the X-rays. Beginning with 1935 neutron biological studies were 

initiated, and by 1940 some therapeutic approaches with neutrons were at­

tempted. 

It was realized early that in the cyclotron it is pos sible to accelerate 

not only hydrogen or helium nuclei, but heavier ions as well. The first few 

accelerated ions of carbon were produced in 1939 and of neon in 1941. It 

was in 1946 that the advantageous properties of protons for medical therapy 

due to the Bragg ionization property was described at Berkeley. Prior to 

this, due to the early neutron work and the early cellular studies, it was 

known that heavy ionizing particles had many interesting radiobiological 

properties. Biological studies with high energy protons and deuterons fol­

lowed almost immediately after the first large cyclotron, the Berkeley 184-

. inch cyclotron, was completed. It was then realized that the heavy particles 

were much more suitable than other types of external radiation for delivery 

of well-localized depth dose inside of the body, with the regions of entry or 

exit receiving only minor doses. Since at this time it was well known that 

therapeutic attempts for tumor irradiation were limited by one is ability to 

concentrate most of the dose in the tumor and much less in the surrounding 

and intervening tis sues, thoughts of improving radiati.on therapy spurred the 

investigations with heavy ions. 

The radiobiological properties of the protons were so suitable for 

localized irradiation that, following detailed animal investigations, medical 

use of protons commenced in 1955. The first patient with widespread mam­

mary cancer received pituitary irradiation with 340 Me V protons. We have 

twelve years i experience with therapeutic irradiation in several special 
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types of disease, particularly for the control by irradiation of the pituitary 

gland of a small percentage of patients with widespread metastatic breast 

neoplasms, and we have excellent results after irradiation of the pituitary 

in acromegaly and Cushings disease, and beneficial results in ameliorating 

the retinopathy in some patients with diabetes mellitus leading to blindness. 

Certain procedures involve heavy particle exposure of brain, particu­

larly for Parkinson I s disease and brain tumors. All these techniques have 

been greatly augmented by research in other laboratories, particularly at 

Uppsala and at Harvard Univers'ity. 

In 1948 it was discovered (at the University of Minnesota in cosmic 

ray studies with high altitude balloons) that particles of high atomic number 

bombard the upper atmosphere. Some of these particles with considerable 

kinetic energy arrive from the sun and others are components of the galactic 

cosmic rays. The fact that these particles existed in nature ~ith high veloci­

ties, and the potential application in biology of heavy charged particles, 

spurred scientists at Berkeley to consider accelerating multiply-charge ions 

with. high intensity. Ideas were being formulated about 1950 and several 

methods were suggested then for a technique of accelerating multiply-charged 

ions to high velocities. Some of these methods are coming into full applica­

tion in current design of new accelerators. In 1957 two heavy ion linear accel­

erators (Hilac) were completed at Berkeley and Yale University, and im­

mediately thereafter a stream of data began to flow concerning the effects of 

heavy ions On cells and molecules of biological interest. Today heavy ion 

radiobiology is an established field. 

In 1957, the same year that the Berkeley Hilac was completed, 

American scientists predicted and then discovered the space radiation belt 

around the earth. This is a region of high particle flux density mainly com­

posed of fast protons and electrons. Recognition of solar flares and of the 

solar wind, both consisting predominantly of protons, followed shortly there­

after, particularly under the interest generated in 1956 by the appearance of 

a very large solar flare, which caused easily demonstrable changes in cos­

mic· ray intensity in many places, even at ground level. Today we know that 

solar flares contain not only protons but alpha particles and heavier ions as 

well, and that if man should venture into space far enough and for long 

enough, he will be exposed to a significant dose from a stream of heavy ions 

of solar flare origin. 
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The application of proton and heavy ion beams to neurophysiology has 

become of particular interest during the last decade since neurological lesions 

may be m.ade in well-defined locations in the brain without the hazard of 

bleeding. The lesion can resemble in effect bloodless cutting by the surgical 

knife, or in fact can be made in a variety of shapes. Radiation lesions are 

becoming of significant importance in studies of brain anatomy, physiology, 

and function. In 1961 it was demonstrated in the laboratory that pulsed 

beams of heavy ions may cause action potentials in excitable tissue. This 

finding has raised a number of questions with respect to the mechanism in­

volved in initiation of the nerve impulse. 

About 1958 we realized that the particles and energies available in 

current accelerators would not completely satisfy biomedical interests and 

that production of parallel beams of particles of high atomic number would 

be of great interest in many research fields. 

Studies were then initiated in the Donner Laboratory with the co­

operation of the Lawrence Radiation Laboratory toward finding adequate 

schemes for acceleration of the various ions of interest. Four years ago a 

study was completed on a heavy ion synchrotron which used a linear pre­

accelerator and which could accelerate ions up to krypton with reasonable In­

tensity. This machine, however, had not sufficiently advantageous properties 

to warrant the large effort and expenditure of building it. The Laboratory has 

since then continued accelerator studies. Spiral ridge cyclotrons, mono­

energetic high ener gy cyclotrons, linear accelerators, and synchrotrons with 

weak and strong focusing were studied in attempts to solve the need. A break­

through in the design ideas came in 1964 when the principles involved in the 

Omnitron were first utilized. These are described in detail in the Omnitron 
1 

report. 

signed. 

The Omnitron is probably the most versatile accelerator ever de­

It completely fulfills research needs for biology and medicine at the 

Laboratory for many years ahead. It is based on the synchrotron principle: 

The synchrotron becomes its own preaccelerator because it can be used in 

several successive acceleration cycles of partially or fully stripped ions. 

The storage ring enables one to store particles while the synchrotron ring is 

being reset for further acceleration. The Omnitron promises to accelerate 

beams of any of the nuclei in the periodic table,including nuclei of the 

heaviest elements with energies of approximately 500 million volts per 



-7-

nucleon and protons up to 1,4 BeV. The beam is focused into parallel bundles 

of highly monoenergetic particles with considerable intensities. 

The variety of beams produced by the OITl.l"'1itron is of definite interest 

in several fields including nuclear chemistry. low energy nuclear physics, 

meson physics, and astrophysics, and of course in many branches of biology 

and medicine. 

A chief mis sion. of the Donner Laboratory is to provide a place for 

fundamental investigations into the biological effects of radiations from the 

molecular level through the cellular and organic level, and to serve progress 

in nuclear medicine and in related biophysical fields. For many of these 

studies we regard the Omnitron as a unique tool yet not available anywhere 

else in the world. 

Reference 

i. The Omnitron, a .Multipurpose Accelerator, Lawrence Radiation 

Laboratory Report UCRL-16828, July 1966. 
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STOPPING-POWER AND RANGE-ENERGY DATA 
OF HEAVY IONS IN NONGASEOU S MEDIA 

P. G. Steward 

Introduction 

The Omnitron will open to experimental study heavy ions that are 

presently unavailable. The behavior in a stopping material of ions with 

energies of greater than 10 MeV /amu and with atomic number Z greater than 

18 have not been thoroughly investigated» either theoretically or experimen­

tally, in the past, because no means of attaining these ions has been available. 

This accelerator i s making such ions available for use in nuclear medicine 

and in radiobiology has stimulated a need to generate range -energy and stop­

ping -power data in any arbitrary medium for ion ener gie s up to 500 Me V /amu 

and Z numbers through 92. 

We have developed a method for obtaining the stopping power of these 

particles by extending presently available experimental and theoretical studies 

of charged particle stopping power. Results of this method, which is described 

in some detail elsewhere» 1 are presented here. These results contain some 

degree of uncertainty, and thus adjustments in the data presented is inevitable 

as experimental data from the Omnitron becomes available. 

Method 

Emphasis has been placed, in the development of this method, upon 

being able to extrapolate the results of available stopping-power studies to 

any ion in any stopping medium at any kinetic energy E for which O. 01 ~ E ~500 

MeV/amu. For some small subset of these ions, stopping media, and energy 

range, perhaps more accurate data can be derived at the expense of generality. 

The method for obtaining this range -energy and stopping -power data is 

designed to be conveniently incorporated into a computer program. TbAs_pro­

gram may be used as a. subroutine for a main program in which this data is 

required, or it may be used alone to produce range -energy and stopping­

power tables. 
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The present state of the experimental and theoretlcal studies of heavy 

ion stopping power makes it convenient to treat the problem separately for 

Z,:;;: 10 and forZ > 10. This division is' due to the fact that experimental data 

are available for some ions with Z,:;;: 10 for most energie s at which the atom 

is not completely stripped of electrons. Experimental stopping-power data 

for this energy region, which is very difficult to treat theoretically, is quite 

incomplete for ions of Z > 10. 

Method for Z Less than Ten; 

For ions with Z,:;;: 10 we divide the calculation into two energy regions. 

For E':;;: 10 MeV /amu we use a modification of a method proposed by Northcliffe
2 

for smoothing experimental data. Our re sults calculated by this method differ 

from Northcliffe I s be st gue ss of the correct stopping power by les s than the 

uncertainty we attribute to his results. 

For energies above 10 MeV/amu we assume the ions with Z,:;;:10 are 

completely stripped of their orbital electrons. Thus we can use the known 

proton stopping power with the relative stopping ~power formula 

_ dE = Z 2 .( dE) 
dX . dX p' ( 1) 

where -( dEl dX) and -( dEl dX) are the stopping power of the ion and the proton 
p 

at the same velocity and in the same medium, Z 1S the atomic number of the 

ion. The proton stopping power is taken from the results of Barkas and 
3 

Berger. They have e s'sentially solved Bethel s formula incorporating shell 

corrections. 

Method for Z Greater than Ten 

For ions with Z> 10 it is convenient to study the stopping power sepa.,. 

rately in each of four energy regions. The first is the low energy region de­

fined by 137 ~':;;:Z1/3. 'Here f3 =v/c,' the ratio of ion velocity to tlie velocity 

of light. The reason for expressing the region boundary by this means is 

apparent if it is realized that 137 f3/Z is the ratio of the ion velocity to the 

average orbital velocity of its K-shell electron if screening effects are 

ignored. Thus the ener gy region boundary is defined in terms of the degree 

of ionization of the ion. In this low energy region, theory developed by 
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Lindhard et ale 4, 5 for fission product stopping power has been norITlalized 

to SOITle experiITlental fission product range data and adapted for cOITlputer 

prograITlITling. The theory includes both the effect of ionization energy loss 

and nuclear couloITlb interactions. 

A second energy region is the high energy region in which the ions 

can be treated as cOITlpletely stripped of orbital electrons. This region is 

defined by 137 f3 > 3Z. Here we use the relative stopping power forITlula, 

Eq. 1, together with the Barkas and Berger proton stopping power as dis­

cusses above. 

The third energy region is the ITlediuITl-high energy region defined by 

9 < 13 7 f3 ~ 3 Z. This region is bounded on the low energy side by 2 Me V /aITlu 

and on the high side by three tiITles the velocity of the ion's K-shell electron. 

The stopping power in this region is calculated froITl Eq. 1, again using the 

Barkas and Berger data for the proton stopping power. However, in this 

ene rgy region the atoITlic nUITlber Z that appears in Eq. 1 ITlust be replaced 

by an effective charge Ze£f ~ Z, which takes into consideration the fact that 

the ion is not cOITlpletely stripped of its orbital electrons. To obtain Zeff' 

charge state data for argon is derived froITl range -energy data taken frOITl 

Northcliffe. 6 ExtreITle care is then taken in extrapolating this argon data 

to all other ions for which Z > 10. The extrapolating ITlethod is discussed ln 

detail in Ref. 1. 

The reITlaining region is the ITlediuITl-low energy region. Here 

Z1/3< 137 f3~9. This is a very narrow energy region. Thus a cubic poly­

nOITlial ITlatching the slope and ITlagnitude of the stopping power at both bound­

aries yield satisfactory values for the stopping power throughout the region. 

Method for Obtaining Ion Range 

We obtain the range by a siITlple nUITlerical integration of the inverse 

of the stopping power froITl zero energy through the energy for which the 

range is desired. Minor exceptions to this stateITlent are discussed in Ref. 1. 

Results 

This ITlethod for calculating heavy ion stopping power and range has 

been incorporated into a cOITlputer prograITl. This prograITl has been used 

to obtain data to be presented here for several selected ions and stopping 
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media. The ions chosen were hydrogen, helium-4, carbon-12, neon-20, 

argon-40, krypton-84, xenon-131, and uranium-238. Data is presented for 

each of these ions incident upon water, aluminum, copper, silver, lead, and 

uranium. 

The stopping power of water is, of course, quite nearly the same as 

the stopping power of tissue. We can, therefore, use Fig. 1 as an approxi­

mation to the stopping power of particles in tissue. This quantity equals 

the total linear energy transfer (LET) when secondary particles are also 

included. The latter term is better known in radiobiology. The curves in 

Fig. 1 are also proportional to the Bragg ionization curve of individual par­

ticles. When many particles form a beam, statistical fluctuations and nuclear 

interactions will broaden the shape 6f the Bragg curve -a circumstance that 

is discussed in the following report by Litton et al. The shaded area in Fig. 

1 corresponds to the stopping power of accelerated ion beams that are now 

available in the Hilac and in various cyclotrons. Thus this figure gives an 

estimate of the extended radiobiological potential of the beams of the Omni­

tron. The following points may be worthy of note: 

L Heavy particles above helium will be available with a range about 50 

times greater than at present, allowing penetration of these ions of consider­

able depth of tissue; in fact, all the ions up to krypton will penetrate to 1/2 

depth of the human head or more. This will allow research on multicellular 

organisms and on animals for the first time with heavy ions. 

2. We do not have appreciable beams of particles heavier than argon 

available in any accelerator at the present with appreciable range; the Omni­

tron will be able to deliver beams of all the particles up to uranium and even 

uranium will have several g/cm2 range penetration in tissue. It is also 

apparent from the graph that much higher stopping powers will become avail­

able for experimental investigation than heretofore. The maximum LET will 

be about 10 timeii the 'highest available now, reaching to nearly 20000 keVper 

mic ron in the case of accelerated uranium. 

3. The high-LET porton of the particle tracks will be much greater than 

that of particle s available at pre sent. For example, the argon range heam 

will have linear energy transfer above 100 keY /micron for about 10 cm of 

its range in tis sue. This is an important point since laboratory data indicate 

that the oxygen effect in radiobiology becomes small only above 100 keY per 
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0us ion energies in units of MeV /aITlu are designated on each 
curve. The Ne-C and Xe-U crossovers at low energy, although 
possibly a physical reality, occur iriregions of low confidence. 
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ITlicron. Should tUITlor therapy be attempted with heavy ions for elimination 

of the oxygen effect, the particle s with intermediate atoITlic nUITlber s might 

prove to be most suitable. (See in this volume, "Cancer Therapy and the 

Oxygen Effect" by J. H. Lawrence and C. A. Tobias and "Therapeutic 

Possibilities with Heavy Particles" by G. J. D'Angio.) 

4. Attention is drawn to the lower energy portio~ of the very heavy ion 

tracks where an anomaly appears to occur in the stopping power. This is 

the dOITlain where nuclear collisions predominate in stopping, and the energy 

loss process here is comparable with very intense he~ting of an extremely 

localized region at the core of the track. Ionization effects of this type 

appear to cause biological effects be st explained by the so -called therITlal 

spike model. SOITle of these effects have already been explored. For exaITl- .. 

pIe, scientists at the General Electric COITlpany have produced extreITlely 

localized ITlelting of the absorber with fission recoils which led to the forITla­

tion of extremely sITlall holes of a few angstroms in diaITleter. 

Figure 2 gives stopping-power curves in aluITlinuITl and Fig. 3 in lead. 

The curves will have to be verified of course by experiITlental investigations 

after the accelerator is available. 

Figure 4 is a graphic repre sentation of the integrated data showing 

the range -energy relationship for various particle s in water. The data are 

plotted to 500 MeV /amu, the design energy of the Omnitron. 
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PENETRATION OF HIGH ENERGY HEAVY ION BEAMS INTO MATTER 

G. M. Litton, R. W. Wallace, and C. A. Tobias 

Abstract 

A method for calculating Bragg ionization curves and numbe r -distance 

curve s in various material s has been developed for high energy, very heavy 

particles. 

Previous attempts for calculating Bragg curve s did not adequately 

take into account the various nuclear interaction processes. At the energies 

of interest, these processes can play an important role in determining the 

shape of the Bragg curves. In the present method, a mathematical model is 

developed which couples together the processes of ionization energy loss and 

nuclear interactions. 

Another feature of the pre sent study is the manner in which multiple­

scattering corrections are applied. Previous work has been generally limited 

to relatively light ions. We have made the extension to arbitrarily heavy ions. 

The calculated results agree very well with experimental data for 

those cases in which secondary-particle production is of minor importance. 

It is further demonstrated that even when secondaries are a large contributing 

factor, the method yields valuable information regarding the variation in 

energy deposition with the atomic number of the penetrating particles. 

Introduction and Method of Analysis 

In the experimental use of accelerated heavy ions for producing Ie sions 

in living tissue, important considerations with respect to depth-dose distribu­

tions relate to the efficiency by which the various types of lesions can be pro­

duced. For example, for knife -edge cutting lesions one would wish to have a 

sharp thin sheet of beam with relatively little lateral scattering. For produc­

ing laminar lesions deep in tissue one would wish to have the width of-the­

Bragg peak to be as small as pos sible compared to the depth penetration of 

the beam, and for producing deep Ie sions it is of advantage to have the so­

called Bragg ratio (the ratio of the peak ionization to the initial ionization at 

the point of entry of tis sue) as high as pos sible. The calculated data pre sented 
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in this summary paper indicate that heavy ions with atomic number between 

10 and 30 appear to have a distinct advantage for the production of deep 

lesions compared to electrons, mesons, protons, ·or alpha particles. It 

will be shown that the Bragg ratio is higher for atomic numbers between 5 

and 10 for range penetrations of interest in biology, that the width of· the 

Bragg peak is smalle st for the same range penetration when heavy ions are 

used but particularly between atomic numbers of 10 and 20,. and that the lat­

eral scattering of the beam is also drastically reduced, particularly for 

atomic numbers greater than 10. 

The geometry considered is that of a parallel beam of monoenergetic 

particles incident on a slab of material whose transverse dimensions are 

large compared to both the beam dimensions and the depth of penetration of 

the beam, 

Ionization Energy Loss 

If the particles are neutral atoms and if their energy 1S sufficiently 

high, then as they traverse the medium, some or all of their electrons will 

be stripped off. The ionization energy loss results from many inelastic 

collisions with the electrons of the medium, causing a net transfer of energy 

to the medium. The ionization energy loss rapidly increases as the particles 

are slowed down, until their speed is so low that they begin to pick up atomic 

electrons. 

Although there are many facets to the highly complex proces s of 

charge exchange and ionization energy loss, a wealth of experimental evi­

dence exists which backs up a great deal of theoretical work initiated by 

Bohr and Bethe. Consequently, for protons very good estimates are avail­

able for the rate of ionization energy loss of many different materials. 

The calculation of the ionizationene rgy los s used in this study is 

based on the work of Steward for heavy nuclei (described in this volume). 

Multiple Scattering 

The process of small-angle multiple scattering leads to a divergence 

of the beams and also to a decrease in the mean range of the particles. Com­

pared to this process, 'the effect due to large-angle Rutherford scattering is 

of second order. Correction factors due to multiple -scattering are applied 

to the basic re:sults. 



-20 -

Straggling 

The process of ionization energy loss occurs in discreet steps, 

rather than as a continuous process. This fact leads to the general concept 

of straggling, whereby a given particle energy does not correspond to a 

unique position in the ll1ediull1. Instead, at a given position, there is a dis­

tribution of energies, or conversely, at any given energy, there is a distri­

bution in distances. 

In calculating the Bragg curves, the analysis is perforll1ed in such a 

way that the processes of ionization energy loss, nuclear attenuation, and 

straggling are all taken into account sill1ultaneously. 

Nuclear Interactions 

At very high particle energies, nuclear reactions pray an ill1portant 

role in the energy loss processes. A great ll1any different reactions occur, 

and the total proce s s is exceedingly cOll1plex. In such an inelastic collision, 

ll1any different secondary particle s can be produced, including recoil nuclei, 

protons, neutrons, and gall1ll1a rays of ll1ediull1 particle energies and ll1esons 

at higher particle energies. The secondary particles will exchange energy 

with the ll1ediull1 by the processes of ionization loss (charged particles only) 

andmiclear interaction (all particles). 

A cOll1plicating factor is that the angular and energy spread of the 

secondary particles, as functions of the incident particle atoll1ic nUll1ber and 

energy, 'and the composition of the absorber, are not accurately known. 

Fortunately, at relatively low incident energies, SOll1e experill1ental 

and theoretical data are available froll1 which we have drawn the basis for 

ll1any sill1plifying as sUll1ptions with regard to the production of secondaries 

and thell10de of energy loss of these particles, It will be necessary to per­

forll1 additional theoretical andexperill1ental studies on these ll1atters. 

Other Proce sse s 

There are SOll1e other proce s ses which-influence the 'passage- of 

charged particles through ll1atter. Most of thell1 are not very significant 

froll1 the standpoint of energy deposition. They include Rutherford scatter­

ing' energy transport via fast- secondary electrons, and Cerenkov radiation. 
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Calculations and Re sults 

A cOITlputer prograITl (Bragg) was written for calculating Bragg 

curves and nUITlber-distance curves for various atoITlic nUITlbers. This pro­

graITl will be ITlade available shortly, In ITlaking cOITlparisons with experi­

ITlental results, two calculation paraITleters were allowed to vary so as to 

obtain the best possible agreeITlent, The first of these paraITleters related 

to the total cross section for nuclear interactions and the second paraITleter 

to the degree of straggling. 

Figures 1 and 2 show typical Bragg curves. For these two cases, 

the experiITlental data were available as a check; these data are also plotted 

on the figures, The shapes of the curves are quite typical, although the full 

width at half ITlaxiITluITl and the peak -to -plateau ratio are strongly dependent 

on the charge and initial energy of the beaITl, Figure 3 shows a typical 

nUITlber -range penetration curve. Again, experiITlental data are shown for 

cOITlparison. The discrepancies are due to secondary particle production, 

ITlultiple - scatte ring proce sse s, and energy spread and iITlpe rfec t colliITlation 

of the beaITl, 

COITlparisons of the calculations with available data indicate the follow-

ing: 

a, The nuclear radius r a that gives good approxiITlation for the ionization 

data is 1.1X10,...13 CITl. 

b, The straggling paraITleter which appears to fit existing ITleasureITlents 

with alpha particles is closely siITlilar to that calculated by Bethe for strag..; 

gling in protons. 

To deITlonstrate the effect of the incoITling particle charge on the shape 

of the Bragg curve, Figs. 4 through 6 are shown. These give Bragg curves 

for various ions in water, with the initial energies being chosen such that 

the Bragg peaks are all at 10 CITl. 

Using these and other siITlilar data, the results shown in Fig .. 7 are 

obtained. This figure shows the peak-to-plateau dose ratio for Bragg peaks 

at 5 and 10 CITl. The following conclusions ITlay readily be drawn. The full 

width at half ITlaxiITluITl falls off extreITlely rapidly with increasing atoITlic 

nUITlber, up to a value of approxiITlately 10. For greater values of the atoITlic 

nUITlber, the width increase s very slowly. The peak -to -plateau ratio appears 

to have a ITlaxiITluITl in the vicinity of an atoITlic nUITlber of approxiITlately 10, 
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Fig. 1. Bragg curve for 43 MeV protons in water. The enclosed 
points are the experimental data. 



-23-

1.2~------r-------r-------r-------.-------.------. 

1.0 

(1) 0.8 
en 
0 

-0 

(1) 0.6 > -0 
(1)' 

0::: 0.4 

° 0.2°-

OL-______ L-______ L-______ ~ ______ ~ ____ ~~ ____ ~ 

o 10 20 30 40 50 60 

Penetration distance, gj cm
2 

DBL 672-1504 

Fig. 2. Bragg curve for 910 MeV helium ions in copper. 



Q) 
en 
0 

""'0 

Q) 

> -0 
Q) 

e:::: 

-24-

1.0 

0.8 

0.6 
00 

0.4 

0.2 

o L..-___ ---1 ____ --'-____ -J... ____ ...L..-____ U ___ ---' 

o 10 20 30 40 50 60 

Penetration distance, g/ cm
2 

DBL 672-1505 

Fig. 3. Number -distance curve for 910 MeV helium ions in 
copper. 



Q) 
II) 

0 
""'0 

Q) 

> -0 
Q) 

c::lI::: 

-25-

1.0~------~------~------~--------~------ ------~ 

0.8 

0.6 

0.4 

o ~ ______ ~ ________ ~ ______ ~ ________ ~ ______ ~~~ ____ ~ 
o 2 6 8 10 12 

Penetration distance, g/ cm
2 

DBL 672-1506 

Fig. 4. Bragg curves in water for H, He, and C ions, with the 
Bragg peak at 10 CITl. 



Q) 
I/) 

-26-

1.0r-------~--------~---------.--------._--------r_------~ 

0.8 

-.g 0.6 

Q) 

> ..... 
o 
Q) 
~ 0.4 

Ar 

\ 
0.2 ~==:::;:=== ... -------' 

Ne 

O~ ______ ~ ________ ~ ______ ~ ________ ~ ________ ~ ____ ~ 
o 2 4 6 8 10 12 

Penetration distance, g/ cm 2 

DBL 672-1507 

Fig. 5. Bragg curves in water for Ar and Ne ions, with the 
Bragg peak at 10 CITl. 



Q) 
en 
0 

""0 

Q) 

> -0 
Q) 

0:::: 

-27 -

1.0~------~------~------.r-------.------~------~ 

0.8 

0.6 

0.4 

0.2 

o ________ ~ ______ ~ ________ ~ ______ ~ ________ ~ ______ ~ 
o 2 4 6 8 10 12 

Penetration distance, g/ cm 2 

DBL 672-1508 

Fig. 6. Bragg curves in water for U, Xe, and Kr ions, with the 
Bragg peak at 10 cm. 



8 

7 

o 5 -o 
L.. 

Q) 
CI) 4 o 

o 

3 

2 

-28 -

o~ ____ ~ __ ~~ __ ~ ____ ~ ____ ~ ____ ~ ____ ~ ____ ~ ____ ~ 
o 10 20 30 40 50 60 70 80 90 

Beam atomic number 

DBL 672-1509 

Fig. 7. Peak -to -plateau dose ratio a s a function of beaIll atoIllic 
nUIllbe r for ions in water. 
Curve A: Bragg peak at 5.0 CIll 
Curve B: Bragg peak at 10.0 CIll 
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after which the ratio decreases fairly slowly with increasing atomic number. 

At the 184-inch cyclotron, alpha particles used in therapy have a Bragg ratio 

of about 3. Thus, considerable improvement can be produced with the Omni­

tron. 

A point of interest is the width of the Bragg peak at 1/2 maximum 

since this determines the depth of the lesion that may be obtained in certain 

biological-biomedical experiments; for example, in the production of laminar 

lesions in the brain it is essential to keep the depth of the lesion minimum. 

The data plotted on Fig. 8 summarize our conclusion for range penetration 

of 5 and 10 cm to the fact that the half-width of the Bragg peak can be mini­

mized at the given range penetration by applying an ionizing particle of high 

atomic number. The optimum appears to be atomic number of about 25, but 

already neon with an atomic number of 10 gives satisfactory results. For 

example, at 5 cm penetration into tissue, the width of the Bragg peak might 

be as small as 1 mm. 

Our preliminary calculations also indicate that multiple scattering 

can play an important role in the energy loss process. By going to very 

heavy ions, the multiple scattering effect is greatly reduced-by as much as 

a factor of 5. The importance of this cannot be overemphasized, inasmuch 

as multiple scatte ring effectively place s a lower limit on the size of a beam. 

In other words, the use of heavy ions will allow beams of significantly small 

size to be util.ized, and such beams promise to obtain sharper cutting Ie sions 

than obtainable at present. 

The calculations made to date have been conce rned only with energy 

loss from primary beam particles. For those energies at which secondary 

particle production is significant, one would expect the results to be at least 

somewhat different from those obtained here. At several hundred MeV /amu" 

we predict that the contribution of secondaries can be a significant part of 

the ionization process for heavy ions (e. g., up to 300/0 of ionization may 

come from this source). Due to the paucity of data concerning secondary 

particle production, it is, however, difficult to perform such calculations 

with precision. Consequently, reliance must be placed on experimental 

measurements, which cC!.nnot be made at pre sent. 
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-,-
HEAVY PARTICLES IN SPACE: PHYSICAL ASPECTS 

-,-

S. B. Curtis 

Ever since the heavy component of the galactic cosmic rays was dis-
1 

covered, some concern has been expres sed on the pos sible danger that such 

ions might present to humans in high-flying aircraft and in spacecraft on ex­

tended mis sions. 2- 5 Analys es have been hampered by lack of information 

not only on the biological effects of these ions but also on the physical param­

eters involved. For instance, the identity and energy spectra of the various 

heavy components were poorly known until recently, and even now we lack 

information in certain regions of the periodic table. Secondly, the penetra­

tion of heavy ions through matter is poorly understood, so that doses deep 

in absorbers can only be crudely estimated. 

In the past year or so, information on the identities and spectra of 

ions in the galactic cosmic rays has accumulated quite rapidly from well­

instrum.ented satellite and balloon flights. However, due to a lack of a 

laboratory source, progress in the area of the penetration of high energy 

heavy ions has been considerably slower. 

Heavy Ions in Galactic Cosmic Rays 

Recent experiments on the OGO-I satellite, 6,7 the IMP III satellite, 
7 

and balloon flights, 7,8 have yielded extensive new information On the fluxes 

of heavy ions in the galactic cosmic radiation during the minimum of the 

solar activity cycle, when these fluxes reach their maximum values. A re­

cently published compilation of data from the OGO-I satellite
6 

is shown in 

Fig. 1. It is interesting to note that the spectra are all close to their ITlaxi­

mum values in the several hundred Me V /nucleon range, and ions of these 
2 

energies can penetrate shielding of a few g/cm. At 200 MeV/nucleon, an 

iron ion, one of the ions of highest Z observed and therefore of shortest 

range, will travel 2.8 g/cm
2 

(1.04 cm) of aluminum if it does not undergo 

a nuclear interaction. The Bragg curve in aluminum for a monoenergetic 

beam of iron ions of ener gy 200 Me V /nucleon is shown in Fig. 2. It is seen 

':'A portion of this study was performed under NASA contract NASw-1362. 



u 
:l 
c 

....... 
> 
Q) 

~ 
~ 
en 
I 
u 
Q) 
en 
I 

N 

~ 
....... a. 

>< 
:l 

IJ.... 

0 
+0-
c 
Q) .... 
Q) --0 

10 0 

5 

3 

2 

16
1 

5 

3 

2 

10
2 

5 

3 

2 

10
3 

5 

3 

2 

10
4 

5 

3 

2 

l' 

-32 -

Magnetic Rigidity - BV 

0.5 0.7 1.0 1.5 2.0 3.04.0 7.0 10.0 

University of Chicago 

~ 
------- ... ,- , 

!i,f 
, 

\ , 
\ 

! ~ 2 QQ 
\ , 

\ 

2 
, 

• Helium (May - June ,1965) 
a Helium (October - November,1964) 
9 Boron 
• Carbon 
v Nitrogen 
~ Oxygen 
a Neon 
• Magnesium 
<> Silicon 

\ 
• Iron Group 

~ ~ ~f~ \i 
+i T 

(1.2xI02 )E-2
.
5 

~ ,f y~ 
i 

High Energy 
Extensions 
Derived from 
Integral Data 
(E=Total Energy) 

-5 10 1~0--~~~~~~~~5~OO~~IOO-0~~~5~00~0~ 

Kinetic Energy per nucleon - MeV Inuc 

XBL672 - 754 

Fig. 1 

(from reference 6) 



-33-

1.0~----~------~------~----~------~---,~~-----, 

~ 
c 
Q) 

0.8 

a. 0.6 
o .... 

-
Q) 

> .... 
c 
Q) 0.4 
L..' 

Q) 
Vl 

o 
CI 

0.2 

BRAGG CURVE OF 200 MeV/NUCLEON 
IRON IONS IN ALUMINUM 

O~ ____ ~~ ____ ~ ______ ~ ____ ~ ____ ~~ ____ L-~ ____ ~ 

o 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

Penetration distance, g/ cm 2 

XBL672-756 

Fig. 2 



-34-

that thicknesses greater than 2.8 g/cm
2 

are needed to stop such ions. The 

secondary products of nuclear interactions of the ions with the aluminum nu­

clei can be expected to penetrate more deeply than this. Other ions of the 

same energy/nucleon but with a lower Z will travel farther. We also note 

that although the flux of iron- group ions (26~ Z ~28) is down from the helium 

flux by two orders of magnitude, as shown in Fig. 1, the dose deposited is 

multiplied by the square of the charge on the ion, and since this ratio be­

tween iron and helium is 170, the doses in free space from each ion should 

be of the same order of magnitude. The foll,owing maximum yearly free­

space doses have been calculated from recent spectra of the various com-

ponents of the galactic cosmic radiation during solar minimum: 

Protons: 4.8 rads/yr From Pioneer 6 data 9 

Helium ions: 3.1 rads/yr From IMP III data 
10 

M-particle-s : 1. 9 rads/yr (6 ~ Z ~ 9) 

LH-particles: 1.3 rads/yr (10 ~ Z ~ 14) 

VH-particles: 1.3 rads/yr (26 ~ Z ~ 28) 

Total: 12.4 rads/yr 

We note that over one-third of the dose is from components heavier than 

helium, iind the protons alone account for less than one-half. From the 

standpoint of radiation within a spacecraft, the dose from the heavier com­

ponents, after an initial small build-up, will decrease in the shielding of the 

spacecraft walls more rapidly than will the proton component. Because of 

their high initial energy, however, the number of stopping ions (sometimes 

called thin-down hits) falls off rather slowly as a function of absorber depth. 

An accurate estimation of this fall-off is difficult because of the complexity 

introduced by the fragmentation of heavier ions into lighter ones within the 

absorber. There is no experimental information on interaction cross sections 

and secondary particle emission probabilities in interactions of high-energy 

heavy ions with light nuclei. Lower limits to the number of thin-down hits 
3 

per c_m _ -day ~an be obtained, however, by as sun:i~g a nuclear mean free 

path, but neglecting entirely the heavy secondary ions emerging from the nu­

clear interactions. This is not a bad approximation for the heaviest ions, 

the VH-particles or iron group (26 ~ Z ~ 28), but becomes increasingly 

worse for ions of lower Iuass. To give a rough idea of the dependence of 
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thin-down hits on absorber, such lower limits are shown as a function of ab­

sorber thickness in Fig. 3 for slab water shielding. It is interesting to notice 

that from 1 to 15 cm, the number of M-particle (6 ~ z ~ 9) thin-downs de­

creases by only a factor of 3 and the number of LH-particle (10 ~ Z ~ 14) 

thin-downs decreases by only a factor of 4. Proper account of the heavy 

secondaries, of course, would cause this decrease to be even less severe. 
2 ' 

In this calculation, average values for A and Z were chosen for each group. 

Also, since no data are available on interaction mean free paths of the vari­

ous heavy ions in water in this energy region, the values for hydrogen and 

oxygen taken from Waddington 11 were used to calculate the mean free path 

in water, thus increasing somewhat the uncertainty of the calculation. 

Heavy Ions from Solar- Particle Events 

M-particles have been detected in several large solar-particle 

events.
12 

Fluxes appear to be less than 2% of the flux of helium ions in the 

same energy/nucleon range, and this ratio seems to remain relatively con­

stant from event to event. The energy spectrum of these particles peaks at 

very low energies, and the largest total dose has been estimated 13 for the 

giant event on November 12, 1960, at 2 rads behind 2 cm of water and 0.2 

rads behind 5 cm. There is some evidence that low fluxes of particles with 

Z ~ 10 are also present in these events, with neon ions being the most prev-

1 "h" 14 a ent 1n t 1S group. 

In summary, the following points can be made concerning the physical 

aspects of heavy ions in space: 

(a) Fairly good experimental data are now available on heavy galactic cosmic­

ray fluxes in space, up to Z = 28, as measured during the maximum flux 

period of the last solar cycle (1964-65), Ions heavier than helium contribute 

over 35% of the dose in free space. 

(b) The energy spectra of all components seem to peak around 200 MeV /nu­

cleon. Because of this large initial energy, the number of thin-down hits 

per cm 
3 

-day in 15 cm of water is still at least 25 to 35% of its value at 1 cm 

of water for all ions except thos e in the iron group. 

(c) Physical parameters, such as the cros s sections for heavy secondary 

formation and interaction mean free paths, have not been measured in water 

at these energies. The lack of this information hampers an accurate 
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evaluation of the radiation caused by these ions deep inside an absorber. 

(d) Fluxes of ions in the carbon, nitrogen, and oxygen group plus a few 

heavier ions have been observed in large solar-particle events. 
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FLUCTUATIONS OF IONIZATION BY HEAVY IONS 

H. D. Maccabee 

When an energetic heavy ion passes through matter it loses energy by 

several competing processes. The predominant mode of energy loss in the 

ion velocity range considered here is that involving inelastic collisions with 

the electrons of the stopping material, resulting in ionization and excitation 

of the atoms of the material. Because the collisions are discrete and random, 

statistical fluctuations are expected in the number of collisions. 

In first approximation, the probability of energy loss E in a single 
-2 ' 

electronic collision is proportional to E Thus collisions resulting in a 

large energy transfer to an electron are relatively infrequent compared with 

small-energy-transfer collisions. Although they are relatively infrequent, 

the large -energy-transfer collisions account for a significant proportion of 

the total energy loss. In a "thin" absorber (one in which the energy loss is 

small compared with the kinetic energy of the particle), the probable number 

of large-energy-transfer collisions may be so small that the random statis­

tical fluctuations in this number are relatively large, and result in significant 

fluctuations in the energy lost in this mode and thus fluctuations in the total 

energy loss occur. 

This phenomenon has been investigated theoretically by Landau, 
1 

Symon,2 Vavilov, 3 and others, and is often called the Landau effect. There 

have been several experimental investigations, and most recently the work of 

Maccabee 4 and Raju 
5 

has provided a comprehensive verification of the 

Vavilov theory. 

In Vavilov"s exact treatment, the dimensionless parameter K is In­

troduced, and it is shown that for K < < 1, the fluctuations are large, while 

for K »1, the fluctuations are negligible and the normal Gaussian shape of 

the-total-energy loss distribution is--valid.--------------~--
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S = thickness of absorber in g/CITl2 

z = atoITlic nUITlber of absorbing ITlaterial 

A = atoITlic weight of absorbing ITlaterial 

z = effective charge on incident ion 

13 = speed of incident ion speed of light. 

K ITlay be thought of as a ITleasure of the ratio of the total energy loss to the 

ITlaxiITluITl possible energy loss in a single collision, i. e., a ITleasure of the 

nUITlber of large-energy-loss collisions suffered by the iGn in passage. 

For exaITlple, consider the case of 910 MeV He 2t ions passing through 

0.046 CITl of silicon (0.107 g/CITl
2

). In this case the value of K is 0.165 and 

large fluctuations in energy loss are expected. Figure 1 shows a cOITlparison 

of the theoretical energy loss distribution with the experiITlental distribution 

ITleasured with a lithiuITl-drifted silicon detector at the Berkeley 184-inch 

synchrocyclotron. Note the good agreeITlent between theory and experiITlent, 

the significant difference between 6., the average energy loss, and 6. , 
ITlp 

the ITlost probable energy loss, and the long high-energy-loss "tail." 

Of course, ITlany biological targets are "thin" with respect to energetic 

heavy ion beaITls, and thus fluctuations are expected in the aITlount of energy 

transferred to the target. For exaITlple, consider a 4 BeV Ar
18+ ion (100 

MeV/nucleon) in a cell of 4 ITlicrcins thickness; the value of paraITleter K in 

this case is 0.17 and the shape of the spectruITl of energy transfer to the cell 

is expected to be siITlilar to that of Fig. 1, with an average energy transfer 

of about 1 MeV. 

Consider also a 132 MeV Ne 10t ion (6.6 MeV/nucleon) traversing a 

DNA strand of 20 A thicknes s and density about 2; the value of K in this case 

is 0.015, and the fluctuations about the average energy transfe r (about 1 keY) 

will be even broade r than those of Fig. 1. 

The concept of linear energy transfer (LET) is of fundaITlental iITlpor­

tance in the interpretation of biological experiITlents with radiation. Indeed, 

the need for penetrating beaITls of very-high-LET particles is one of the 

priITlary arguITlents for the desirability of the OITlnitron for bioITledical re­

search. The previous exaITlples underscore the iITlportance of knowing not 

only the average energy transfer to a biological target, but the cOITlplete LET 

distribution, including the effects of fluctuations. Before continuing. we note 

that the ion energy loss is only identical with the linear energy transfer if 

none of the secondary electrons (delta rays)escape the target. 
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By now it should be clear that the cmnulative effect of the fluctuations 

of energy loss along "thin" segments: of the ion track will be fluctuations of 

the total range of the ion in the medium, or "range straggling. II In principle, 

it should be -possible to relate the range straggling distribution to statistical 

fluctuations in the collisions along the whole track in a similar way as the 

energy loss distribution is related to the fluctuations of collisions in a track 

segment. 

Of course the theory of ionization on which our understanding of fluc­

tuations is based assumes a siITlple z2 dependence of the rate of energy loss 

by ionization. As is well known, charge -exchange effects becoITles iITlportant 

in the lower range of ion velocity (13:5 z/13 7), when the ion speed becoITles 

comparable to that of its own orbital electrons. Since there are no acceler­

ators in existence which accelerate ions heavier than heliuITl to greater than 

10 MeV/nucleon, there are no experiITlental data on energy-loss, fluctuations, 

charge exchange, range, or straggling in this very significant range of charge 

and energy. Our best hint at the validity of the extended theory of energy loss 

and fluctuations COITles froITl the good agreeITlent between theory and experi­

ITlent for 910 MeVheliuITl ions. Although there are several experiITlental 

difficulties associated with such ITleasureITlents at the Hilac, studies of this 

type should be undertaken. The best source of data on these questions, how­

eve r, will be the OITlni tron its elf. 
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DISTRIBUTION OF IONIZATION 
IN HEAVY CHARGED-PARTICLE TRACKS 

J. T. Lyman 

It is well known that the biological effects of heavily ionizing pilrticles 

depends on the dose and also on the linear energy transfer of these particles. 

In addition to these factors, however, there is also some evidence to show 

that the transverse distribution of energy deposition away from the particle 

track is also of significance. Qualitatively this distribution is understood, 

but we do not have an exact theory to show its distribution. Experimentally 

there have been only a few recent studies; however, techniques and methods 

are developing that will enable scientists to study the detailed structure of 

particle tracks in the near future. The presentation below concerns the dem­

onstration that the energy distributionof secondary electrons is the same for 

particles of light or heavy ionizatio,n and that the number of such secondary 

electrons depends primarily upon the square of the charge carried by the 

particle. Experimentally the structure of heavy ion tracks has not been 

measur,ed in detaiL A brief account of the experimental work done to date 

IS given; much more remains to be done. 

The main interaction by which a heavy charged particle loses energy 

in matter is by inelastic collisions with the atomic electrons. The atomic 

electrons receive energy sufficient to leave them in an excited state (excita­

tion) or in an unbound state (ionization). The specific energy loss to the 

atomic electrons per unit path traversed by a heavy charged particle is given 

by the following expression: 1 

-dE 
dx 

2 4 2 
_ 4'IT Z 2 e N Z [1 n 2 mlv 

mv 

2 2 
- In (1 - f3 ) - f3 ], (1) 

where z is the units of charge of the_incidenLpar.ticle,_e_and_m_aLe_the 

charge and the mass of the electron, v is the velocity of the incident particle, 

N is the number of atoms per cubic centimeter of the stopping material, Z 

is the number of electrons per atom of the material, I is the adjusted ioniza­

tion potential of the material, and f3 is the velocity of the particle in units of 

the velocity of light (f3 = vic). 
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In every priITlary ionization collision between a charged particle and 

an atoITl, one or ITlore electrons are ejected. The ITlore energetic of these 

electrons are responsible for secondary ionizations. If we restrict the con­

sideration to these so-called delta rays or knock-on electrons (i. e., electrons 

which have been ejected with an energy which is large cOITlpared with the ion­

ization potential), then the binding of these electrons can be neglected and the 

interaction can be treated as if it occurred with a free electron. By use of 

the Rutherford scattering forITlula, it can be shown that the c ros s section d<1'? 

for the ejection of an electron with an energy between Wand dW is 

d<1'? = 
2 4 

2'TT z e dW 
2 -2' 

ITlV W 

The relationship between the energy of the electron and the angle, B, the 

ejected electron .ITlakes with the incident particle is, 

2 
cos B. 

(2 ) 

( 3) 

The electrons which have been ejected in the forward direction are the ITlost 
3 

energetic and have an energy nearly equal to 

W 
ITlax 

(4) 

To find the nUITlber of electrons dNa of a given energy eITlitted per 

unit path length, the cross section (Eq. 2) ITlust be ITlultiplied by the nUITlber 

of electr'ons per unit voluITle of the stopping ITlaterial, n, 

where NO is 'Avogadrofs nUITlber, A is the atoITlic ITlass of an atOITl of the 

stopping ITlaterial, and p is the density of the ITlaterlaL 

(5 ) 

( 6) 

The energy loss to these electrons is the energy of the electron tiITles the 

nUITlber of such electrons 
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2 4 
2n z e 

2 
D1V 

The total energy per unit path given to all such electrons by the incident 

particle is calculated by integration of W dN froD1 W . to W . 
D11n D1ax 

T>W . 
D11n 

~(=ax 
W. 

2 4 
2TT z e 

= --""'2--
D1V 

D11n 

W dNo 

(7) 

( 8) 

The fraction of energy given to these electrons can be calculated froD1 Eqs. 1 

and 8. Sinc e N = (N 01 A)p. we see that 

dE/dx 

= 

2 
- In ( 1 - f3 ) 

2 
2 [In 2~v 2 2 

-In(1-f3 ) - f3 ] 

(9) 

If W . IS taken to be the saD1e value as I, then nearly half of the energy IS D11n 
transferred to electrons which are capable of further ionization. The frac-

tion of the energy and the energy spectruD1 of these electrons are independent 

of the charge and D1ass of the incident heavy particle, but are dependent upon 

the velocity of the incident particle. 

Although there is no adequate theory with which to do a siD1ilar cal­

culation for the low energy electrons and the bound electrons in excited states, 

---to-a-iirst approxiD1ation,the relative nUD1bers-of-such-electrons-proba-bly- -

follow the saD1e functional dependence as the high energy electrons. Oda and 
4 

LYD1an have D1easured the yields of the low energy electrons « 50 eV) 

eD1itted froD1 the surfaces of D1etallic foils (aluD1inuD1 and nickel), by bOD1-

barding the foils with various heavy-ion beaD1s. Curves obtained froD1 
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plotting the yields measured with different retarding potentials applied to the 

foils were very similar in shape for each heavy-ion beam used (a range from 

helium to .neon). This indicate s that the spectra of emitted electrons are al so 

very similar. Of course, the total yield of electrons is much higher for the 

more heavily charged ions. The yield of the emitted electrons can be ex­

pre s sed as 

o = dE/dx 
E 

.6. x , ( 10) 

where 0 is the number of emitted secondary electrons per incident primary, 

E is the average energy required to produce one emergent secondary elec­

tron' and 6x is the thickness of the region in which the escaping electrons 

are produced. Both E and 6x are unknown and cannot be determined in 

this experiment. although their ratio can be found. The ratio E/.6.x was not 

constant when the velocity of the incident beam was changed. The ratio got 

larger when lower velocity heavy ions were used. One possible explanation 

is that with the slower particles, the energy of an electron ejected in any 

given direction is lower, and consequently the range of the electron is shorter; 

and therefore the thickness of the region in which the escaping electrons are 

produced is reduced. The results of these experiments can be used to derive 

the number and energy of the electrons which pass through a given point with­

in the medium. 

A second experiment has been initiated which will yield data on the 

secondary-electron energy soon after ejection from the atom, that is, before 

the electrons have been a·ppreciably slowed down in passing through matter. 

The secondary electrons will be produced by the various heavy ions in a 

gaseous medium at low pressure. By electrostatic analysis of the secondary­

electron momenta, it may be possible to obtain the initial energy distribution' 

of the secondary electrons. 
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MEASUREMENTS OF HEAVY CHARGED PARTICLES 
WITH SEMICONDUCTOR DETECTORS 

M. R .. Raju 

For biological and Inedical re search with accelerated heavy ions it is 

iInportant to know the dose in energy units and also the distribution of linear 

energy transfers of the individual particles at any given point within the tissue . . 
studied .. The IneasureInent of the quantities with absolute accuracy is difficult 

b(:'!cause the usual types of radiation detectors have SOIne difficulties in Ineas­

uring the high-LET portion of the radiation with accuracy. 

The seIniconductor detector has revolutionized radiation detection. 

The use of a solid as a detector is very attractive because of its high stopping 

power. Another advantage is the low energy required to produce a hole­

electron pair (3.66 eV for silicon): nearly ten tiInes as Inuch charge is lib­

erated for a given energy loss in silicon as in gas, which leads to sInall sta­

tistical fluctuations in the nUInber of charge pairs and to iInproved energy 

resolution over gas -filled counters .. The energy resolution for gerInaniuIn 

detectors is one or two orders of Inagnitude better than scintillation counters 

for gaInIna radiation. The efficiency of gerInaniuIn detectors is an order 

lower than scintillation counters because the atoInic nUInber of gerInaniuIn 

is lower than that of the scintillators used for gaInIna detection. The energy 

resolution of scintillators for gaInIna detection is liInited to about 60/0 at best 

.;and they are inseparable froIn the photoInultiplier tube. In Inost of the bio­

Inedical applications where energy resolution is not particularly iInportant, 

silicon detectors are Inore useful. The intrinsically high speed of the seIni­

conductor detectors is due to the high Inobility of the carriers in the electric 

field coupled with the short. distance between the electrodes. Besides having 

. an excellent energy re solution and fast re sponse, another attractive feature 

of these detectors is that their response is linear with energy deposited in 

the detector, regardless of the type of particle. This linear response is of 

paraInount iInportance for their use with heavy ions. 

It Inust be noted, however, that there is a sInall departure froIn 

linearity for heavy ions at low energies. This departure was at first 
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attributed to incomplete charge collection from the densely ionized tracks. 

But the nonlinearity is still present to a slightly lesser degree even when the 

re sults are extrapolated for very high collecting field in the detector. This 

deviation from linearity is now known to be due to the inherent nature of in­

teraction of heavy ions at low energies. At higher energies most of the 

energy of the heavy ion is dissipated through electronic collisions. However, 

at very low energies (i. e., 94 keV for carbon ions, 180 keV for oxygen ions) 

the energy losses due to nuclear collisions are more important than electronic 

collisions. Radiation detectors convert only the energy lost in the detector 

through electronic collisions into a proportional electrical signal, and hence 

for the energy that is lost in a nuclear collision, there is no signal from the 

detector. This effect, however, is very small and can usually be neglected. 

The optimum performance of these detectors can be realized only if 

the detector and preamplifier and the other associated electronic s are de­

signed to match each other. In this respect the semiconductor detector and 

as sociated electronic s development group headed by Fred S. Goulding at the 

Lawrence Radiation Laboratory, Berkeley, has been of great help for our 

heavy-charged-particle measurements with semiconductor detectors. A 

short summary of our results will be presented here. 

The relative pulse height from a surface barrier detector as a function 

of energy for various heavy ions that have ranges less than the depletion thick­

ness 6f the detector are shown in the Fig. 1. 1 Further measurements by 

Lyman, using a 1 mm thick lithium-drifted silicon detector, gave linear re­

sponseup to the investigated energy of 400 MeV 40 Ar ion. Semiconductor 

detectors are being used at the heavy ion linear accelerator (Hilac) routinely 

by the Biomedical group to measure the energy of the heavy ion beam. 

Depending on the energy 6f the particles and the thickness of the 

detector, a given detector may be used to measure either their specific 

energy-los.s distribution or their. energy distribution. If the detector is thin, 

so that the energy deposited by the particle in it is very small compared with 

the energy of the particles, the detector can-be-used-to-meaBure-the-specific 

energy-loss distribution. On: the other hand; if the detector is thick enough 

to stop all the particles in .the beam, .then'it can be used to measure the 

energy distribution of the particles. 
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Fig. 1. Linearity of pulse height with particle energy for heavy 
ions. 4He ions with energy greater than ZZ MeV will not be 
stopped within the depletion layer when the ions are incident 
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points (normal incidence) with detector position at 0 degrees. 
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The most probable energy-loss measurements of protons of energies 

up to a maximum of 730 MeV and a-particles up to a maximum of 910 MeV, 

using lithium-drifted silicon detectors of different thicknesses up to 5 mm, 

agreed well with the values predicted by theory. 2 Theories of fluctuations 

of energy loss for high-' and intermediate -energy protons and a-particles 

have been thoroughly invesbgated by using semiconductor detectors of vari­

ous thicknesses and the results are found to be in good agreement with 
345 

theory. " A detailed report on fluctuation's of energy loss has been in-

cluded in this volume ("Fluctuations of Ionization by Heavy Ions, II by H. D. 

Maccabee). 

The most probable energy 108s of pions of energies extending from 

50 to 365 Me V has al so been measured by using lithium drifted silicon de­

tectors' and the results again are found to be in good agreement with theory. 6 

The behavior of the pion beam with its muon and electron contamination as it 

passes through various thicknesses of absorbing material has also been dis­

played by using lithium drifted silicon detectors. Also, for the first time, 

the energy distribution of negative pion stars in silicon has been measured 

and is found to be a constantly decreasing function with increasing energy, 

with a high energy tail extending beyond 60 MeV. 6 

The Bragg peak of heavy charged particles IS used for therapy and for 
-radiobiological investigations. Be side s knowing the dose at the Bragg -peak 

position, one needs also to know the LET distribution at this position. In 

order to evaluate the LET distribution of heavy particles at the Bragg-peak 

position, the energy distribution of these particles was measured by using 

lithium drifted silicon detectors thick enough to stop the beam, and was found 
, 2 

to be much higher than one would normally expect. Figure 2 shows the 

energy distribution of a-particles at the Bragg -peak position measured with 

a 5 mm thick lithium drifted silicon detector. It can be seen from the figure 

that the modal energy of the a-particles at the Bragg pea.k was 85 MeV. This 

data is translated into LET distribution in water and is also shown in the 

figure; the modal LET was around 10 keV/f.L.-Figure 3 shows the energy 

distribution at the Bragg-peak position of a 50 MeV proton beam. It can be 

seen from the figure that the modal ene rgy of the protons at the Bragg peak 

is around 5 MeV and the corresponding LET value is around 8 keV/f.L. From 

the data it seems that the modal ene rgy of the heavy charged particle s at the 
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Bragg -peak position is roughly 100/0 of the pnITlary beaITl energy and this 

rough rule is also found to apply to the 150 Me V proton beaITl of the Harvard 

cyclotron. 

The lithiuITl drifted silicon detector is also being used as a pulse 

dosiITleter in SOITle special dosiITletric probleITls associated with negative 

pion dosiITletry. The ITlethod consists of feeding the signal froITl the lithiuITl 

drifted silicon detector to a charge -sensitive preaITlplifier that yields a volt­

age pulse proportional to the energy deposited in the detector. The voltage 

pulse is further aITlplified by a linear aITlplifier. The detector leakage cur­

rent is blocked by ac aITlplification used in the systeITlo The aITlplifier output 

is thus fed to a polarity-clipping circuit to eliITlinate the overshoot contribu­

tion, and the resulting pulses are then integrated, 7 The depth-dose distribu­

tion of both positive and nega.tive pions in water ITleasured with this dosiITletric 

systeITl is shown in Fig, 4, As ca.n be seen froITl the figure, the negative pion 

beaITl gives rise to a ITluch higher dose than that of the positive pion beaITl 

near the end of the range, because of considerable contribution of dose froITl 

the negative pion stars, 

This systeITl ITleasures the dose due to each particle, thereby ITlaking 

it possible to ITleasure the dose fraction due to particles of interest, Meas­

ureITlents have been ITlade of the fractional dose due to particles depositing 

energy above a particular energy in the detector for a pion beaITl, using a 

threshold discriITlinator in the systeITl, Such ITleasureITlents yield inforITla­

tion on the distribution of ionization density. The re sults of the se ITleasure­

ITlents for positions designated 1, 2. 3, and 4 In Fig, 4 are shown in Fig, 5~. 

For cOITlparison purposes, the integrated output of the detector at zero thresh­

old setting of the discriITlinator at the above -ITlentioned position is norITlalized 

to unity, Note that the two curves for the negative pion beaITl at positions 1 

and 2 -corresponding to the peak and halfway down the falling portion of the 

depth-dose distribution curve of negative pion beaITls -are siITlilar, This 

suggests that the ionization density distributions at and beyond the peak of 

the negative pion depth-dose curve ITlay be siITlilar, On the other hand, the 

curve corresponding to position 3 halfway up the rising slope of the depth-

dose curve falls below the curves 1 and 2 with increasing threshold setting, 

This suggests that the ionization distribution at that point is considerably 

Ie s s than at the other two points, As expected, the fractional do se for 
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Fig. 5. Fraction of dose due to particles depositing energies 
higher than the threshold-energy setting, as a function of 
threshold energy. 
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threshold setting greater than 10 MeV at position 4, corresponding to the 

positive pion depth-dose distribution peak$ falls to zero quickly as there are 

no stars contributing to the dose,here. It should be m.entioned that for the 

detector thickness used (3 m.m.L pulses greater than around 9 MeV cannot 

be due to the passage of pions through the detector. In the case of negative 

pions$ pulses greater than around 9 MeV are definitely due to star form.ation. 

It can be seen from. Fig. 5 that the dose contribution from. the negative pion 

stars at the Bragg peak is roughly 600/0 for the negative pion beam., which is 

contam.inated with roughly 250/0 electrons and 100/0 m.uons. This dosim.etric 

system. is currently being used to m.easure the depth-dose distribution of 

negative pions alone, when the pion beam. is associated with m.uon and elec­

tron contam.ination, by using a thre shold Cerenkov counter connected in anti­

coincidence with the dosim.etric system.. 

The useful life of the sem.iconductor detector is lim.ited by the onset 

of radiation dam.age, which first deteriorates its energy resolution, then 

causes a decrease in response and, finally, a com.plete breakdown. Because 

of thicker depletion regions, lithium. drifted silicon detectors are m.ore sen­

sitive to radiation dam.age than diffused junction or surface barrier detectors. 

Typical allowable exposure s are tabulated below. 8, 9 

Radiation Surface barrier Diffused Li thi um. drifted 
surface junction junction silicon detectors 

detectors detectors 

5-50 MeV Q :::: 10 10 
:::: 10 13 :::: 109 

5 -10 MeV protons :::: 10 11 :::: 10 13 ::::109 _10 10 

Sem.iconductor detectors have been extrem.ely useful for energy and 

energy -los s m.easurem.ents of heavy charged particle beam.s as well as for 

m.easuring doses of low intensity beam.s. The use of these detectors to 

m.easure doses of intense beam.s is rather lim.ited at the present state of 

--technology. _._--------
However, som.e of the com.m.ercial signal silicon diodes m.ade for 

general circuit applications can profitably be used for m.easuring doses of 

intense heavy charged particle beam.s. The radiation dam.age need not be a 

lim.iting factor for their use as radiation dosim.eters. 10 If the diode is 
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preexposed to radiation doses of the order of 10
6 

rads, the sensitivity of the 

diode is reduced by a factor of the order of 3, but the sensitivity does not 

change significantly thereafter with further radiation exposure s involved in 

dose measurement. The short-circuit current of such a preexposed diode 

is found to be proportional to the dose. These diodes can be used to meas­

ure doses in the range from 25 rads/min up to a few thousand rads/min. 11 

Because of their small physical size (of the order of a cubic millimeter), 

these diodes are ideal for measuring beam profiles of small collimated 

beams, Such diodes are being used routinely at the biomedical facilities 

here and at the Harvard cyclotron. 
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EFFECTS OF HEAVY IONS 
UPON THE PRODUCTION OF FREE RADICALS IN ORGANIC COMPOUNDS 

W. B. G. Jones':' and T. Henriksen t 

The study of the production of free radicals (i. e., an unpai.red electron 

the magnetic moment of which can be detected through electron spin reso­

nance analysis) in organic compounds of biological importance occupies an 

important position in the elucidation of the molecular mechanisms of radia­

tion damage. It has been argued by workers in the field tha.t free radicals 

are intermediates in the production of biological damage by ionizing radiation. 

The body of evidence which supports this contention has undoubtedly provided 

much of the incentive for further investigation into the factors which affect the 

formation of free radicals. Furthermore, it is well known from low temper­

ature studies that the free radicals which are observed at room temperature 

are the end result of a sequence of events which was initiated by the absorp­

tion of radiation energy in the primary ionizing process. It would therefore 

seem reasonable to assume that both the type and yield of these "secondary 

radicals" can be influenced by the local distribution of the energy absorption 

as well as by the absolute temperature at which the secondary reactions take 

place. The general trend of the experiments which have borne out this assump­

tion will be the basis of the brief discussion which follows. Except where 

otherwise noted, the source of the heavy ions was the Berkeley heavy-ion 

linear accelerator (Hilac). ESR centers are the secondary type rather than 

initial cente rs. 

If polycrystalllne samples of amino acids, peptides, enzymes, and 

nucleic acid components are irradiated with the heavy ions helium, lithium, 

boron, carbon, oxygen, fluorine, neon, silicon, and argon and the types of 

free radicals and their relative yields are measured, it appears that the types 

__ of_~_e5P!ldary radicals which are forme_d_~re indepe?dent _o_~ ~l:e stopping power 

of the radiation, while the yields of the different types of radicals do vary with 

the stopping power. 

"-
"'AEC postdoctoral fellow. 

t Present address: Norsk Hydros Institute for Cancer Research, Oslo, Norway. 
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The com.pound which showed the greatest spectral changes when irra­

diated with heavy ions of different stopping power was reduced glutathione, 

GSH (Fig. 1). It should be noted that in the middle of the spectrum a re so­

nance appears which becomes more pronounced at high LET. The samples 

in Fig. 1 had been kept at room temperature for about 20 minutes after irra­

diation before the spectra were recorded. While there are reasons to believe 

that there are several different types of ESR centers formed initially in re­

duced glutathione, 1 slow secondary reactions will lead to the formation of 

sulphur radicals, which will completely dominate the spectrum after the 

samples have been at room temperature for several hours. The spectra of 

Fig. 1 are therefore an intermediate case between these two extremes, and 

seem to show that the relative yields of the primary species depend upon the 

stopping power. When the GSH samples of Fig. 1 were kept at room tempera­

ture, the spectra gradually become equal to each other and quite simiiar to 

the cysteine sulphur pattern. 1 

For Fig. 2 the variation of radical yield with stopping power is clearly 

seen for alanine, cytosine, cytidine, and reduced glutathione. Slight changes 

(if any) are observed in the radical yields for these compounds in going from 

sparsely ionizing radiation up to 40 MeV helium ions with a stopping power of 
-1 2 . 

approximately 190 MeV gm cm. As the stopping power of the radiation 

increases above tnis: level, the radical yield shows a continuous decrease. 

It appears that the shape of the yield curves is the same for both aliphatic 

and aromatic compounds. 

A similar graph of radical yield vs. stopping power is shown for 

glycine in Fig. 3, but the results are given for three different temperatures. 

The variation of radical yield with stopping power become s smaller with de­

creasing temperature. This seems to be a general observation, for similar 

results have been seen for the radical yield in the enzymes trypsin and 

lysozyme,2 and Brustad has reported a similar effect of the irradiation tem­

perature on the loss of enzymatic activity of trypsin. 3 

While it is not our purpose here to discuss the loss of enzymatic- ac­

tivity due to heavy ion irradiation, since Dr. Brustad will cover that topic 

elsewhere in this volume" it still might be worth mentioning i~ passing that 

not only doe's the stopping power-vs. -in,?-ctivation curve for trypsin follow 
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Fig. 1. The qualitative spectra of reduced glutathione irradiated 
with different types of heavy ions. Both-the-irradiations-and,--­
the measurements were carried out at room temperature. 
Dose: 1. 5 X 106 rads. 
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,Fig. 3. The yield of secondary radicals as a function of the stopping 
power for glycine. The different curves indicate different 
irradiation temperatures. 
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the saTIle pattern as the stopping power-vs. -radical yield curve for this 

enzyTIle (Fig. 4), but that the pattern of the curves shown in Figs. 2, 3, and 

4 is the saTIle as that found in the stopping power-vs. -inactivation curve for 

T 1, bacteriophage. 4, 5 This correlation strongly suggests that the secondary 

radicals sOTIlehow are involved in the sequence of reactions which lead to the 

los s of biological activity. 

An indication of the variation in radiosensitivity as a function of stop­

ping power can be derived froTIl the stopping power-vs. -yield (inactivation) 

curves presented above, by taking the ratio of the yield (inactivation) for the 

flat portion, of the curves to the values observed for argon ions. 6 The re­

suIts of such calculations indicate that radiation with a low stopping powe r is 

froTIl two to five tiTIles as efficient as the densely ionizing argon ions. Thus 

it appears that TIlolecular daTIlage, whether TIleasured by the production of 

secondary radicals or by the inactivation of enzyTIles and phages, is largely 

influenced by the local distribution of the initial energy absorption. 

It is also of interest to study the yield of radicals as a function of 

dose. In Fig. 5 are shown the dose -effect curves for radical production in 

solid glycine by the ions heliuTIl, carbon, and argon. While the curves are 

straight lines over a large range of dose up to about 10
7 

rads, it should be 

noted that for all curves of Fig. 5 the slope is less than 1.0. Two observa­

tions should be TIlade about the dose -effect curves: 

(1) Different ions produce different saturation levels. The TIlaxiTIluTIl nUTIl­

ber of free radicals that can be trapped in solid glycine appears to decrease 

as the stopping power of the radiation increases. 

(2) The dose-effect curves actually decrease at higher doses after passing 

through a TIlaxiTIluTIl at a dose of about (6 ta8) X 10 7 rads. SiTIlilar effects 

have been observed with 15 M~V electrons, 7 and it was suggested that in this 

case the decrease was due to therTIlal annealing froTIl the high dose rate used. 

While the decay of radicals in solids does increase at elevated teTIlperature, 

the average saTIlple teTIlperature for the glycine saTIlples of Fig. 5 was never 

allowed to reach such high values that therTIlal annealing alone could explain 

the decrease in radical concentration, which aTIlounts to about a factor of 3. 

An alternative explanation is to aSSUTIle that the nUTIlber of trapping sites is 

liTIlited and that the incident 'radiation not only produces free radicals which 
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may then be trapped in these sites, but also destroys trapping sites. If the 

action of this destructive process is dependent on the stopping power of the 

radiation, this would explain the decrease in saturation level with increasing 

stopping power seen in Fig. 5. 

A simple model can be constructed for the production of free radicals 

by densely ionizing particles. 6 The number of secondary radicals trapped 

along the track of a bombarding ion is as sumed to be the sum of those which 

are produced by the energy which is deposited in the track core and those 

which are produced by the a rays outside the core. As the stopping power 

of the bombarding particle increases, the radical density increases and 

eventually the saturation level is reached, with the result that the curve for 

yield vs. stopping power starts to fall (Figs. 2, 3 and 4). The saturation 

level is first reached in the track core and then gradually outside the core. 

Thus an increasing region around the center of the track is saturated with 

radicals and hence only that portion of the a-ray energy which is dissipated 

outside this saturated region is available for the production of additional 

radicals. To a first approximation, the extra energy deposited in the satu­

rated region may be assumed to be used to sustain a steady'-state concentra­

tion of radicals. However, as previously mentioned, there is the possibility 

that because of the increase in the "temperature" of the track core, the 

radiation also will destroy trapping sites, with the result that the radical 

density in the track core decreases with increasing stopping power. 

It can be seen from the brIef outline presented here that we have need 

to continue our studies in two major directions. First, by working at liquid 

helium temperatures, we should be able to obtain spectra for the initial ESR 

centers formed by heavy-ion irradiation. The engineering difficulties have 

been largely overcome so that irradiations and measurements of ESR spectra 

can be carried out at 4° K for electron irradiation, and it is felt that the de­

sign lessons learned here can be successfully applied to the heavy-ion work. 

Second, we need to extend our studies of the influence of the stopping power 

of the radiation upon the type and yield of the free radicals formed~ -Further 

studies of the saturation levels and the iltrack temperatures" are also war­

ranted in order to learn more about the molecular mechanisms of radiation 

damage. In order to follow this second avenue of research, we have need of 
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a more powe rful and ve rsatile accelerator which is capable of giving us ions 

of far greater stopping power. We need the Oinnitron. 
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INACTIVATION OF ENZYMES IN DILUTE AQUEOUS SOLUTIONS 
BY X-RAYS AND HEAVY IONS 

T" Brustad 
~:, 

Introduction 

Because of the short range of heavy particle s available from pre sent 

heavy ion accelerators, few studies of the effect of heavy ions on enzymes 

in dilute aqueous solutions have been performed, On the other hand, a great 

many inve stigations have been performed with X -rays" which have led to the 

conclusion that the radiation injury froITl spar sely ionizing radiations is 

caused predominantly by the reaction of radical species resulting from radi­

olysis of the aqueous medium, Thus, the species OH, H" and e~q are 

assumed to be of particular importance for the injury re sulting from radia­

tion of low LET" However, our knowledge about the exact amount of enzyme 

injury caused by any of these radiolysis products is rather scanty for radia­

tions of low LET 1 and almost nonexistent for radiations of high LE T. 

The purpose of the present work was to compare the radiosensitivity 

of the enzyme lysozyme in dilute solution when exposed to 120 MeV stripped 

C -nuclei with that after exposure to X-rays, 

Materials and Methods 

Twice-crystallized and lyophilized hen egg lysozyme was dissolved 

In a concentration of 0,,1 mg/ml in buffers of various pH values, made up 

from citric acid and sodium phosphate" Details of the experimental proce­

dures including the method used to determine the lysozyme activity are 

described elsewhere, 2, 3 

For X -ray exposure,. the enzyme solution was contained in a sintered 

glas s filter funnel with 0,25 mm Lucite cover" Aliquots of enzyme solution 

were here withdrawn through a small--holein the Lucite cover-by-means-of a 

syringe, without interruption of the gas flow through the solution, The dose 

... 1 ... · 

"'Norsk Hydrols Institute for Cancer Research, Montebello, Norway, and 

Donner Laboratory, Uni ver sity of California, Berkeley < 
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rate in the radiation vessel was 2,5 krad/min, determined with a victoreen 

ionization chamber, 

C 6+ -ions of energy 120. MeV were accelerated in the Berkeley heavy 

ion linear accelerator (Hilac), An irradiation chamber as shown in Fig, 1 

was designed, The beam enters the chamber through a 0,25 -mil Mylar win­

dow over which area the particle fluence was constant, The thickness of the 

chamber in the direction of the beam is about 4 mm, The carbon ions (which 

have a range in water less than 1 mm) are therefore stopped in the solution 

in the chamber, The enzyme solution was bubbled with either 02 or N2 

during the exposure, by flushing the gas through the inlet tube and the sin­

tered glass filter, shown in the figure. The bubbling action was insufficient, 

however, to ensure homogeneous irradiation of the entire enzyme solution in 

the chamber, Therefore, a small magnet stirrer was used, as shown in the 

figure. 

The dose delivered to a sample by exposure to C 6 + -particles was cal­

culated from the number of C -ions stopped in the sample, the energy of the 

C -ions when entering the solution, and the thickne s s of the chamber holding 

the enzyme solution, The average dose rate was about 85 krad/min, Details 

of the C 6+ dosimetry and exposure procedures are given elsewhere. 3 

Results 

Shape of Dose -Inacti vation Curve s 

The dose -inactivation curves of lysozyme irradiated with X -rays 

under oxygen bubbling were usually exponential. When expo sed in nitrogen 

atmosphere, on the other hand, they were always found to be of the type 

shown in Fig, 2a, e, g .• a low efficiency for inactivation in the low-dose 

region, followed by an exponential or nearly exponential portion with higher 

inactivation efficiency as the dose increased. 

b d f C
6+ . 

never 0 serve a ter exposure to -Ions. 

This type of curve shape was 

When the heavy ions were used, 

the dose-inactivation curves were always exponential. Sometimes the expo­

nential portion extended over the entire dose range studied, as shown in Fig. 

2b, whereas under other conditions the dose -inacti vation curve s showed a 

"resistant tail" in the high-dose region. We have not studied the conditions 

under which this "tail" appears, but it may at least in part be ascribed to 

insufficient mixing of the enzyme solution during the irradiation. The pre sent 
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Fig. 1. Drawing of the exposure chamber used when irradiating 
enzyme solutions with heavy ions. The heavy ions enter the 
chamber through the thin Mylar window, which is AI-coated on 
one side, facing away from the solution'- ' 
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Fig. 2. Dose -inactivation curve s of lysozyme in N 2 saturated aqueous 
solution of pH 3.5, exposed to (a) 150 kV X-rays~ (b) 120 MeV C 6+­
ions. 
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finding that densely ionizing radiation gives rise to exponential dose -inactiva­

tion curves under conditions that cause sparsely ionizing radiation to produce 

"multiple hit" curves, parallels results obtained on the cellular level, for 

inactivation of the hatching ability of Archemia eggs 
4 

and for inactivation of 

the reproductive capacity of human kidney "T1" cells o 5 

Radiosensitivity of Lysozyme Exposed to C 6+ -ions and X-rays 

The heavy ion inactivation data presented in the following are very 

incomplete and based on experiments which were usually carried out just 

once. Because of these serious shortcomings of the present data, we will 

here only point out some of the most striking differences between the effects 

of heavy ions and of X-rays. Figure 3 shows the radiosensitivity of lysozyme 

given as the reciprocal value of the 63% inactivation dose in rads, plotted as 

a function of the pH of the irradiated enzyme solution. The results are given 

for the densely ionizing C
6+ -ions as well as for the sparsely ionizing X-rays. 

For comparison, the radiosensitivity of lysozyme exposed inthe dry state to 

C
6 + -ions is also given, to show the contribution to the inactivation from the 

so-called "direct" effect. The samples- were here dried from the same 

enzyme solution as used in the other experiments reported in this paper. 

Thus, the pH refers here to the solution from which these samples were 

dried. Two conclusions can readily be drawn from the data presented in 

Fig. 3: 

(a) The sensitivity in nitrogen atmosphere is about 10 times as great in 

the case of X -rays as in the case of C 6+ -ions. 

(b) Although oxygen for both radiations provides a radioprotection over the 

entire pH range studied, the magnitude of this protection is smaller for C 6 +_ 

ions than for X-rays. 

Protection Against Injury from Densely Ionizing Radiation 

Because of the large differences observed between the radiosensitivity 
T--- .... -- --- - --- 6+--

of lysozyme irradiated with X -rays and that after irradiation with C -ions, 

it was of interest to compare the effectiveness of various chemical radiopro­

tectors in reducing the degree of enzyme inactivation caused by the two types 

of radiations. So far we have studied the effect of ethanol, glycerol, histidine, 

and cysteine on the radiation injury of lysozyme irradiated in 02 -free solution. 
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Fig. 3. The radiosensitivity of lysozyme in N2 and in 02 saturated 
solutions of various pH, for 150 kV X-rays and 120 MeV C 6 + -ions. 
The radiosensitivity of lysozyme, dried from solutions of various 
pH and irradiated in high vacuum with C 6 + -ions is shown for com­
parison. 
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The first two compounds have high rate constants for reactions with OH 
8 -1 -1 

radicals (:::: 3 X 10 M sec )$ an order of magnitude smaller for reactions 

with H radicals. and both are quite inefficient as scavengers of hydrated 

electrons. 6 Histidine 7 was used because of its high rate constants for reac-
9 -1 -1 

tions with hydrated electrons (::::3X10 M sec ). Cysteine-HCl was in-

corporated in this comparison because of its extensive use as a radiopro­

tector in numerous radiobiological inve stigations. Complete dose -effect 

curves were determined for three or more concentrations of each of the 

radioprotector sunder inve stigation. From such curves plots of the radio­

sensitivity as a function of the protector. concentrations were obtained. 

Figure 4 shows an example of how the radiosensitivity of lysozyme depends 

h t · f I I d' h C 6+ . I . on t e concentra lon 0 g ycero urlng t e exposure to -lons. t IS seen 

that the r?-diosensitivity decreases considerably even for rather moderate 

concentrations of glycerol and levels off as the protector concentration is 

increased. Thus. at the highest concentration tested the sensitivity is re­

duced to about 5% of that of an unprotected enzyme solution., It is of interest 

to note that the radiosensitivity observed in the presence of such a high con­

centration of glycerol is still about 35 times as high as that observed for dry 

samples. In Table I are shown for each· of the four protectors tested. the 

concentrations required to reduce the radiosensitivity of lysozyme to 50% of 

that value characteristic of the unprotected enzyme solution. From this table 

two conclusions can be drawn: 

(a) All four compounds protect lysozyme against radiation injury resulting 

from X-rays as well as from C 6 + -ions. Surprisingly, less than 2 times 

higher concentrations of the protectors appear to be required to provide the 

d f . ... f C 6 + . f X same egree 0 protecbon agalnst InjUry rom -lons as rom -rays. 

(b) Ethanol and glycerol are about equally effective radioprotectors. 

whereas cysteine is more effective by almost two orders of magnitude. 

-----_._-
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-4 
Table 1. Concentrations of protectors (10 M) 

Protector 

Ethanol 

Glycerol 

Histidine 

Cysteine 

which reduce sensitivity to 500/0. -

pH = 2.5 pH = 5.0 

X-rays C 6 + X-rays C 6 + 

60 75 90 135 

60 100 90 125 

21 7 12 

1 1 1 2 

Discussion 

pH = 9.4 

C6+ 

4 

1 

When radiation by "indirect" action through water radicals (H, OH, 

or e - ) act on saturated organic molecules, such as enzymes, the major 
aq 

reaction is pre sumed to involve removal of a hydrogen atom from the mole _. 

cule, forming a free radical in which the free bond lies on a carbon or, per­

haps, a nitrogen atom. When radiations act "directly!' upon the organic 

molecule, similar radicals are presumably also formed. It is well known 

from studies of simple solutions such as ferrous sulphate, exposed to polo­

nium alpha radiation (or other radiations of high LET from disintegrating 

nuclei) that very few water radicals escape the tracks of such radiations. 8 

Since the stopping power of water for C?+ -ions used in the present investi­

gation is greater than that of polonium alpha particles, one may suspect that 
6+ very few water radicals escape from the "core" of the C -tracks also. 

When enzyme solutions are irradiated by X-rays the enzyme radicals will be 

formed mainly as a result of indirect action, whereas when C 6+ -ions are 

used the enzyme radicals will be formed to a much greater extent by direct 

action. The observation that the radiation injury in nitrogen atmosphere is 

about 10 times higher for X-rays than for C 6 + -ions is in line with this rea­

soning: The heavy ion beam is expected to be able to affect only a small frac-

tion of the solution, while the free radicals resulting from the X-rays are 

able to pervade the entire solution. Under these latter conditions it is ex­

pected that oxygen or other radical scavengers can exert their scavenging 

action quite efficiently. The fact that oxygen provides a strong protection 

against the X-ray-induced injury of lysozyme, as seen in Fig~, 3, has been 
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interpreted to indicate that lysozyme is sensitive to attack by diffusible 

reducing radical species, in particular, Hand e - (Ref. 2). Since the injury 
6+ aq 

to the enzymes after C exposure to a higher extent than after X-ray irra-

diation presumably sterns from "direct" action, one expects here less pro­

tection by the presence of specific radical scavengers, which also is seen 

from Fig, 3, This suggest that if the observed protection by oxygen, of the 

enzyme injury re suIting from C
6+ irradiation, is caused by scavenging of 

water radicals, the latter are presumably created by high energy 6 -r~ys of 

low LET, outside the core of the tracks of the C 6 + -particles, Another pos­

sibility here is that enzyme radicals which are formed by the direct action 

of the C
6+ -ions may be able to diffuse in time out of the tracks where they 

are formed and to react with oxygen or other solute molecules which may be 

present only in low concentration, This is possible because of the longer 

lifetime of these enzyme radicals as compared with the highly reactive water 

radicals. Oxygen molecules are, however, known to react very rapidly with 

carbon radicals to form peroxy radicals. Subsequent reaction of such peroxy, 

radicals may be such that the activity of the enzyme is not destroyed, while 

in the absence of oxygen the enzyme radical may undergo some spontaneous 

rearrangements that have a certain probability of de stroying the enzymatic 

activity of the molecule. The present data are too incomplete to allow us to 

distinguish between these two different explanations of the protection of 

enzymes in dilute solution against heavy-ion-induced injury. Further exper­

iments are, however, being planned to elucidate this que stion. 

A pulse radiolysis technique has proved to be very useful in elucida­

tion of the mechanisms of injury induced by radiations of low LET on biologi­

cal macromolecules in aqueous solutions. 9 Pulse radiolysis studies of 

heavy-ion-induced effects have, however, not been performed so far because 

of unsuitable beam characteristics of the heavy ion accelerators available. 9 

If the Omnitron plans materialize, however, heavy ion beams of sufficient 

energy, intensity, and pulse length can be obtained to make heavy ion pulse 

radiolysis studies possible and very promising. Combined with general 

chemical approaches as presently used, considerable progress in our under­

standing of mechanisms behind observed LET effects in molecular radio­

biology is then to be expected, 
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RADIOBIOLOGY AND RADIOCHEMISTRY OF LIPOPROTEINS 

A. v,. Nichols, N. K. Freeman, and F. T. Lindgren 

The radiobiology and radiochemistry of lipoproteins have not been 

adequately explored, and further studies in these areas are needed. An 

approach to the study of the possible chemical sensitization of lipoprotein 

and membrane structures to disruption by radiation is proposed. It is 

planned to evaluate the physical and chemical effects of low and high LET 

radiations on lipoprotein structures containing specific organic lipid-soluble 

materials. Initially, human serum lipoproteins will serve as the lipid­

protein structures, and changes in their physical and chemical properties 

will be inve stigated. Among the various kinds of radiation and radiation 

sources that will be used for the se inve stigations, the unique characteristic s 

of the Omnitron should prove to be of unusual value. Our rationale for the 

above radiobiologic studies is discussed below. 

Recent studies on,cellular and subcellular membranes clearly show 

a strong dependence of many integrated metabolic functions of a cell on the 

molecular organization of the membrane. 1 The complex lipoprotein surfaces 

of cellular membranes provide highly specific loci for organized enzyme 

activity. The integrity of the membrane, hence, is crucial not only for 

maintaining a barrier between the cell or organelle and its environment, but 

also is a critical factor in maintaining the organization required for sequen­

tial metabolic proce s ses. Specific example s of such membrane s are the 

endoplasmic reticulum and the mitochondrial membrane in cellular cytoplasm. 

Release of enzymes from their physiological sites of activity has 

been observed following exposure of subcellular particle s to agents such as 

radiation, auto -oxidizable compounds, and peroxides. 2 These agents have 

all been shown to produce, presumably via free radical mechanisms, sub-' 

stantial modification of the chemical and physical properties of lipids and 

proteins, the principal components of biological membranes. 3 Therefore, 

the underlying basis for the disruption of many of the functions associated 

with membranes by such agents is believed to consist of structural changes 

in lipids and proteins induced by free radical attack. 
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An agent capable of producing dramatic alterations in subcellular 

membrane (endoplasmic reticulum) structure and function is the hepatotoxin, 

carbon tetrachloride. Extremely minute amounts of this agent administered 

in vivo disrupt protein synthesis, lipoprotein formation and excretion, and 

other enzymatic activity associated with an intact endoplasmic reticulum.. 
4 

Several kinds of evidence suggest that the action of carbon tetrachloride is 

due, in part, to a cleavage of this compound into a trichlormethyl free radi­

cal and monatomicchlorine at or near the endoplasmic reticulum. Once 

formed, the free radicals are believed to spark an autocatalytic, peroxi­

dative degradation of the unsaturated lipids present in the membrane. It is 

suggested that such alterations in the lipids could drastically change their 

physical and chemical properties and could lead, in turn, to extensive changes 

in membrane structure and function. The metabolic proces ses responsible 

for the potential formation of the free radicals from carbon tetrachloride 

have not as yet been established. It is interesting to note, however, that the 

high solubility of carbon tetrachloride in lipoprotein structures probably 

ensures significant exposure of this material to the enzymatically active 

surfaces of the endoplasmic reticulum. 

The uptake of lipid-soluble organic materials into lipoproteins and 

cellular membranes by living systems may be significantly increasing by 

virtue of the continuing contamination of the environment by industrial 

wastes, pesticides, cigarette smoke, auto exhaust, etc. Various processes 

may initiate free radical formation in these materials and hence lead to ' 

localized disruption of normal structure and function by the oxidative changes 

already discussed. It 'is hoped that the proposed study will provide some 

further information on the bases for the correlations being developed between 

environmental agents and biological dysfunction and disease. 
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SOME EFFECTS OF ACCELERATED CHARGED PARTICLES IN 
BACTERIAL SPORES 

E. L. 
::< 

Powers, J, T, Lyman, and C. A, Tobias 

Bacillus megaterium is a convenient organism for the analysis of 

biological damage produced by various radiations, as a number of aspects of 

X-ray damage have been described, We have used dried spores of this organ­

ism to test the kinetics of survival after bombardment by a number of heavy 

ions at the Berkeley heavy ion linear accelerator (Hilac), Each of the ions­

He, B, C, N, 0, Ne, and A-was used at a kinetic energy of 8.3 MeV/nucleon, 

so that the distribution of the secondary ionization was the same for each 

particle but the linear energy transfer (LET) changed from one particle to 

the other as the ratio to the squares of the charges on the particles. Here 

we summarize these results; a detailed paper is in press, 1 

Prior to this work Powers Z found that radiation damage ~o the sur­

vival of bacterial spores may be classified into three different types: I. 

Oxygen-independent damage, This is observed if oxygen is kept from the 

spores during and ,after irradiation, II. Immediate oxygen effect. This 

type of damage necessitates the presence of oxygen during exposure to ir­

radiation, III. Delayed oxygen effect. This appears when organisms are 

irradiated in nitrogen ,and later exposed to oxygen, By exposing the bacterial 

spores to the different accelerated particles in the so-called "track segment 

method" and by varying the environmental conditions for exposure, we were 
,. 

able to study each type of damage induced by heavy ions, 

The organisms were exposed to heavy particles in the presence of air, 

in nitrogen, and in nitrogen followed by HZS prior to exposure to air, These 

three types of exposure allowed differentiation between the three classes of 

biological effects, 

Survival curves of this particular bacterial spore are exponential to 

all the radiations tested, However, it was found that the heavier particles 

proved to be more effective in eliminating self-proliferation than the light 

particles, The surviving fraction of spores N/N
O 

can be expressed by a 

>:<Present address: Dept. of Zoology, University of Texas, Austin, Texas, 
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simple formula as; 

N -af 
NO 

= e 

where a is the interaction cross section and f is the flux of particles. 

Here a is a function of the linear energy transfer €. The cross section as 

a function of LET is plotted in Fig. L The cros s section is es sentially 

proportional to the efficiency by which a given particle is able to cause lethal 

effect. 

Because the data points were quite accurate, we were able to subject 

them to mathematical analysis and to compare them with various models of 

the biological effects of radiation. In order to do this, a least-squares fit 

was made to a number of models by optimizing the fit for the parameters for 
~:: 

each model. The least - square sum for each model was compared. The 

best fit was obtained when the cross section had the following analytical form: 
2 

a=a (1-e- U €)+a (1-e-j3E:), (1) 

where (j and 
01 00 

constants. It is 

diffe rent at low 

'l OO 13 00 

aj300 are limiting values a for € - 00 and 01 and 13 are 

clear from the model that the mode of radiation damage is 

LET and at high LET. Most of the oxygen-dependent in-

activation with required immediate oxygen or late effect of oxygen is due to 

the mechanism which is most effective at low LET values. The cross sec­

tion for this process is expressed in the first term of Eq. 1 as a simple 

saturation curve. At high LET the second term predominates; over a con­

siderable range of values, this predicts a rapidly rising cross section, pro­

portional to the square of LET. and at very high LET there is little de _ .. 

monstrable difference for inactivation in the presence or absence of oxygen. 

A simple interpretation for the finding that at high LET the radiation effect 

can be proportional to the square of LET is the explanation that two ioniza­

tion events along a single track of an ionized particle interact to produce radi­

ation inactivation. 

The presence of the two-typ~e~s-of-effects -explains the high-relative-bio­

logical effectivenes s of heavily ionizing radiations. The values of the limiting 

cross sections and inactivation constants are presented in Table 1. 

-'. 
"'We are indebted to Merlin Dipert of Argonne, and to Eric R. Beals and 

Mark W. Horovitz at Berkeley for these calculations. 
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Table L Best values of cross sections and constants, 

U Q! co + Uf3co U (l Uf300 f3 
01 00 

2 
(cm ) 

2 
(cm ) 

-1 
(cm MeV) 

2 
(cm ) 

-2 2 
(cm MeV) 

Exposure 
L84X10- 9 O,045X10- 9 6,35X10- 3 1, 795X10 - 9 4. 56X10- 7 

in air 

Exposure 
in 

L 77X10- 9 O,046X10- 9 4,6 X10- 3 1,624X10- 9 3.66X10- 7 
nitrogen 

Exposure 
in N2 with 
H 2 S post 

L 72X10- 9 O,894X10- 11 1,74X10- 2 1, 712X10- 9 2, 33X10- 7 
treatment 

By applying a similar model to other experiments with unicellular 

organisms, for example to yeast cells and to mammalian cells, it is found that 

lethal effects can be well explained by the presence of the two types of in­

activation components, For cells which have large nuclei and lar ge chromo­

somes. the second term, depending on LET square, is of greater importance 

than the first term, A number of current experimental studies have indicated 

that under certain conditions bacteriophage are likely to suffer lethal effect if 

radiation produces a double chain scission in their DNA, It is known, however, 

that most low LET radiations do not often produce double chain scission, 

but rather they can produce damage to only a single nucleic acid chain, It 

will be of interest to make an experimental test of the types of molecular 

alternations that high LET radiations produce in DNA. 

Some preliminary studies with free radicals induced in the dried 

s pores have indicated that there is a parallelism between the amount and type 

of free radical induced in the final biological effect. High LET radiation 

---appears .to produce free radicals jn_the .. bacterial_sp-or~s thaJ~r~Il:~t anneal­

able, whereas the concentration produced by free radicals in the low LET 

region is modified by post-temperature exposure to H 2 S or to high tempera­

ture, 
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The results presented in this summary point to a way of clas sifying 

and quantitatively accounting for the effects of high LET radiation. Most 

of these effects are accounted for by assuming that the cell nucleus is affected; 

the detailed physicochemical events and the relationship of biological effects 

to the free radicals induced remains to be elucidated. 
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CELLULAR RADIOBIOLOGY OF HEAVY IONS: 
CELL RECOVERY AND DNA REPAIR 

R. H. Haynes, W. R. Inch;:< and J. T. Lyman 

When any agent such as X-rays, ultraviolet light (UV), or nitrogen 

mustard (HN
2

) is applied to cells it produces a "spectrum ll of chemically 

distinct structural defects in the genetic material (DNA) and other cell 

components. Inactivation and mutation are perhaps the biological effects 

of most general interest, and they result from those defects that are formed 

in DNA. The type and number of defects depends on the agent used and its 

dose. If the observed biological effects were determined solely by the initial 

spectrum of DNA defects, our major task would be to carry out appropriate 

radiochemical studies to identify and enumerate these defects for various 

doses of the agents of interest. However. cells also possess enzymic mech­

aniSll1s which repair certain of the initially produced defects before they 

express themselves biologically. Clearly then, the fate of the cell depends 

jointly on the probability of forll1ation and repair of each type of defect. 

Therefore, in addition to radiochemical studies. the relative repairability 

of all the various defects induced in DNA must be deterll1ined if we are to 

understand fully the molecular basis of action of any such agent. 

Strand breaks, pyrimidine nill1er s, and guanine cros s -links figure 

prominently among the various DNA defects produced by X-rays, UV, and 

HN 2 respectively. The enzymic repair of each of the se defects and the 

associated recovery of cell viability has been demonstrated in both bacteria 
1-6 

and yeast. Beams of heavy i<::Tns can be used to change the initial distri-

bution of the DNA defects produced by ionizing radiation through an increase 

in linear energy transfer (LET). A number of workers have suggested that 

this change consists prill1arily in an increase in the ratio of double - to single-

-strand breaks. However, this -suggestion-has-not~so-far-been-v-e-ri-f-i-e.Gl-EJ.-uan-t-i­

tatively, nor has the relative repairability of strand breaks and other types 

of defects produced by ionizing radiation been determined for the various 

known repair systems. Appropriate techniques have been designed to meas­

ure strand breakage in bacterial DNA following exposure of the cells to . 

:~:::'~" : . 
Ontario Cancer Foundation, London, Ontario, Canada. 
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X-rays.1 Similar studies should be carried out for radiations of higher LET. 

However$ the limited penetration of the currently available Hilac (heavy ion 

linear accelerator) beams restricts the amount of material that can be con­

veniently irradiated. With the Omnitron beams, it will be a simple matter 

to irradiate the size of bacterial sample required to extend this analysis 

into the high -LET region. 

The colony-forming ability of a ce111s a convenient means for assess­

ing damage to its genetic material, and the analysis of dose -survival curves 

is useful in constructing a general picture of the fundamental processes in­

vol ved. In the bacterium E. coli, DNA repair manife sts itself in the marked 

difference in radiosensitivity between the reactivating strain B/r and the non­

reactivating mutant B l' It would appear that the principal known DNA 
s-

lesions produced X-rays. UV, and HN
Z 

can be reparied by the same enzymic 

mechanism in B/r. In view of this versatility of the coli repair mechanism 

it is natural to ask if there are any Ie sions that are not repairable. 

Studie s with mammalian cells indicate that high-LET radiations pro­

duce a greater proportion of irreversible damage than do X-rays, and it is 

not implausible to imagine that unrepairable DNA damage might be produced 

within the columns of dense ionization formed along the tracks of such par­

ticles. In a serie s of experiments with Hilac beams, we found that the differ­

ential sensitivity of B/ rand B 1 decline s as the LET of the particle s in-
s-

; creases, and that the two strains are almost equally sensitive to partially 

stripped argon nucleL( Fig. 1). The simple st interpretation of the se re sults 

is that the fraction of repairable defects declines with increasing LET. This 

could be attributed to an increasing probability of producing unrepairable 

DNA double-strand breaks by densely ionizing particles. However attractive 

this interpretation, it remains open to the criticism that DNA may be a rela­

tively less important target for these high-LET particles, and that lethality 

might be due to membrane damage or other processes. 

Further experiments are necessary to determine if an increase in 

double -strand breaks and declining repair are in fact correlated with an 

increase in LET. 

Recovery after irradiation has been observed in organisms of wide 

phylogenetic distribution, and in many instances DNA repair might be in­

vol ved. However, it is by no means certain that the enzymic steps are the 
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same in each case. Liquid-holding recovery in diploid yeast and dark reac­

tivation in E. coli are similar in that both appear to be enzymic, energy­

requiring processes capable of reversing damage caused by X-rays, UV, 

or HN
2

$ but incapable of dealing with damage caused by heat or acridine­

sensitized photodynamic action. However, they differ markedly in their 

response to densely ionizing radiation. We have shown that it is unlikely 

that high-LET damage can be repaired in Eo coli; however, both the survival­

curve shoulder and the magnitude of recovery in diploid yeast are independent 

of LET (Fig. 2). The macromolecular basis of recovery in yeast is unknown 

but these results strongly suggest that it differs in some fundamental way 

from excision-repair in E. coli. 

rt would therefore be desirable to extend the study to still higher­

LET values to see if the effect declines in yeast for sufficiently high values 

of LET as it doe s in E. coli. 
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Fig. 2. Recovery of diploid yeast (Saccharomyces cerevisiae, 
strain X841) elicited by 48-hr storage (delayed plating) after 
irradiation with stripped neon nuclei (9 MeV /amu) under fully 
oxygenated conditions. The magnitude of recovery is the same 
as that observed for X-ray or 40 MeV alpha-particle irradiation 
despite the 30-fold increase in LET. 
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CELLULAR RADIOBIOLOGY OF HEAVY IONS: MAMMALIAN CELLS 

Since the discovery by Puck 
1 

III 1956 that human cells can be caused 

to multiply and form colonies in culture in much the same way as bacteria, 

cellular bases have been discovered for many physiological phenomena known 

. to occur in mammals, The widespread use of ionizing radiation in medicine 

exploits .its cytotoxic effects, and these effects have been subjected to exten­

sive study in isolated cells in culture during the past decade. It occurred to 

Puck and co-workers 2 that the ability of an isol~ted human neoplastic cell to 

multiply into a colony of cells might be a legitimate end-point with which to 

investigate the effects of ionizing radiation, in much tl~e same way as de­

scribed in the preceding paper (Cellular Radiobiology of Heavy Ions: Cell 

Recovery and DNA Repair), With the use of this colony-formation assay, it 

was discovered that less than 500 rads of X-rays was adequate to inhibit 90% 

of most types of mammalian cells from forming colonies in culture, This 

extraordinary sensitivity of mammalian cells in culture has also been con­

firmed in intact organisms, either by implanting single tumor cells into re­

ceptive hosts 3 or by injecting normal stem cells into immunologically sup­

pressed hosts and assaying for the ability of the implanted cells to form 

"colonies. ,,4 

Since beams of heavy ions are incapable of penetrating the tis sues of 

intact organisms, we chose the isolated cell culture technique for assessing 

the potential efficacy of these radiations in inhibiting the proliferation of 

mammalian cells, Our general method may be simply des cribed as the ex­

posure of cultures containing known numbers of viable cells to graded doses 

of X-rays and heavy ions, followed by approximately 2 weeks of proliferation 

and the counting of the colonies that result from surviving cells. From such 

experiments. one obtains "survival curves" by plotting the logarithm of the 

fraction of cells which formed colonies against the dose to wflich they were 

*: 
With the assistance of John T. Lyman. Robert Tym. David Love, Jerry 

Howard, Rollin A, Armer, Catharine Lo Boerke, and Willie M, Jackson; 

author now at Department of Biophysics, Pennsylvania State University. 
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exposed, as described in the previous section. These experiments were 

performed with a variety of heavy ions. each of which had a different iqniza­

tion density, or rate of energy loss, in energy-loss units of MeV.-cm
2
/g. 

For a long-term line of cultured human kidney cells, 5 designated T 1, 

exposed to 50 kVp X-radiation, we find survival curves like those given in 

Fig. 1. As noted previously, about 500 rads of this radiation inhibits colony 

formation by 90% of the cells when air is present during the irradiation. For 

heavy ions, the dose required for this end-point is found to be decreased ex­

cept for heavy ions having -dE/dx very large. This pOint is illustrated in 

Fig. 2, which is a plot of 90% inactivating dose against -dE/dx. The accel­

erated ion used to obtain each ~alue of -dE/dx is indicated on the plot. 

Heavy ions (in particular boron and carbon ions) with -dEl dx in the vicinity 

of 2000 MeV-cm
2
/g appear to be maximally effective for this end-point. 

Another obvious feature of Fig. 1 is that cells irradiated in the ab­

sence of air experience a higher survival rate. The ratio on the abscissa of 

the upper curve to the lower is referred to as the "oxygen enhancement 

ratio" or OER. It is a ratio of doses and tends to be about 2.8 for the curves 

in Fig. 1. It shows that about 3/4 of the effect of X-rays depends upon the 

presence of oxygen. The denser the ionization, the less stringent is this de­

pendence upon oxygen, and Fig. 3 illustrates this point with a plot of the 

OER against the -dE/dx, with the corresponding heavy ions indicated on the 

graph. Apparently the effect of oxygen is abolished when ions with -dEl dx 
2 

greater than about 2500 MeV-cm /g are used. 

Cells which have incorporated drugs (for example iododeoxyuridine, 

IUdR) into their DNA behave as if they were previously irradiated; that is, 

they are more sensitive to X-ray inactivation than normal cells. Heavy 

ions abolish this effect also. Figure 4 presents survival curves for cells 

with and without IUdR in their DNA to X-rays and heavy ions. 6 The cells 

are clearly sensitized to X-rays and helium ions, but not to carbon ions. 

Another feature of the curves of Fig. 4 is that the X-ray and helium 

ion curves are Ilsigrnoid" ~urves, whereas the ca-ibon-ion survival curve is 

a straight line on the s emilogarithmic plot. The curved lines have been in­

terpreted to indicate that some radiation injury must be accumulated before 

lethality is expressed; hence, this injury must be sublethal. It was dis­

covered by Elkind 
7 

that such injuries could be repaired by sublethally irradi­

ated cells in a matter of a few hours. The straight-line nature of the carbon-
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Fig. 1. Survival curves for human kidney T1 cells exposed to 
50 kVp X-rays in the presence of air (lower curve) and in 
pure nitrogen (upper curve). Bottom axes describe growth 
of control population. 
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Fig. 2. Dose in rads required to inhibit the colony-forming 
ability of 900/0 of human kidney T1 cells by X-rays and 
various accelerated heavy ions. The total -dEjdx is shown 
on the abscis sa, and the corres ponding ions are shown at 
the bottom of the plot. 
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Fig. 3. The dependence of the oxygen enhancement ratio (OER) 
upon -dEl dx for the inhibition of colony formation of 
human kidney cells. 
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Fig. 4. The effect of incorporation of iododeoxyuridine into 
DNA upon the inhibition of colony formation of T1 cells 
by X-rays and heavy ions. 6 
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ion survival curve is interpreted to indicate that there is no such thing as sub­

lethal carbon-ion injury. We tested cells exposed to a variety of heavy ions 

for sublethal injury by allowing them to "recover" between two doses of 

ionizing radiation separated in time. If sublethal injury of the type described 

by Elkind exists, then survival of cells should increase as the time between 

the two doses is increased. We found this to be the case for radiation injury 

inflicted by all ions that result in sigmoid survival curves, but not by ions 

that result in straight-line survival curves. This result is pointed out in 

Figs. 5 and 6. (For further explanation, see figure captions. ) 

Other interesting effects of heavy ions have been demonstrated in 

other laboratories. It has been demonstrated that cysteamine, a "radio­

protective" drug, is impotent against the lethal effects of alpha particles at 
. 8 

the ends of their tracks. It appears that the efficiency of the various heavy 

ions for the induction of chromosome aberrations closely parallels that fo!, 

lethality, but the induction of division delay by heavy ions appears to be in­

dependent of either of these processes. 9 Cells are found to be more sensi­

tive to X-ray lethality during mitosis and a period of time surrounding 

mitosis; it appears that the same is true for heavy-ion lethality. 10 This 

last appears to be the only observation of a radiation-modifying influence that 

persists for radiations of high -dEl dx. 

The results obtained in this series of experiments performed at the 

Berkeley heavy-ion accelerator have been applied to generalized radiobiologi-
11 

cal theory as well as to more pragmatic end-points for the future, namely 

the potential usefulness of heavy ions in therapeutic radiology. 12 
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SIGMOID SURVIVAL EXPONENTIAL SURVIVAL 
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Fig. 5. Sigmoid survival curves for the inhibition of colony 
formation by X- rays, helium, lithium, and boron ions 
and exponential survival curves for carbon, oxygen, 
and neon ions. All ions were accelerated to an energy 
of about 6.6 MeV /amu. . 
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Fig. 6. Survival of T1 cells to fractionated doses of X-'rays and 
heavy ions. Two doses were delivered, the magnitudes of 
which are indicated in each frame for each type of radia­
tion. The time allowed to elapse (with the cells at 37 0 C) 
between the two doses is on the abscissa. Solid plotting 
symbols indicate that a single dose equivalent to the sum 
of the two was given at that time for comparison. If 
fractionation resulted in a persistently higher survival 
than that due to single doses, then recovery from sub­
lethal injury is said to have occurred. Data were taken 
from the same experiments as in:. Fig. 5, and it can be 
seen that no recovery occurred from radiations that re­
sult in exponential survival' curves. 
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PROPOSED OMNITRON EXPERIMENTS BY MEMBERS 
OF THE LABORATORY OF CHEMICAL BIODYNAMICS 

M. Calvin, R. M. Lemmon, and M. P. Klein 

Production of Microholes in Membranes 

We are beginning to recognize a major limitation in our knowledge of 

the growth and development of living cells-both individual cells and aggre­

gates of them. This limitation concerns the means by which these cells com­

municate not only with the outside world-that is, the environment in which 

they are situated-but also with each other. This problem has gradually 

focused attention on the fact that one of the defining characteristic s of a cell 

is its limiting membrane, and all communication between the inner workings 

of the cell and its environment, including neighboring cell s, take s place by 

virtue of the passage of materials through these limiting membranes. The 

selectivity of this passage and the mechanism by which materials are retained 

or expelled, pumped in our out, seem to be properties closely associated 

with the nature of the limiting membrane, both in structure and in dynamic s. 

So far, the chemistry of these limiting membranes has provided only 

the crudest kind of data concerning the materials of which they are con-. 

structed. The detailed geometry of their construction is now undergoing a 

complete re -examination. The primitive view of the simple lipid double 

layer, which has been extant for some twenty years or more, no longer 

seems tenable. There are a number of evolving notions in which both the 

passive selectivity and active transport are controlled by molecular organi­

zational changes at specific points in the membrane. 

A variety of models (for mathematical purposes) has been devised, 

but very few have been susceptible of experimental tests. One of these 

models involve s the notion that the membrane is a continuum in which exists 

a pattern of "holes" of different sizes, and with different types of binding 

surfaces. These binding surfaces of the holes are generally conceived as 

being patterns of charges, usually achieved by dipolar lipids or proteins, or 

combinations of them, which can change their conformation under suitable 

influence, either electronic or chemical, so as to change their permeability, 

or activity, in a variety of ways. 
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One way of constructing such models for experimental purposes. in­

volves the punching of a continuous film, either inorganic (mica cleavage 

sheet) or organic (synthetic or natural organic polymer) with micropores of 

controlled size. The only feasible method now available for creating such 

holes is the exposure of the film to fission fragments under proper collima­

tion, followed by etching of the resultant orifice to the de sired size. It is 

clear that this is a very limited operation, both in terms of the number of 

pores that can be created and the accuracy of their direction. The method 

is also hampered by the limited kinds of fission fragments available, and the 

limited associated energies available. 

We propose to use the Omnitron, with its capability of producing 

many kinds of ions of very heavy mass, as a means of providing a variety 

of membranes with a variety of pore densities and sizes. These pores can 

then be subjected to the adsorption of a variety of molecules which, in turn, 

will give the pores their passive selectivity and some active qualities as well. 

The re is reason to suspect that this is already pos sible even in the porous 

membranes that are made by the fission fragment method, although the 

capacity of such membranes for transfer and transport is extremely limited. 

A detailed description of the materials that would be used, both as 

substrate s for the membrane s themsel ve s and for adsorbent molecule s to 

give specificity to the pores, remains to be determined and would, in fact, 

be guided by the accumulation of knowledge of real biological membranes. 

It is clear that the Omnitron, capable of producing a penetrating par­

ticle of about 200 MeV mass, is the ideal instrument for constructing these 

systems which will undoubtedly have both theoretical and practical signifi­

cance. The Omnitron I s complete control of particle mas s and direction, as 

well as energy, will make possible the construction of model systems free 

of the randomness of direction arid hole size which the present (fission frag­

ment) system impose s. Thus, the theoretical under standing of such porous 

systems can be approached more closely in a quantitative manner, and the 
- -" ~- ---------

testing of concepts governing membrane permeability, activity, and electri-

cal properties can be achieved on a more explicit basis. 

Radiation Chemistry of Crystalline Choline Chloride 

Crystalline choline chloride, [(CH3)3NCH2CH20H] +Cl-, is of great 

intere st to radiation chemists because of its extraordinarily high G value 
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(IT1olecules decoIT1posed per 100 eV of ionizing radiation),· It is, in fact, the 

IT10st radiation-sensitive cOIT1pound known. Under certain conditions of irra­

diation, it decoIT1poses by a chai·n reaction that gives G values as high as 

55000, The anoIT1alous radiation sensitivity is shown only in the crystalline 

forIT1-in solution, choline chloride exhibits norIT1al radiation stability, The 

radiolysis products are (alIT1ost exclusively)· triIT1ethylaIT1ine and acetaldehyde . 

. Recent studie s, in particular the X -ray crystallography and ESR 

studies of the irradiated crystals, have indicated that the chain radiolysis 

occurs because of SOIT1e unique (and as yet not understood) property of the 

choline chloride crystal structure, The radiation sensitivity is not shown 

by crystals of very close cheIT1ical analogs of choline chloride -neither is it 

shown by at least one other crystalline forIT1 (face -centered cubic) of choline 

chloride. In the radiation-sensitive forIT1 (orthorhoIT1bic), it is known that 

the appearance of lattice defects inhibits the chain decoIT1position. 

We' anticipate that the OIT1nitron, with its capacity to produce a great 

variety of highatoIT1ic weight ions at alIT10st any desired energy, will be a 

powerful tool to aid us in the understanding of choline chloride~s radiolysis 

IT1echanisIT1. We know, for exaIT1ple, that '( -rays and accelerated electrons 

produce the saIT1e kind of free radicals in choline chloride crystals, and that 

these free radicals are chain initiators (not propagators) in the radiolysis 

IT1echanisIT1. It will be iIT1portant to know if heavy ions will produce the saIT1e 

free radical s (observable in the ESR spectroIT1eter). If the densely ionizing 

heavy ions produce different free radicals, which also initiate the chain de­

cOIT1position, then we will know that the IT1echanisIT1 is not unique, and can be 

started by different agents. 

We also wish to deterIT1ine whether choline IS decoIT1position IT1ay be 

initiated by the introduction of point defects into the crystal. If, for exaIT1ple, 

the chloride ion is displaced frOIT1 its norIT1al position in the choline IS crystal 

lattice, this displaceIT1ent IT1ight initiate the decoIT1position. More likely, 

such displaceIT1ents will inhibit the chain decoIT1position. The kinetics of 

such inhibitions (decoIT1position rates and radical decay rates as functions 

of teIT1perature, tiIT1e, and radical concentrations) should do IT1uch to reveal 

the nature of this unique solid-state decoIT1position IT1echanisIT1. The selec­

tive displaceIT1ent of a heavy ion, such as chloride, can best be accoIT1plished 

by heavy-particle irradiation-for this purpose the OIT1nitron will prove 'very 

valuable. 
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Locations of Photosynthetic Trace Metal s 

The locations and concentrations, within an algal cell, of the impor­

tant photosynthetic trace metals (such as Mg, Mn, Fe, Cu, Co, and Zn) are 

not known well enough. The functions of some of them (for example, Mn) 

are quite unknown. This knowledge is essential for a better understanding 

of the processes by which green plants convert sunlight into chemical energy, 

and then use that ene rgy to operate the numerous biochemical pathways. 

The Omnitron has the potential of greatly helping us to locate the 

trace metals within the photosynthetic apparatus. The diverse ions that it 

will accelerate may provide a kirtd of expanded "neutron activation" analysis. 

By selecting a specific irradiating ion with a high cross section for reaction 

with a particular trace metaL and then applying autoradiographic technique s 

on individual algal :cells, one may hope for a far better localization of trace 

metals than is now possible. 

At present there are very little data available on the radionuclides 

to be expected when the above metals are irradiated with a variety of ions. 

Consequently, one needs first to accumulate such data so that one may pick 

out radiating ions that will have high enough cross sections, and whose radio­

active products will have useful properties (e. g., long-enough half lives and 

low-enough energies) for the subsequent autoradiography. The high energies 

of the Omnitron ions will be necessary when one wishes to carry out the acti­

vation in a water suspension or ice matrix. 
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RADIATION GENETICS WITH DENSELY IONIZING RADIATIONS 

R. K. Mortimer 

The main stimulus for using heavy ions to induce genetic changes lies 

in the chance that these radiations may cause qualitatively different forms of 

damage. For example, the importance of the two main classes of lesions 

leading to mutational change, L e., base pair substitution and base pair addi­

tion or deletion, varies considerably with the mutagen used. X-rays induce 

considerably more addition-deletion type changes than does ultraviolet or 

most of the chemical mutagens. It seemed possible that heavy ions might 

induce this type of damage exclusively. 

Work done to date does not allow a complete assessment of the prop­

erties of heavy ions as mutagens. In a study of reverse mutation in yeast, 1 

the efficiency of ions with LET values in the range 10 to 5 X.10
4 

MeV g-fcm2 

approximates that observed for inactivation (Fig. 1). For three different re­

version systems, a maximum efficiency was observed in the LET range 

1000 to 1200 MeV g- 1 cm
2

. Neon ions were quite inefficient and also showed 

anoxygen effect suggesting that delta rays were causing most of the re­

versions with these ions. For two of the reversions, HI and TR
NF

, it is 

known that mutation of suppressor genes is involved. Work by Magni
2 

and 

us has indicated that such mutations occur preferentially by addition-deletion 

changes. However, one of the reversions, TR
F

, probably involves a base 

pair substitution change 
3 

(von Borstel, personal communication). Thus, 

these studies are not definitive with regard to characterizing the molecular 

basis of heavy-ion mutagenesis. 

DeSerres (Oak Ridge) has induced forward mutations at the ad3 locus 

of Neurospora with heavy ions. 4 He finds both a higher efficiency and a 

higher frequency of irreparable (deletion) changes in the locus compared with 

those induced by X-rays. Nakai and Mortimer (Rad. Res. Supp!. - 1967) 

found that carbon ions were not qualitatively different from less densely 

ionizing radiations for induction of intra- or inter genic recombination. 5 

Future genetic studies with heavy ions should be designed to permit 

precise characterization of the molecular lesions induced. A forward 
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mutation system, such as is used by DeSerres, should be employed. The 

mutants should be characterized by the following tests: complementation, 

leakines s, temperature and osmotic pres sure reversibility, suppres sibility, 

fine structure map location, and reversibility by specific mutagens such as 

2-amino purine, hydroxylamine, and ICR-170. These studies would establish 

whether heavy ions induce specifically frameshift (addition-deletion) muta­

tions or are relatively nonspecific, as is the case with X-rays and uv. 

The apparent uncoupling of track core and delta-ray effects observed 

in the earlier study (Fig. 1) would also be worth following up. It would be 

expected that efficiency and oxygen effect should remain constant as LET is 

increased beyond that of neon ions, since the delta-ray component of the dose 

is constant. Varying the velocity of the beam would also permit a test of this 

hypothesis. 
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HEAVY ION RADIOGRAPHY AND MICROSCOPY 

C. A. Tobias, T. L. Hayes, H. D. Maccabee, and R. M. Glaeser 

As heavy ions pass through matter, their energy loss can be corre-

1ated with the atomic composition, density, and thickness of the specimen 

traversed. The range penetration is a very sensitive function of such param­

eters, and there are quantitative methods for measurement of the energy loss 

in a given traversal. 

A second useful property of heavy ion beams is that as they strike 

matter, secondaries are formed. These may be of the atomic variety, such 

as sec ondary electrons, X -rays, or visible light, or they may be nuclear 

reaction products. Some of the heavy ion secondaries are similar to those 

obtained upon electron bombardment; others are different: for example, 

heavy ions may produce spallation recoils from nuclei of the absorber. 

It is well known that a wavelength (A) may be associated with charged 

particles of mass M traveling with velocity v: 

The wavelength turns out to be approximately 2000 times smaller for protons 

than it is for electrons traveling with the same velocity. Protons or heavy 

ions may thus be considered to undergo diffraction as they pass through 

homogeneous matter in a similar manner to light or to electrons. Thus, In 

theory, heavy ions can be used for microscopy. Because of the smaller 

wavelength, heavy ion mic roscopy can theoretically yield more than 2000 

times greater resolution than electron microscopy. In the course of the 

de sign of the Omnitron, we realized that perhaps this is the fir st high energy 

accelerator that is designed with sufficiently refined electro-optical tech-

niques so that the emerging beams might be used for such exacting problems 

as radiography or microscopy. We thus decided to survey some of the pos­

sibilities. 
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Heavy Ion Radiography (Macroscopy) 

If monoenergetic heavy particles are allowed to pass through a sample, 

it is possible to accurately determine their energy loss by analyzing the par­

ticles emerging on the other side. It may be that heavy particles can be used 

for a much more sensitive "thickness gauge" than either X-rays or electrons. 

The situation is illustrated in Fig. 1. Suppose that a thickness variation of 

~t is to be measured at depth t. Then the depth resolution will depend on 

the fraction ~I/I for each type of radiation, where ~I is the intensity varia­

tion. By using the Bragg ionization curve as indicated in the graph, it is 

then possible to obtain a much larger ratio for particles than for X-rays 

over a wide range of thickness: 

~I ~I 
p x 

-1- »-1-' 
p x 

Potentially, this method then can be used for radiography by obtaining pic­

tures on an X-ray film of the penetration of heavy ions through the specimen 

or by means of scanning a beam and determining the residual energy of the 

particles as the scan proceeds. A simple arrangement for this is shown in 

Fig. 2; the re sidual ene rgy of the beam is determined by pulse -height analy­

sis as the beam scans through the specimen. Each heavy ion can be used to 

measure more than one property, namely, the presence of the heavy ion as 

well as the residual range, and it may well be that thickness scans can be 

obtained with the use of heavy ions at a much lower dose than would be the 

case for X-rays. 

It may he worthwhile to mention some problems in diagnostic roent­

genology that might be solved by the use of heavy particles: 

(a) It is well known that radiologists often have trouble resolving the pres­

ence of a small metastatic lesion invading bone. The patient may already 

have subjective indications -e. g., pain-in the absence of objective measure­

ment. The Ie sion is often detected by X -rays when it has already grown to 

arather large size. It is possible that proton scans over a predetermined 

area of interest would prove to be very useful to improve diagnostic dep~h 

resolution. 

(b) Another radiological example is the type of problem that usually arise s 

when an air pocket is to be found somewhere in the body. For diagnostic 
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localization of the third ventricle in the brain, air is inj ected at the base of 

the spine with hopes of detecting (by diagnostic roentgenography) the resulting 

air pocket in the brain. It may well be that protons or heavy ions would prove 

to be more sensitive for the detection and localization of such an air pocket 

than X -rays. 

(c) The detection of adipose tissue or soft tissue tumors by heavy ion tech­

niques is another possibility. It is well known that diagnostic X-rays are 

~relatively insensitive to small changes in tissue composition. If, however, 

the atomic composition of tumors shows deviations from normal, then it is 

po ssible or even likely that such tumor s could be detected in a matrix of 

tissue of normal composition. 

(d) The thickness gauge concept is effective either at large thicknesses or 

at very small thicknesses. One must, however, be able to regulate the energy 

of the particles over a wide range. This can be easily done in the Omnitron, 

which generates monoenergetic beams of widely variable penetration. Thus 

it may be possible to use a thickness gauge at the microscopic level for micro­

radiography of cells. Subcellular particulates, e. g., in the nucleus, are 

often much denser than the cytoplasm and this may provide sufficient :contrast 

for detection by heavy particles, even in the absence of staining. 

Heavy Ion Microscopy 

There are two basic parameters to be considered in any form of 

microscopy. The first is the localization in a small volume of information 

relevant to the specimen. The second is the kind of information and its sig­

nificance in biological studies. Several of the heavy ion microscopic tech­

niques (scanning, PRIM) discussed in this report permit a separation of these 

two parameters that is not found in the standard light microscope or the 

standard electron microscope. Such separation results in an increase in 

kinds of information available (stereoscopic, chemical, nuclear). This in­

crease in information is one of the main goals of the heavy ion microscopy 

proposals and emphasizes our position that high resolution is noCtlie oIil-y-­

important factor in microscopy. 

It is possible, however, that resolution can also be improved. As 

early as 1932,1 it was shown that the resolution of a proton microscope can 

be much higher than that of an electron microscope, because of the wavelength 
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limitation. In practice, however, re solution limitations come from anum­

ber of other factors, including spherical aberration in magnetic lenses, 

chromatic aberration due to inconstancy of particle energy, inhomogeneity 

of the particle source, and vibration occurring during the experiment. , 
There are some reasons to believe that heavy ions could prove to be at least 

as good as electrons, and in some cases better. 

The Problem of a Small Diameter Parallel Beam 

The beam of the Omnitron will be about 1 mm in diameter. It Inay 

be pos sible to use quadrupole and octupole lense s to focus this down to a 

much smaller dimension, and then use a microaperture to produce ultrasmall 

diameter beams. 

Recent advances in the studies of the interaction of heavy particles 

with matter point to methods for preparing submic roaperture s. Fleisher
2 

and others have used fission fragments in mica; certain fission fragments 

can be used to blast holes of extremely small diameter, sometimes only a 

few angstroms in diameter. By the use of accelerated heavy ions, it may 

be possible to produce such submicroapertures in multiple layers, using an 

aperture already completed as a screen for an aperture to be made in a 

second foiL Aperture s made by heavy ions may be used to produce a proton 

microbeam. 

It seems clear that the initial beam must be focused down by a linear 

factor of 10
2 

(10
4 

in area) in order to achieve sufficient beam intensity after 

a submicroaperture. If the initial beam is 10 12 particles/mm
2 

sec, focus­

ing of 10
4 

in area yields 1016/mm2 sec, which results in 104 particles/sec 
o 02 -12 2 

coming through an aperture of 10 A cross section (100 A = 10 mm). 

Microbeam Lesions 

Microlesions in tissue were produced by the use of 2 MeV protons 

by Zirkle and associates
3 

and by others, 4 using natural alpha particles. 

The precision with which the heavy ion beams can be controlled by magnetic 

deflection, along with the control of the range, should make the Omnitron a 

versatile microbeam apparatus. At Berkely, attention is being directed 

toward some specialized applications of microbeams. It has been proposed 

that the study of fertilized egg cells and of embryonic developing organisms 
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In early multicellular stages might be fruitful, since it could give clues to 

some of the proce sse s of normal development and differentiation and the 

mechanisms of origin of congenital malformations. It would add data to the 

understanding of the hazards of very heavy particles on embryonic systems, 

a problem area that is sure to become of practical interest with supersonic 

transport planes flying at high altitude. Because of limitations on beam 

quality and range,the initial embryonic studies were carried out wHh the 

insect Tribolium confusum; this study has led to interesting results on con­

genital wing abnormalitie s and their etiology, 5, 6 as well as on the role of 
7 

magnetic fields in altering the development proce s s. 

Another area of current interest is the possible applicability of micro­

beams to localized radiobiological studies on neuron explants in tissue cul­

ture. These may help elucidate specific regions in the neuron susceptible 

for initiating ?-ction potentials, and the chain reactions involved in impulse 

initiation. Mic robeams also might prove to be useful in cytological studie s 

of: protein and nucleic acid synthesis, crystalline systems (e. g., choline 

chloride), photosynthetic systems (e. g., chloroplasts), and trace -element 

activation. 

Conventional Proton Microscopy 

The use of microapertures as a source and quadrupole magnets, with 

octupole correction, for focusing, might make transmission proton micros­

copy practical with the Omnitron. Initially one would not expect to improve 

on the resolution of electron microscopy since similar practical limitations 

exist for both systems concerning lens aberrations, surface contamination, 

vibration, etc. However, at low energy, protons have higher relative cross 

sections for scattering off specimen atoms, and proton images could have 

more contrast than electron images. 

Scanning Heavy Ion Microscopy (SHIM) 

The pos sibility of focusing the beam and pas sing the accelerated par­

tides through a submicroaperture and the availability of magnetic deflection 

scanning would make it feasible to build heavy ion scanning mic roscope s 

such as have been described for electrons by Knoll and Theile, 8 von Ardenne, 9 
10 . 11 12 

McMullan, Crewe and Oatley et al. 
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Hayes and Pease 13 -16 have recently described the applications of the 

scanning electron microscope to biological studies. The resolution of this 

instrument is still only about 250 ; however, all of the pictures produced 

in this scanning microscope indicate that it is not necessary to analyze the 

particles transmitted through the specimen itself as the beam strikes the 

target. The basis of analysis can be scattered or secondary electrons, 

characteristic X-rays, ultraviolet or visible light. 

The fact that the information is not carried on the same radiation 

that allows for localization of this information permits a large increase in 

the kinds of information available. The same principles could be applied by 

using heavy ions instead of electrons as the primary scanning beam; in addi­

tion, the inc rea sed range of the particle s could make observation of hydrated 

and living material possible. 

As an alternative to the method of deflecting the beam, it would be 

pos sible to scan by mechanically moving the specimen or the beam aperture. 

It should be possible to achieve the small-amplitude, well-controlled mechan­

ical movements required by coupling the stage or the aperture to electrical­

mechanical transducers that are based upon the piezoelectric or electro­

striction effects. 

Particle Random Impact Microscope (PRIM) 

Analysis of the properties of microscopes indicate that several cri:;. 

teria must be satisfied to obtain satisfactory images. One of the criteria is 

that the radiation used for microscopy should in some way interact with the 

specimen. In the case of light microscopy and in traditional electron micros­

copy, the diffracted or scattered primary radiation is the important quality. 

In other instances (SHIM, PRIM) the secondary radiation emitted from the 

specimen is used as an indicator of the interaction. Another requirement is 

to have knowledge of the position of the particles when they strike the speci­

men. In conventional microscopy this is satisfied by producing an image of 

the specimen on the target screen by using primary radiation that has been 

altered by interaction with the specimen. In a scanning microscope, the 

place of inte raction is localized by recording the parameters of magnetic, 

electrical, or mechanical deflection as a function of time. However, scan­

ning implies the production of a microbeam and this in turn implies a loss 
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of resolution because of the difficulties of producing a microbeam. One of 

us (C. T.) has proposed another principle of microscopy, in whiCh 'the "inter­

action of the particle and specimen is again separated from the problem of 

localizing the place of interaction, as in the scanning microscope, without 

the use of a microbeam. One would allow a beam of particles to fall at ran­

dom on the specimen, the only condition being that they should form part of 

a parallel beam and that the particles .should be closely monoenergetic. 

Interaction with the specimen would be measured by registering secondary 

electrons, photons, or recoils. The particles would also be allowed to pene­

trate an "analyzer" placed near the specimen for the sole purpose of deter­

mining where the particle is. The analyzer could be a detector with a known 

regular submicroscopic structure. Interaction of the heavy particles in the 

analyzer should produce information leading to location of the particular 

heavy ion. Information on the location, when it is combined with the informa­

tion on the secondaries emitted, can be displayed on an oscilloscope. The 

problem of resolution then depends less on the microaperture or diffraction 

than on the structure and interactions of the analyzer. At this time it is 

probably too early to talk about the limit of resolution that may be reached 

by such technique s, but by combining high re solution detector s with electro­

magnetic lens magnification, resolution on the order of angstroms might be 

pos sible. 

Figure 3 is a schematic for the random impact microscope. The 

location-analysis device shown in this instance is a wedge -shaped lithium­

drifted semiconductor detector. It is known that when a particle crosses 

the detector, an output pulse may be obtained that is proportional to the 

ene rgy los s produced in the detector by the particle. The pulse heights 

from monoenergetic parallel particles then can be correlated with the posi­

tions of the particles. By applying wedge-shaped solid crystal detectors 

oriented perpendicularly to one another, it is possible to localize the particle 

in two dimensions. The principle as described here has some similarity to 
- -1-7---

the principle of the gamma ray camera as described by Anger, whereby 

imaging can be obtained without the necessity of scanning. Two other semi'­

conductor devices 18,19 for particle position detection have been constructed: 

the ribbon detector and the checkerboard detector. These devices are of 
" I 

centimeter dimensions, however, and must be mic rominiaturized for use 
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in microscopy. Another device that might be considered for a detector could 

consist of a fluorescent screen plated onto a "light-sensitive" cathode ray 

tube and generally similar to the "light pencil" technique used in computer 

applications. One may be able to interpose a magnetic lens between the 

specimen and analyzer of Fig. 3, thus magnifying the image and easing the 

pro blem of particle location. 

The advantage s of large information content, increased range, and 

the possibility of working with hydrated and living specimens would all be 

associated with the PRIM. 

Heavy Ion Micro-Etching 

When a beam of short-range particles impinges on the surface of a 

specimen held in vacuum, evaporation or sublimation of some atoms or mole­

cules may take place if the energy released in the interaction is sufficiently 

high to heat the local region of the specimen above a critical temperature 
20 

for a sufficient length of time. Kanaya et aL have already explored the 

consequence s of implanting argon. Heavy ions of a broad distribution of 

atomic number and energy may be particularly suitable to perform micro­

etching, perhaps more so than electrons; they can deliver more concentrated 

energy packets, and due to relatively less scattering, there is a great deal 

lllore uniformity in their depth of penetration, given a monoenergetic imping­

ing beam. Studie s of track formation in organic and inorganic media by fis­

sion recoils have already demonstrated that local properties of the specimen, 

e. g., binding energy, thermal conductivity, etc. may have much to do with 

the efficacy of the etching process. We then visualize rather uneven etching 

of frozen-dried biological specimens when the proper particle and dose rate 

is cho sen, Subsequent examination of the etched specimens by particle 

microscopy or other techniques may reveal some of the local properties of 

the specimen itself. 

Recoil Track Microscopy 

According to a suggestion of Robert Glaeser of this laboratory, the 

particle microscope studies of recoil tracks formed in frozen-dried biologi­

cal specimens (or in suitable replicas mounted adjacent to the specimens) 

could be of some interest. The surface of a biological organelle could be 
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labeled with a stable isotope that is incorporated in a suitable organic COITl­

pound and the specimen and its replica could be exposed to a heavy ion beaITl 

frOITl the OITlnitron. The subsequent study of spallation track distribution in 

specimen and/or replica may give inforITlation on the location of the specific 

bioITlolecule under study. 

Discus sion 

Many of the ideas in this sUITlITlary paper were developed sOITlewhat 

incidentally to the ITlain objectives of the OITlnitron. It appears that the 

OITlnitron ITlay be suitable for experiITlental application of SOITle of these 
. ~ 

ideas. Others inay wait for further extension of nuclear and engineering 

knowledge before they can be fully applied. It has becoITle clear, however, 

that the probleITls confronting the accelerator physicist and engineer, as well 

as the biophysicist, in building the OITlnitron itself require siITlilar technique s 

and solutions as the probleITls confronting high resolution heavy ion ITlicros­

copy. We are the refore continuing a sITlall- scale study with the hope that 

when the OITlnitron is finished, SOITle contributions ITlight be ITlade to heavy 

ion ITlacroscopy and ITlicroscopy. 

References 

1. Claude Magnan, The Proton Microscope, Nucleonics~ 52-66 (1949); 

and M. Knoll and E. Ruska, Ann. Physik 12, 607 and 641 (1932) and 

Z. Physik]!i, 381 (1932). 

2. R. L. Fleischer, P. B. Price, and R. M. Walker, Method of Forrning 

Fine Hole s of Near -AtoITlic DiITlensions, General Electric Re search 

Lab. Reprint 4573. 

3. R. E. Zirkle and W. BloOITl, Science 117, No. 3045,487-493 (1953). 

4. M. Davis and C. L. SITlith, Exp ... Cell Res. 12, 15 -34 (1957). 

5. N. M. AITler, V. V. Slater, and C. A. Tobias, Radiation Res. 16, 574 

(1962). 

6. V. V. Slater, J. Lyman, C. A. Tobias, N. M. AITler, J. S. Beck, M. 

Beck, and A. J. Slater, Radiation Res. 21, 541-549 (1964). 

7. N. M. AITler, Radiation Res. 19, 215 (1963). 

8. M. Knoll and R. Theile, Z. Physik 113, 260 (1939). 

9. M. von Ardenne, Z. Physik 109, 553 (1938). 

10. D. McMullan, Proc. lnst. Elec. Engrs. (London) B100, 245 (1953). 



-120 -

11. A. V. Crewe, Science 154, .No. 3750, 729-738 (1966) .. 

12. C. W. Oatley, W. C. Nixon, and R. F. W. Pease, Scanning Electron 

Microscopy, in Adv. Elect. Elec. Phys. (Academic Press, New 

York, 1965), Vol. 21, pp. 181-247. 

13. R. F. W. Pease and T. L. Hayes, Nature 210, 1049 (1966). 

14. T. L. Hayes, R. F. W. Pease, and L. W. McDonald, Lab. Invest. 15, 

1320 (1966). 

15. R. F. W. Pease and T. L. Hayes, in Sixth International Congress for 

Electron Microscopy, Kyoto (Marusen Co., Ltd., Tokyo, 1966), 

pp. 19 -20. 

16. R. F. W. Pease, T. L. Hayes, A. S. Camp, and N. M. Amer, 

Science 154, 1185 (1966). 

17. H. O. Anger, Rev. Sci. Instr. 29, 27 (1958). 

18. E. J. Ludwig, W. M. Gibson, and J. S. Hood, IEEE Trans. Nucl. 

Sci., Vol. NS-12, No.1, 247-254 (1965). 

19. W. K. Hofker et al., IEEE Trans. Nucl. Sci., Vol. NS-13, No.3, 

208-213 (1966). 

20. K. Kanaya, S. Matsui, K. Shimiza, and H. Yamazaki, in Sixth Inter­

national Congress for Electron Microscopy, Kyoto (Marusen Co., 

Ltd., Tokyo, 1966), pp. 255-256. 



-121-

PROTON AND ALPHA RADIATION EFFECTS IN MICE 
.'-

J. K. Ashikawa-" 

One of the hazards of space flight is .cosITnc radiation. These ioniz­

ing radiations of solar and galactic origin not only permeate outer space but 

constantly bombard earth. 

Our pre sent knowledge indicate s that in space flight of long duration, 

astronauts in all probability will be exposed to these dangerous radiations. 

We further know that in interplanetary flights the greatest radiation hazard 

will be the protons and alpha particles from solar flare s. It has been e sti­

mated that had an astronaut been caught in the violent solar storms of 1959-

60, he would have received a whole-body dose of about 200 rads. Can man 

tolerate such high doses in outer space and survive to carry out his mission 

successfully? At present we cannot definitely answer such a question since 

we are not yet able to make a generalized statement regarding the biological 

effectiveness of all components of cosmic radiation and we have not completely 

explored the possibilities for synergism between radiation and other factors, 

e. g., weightlessness. But concerted efforts are being made at Berkeley and 

elsewhere to determine the biological effects of these ionizing radiations in 

mice and other animals. The problem is not simple, because exposure to 

solar flares results in a characteristic pattern of depth-dose distribution, 

with the LET spectrum different at each level. 

We at Berkeley have observed that gastrointe stinal death predominate s 

in mice that have been lethally irradiated with 730 MeV protons and 910 MeV 

alpha particles, while hematopoietic death predominates in mice that have 

been irradiated with X-rays. 1,2 Thus, at doses which are 98 to 100% lethal 

in 30 days, the incidence of gut death is 8 to 12 -fold greater in the particle­

irradiated than in the X-irradiated animals. Since the LET values of 730 

MeV protons, 910 MeV alphas, and 250 kVp X-rays (1 mm Cu HVL) are com­

parable, this difference in mode of death apparently is due to differences in 

the Inicroscopic dose distribution of these radiations in bone marrow cavi­

ties and in soft tissues . 

. '-
-"USC School of Medicine, 1200 No. State Street, Los Angeles, California. 
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The effectiveness of both high energy proton and alpha radiation rela­

tive to 250 kVp X-ray for acute mortality in mouse varies with time as well 

as with dose, and depends on the time after irradiation when mortality is 

evaluated. The relative effectiveness of both 730 MeV protons and 910 MeV 

alpha particles decrease with increasing time 

a value of about unity at LD:O days, the value 
30 

and to 0.75 at LD50 days. 

post-irradiation. Thus, from 
6 

decreases to 0.9 at LD50 days, 

We found that gastrointestinal death is also enhanced by increasing the 

proton and alpha particle dose rate. 3 For protons, a 10-fold increase in dose 

rate from 100 to 1000 rads/min was found to increase its relative effective­

ness by more than 200/0, A converse effect on gastrointestinal death was 

noted in fractionated dose studies. In these studies we found that single pro­

ton dose which normally kills 80 to 900/0 of the mice in 6 days (gastrointestinal 

death) when given in two equal doses separated by 3 hours, will kill only 10 

to 200/0 during this time. This is equivalent to a dose reduction of about 1.3. 

Hence, in the se animal s the whole -body dose must be inc reased by about 

300/0-from 940 rads (air) to 1220 rads -to produce the same gut effect as In 

the single -dose group. A similar effect was noted in animals irradiated 

with 910 Me V alpha particle s. 

Sorne studies have been conducted on the genetic effects of spermato­

gonial irradiation with 730 MeV protons and 910 MeV alpha particles. As 

with X -rays and fast neutrons, mice irradiated with acute whole - body dose s 

of protons and alpha particle s show an initial fertile period, followed by 

sterility for about 6 weeks, then resumed fertility. Based on abnormal 

embryo :total implantation ratio, the RBE of 730 Me V protons and 910 Me V 

alpha particles, relative to 250 kVp X-rays, appear to be about unity. In 

cornpari son, the RBE of fast neutrons is reported to be five to six time s 

that of X-rays. These results are not unexpected since the LET values of 

fast neutrons are about 10 times greater than the radiations we have used in 

our experiments. 
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HEAVY ION BEAMS IN EXPERIMENTAL POPULATION GENETICS 

J; . L; King 

The branch of experimental population genetics that deals with the 

effects of induced mutation in animal populations is still in a state that is too 

primitive and uncertain to benefit from the use of heavy ion mutagenesis now 

or, probably, in the immediate years ahead. It is pos sible to foresee even 

now, however, that questions exist in this field which may be answerable only 

with the use of such highly specialized sources of mutagenic irradiation. 

Population studies are necessary in the evaluation of the genetic 

aspect of radiation hazard to man, and useful to the understanding of normal 

mechanisms of gene interdependence and the fate of mutations in populations. 

Results of studies of genetically irradiated animal populations have been 

published in any quantity only in the last four years. Unfortunately, the only 

firm conclusion that can be drawn at present is that the matter is fraught with 

difficulty and uncertainty: published results have almost universally been 

negative, contradictory, unreproducible, or not statistically significant. Thus, 

mice with irradiated ancestors have been reported to show: increased 

longevity; decreased longevity; no effect on longevity; increased adult body 

weight; decreased adult body weight; no effect on adult body weight; de­

creased litter size; no effect on litter size; and so forth. An indication of 

the complexity of the problem is the quite significant reproducible result of 
. 1 

an expenment reported by D. F. Cox: paternal X-irradiation of Hampshire 

swine reduces the mean litter size by 50/0; paternal X-irradiation of the Duroc 

breed of swine increases the mean litter size by 50/0. 

A major potential source of ambiguity is that radiation-induced muta­

tions are not of a kind. Qualitatively different types of mutations presumably 

have different effects on populations, and these effects may frequently cancel 

or confuse One another. Some population effects are apparently due to the-­

simple killing of germ cells, or to dominant lethals which, for instance, re­

duce competition within litters. Surprisingly enough, there is extensive evi­

dence that beneficial mutations may be induced with something like the same 

frequency as detrimental mutations - - beneficial and detrimental being defined 
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III relation to some parameter such as viability or longevity. It is possible 

that this condition is true for, say, base substitutions but not for chromosome 

rearrangements. 

To untangle this skein of divers effects, it will undoubtedly be helpful 

to have an array of sources, each with a relatively narrow mutation spectrum. 

The responses of populations to different types of mutation could then be dif­

ferentiated. Heavy ion beams are promising in this respect, as there is evi­

dence that high LET mutation spectra have high ratios of chromosomal to 

intragenic effects. The experiments of Mortimer et al. 2 with the Hilac here 

indicate, in fact, that the point mutation (revertant) rate among surviving 

yeast cells begins to fall off markedly near the present upper limit of 

available LET. The tendency would probably continue with the higher LET 

values of the Omnitron, and it is possible that at some level virtually all 

mutation will be of the gross chromosomal type. If this were known to be 

the case, there are a number of questions in experimental population genetics 

that could be resolved. 

Before the use of the Omnitron in experimental population genetics 

can be justified, two developments must occur. One is a mOre extensive 

understanding of the patterns of response of animal populations to the more 

conventional mutation sources. A lot of work is being done on this now, in­

cluding a major project here. The second development must be the characteri­

zation of the mutation spectra of the Omnitron as well as of other radiation 

sources. Most of this must await the operation of the Omnitron itself. In 

perhaps six years the questions will be much more sharply defined; at 

present it appears probable that the Omnitron will be useful or necessary 

for some of the answers. 
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MORPHOLOGICAL STUDIES OF LAMINAR LESIONS 

W. HaYll1aker 
>:::: 

As Jerzy Rose once related, the first effort to produce a lall1inar 

lesion had behind it a neurophysiological objective. If one or another of the 

six lall1inae of the cerebral cortex could be destroyed, leaving the others 

intact, then it ll1ight be possible to assess the contributions ll1ade by the 

various lall1inae to cortical electrical activity, as recorde.d froll1 the cere­

bral surface. So the fir st experill1ent was done to see if a lall1ina could be 

selectively destroyed. This pioneer study, reported 10 years ago (1957) by 
16 

Malis et al. proved that the approach was feasible. In two cats in which 

a 5 by 5 ll1rrl area of the cerebrull1 was exposed to .10 MeV proton radiation 

they dell10nstrated that a longitudinal zone of the cortex 0.8 ll1ll1 deep. to the 

cerebral surface could be severely dall1aged without ll1aterially injuring the 

intervening tis'sue. In stained sections the dall1aged zone was found to have 

a sharp lower border and an uneven upper border, and its width was 40 to 

100 jJ.. depending on dosage. Since tissue shrinks about 35% during proc­

essing. the actual width of the band would be correspondingly greater. To 

this "Bragg-peak zone, "or Ilband, II they gave the ll1isnorner, Ill all1inar ll 

Ie sion, aterll1 we shall probably have to live with. In actuality the zone was 

pseudolall1inar, as would be expected frOll1 bOll1bardll1ent with a ll1onoener­

getic beall1. Nonethele s s, the lesions were precisely enough situated to 

serve as a wholly satisfactory rnodel for the neurophysiological purposes 

intended. SOll1e re sults along this line are available. 15 

Rose and his associates, 23 in following up that first study in cats, 

decided that the initial step should be a careful histological study. They 

used rabbits and concentrated on silver ll1ethods that specifically ill1pregnate 

nerve cells and their processes. As in the cats, the IIBragg-peak band ll of 

dall1age in the rabbits was peculiar 'in that 'only -nervecells were ae's'tr-oyea;-­

leaving intact the re st of the tissue elell1ents, which included glia and fiber 

processes. Froll1 this study call1e the rell1arkable observation that new axons 

.. I .. ·· 

"'All1es Research Center, NASA, Moffett Field, California. 
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grew into the cell-depleted band. That nerve fibers in the brain can "regen­

erate" had long been known, but here in the laminar preparation was a model 

in which the phenomenon was open to study. When a peripheral nerve is sec­

tioned' as many as 40 new axons sprout from a single nerve fiber in the 

proximal stump, and sprouting of much the same magnitude seemed also to 

be occurring in the laminar preparation. The comparison is, however, not 

entirely apt, as no proof was provided that the particle radiation amputated 

a sizable number of the fibers in their course vertically through the band. 

Be that as it may, the persisting tissue matrix in the band served as a lat­

ticework on which the new axons could climb. There was sometimes an 

orderliness in the regrowth in the band in that a semblance of the previous 

fiber -architecture was achieved, but usually not. 

A subsequent study, by Kruger and Clemente, 15 confirmed all this, 

and showed that new axons could grow out not only in the cat and rabbit, but 

also in the rat and monkey. Further, in the rat, Estable-Puig et al. 5 ob­

served that axonal growth occurred not only in the cerebral cortex but also 

in the cerebellar cortex. Such a heavy growth of axon's occurred at both 

sites that after a few months the axons could easily be seen in stained sec­

tions with the unaided eye. Entrance of the new axons into the band was 

evident on about the 18th day postexposure. Many grew upward into the 

band from a long distance away, i. e., from a region of the white matter 

near the corpus callosum. Moreover, it was shown that the new axons in 

the band were being surrounded by a sheath of myelin, but the mechanism 

by which this occurred was obscure. Oligodendroglia appear to be requisite 

to myelin formation, in the sense that the myelin layers encircling axons are 

an extension of the oligodendroglial cytoplasm. One reason for mentioning 

all this is to indicate that in vivo models are needed if one is to get at the 

the heart of the problem of how, for example, remyelination is achieved 

under some condition of central nervous system (CNS) injury, 3,13 but not 

under other conditions, such as multiple sclerosis. The laminar prepara:..; 

tion is admirably suited as such a model. 

Speaking of po ssible appl:ications of the laminar model to clinical 

problems in man, we wonder whether, with the use of the model, nerve 

fibers could be induced to grow more effectively up and down the spinal cord 

in paraplegics. It is a wild idea, but could not exposure of the cord to particle 
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radiation in the acute stage of injury create a latticework on which new axons 

could ITlore effectively grow? 

Studies on laITlinar preparations were undertaken in the early days 

without any idea as to where they ITlight lead. We used to COITle at tiITles 

froITl Washington to work with Dr. Tobias and his associates. I would put 

brain ITlaterial into all kinds of fixatives, then, on cOITling hOITle, stain sec­

tions in various ways. On one of the se trips Igor Klatzo, of the NIH, caITle 

along and brought RossITlan' s fluid, which contains a nUITlber of fixing ingre­

dients. He put SOITle of the brain blocks in this fluid. On staining the sec­

tions by the PAS method wi th and without pretreatITlent with a-aITlylase he 

found that the astroglia in the irradiated area (but not in the control areas) 

contained particles of glycogen. 12 Glycogen is norITlally present in the 

brain, but is at a level (45 to 70 ITlg per 100 g of tissue in the rat) usually 

not detectable with use of the PAS stain, Only on considerable increase 

does the glycogen becoITle evident in sections, and then in the forITl of gran­

ules, which are stained red by PAS. It was appropriate that the glycogen 

inc rease should occur in the astrocyte, for carbohydrateITletabolisITl in this 

cell is probably very intense. Through its cytoplasITlic processes wrapped 

around vessels, this cell also has transport functions, carrying, for exaITlple, 

glucose froITl the blood streaITl and discharging it into the tissue, for use by 

such eleITlents as nerve cells. 
o 19 21 Klatzo, and shortly thereafter Mlquel et al. , ' observed that the 

glucose cOITling froITl the blood streaITl into the irradiated part of the brain 

was not being used properly and was being stored as glycogen. This obser­

vation was a breakthrough, in that a dependable ITleans was now available for 

the study of eNS energy ITletabolisITl. Essentially the glycogen accuITlulation 

represented a "biocheITlical lesion, II the intensity of which reached a peak In 

48 hours, then decline over the next week or two, when norITlality was 

reached. 

The glycogen increase raised all kinds of questions as to its genesis. 

A favored view was that the radiation directly daITlaged the tiss--ue such that 

inhibition of aerobic ITletabolisITl occurroed, with the result that glucose in 

the tissue was converted to glycogen-in other words, that the accuITlulation 

was the outcOITle of a profound reduction in oxydative ITletabolisITl. This 
25 

view found support in an observation ITlade by Snezhko, in an experiITlent 
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in rabbits in which determinations were made of free 02 content in cerebral 

tissue following X -irradiation of the head at 1-3 kR. The 02 tension in the 

tissue fell transiently in some of the animals. However, in all the animals 

the tension soon increased drastically (by 70 to 1000/0). Subsequently-for at 

least 7 hours -the °
2 

concentration fluctuated in a wave -like manner, and 

remained above the 700/0 -increase level. No parallel was found with hemo­

dynamic shifts, and thus it was concluded that the rise in 02 concentration 

in the brain was indicative of lowered oxidative processes. There seems no 

better explanation of acutely developing glycogen increase. 

ever, 

The problem of 02 tension in the brain following irradiation is, how­

not that simple, as shown by Aleksandrovskaya 
1 

in a histology study 

in rats. The radiation conditions she used were, however, so different from 

those in the preceding experiment that comparison is not valid. The rats 

were totally irradiated in fractional doses of 50 R weekly for a maximum of 

250 R, and they were sacrificed at various periods of time up to one month 

after the last exposure. Pathological changes favoring a hypoxic effect were: 

larninar lesions in the cerebral cortex, destruction of nerve cells, and multi­

plication of oligodendroglia. According to the author: "On taking into account 

the high oxygen requirement of an organism exposed to the action of pene­

trating radiation it can be assumed that the usual amount of oxygen supplied 

to the brain is found to be inadequate and a deficit develops in the oxygen 

supply of the brain, or to put it differently. a secondary anoxia develops. " 

Lack of visible changes in vessels was considered to support this view. 

While lack of visible vascular change does not necessarily mean that it did 

not exist, and while vascular change may have occurred in this experiment 

and been pathogenic, nonetheless the viewpoint is refreshing, and certainly 

has some substance. 

As if the 02 factor were not enough to cope with in evaluating tissue 

damage, there is still another far.:tor to be reclzoned with, and that is brain 

edema. Here, a hypoxic state of the tissue is inevitaoly a cornplication. 

To evaluate the significance of an edernatous process in radiation 

injury, a model was needed" None could be found that had more advantages 

than the laminar preparation, in which, as stated, only the upper part of the 

cortex is damaged. In studie s on the rat and cat carried out with the use of 

this model, it was found
20 

that very quickly after 48 MeV a-particle 



-130 -

irradiation given in a large do se (24 krad), edeITla fluid began to perITleate 

the white ITlatter beneath the band, until in a day or two all the white ITlatter 

throughout the cerebruITl was flooded by the fluid. But the interesting point 

was that glycogen accuITlulated in astroglia throughout all the cerebral cor­

tex s even in that farthe st reITloved froITl the site of radiation injury (Miquel, 

unpublished). Then it was found that an equally far-flung glycogen disturb­

ance occurred after a very sITlall stab wound had been ITlade in the cortex 

(Miquel and IbrahiITl, unpublished). This raised questions which have not as 

yet been answered, Could SOITle reflexly induced edeITlatous process not 

visible under the light ITlicroscope be held accountable? Increased glycogen 

content in the cortex ITlust nece s sarily go hand-in-hand with a: reduction in 

brain function. Indeed, Kfivanek 14 found a correlation between duration of 

glycogen accuITlulation (following application of strychnine to the cortex, 

which should have induced an edeITlatous state) and duration of abnorITlal con­

ditioned reflexes. In this connection, Miquel and Haymaker 19 observed in 

the totally irradiated brain (of the rat)-that the largest accuITlulation of gly­

cogen was in a structure heavily concerned in eITlotive functioning, i. e., the 

hippocaITlpus. The future requires that ITlore consideration be given to these 

wider iITlplications of laITlinar and other radiation-induced lesions. A ITlore 

sensitive ITleans of glycogen detection -is needed, as the glycogen response 

about which we have been talking is not detectable at doses below 1 krad. 

Perhaps further studies for the detection of glycogen biocheITlically, by a 

ITlethod already established for laITlinar preparations, 26 will prove profitable. 

This gives sOITlething of the story of the investigations that were 

opened up in our own laboratory by the chance observation that particle 

irradiation resulted in glycogen accuITlulation. 

This discussion is not supposed to exceed a certain length, and since 

sOITlething needs to be said about the nerve cell, little can be said about other 

ITlatters. Alpha-particle radiation in a dose of 12 krad (surface dose) invari­

ably results in 2 or 3 days in the appearance of ITlitotic figures at the sites of 

neuroglia. However, SOITle say that neuroglia do not di :..ride ITlitoticall y! At" 

about 6 krad (surface dose) vascular perITleability di sturbances occurring in 

the laITlinar preparation can per sist for as long as 13 days [as shown with the 

use of fluorescein-labeled albuITlin (FLA)8, ii, 12] as proITlinent vascular 
17 

changes. as viewed electron ITlicroscopically. can last SOITle 22 days. 
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Thus, vascular alterations during such time periods can be a source of 

parenchymal injury. Vessels in irradiated tissue can be functionally defec­

tive even though morphologically they appear perfectly normal, or practically 

so. 4, 24 In this connection, any claim that ionizing radiation primarily de -. 

stroys nerve cells -say after a latency of some days or weeks -should be 

considered unfounded unless backed up by vascular permeability studies. 

The oligodendrocyte has such a refined digestion system that mesenchymal 

cells may not be called into the laminar preparations to clean up the debris. 18 

Lastly, if one is looking for a sensitive system for the detection of eNS 
22 radiation damage, the paper by Neumayr and Thurnher should not be 

neglected. 

In regard to nerve cell s, some people might think that the brain is 

composed mostly of these cells. But only about 1/10 the cells are nerve 

cells. It thus .takes an average of 10 cells, such as vascular endothelial 

cells and astrocytes, to keep a nerve cell going. The nerve cell is thought 

to be particularly radioresistant because it is not subject to divisional proc­

esses which make other cells radiosen,sitive; the nerve cell uses practically 

all its energy in communication. The defenses set up for the pre servation 

of the integrity of the nerve cells suffice when the entire head is irradiated, 

as under these conditions the nerve cell can go uninjured following exposure 

to thousands of rads, yet oligodendroglia not far away will be de stroyed by 

200 rads
2

, 10 (primarily? secondarily?). However, de spite all the defense s 

available, the nerve cell is the most vulnerable element when the radiation 

field is very small, such as in the laminar preparation. What is meant by 

itmost vulnerable tt in this context is that while vascular cell s and glial cells 

react actively to the radiation injury and persist, the nerve cell dies. 

There seems to be a discrepancy in the dosage needed to wipe out a 

narrow band of nerve cells. In one experiment, Janssen et al. 11 found that 

a 1.5 krad surface dose of 48 MeV a~particles (7.5 krad, peak dose) was 

sufficient to destroy a very narrow band of nerve cells-say a band 25 jJ. 

thick-in 7 months. Particle flux in this experiment was 1 X 108 a/cm2 
-sec, 

and dose rate 10 krad/min. On the other hand, Zeman et al. , 28 in bombard-

,ing the brains of mice with 22.5 MeV deuterons through an aperture 25 jJ. in 

diameter, found no discernible damage in 6 -1/2 months after exposure to 

225 krad ( 10.7 X 109 d/ cm
2 

-sec; 8 krad/ sec), though nerve -cell destruction 
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did occur In 24 days when the dose 'vv'as doubled. The need for massive 

d ' . t d t 11' ') 5 t k b 1 f' d 27 osage 0 e s roy nerve ce s 1n a t... fl rac was su sequent y con lrme . 

How is one to account for such wide difference s in re sults? People say it 

must be a matter of geometry, that the greater volu:me of brain irradiated 

in the Janssen et aL experiment can account for the difference, 

More conc ret~ information is needed, Although rnuch is known in 

regard to dose-tissue volurne factors in pathogenesis when larger areas of 

the orain are irradiated, rnuch still rernains to be learned of'the factors in­

vol ved in damage incurred in tiny brain areas. What we are hoping to do in 

collaboration with Dr" Tobias and his group in Berkeley is to bombard Inany 

?5 :1. fields in the sarne brain with protons or a-particles in an effort to 

settle this problern .. Tolerance doses would be established in relation to 

spacing of the particle tracks, This would be, as it were, a first approxi­

Ination to a study of the effects of heavy primaries once the presently planned 

accelerator becomes available, 

In this connection, there is the problem of the RBE of particle radia­

tion. For most endpoints the RBE has been shown to be close to 1. But in 

regard to the brain it seems likely that the RBE of particle radiation is higher 

than 1, at least for certain particle energies. In the monkey, 6 krad proton 

radiation (55 MeV) given at 2 krad/min caused far greater damage in the 

same period (unpublished) than 30 krad '{ rays (1.2 to 1A MeV) given at 1 

kR/min.
9 

The comparison seerns to be valid. Also it has been found that 

138 MeV protons had less of an effect on the brain than 55 MeV or 32 MeV 

protons (unpublished). As to the effect of ' particle s of different nuclear 

charge on the brain, we once ran an experiment with Dr. Tobias in which 

laminar lesions were made both with protons and a-particles Of ' equal energy 

per nucleon ( 12 MeV), and given in the same dose and at the sarne dose rate. 

According to the published results, the width of the band was approximately 

the same in both series. 11 But there remains the hankering suspicion that 

the experiment was not well enough de signed to provide a definitive answer. 

Repetition is therefore in order. If-we 'are to be-ready to do tEe crucial--­

studie s when accelerated larger nuclei become available, and thus to get 

some idea of the RBE of galactic cosmic rays so far as the brain is concerned, 

then considerably more work is needed with particles now available. 



-133-

References 

1. M. M. Aleksandrovskaya, The Effect of Small Doses of X-rays on the 

Morphology of the Central Nervous System of Animals, in works of 

All-Union Con£. Med. Radiology, pp. 58-61. Moscow, State Publ. 

House of Med. Literature, 1957 (Russia) (AEC-tr-3661, Bk. 1, 

pp. 108-112, 19?9). 

2. R. H, Brownson, D. B. Sutter, and D. D. Diller, Acute Brain Damage 

Induced by Low -dosage X -irradiation, Neurology il.l 181-191 ( 1963). 

3. R. B. Bunge and P. H. Settlage, Neurological Le sions in Cats Following 

Cerebrospinal Fluid Manipulation, J. Neuropath. Exp. Neurol. 16, 

471-491 (1957). 

4. C. D. -Clemente and E. A. Holst, Pathological Changes in Neurons, 

Neuroglia, and Blood-Brain Barrier Induced by X-irradiation of the 

Heads of Monkeys, A. M. A. Arch. Neurol. Psychiat. 2.!, 66-79 (1954). 

5. J. Estable-Puig, R. F. de Estable, C. Tobias, and W. Haymaker, 

Degeneration and Regeneration of Myelinated Fibers in the Cerebral 

and Cerebellar Cortex Following Damage from Ionizing Particle 

Radiation. Acta Neuropath • .!, 175 -190 (1964). 

6. T. J. Haley and R. S. Snider (eds.), Re sponse of the Nervous System to 

Ionizing Radiation (Academic Press, New York, 1962). 

7. T. J. Haley and R. S. Snider (eds.), Response of the Nervous System to 

Ionizing Radiation (Little, Brown and Company, Inc., Boston, 1964). 

8. W. Haymaker, Studies of Brains Exposed to Cosmic Rays and to Acceler­

ated Cosmic Particles, in Brain Function; Cortical Excitability and 

Steady Potentials; Relations of Basic Research to Space Biology, ed. 

by M. A. B. Brazier (Univer-sity of California Press, Berkeley, 

1963). pp. 347-378. 

9. W. Haymaker, G. Laqueur, W. J. H. Nauta, J. E. Pickering, J. D. 

Sloper, and F. S. Vogel, The Effects of Barium140 -La.ntha.num 140 

(Gamma) Radiation on the Central Nervous System and Pituitary 

Gland of Macaque Monkeys (a study of 67 brains and 77 pituitary 

glands), J. Neuropath. Exp. Neurol. .!2., 12-57 (1958). 

10. S. P. Hicks and P. OIB. Montgomery, Effects of Acute Radiation on 

the Adult Mammalian Central Nervous System, Proc. Soc. Exp. 

BioI. Med. 80,15-18(1952). 



-134-

11. P. Janssen, 1. Klatzo, J. Miquel, T. Brustad, A. Behar, W. Haymaker, 

J. Lyman, J. Henry, and C. Tobias, Pathologic Changes in the Brain 

From Exposure to Alpha Particles From a 60 -Inch Cyclotron, in 

Haley and Snider, pp. 383-409, 1962. 6 

12. 1. Klatzo, J. Miquel, C. Tobias, and W. Haymaker, Effects of Alpha 

Particle Radiation in the Rat Brain, Including Vascular Permeability 

and Glycogen Studies, J. Neuropath. Exp. Neurol.~, 459-483(1961). 

13. H. Koenig, M. B. Bunge, and R. P. Bunge, Nucleic Acid and Protein 

Metabolism in White Matter~ A. M .. A. Arch. Neurol. !:,., 177-193 (1962). 

14. J. K:tivanek, Changes of Brain Glycogen in the Spreading EEG-Depression 

of Leao, J. Neurochem.~, 337-343(1958). 

15. L. Kruger and C. D. Clemente, Anatomical and Functional Studies of 

the Cerebral Cortex by Means of Laminar Destruction with Ionizing 

Radiation, in Haley and Snider, pp. 84 -104, 1964. 7 

16. L. 1. Malis, R. Loevinger, L. Kruger, and J. E. Rose, Production of 

Laminar Lesions in the Cerebral Cortex by Heavy Ionizing Particles, 

Science 126, 302 -303 (1957). 

17. D. S. Maxwell,and L. Kruger, Electron Microscopy of Radiation­

Induced Laminar Lesions in the Cerebral Cortex of the Rat, in 

Haley and Snider, pp. 54-83, 1964. 7 

18. D. S. Maxwell and L. Kruger, The Reactive Oligodendrocyte (an 

electron microscopic study of cerebral cortex following alpha particle 

irradiation), Am. J. Anat. 118, 437-459 (1966). 

19. J. Miquel and W. Haymaker, Astroglial Reactions to Ionizing Radiation: 

With Emphasis on Glycogen Accumulation, in Progress in Brain 

Research, vol. 15, ed. by E. D. P. De Robertis and R. Carrea 

(Elsevier, Amsterdam, 1965), pp. 89-114. 

20. J. Miquel and W. Haymaker, Glycogen Accumulation in Monkey and Cat 

Brain Exposed to Proton Radiation, in Proc. 5th Internat. Congr. 

Neuropath. (Exc. Med. Found., Amsterdam, 1966). 

21. J. Miquel, 1. Klatzo, D. B. Menzel, -cina--W:-Haymaker-;-Glycogen 

Change s in X -irradiated Rat Brain, Acta Neuropath. 2, 482 -493 

( 1963). 

22. A. Neumayr and B. Thurnher, Uber den Einfluss lokaler Rontgen.- -­

bestrahlung auf die Permeabilitat menschlicher Kapillaren, 

Strahlentherapie 84, 297-305 (1951). 



-135 -

23. J. E. Rose. L. I. Malis, L. Kruger, and C. P. Baker, Effects of 

Heavy, Ionizing, Monoenergetic Particles on the Cerebral Cortex. 

II. Histological Appearance of Laminar Le sions and Growth of 

Nerve Fibers After Laminar Destructions, J. Compo Neurol. 115, 

243 -296 (1960). 

24. W. Scholz, W. Schlote. and W. Hirschberger, Morphological Effect 

of Repeated Low Dosage and Single High Dosage Application of X­

irradiation to the Central Nervous System, in Haley and Snider, 

pp. 211 - 2 3 2, 1962. 6 

25. A. D. Snezhko, Biofizika.,!.. 585 (1956); Biofizika~, 67 (1957); 

Tr. Vses. Nauch. Tekh. konf. po Primenen. Radioaktiv. i. Stabil. 
v 

Izotopov i Izluchenii v Narod. Khoz. i Nauke Radiobiol., p. 176, 

Moscow, 1958. [Cited by N. N. Livshits, Physiological Effects of 

Nuclear Radiations on the Central Nervous System, in Adv. in BioI. 

& Med. Physics, ed. by C. A. Tobias and J. H. Lawrence (Academic, 

Press, New York, 1960), pp. 225-226.] 

26. L. S. Wolfe, 1. Klatzo, J. Miquel, C. Tobias, and W. Haymaker, 

Effect of Alpha-Particle Irradiation on Brain Glycogen in the Rat, 

J. Neurochem. 9. 213-218 (1962). 

27. W. Zeman, H. J. Curtis, and C. P. Baker, Histopathologic Effect of 

High -Energy -Particle Microbeams on the Visual Cortex of the 

Mouse Brain, Radiation Res. i2, 496-514 (1961). 

28. W. Zeman, H. J. Curtis, E. L. Gebhard, and W. Haymaker, 

Tolerance of Mouse -brain Tissue to High-Energy Deuterons, 

Science 130, 1760 -1761 ( 1959). 



-136-

ANA TOMICAL STU DIES WITH LAMINAR LESIONS 

L. Kruger':< 

The possibilities of employing the sharp peak in energy release at the 

end of the path of ionization of positively charged particles (the Bragg effect) 

was sugge sted as a means of producing precise de struction at a given dis­

tance from the surface in a biological system. This original suggestion was 

first applied to the cornea by Tobias in collaboration with clinical ophthal­

mologists (notably Von Sallman 1) and was subsequently employed for destroy­

ing a layer of nerve cell bodies at a given distance from the surface in mam­

malian cerebral cortex. 2 The experiments on cerebral cortex were extended 

to the cerebellar cortex
3 

with essentially similar results, and lesions in 

nervous tissue have now been studied with high energy alpha particles, pro­

tons, and deuterons by using several of the Berkeley accelerators and the 

60 -inch Brookhaven cyclotron. Interaction and overlap between the Berkeley 

and Brookhaven groups has been extensive and at present active work is being 

pursued principally at the Berkeley Hilac. The principle findings have been 

related to radiation dosimetry, neuropathology, cortical connections (or 

neuroanatomy). and fiber dynamics within the cortex. 

Radiobiology 

Although there is a vast literature in radiobiology, few studies have 

the advantages inherent in employing heavy ionizing particles. With this 

method, doses of ionizing radiation can be stated in precise physical terms 

with respect to the number of ion pairs or the energy (in meaningful units 

such as ergs or calories) in relation to the number of nerve cells or per 

gram of tissue or per mm
3 

of tissue. While these data have not been the 

primary interest instigating such research, the extensive series of over 

2000 animals irradiated by several g"roups (princip-ally~under-tne gutdance­

of C. A. Tobias at this laboratory) provides the most exact and extensive 

information on the dose and time relations in mammalian cells. In addition, 

because of the nature of the relative ionization curve, one can compare sur­

face and peak doses in the same lesion and obtain some index of the range of 

~:<::I. 

Department of Anatomy, University of California at Los Angeles. 
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energies that might be effective for destruction. From these data it has 

been found that dose s of approximately 15 000 rads (peak dose) or 109 to 10
10 

particles per cm
2 

of brain constitute an effective range for producing a lami­

nar lesion with apparently intact overlying layers of neurons (Fig. 1). The 

above general figures can now be stated more precisely in terms of two rele-

vant variables: dose -rate and 

Although the original data were 

survival time (or post-irradiation interval). 

derived principally from rabbits and cats 2 

3-8 
and rats, Jthese findings have now been extended to 

3 
monkeys. 

Neuropathology 

A finding of particular interest in laminar lesions is the apparent 

selectivity of destruction whereby all nerve cell bodies are destroyed but 

gliaL cell bodies are not reduced in number, and in fact with relatively higher 

doses can be seen to proliferate numerically. The first response to radia­

tion can be detected within glial astrocyte cytoplasm and is characterized by 

a marked increase in glycogen followed by the appearance of lipid droplets 

(Fig. 2). At later stages, mitoses and a marked increase in filament content 

is noted in reactive astrocytes (Fig. 3). An extensive series of papers from 

the Berkeley group has resulted, describing the changes in electron and 

light mic roscopy ( Maxwell, Kruger, Lkatzo, Kaymaker, Tobias, Estable­

Puig, etc.) of the astrocyte reactive response. 

A far more difficult problem has been to ascertain the means by which 

degenerated material (principally neurons and their processes) are disposed 

of, and although reactive glial cells acquire numerous osmiophilic bodies 

which have been interpreted as evidence of phagocytosis, 3 there has been no 

electron microscopic evidence of either free debris or debris ingestion with 

low dose laminar lesions. 4 These re suits have led to a re -examination of 

the actual existence of freely mobile macrophages of mesodermal origin 

within brain parenchyma and the identification of "microglia" has been seri­

ously questioned. 5 It is clear that oligodendrogliocytes participate in degen­

erative processes and that the osmiophilic dense bodies that appear in these 

cells are not ingested inclusions but are specialized organelles of the "lyso­

some" variety displaying acid phosphatase positivity (Fig. 4). Evidence is 

accumulating to demonstrate specialized mechanisms of intracellular dige s­

tion are principally responsible for disposal of degenerating tissue in brain
6 
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Fig. 1. (a) Laminar lesion in the cerebral cortex, indicated by the absence 
of neurons and a slight increase in number of glial nuclei.· Forty-three 
days after irradiation. Tissue irradiated with alpha particles, 6000 rads 
(surface dose). Thionin stain. X 90. A line which indicates the end of 
range of particles constitutes the lower limit of the lesion a, b, and c, 
and corre sponds to the position of the arrow in d. 

(b) Silver impregnation of reactive astrocytes in the irradiated por­
tion of the cortex in the same animal as in (a). Modified Bielschowsky 
stain. X 90. 

(c) Periodic acid-Schiff (PAS) preparation of a heavy dose laminar 
lesion (20000 rads, surface dose) 2 days after irradiation. The rapid 
accumulation of the PAS-positive material is associated with the zone of 
astrocytic reaction. X 90. 

(d) Energy release curve (Bragg curve) for particles used in thi s 
study, showing relative ionization (or energy release) registered in a 
saturated ionization chamber after pas sage through aluminum foil s of 
varying thickness. The peak of this curve is responsible for producing 
the laminar lesion at those doses that do not produce destruction with 
a surface dose. Only the cortex from the surface to the end of the par;.. 
ticle range (arrow) is bombarded by heavy ionizing particle s. 
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BBH 672-42 

Fig. 2. EM of lesion area 11 days after irradiation with 9000 rads. 
A large blood vessel (BV) occupies the left of the field. Its wall 
consists of endothelium (E) and several layers of pericytes (P), 
each surrounded by a basal lamina (B). The vessel wall is in­
vested with astrocyte cytoplasm (A) containing dense accumula­
tions of glycogen (g) and fat droplets (f). 
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BBH 672-43 

Fig. 3. Reactive astrocyte process 22 days after irradiation with 
20000 rads. Note the marked increase in filament content 
throughout and presence of glycogen granules. 



-142-

BBH 672-44 

Fig. 4. EM of lesion 5 days after irradiation with 6000 rads. A 
reactive oligodendrocyte with typical nucleus (N) contains 
lysosome -like bodies (1) some of which appear to be plates or 
sheets suggestive of Golgi formation. This cell abuts upon a 
reactive capillary (C), which is also invested with astrocyte 
processes (A) containing glycogen (g) and filaments (f). These 
processes are clearly separated from the oligodendrocyte at 
plasma membranes (M). 
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and that phagocytosis is a rare phenomenon associated with vascular inflam­

mation'. At higher radiation doses, tissue disruption and inflammation is· 

indeed accompanied by macrophage invasion, and these cells are derived 

from blood leukocytes of pericapillary pericytes, the latter presumably 

corresponding to the microglia of classical neuropathology. Current work 

in progress is principally devoted to electron histochemistry of dense bodies 

in reactive neurons and oligodendrocytes, and mechani sms for auto -dige stion 

in irradiated cells are becoming more clearly understood. 

Neuroanatomy 

The functional significance of the laminar pattern of cerebral cortex 

has remained obscure because of unavailability of appropriate methods of 

study, but the production of precise laminar lesions with clearly defined 

lill1its has opened several previously inaccessible features of lall1inar organ­

ization. 

Lall1inar lesions at different depths revealed that although the supra­

granular layers (lall1inae I-IV) rell1ain intact regardless of depth of the lesion, 
, 

the infragranular layers (laminae V and VI) reveal retrograde neuronal de­

generation when undercut, 9 thus suggesting that the upper layers are afferent, 

or sensory and the lower layers are essentially efferent or motor. These 

findings on cellular atrophy were supported by Marchi studies which also 

revealed a sll1aller efferent or descending fiber projection froll1 supragranular 

layers to the thalall1us, 7 Retrograde thalall1ic atrophy was found only if le­

sions extended into layers V and VI, 7 Froll1 reconstruction of an extensive 

series of lesions placed in different sectors of the striate field, the detailed 

projection of the lateral geniculate nucleus upon the visual cortex was se­

cured 10 and the severity of thalall1ic degeneration was related to the depth of 

lesion, with cOll1plete degeneration of a thalall1ic sector secured only if the 

lesion reached the bottoll1 of the cortex. 

Fi be r Dynall1ic s 

One of the unexpected findings in earlier studies was the dell1onstra­

tion that nerve fibers (principally axons) were disrupted at the sall1e till1e as 

neuron cell bodies were destroyed within the lall1inar lesion zone. At later 

sac rifice till1e s, sill1ilarly produced Ie sions revealed a return of fiber archi­

tecture and indeed silver-stained preparations revealed ll10re fibers than 
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were normally present. This was interpreted as a manifestation of fiber 

growth, an inherent propensity of damaged or interrupted nerve fibers to· 

sprout new branches, rather than a true regeneration of new fibers. 9 The 

absence of a glial scar in the lesion was interpreted as the principal factor 

accounting for this previously undemonstrated phenomenon in central axons. 

Further studies revealed that fiber architecture is not reliably revealed by 

sil ver -impregnation methods during the period of intense glial reaction 11 

and that it is doubtful that radionecrosis could produce a synchronous de­

struction of all nerve fibers at doses consistent with laminar lesion produc­

tion. This finding was further supported by employing other silver methods, 

and was demonstrated clearly with the electron microscope, which revealed 

intact as well as degenerating fibers at periods extending from 1 day to 22 

months post-irradiation (Maxwell and Kruger). Current studies in progress 

reveal that although the de struction and reappearance of nerve fiber s is not 

an all-or -none phenomenon, the fiber architecture is nevertheles s a recon­

stituted one rather than merely one of partial and gradual axonal depopula­

tion, and artificial zonal laminae with an unusual array of longitudinal axons 

can develop after appropriate post-irradiation intervals. These findings 

support the parsimonious view that all nerve fibers (central as well as periph­

eral) possess some capacity for growth and that in an appropriate milieu 

lacking a fibrous barrier of glia, a reconstitution of nervous connections IS 

demonstrable for the first time in the central nervous system. 
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POSSIBLE USEFULNESS OF ACCELERATED HIGH ENERGY NUCLEI 
IN STUDIES ON REGENERATION IN THE SPINAL CORD 

D. L. SingITlan, D. C. Van Dyke, and G. P. Welch 

When the spinal cord is severely injured by contusion or laceration, 

there is perITlanent loss of function in the injured area. Loss of function 

appears to be due to three factors: widespread necrosis in the area of 

injury even when cord manipulation is minimal; limited or abortive regen­

eration of the axons; and forITlation of a glial and mesoderITlal scar tissue 

barrier to axonal regeneration. 1, 2 Even if considerable axonal regeneration 

should occur, the viable portions of the cord are so widely separated by the 

extensive necrosis whfch accoITlpanies even a sITlall atrauITlatic surgical in­

cision that nothing but extensive and prolonged axonal growth could be ex­

pected to bridge the lesion. Proliferation of glial and connective tissue ele­

ITlents ITlay interfere with axonal regeneration, but if scar proliferation could 

be inhibited
3 

and axonal regeneration stimulated, the extensive necrosis 

lnake s it such that the axons would have nothing but a ITlas s of nec rotic tis sue 

at first and a cyst or cavitation through which to grow later. Thus, assuITling 

that SOITle degree of axonal regeneration is possible, the ITlajor deterrent to 

re -establishITlent of neuronal connections across an injured segITlent of the 

spinal cord would seeITl to be the extent of the necrosis which accompanies 

h .. 1 4 even t e ITlost ITllnlITla trauma. 

This paper presents evidence that a parallel beaITl of accelerated high 

energy nuclei, the "atomic knife, " can be used to cut the spinal cord without 

necrosis of adjacent tissue and with ITliniITluITl forITlation of either neurological 

or connective tissue scar. 

Materials and Methods 

In order to avoid the cOITlplications of distendedbladder,-hemorrhagic 

cystitis, hydronephrosis, and ureITlia which follow transection of the cord, 

rats were parabiosed and one ITleITlber nephrectomized, the partner serving 

as the renal excretory organ. For successful parabiosis, highly inbred rats 

of the Buffalo strain were used. 
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For surgical exposure of the cord or for removal of the fixed cord 

after autopsy, a small, double bladed, high speed, electric,· circular saw 

was used ... A spacer between the two blade s controlled the width and depth 

of the two cuts. The use of such a saw reduced the operative time and the 

chance of injury to the cord. 

All rats were maintained on terramycin in the drinking water follow­

lng surgery. All experiments were terITlinated by perfusing the rat first 

with saline to remove all blood, and second by 100/0 neutralized formalin. 

A segment of the thoracic vertebrae and spinal cord containing the lesion 

was imm.ersed in formalin, and the cord was dissected free 24 hours later. 

Histological sections were prepared by standard paraffin imbedding tech­

niques and stained with hematoxylin, eosin, and. Luxol blue. 

Surgical Incision of the Cord· 

In order to minimize the possibility of infection, the spinal cord was 

not exposed through laminectomy, but was severed through a stab wound with 

a sterile #12 Bard -Parker blade, The cut was made in the lower thoracic 

region of one member of a parabiotic pair. This procedure did not guarantee 

complete severance of the cord, and subsequent gross and microscopic exam­

ination revealed that the cut involved from 50 to 900/0 of the cord. 

Surgical Incision Followed by Irradiation 

In an atteITlpt to inhibit glial proliferation at the site of surgical in-

. cision, the area of the incision was exposed to moderate doses of radiation. 

The lower thoracic segment of the spinal cord of one member of a parabiotic 

pair was incised through a stab wound under ether anesthesia. The rat was 

allowed to wake so that we could be certain that the cord had been severed 

sufficiently to result in paralysis of the hind legs. The incision was then 

positioned in front of the cyclotron beam, and a dose of approximately 1700 

rads of SOMe V protons was given through a 3.1 X 10 mm slit aperture oriented 

transversely across the spinal cord in line with the surgical incision. The 

incised cord was irradiated within a few minutes after it was cut. 

Transection of the Cord with a Beam of Accelerated High Energy Protons 

A lightly anesthetized parabiotic pair was fastened to a holder on an 

optical bench in line with the aperture of the Be rkeley 88 -inch cyclotron. 
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The area of the lower thoracic spine of the rat to be irradiated was shaved 

and aligned to the beam aperture by means of a pointer. The pointer was 

removed and the animal holder was then moved along the bench so that the 

back of the rat pressed against the aperture. The aperture was a 2X 10 mm 

slit oriented transversely across the spine. 

Results 

Surgical Incision of the Cord 

When approximately 500/0 of the cord of the rat was cut, leaving a 

large part of either the right or left half of the cord intact, the rat was 

usually able to use one leg normally immediately after waking from the 

anesthesia and to regain some use of the paralyzed leg within 1 week, with 

completely normal ambulation by 3 weeks post-operation. 

When only a very small part of the lateral portion of the cord (cortico­

spinal tract) was not cut, the rat had complete paralysis of the hind legs for 

1 to 3 weeks, but eventually recovered sufficient motor ability to walk (50-

900/0 normal function as judged by ambulation). This result illustrates the 

difficulty in judging regeneration by functional recovery unless great care 

has been taken to ensure the absence of residual intact neurons, This point 

h b d · 1 2 as een stre s se preVIOUS y. 

On gross examination of formalin-fixed cords, 1 to 4 weeks post­

operatively, the lesion was evidenced by slight thickening and discoloration 

at the site of incision. 

Microscopic examination revealed loss of normal structure extending 

in an irregular pattern proximal and distal to the incision. The involved 

cord was necrotic with invasion of gitter cells and variable alDounts of dense 

glial scar depending on the post-operative interval (Fig. 1). The most 

striking result of the incision was the extensive, irregular necrosis of the 

spinal cord extending well above and below the actual incision. This had the 

appearance of a bland infarct due either to interruption of the nutrient vessels 
------

by the incision itself, or to obliteratio~ of-the blood s;pply by ede~ain~olving 

the cord above and below the incision. The final re sult was that the viable 

ends of the cord were widely separated by a zone of necrosis. Whether this 

zone consisted of necrbh,= tissl'.e, cystic degeneration, or dense glial scar 

seems of secondary importance. Of primary importance is the fact that the 
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Fig. 1. Appearance of rat spinal cord surgically transected 14 
days previously. No irradiation or other treatment . There 
was complete paralysis of the hind legs. Hematoxylin and 
eosin X 20. 
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viable tissue was so widely separated that only extensive axonal regeneration 

capable of penetrating extensive cystic areas and/or ITlasse s of necrotic 

debris or glial scar could bridge the gap. Thus a ITlajor factor in the failure 

of the ITlaITlITlalian spinal cord to repair even the sITlallest laceration would 

seeITl to be the extent of the adjacent necrosis which invariably accoITlpanie s 

such an injury. 

Incision of the Spinal Cord Followed by Irradiation 

Because it has been suggested that rapid glial proliferation following 

InJury to the ITlaITl ITlali an spinal cord ITlay be an iITlportant barrier to axonal 

regeneration, 1 and since the glial eleITlents are thought to be extreITlely sen­

sitive to irradiation, an atteITlpt was ITlade to assist regeneration by inhibiting 

glial proliferation with irradiation. 

Gross exaITlination of cut-irradiated spinal cords 1 to 4 weeks after 

surgery showed SOITle thinning and structural weakness at the operative site. 

This seeITled to be a fairly consistent differencefroITl the cut but not irradi­

ated cord which was usually thicker and did not hinge at the operative site. 

Mic roscopic exaITlination of the cut -irradiated cord revealed e ssen­

tially the saITle findings as in the cut but not irradiated cord, i. e., extensive 

necrosis above and below the site of incision with necrotic tissue, cystic 

degeneration, and scar tissue interposed between the viable ends of the cord 

(Fig. 2). Glial scar forITlation ITlay have been decreased by irradiation, but 

the extensive necrosis would ITlake bridging of the lesion iITlpossible except 

by anything but the ITlO st energetic and prolonged axonal regene ration. Thus, 

unless the extensive necrosis can be eliITlinated, little can be gained by in­

hibiting glial proliferation. 

Transection of Rat Spinal Cord with a Parallel BeaITl of Accelerated High 

Energy Nuclei (Protons) 

As it has been shown that areas of the ITlaITlITlalian cortex can be 

"excised" without extensive adjacent nec-io-sis or-sc-ar forITlation, 5 ancCsince 

necrosis and scar forITlation appear to be ITlajor offenders in preventing 

repair of injuries to the spinal cord, it was thought worthwhile to deterITline 

the response of the spinal cord to the atoITlic knife. As the object was to 

produce a "clean" or sharply delineated cut, it was necessary to have a 
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BBH 672-28 

Fig. 2 . Spinal cord of rat which had estimated 60% use of its 
hind limbs 14 days after surgical transection followed by 
1.670 rad through a 3.1 mm slit. Perfused on 14th day and 
sectione d serially. The section illustrated showed the great­
est area of continuity of any of the sections. Movie s of this 
rat walking were taken on the previous day. Luxol blue X 20. 
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beam as parallel as possible. In order to avoid "smearing" of the edge of 

the cut which would re sult in a zone of partial injury, minimum movement 

of the animal during the period of irradiation was desirable. This was 

accomplished by stabilizing the rat as much as possible and minimizing the 

time for delivery of the dose. 

The hind legs of the rat became completely paralyzed one week follow-
I 

ing delivery of 38,,000 rad with a proton beam through a 2 -mm aperture. 

Twenty-,eight days post-irradiation the rat was killed and the cord sectioned. 

(This rat was not parabiosed and was undoubtedly severely uremic during 

most of this time -co:uld this have an effect on the morphology of the lesion?) 

Microscopic examination showed complete necrosis of the irradiated 

segment without significant glial proliferation within the damaged area and 

with conside rable self -debridement. The re sultant lesions was singular not 

only for the lack of extensive glial scar formation, but for the sharp bound­

aries of the lesion. The lesion was bounded by viable tissue, and the irregu­

lar necrosis characteristically occurring proximal and distal to any surgical 

incision was entirely absent in the first rat examined, which had been sub­

jected to the atomic knife,,(Fig. 3). In none of our later studies or studies 

by others 6 was such a "clean" lesion obtained. More work is needed to deter­

mine under what conditions the most sharply defined lesions are obtained. 

Discussion 

When the spinal cord is compressed or incised, the adjacent tissue 

undergoes extensive necrosis which resuits in a wide separation of the viable 

tissue proximal and distal to the site of injury. It is suggested that this wide 

separation of functional tissue is probably the major deterrent to repair fol­

lowing injury to the mammalian spinal cord. 

The atomic knife may offer a method for cutting the spinal cord with­

out the occurrence of necrosis adjacent to the knife edge. It is assumed that, 

as in the cortex, 5 necrosis of adjacent tissue is avoided because of the slow 

obliteration of vessels, all owing- time for-develoriinentoCadequate collaterar 

circulation. As extensive nec rosi? and scar formation are thought to be 

major deterrents to axonal regeneration in the spinal cord, the atomic knife 

provides unique advantages in operating on the spinal cord. However, as 

the "kriife Yf is necessarily wide, the cut ends would have to be approximated 
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Fig. 3. Spinal cord of rat 28 days after 38000 rad (proton beam 
from 88 -inch cyclotron) through a 2 mm slit aperture. 
Hematoxylin and eosin X 2 o. 
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before any functional healing could pos sibly occur. Such approximation 

would not only be technically difficult, but would have to be undertaken 

months after the initial "cut" to allow time for self-debridement of the 

excised segment. Whether axonal growth is limited to the early post-injury 

period is not known. 2 It is proposed that this technique may provide a .. --~. 
method for a clean excision of a segment of the spinal cord and that attempts 

to approximate the clean ends with a view to functional recovery would be 

profitable. 
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DIFFERENTIAL SENSITIVITY -OF COMPONENTS 
OF THE VISUAL SYSTEM TO ALPHA PARTICLE IRRADIATION 

C. T. Gaffey 

The relative importance of vision for vertebrate activity is disclosed 

by the fact that of all the nerve fibers that enter the central nervous system 

38% are optic tract fibers. 1 The visual system is normally credited as being 

the most important sensory receptor channel. For comparative purposes, it 

is interesting to note that the rate of visual information entering the brain is 

10 7 times larger than the rate of auditory information, 2 A signal received 

by the eye traverses the retina, optic nerve, optic chiasma, optic tract. 

lateral geniculate nucleus, and its radiations to the visual cortex. Brain 

centers control pupil size. lens focusing, and tracking eye-nlOvements. 

Since the visual system is of such value, it is surprising that very little is 

known concerning'the radiologic sensitivity of the components of the visual 

pathway. It has been our attempt to as say the effects of ionizing radiation on 

the cat's visual system by using bioelectric techniques as criteria of change 

of state. 

Cats were chronically implanted with electrodes in various components 

of the visual system (Fig. 1). This permitted electrophysiologic data to be 

acquired on alert animals before and after irradiation. Cats were exposed to 

photic stimuli of five different intensitie s, and the stability of the evoked re­

sponse s was established in the optic chiasma, optic tract, lateral geniculate 

nucleus, and visual cortex. Electroretinograms (retinal re sponse to a light 

flash) were obtained on anesthetized animals. In addition to single evoked 

response s, 50 light -evoked bioelectric response s were summed by using the 

Computer of Average Transients (Mnemotron Corporation). 

Electrodes were implanted in homologous structures in the left and 

right hemisphere. The recordings from the visual pathways of the contra­

lateral hemisphere served as an index of the state of the cat. It was im.por­

tant to restrict the volume of tissue irradiated to a minimum~ since the 

effect of radiation on parts of the visual system was to be as sayed. It was 

equally important to be certain that the component of the visual system to be 
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studied was at the site of restricted irradiation. A solution to both these 

requirem.ents was assured by using the tips of the im.planted electrodes as 

targets at which to aim. the 910 Me V alpha particles generated by the 184-

inch cyclotron. A cat to be irradiated was im.m.obilized in a stereotaxic in­

strum.ent and locked into an alignm.ent apparatus at the 184 -inch cyclotron. 

By m.eans of orthogonal roentgenogram.s, the term.inals of one pair of brain 

electrodes were positioned at the focus of a m.echanical rotator that was lo­

cated in the center of the cyclotron I s alpha particle beam.. The tip of the 

electrode in the cat' s brain-having been uniquely localized at the rotation 

focus of the alignm.ent apparatus -rem.ained in the center of the irradiated 

volum.e when the m.echanical rotator passed the head of the cat through a 

procession of planes and angles in the path of cyclotron-accelerated alpha 

particles. By this procedure it was possible to irradiate a discrete volum.e 

of brain tissue and avoid dam.aging the surrounding cells. 3 A dose rate of 

approxim.ately 1009 rads of 910 MeV alpha particles per m.inute was em.ployed. 

(One rad is equivalent to 1.07 roentgen or 100 ergs absorbed per gram. of 

tissue.) 

It was found that the survival tim.e for the photic -evoked response of 

the optic chiasm.a, optic tract, and lateral geniculate nucleus was a logarith­

m.ic function of the alpha particle dose for doses greater than 10000 rads. 

The am.plitude of the b-wave of the electroretinogram. was attenuated by irra­

diation but the survival tim.e for the electroretinogram. was not a logarithm.ic 

function of the dose or a sim.ple linear <relationship of the dose. It is signif­

icant that the optic tract's response to -a photic stim.ulation required 200000 

rads of alpha particle s for im.m.ediate blockage. This was one hundred tim.e s 

the dose found to prom.ptly inhibit the electroretinogram.. From. this is ap­

pears that the relative radiosensitivity of the retina.to the optic tract (also 

optic chiasm.a and lateral geniculate nucleus) is 100: 1. 

The electrophysiologic technique s for assaying the efficiency of 910 

Me V alpha particles has been varied. -In retina, optic chiasm.a, optic. tt.act,: 

and lateral geniculate experim.ents the-criteria for the influence of ionization 

radiation was the attenuation and suppression of a photic -evoked bioelectric 

response. Bioelectric current in these experim.ents was outgoing from. the 

cat to the recording instrum.ents. In research dealing with the sensitivity of 

the pupillodilation center to 910 MeV alpha particles, the current was ingoing 
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to the cat's brain froll1 a still1ulator (Grass, S-4). Current delivered to the 

nucleus perifornicalis (pupillodilation of W. R. Hess) induced a ll1axill1ull1 

pupil size. It was found that the action of electric current on the pupillodila­

tion center could be inhibited ill1ll1ediately and irreversibly by 100 000 rads 

of 910 MeV alpha particles. Below 8 000 rads there was no detectable effect. 

The dose -survival relationship for the pupillodilation was nonlinear and non-

10 gari thll1ic. 

In sUll1ll1ary it can be stated that. the relative radiosensitivity of the 

retina: pupillodilation center: optic tract (also optic chiasll1a and lateral 

geniculate nucleus) is 100:5 0: 1. Since the retina is the cOll1ponent of the 

visual. systell1 injured ll10st easily by radiation~ it is hoped that the ll1echa;" 

nisll1 of action of ionizing radiation can be deterll1ined in experill1ents using 

tissue culture techniques cOll1bined with electrophysiology and biochell1istry. 

Refer·ences 

1. S. R. Brue sch and L. B. Arey~ The NUll1ber of Myelinated and Unll1ye­

linated Fibers in the Optic Nerve of Vertebrates. J. COll1p. Neurol. 

Ii ... 631-655 (1942). 

2. E. Ackerll1an, Biophysical Science (Prentice -Hall~ Inc •• Englewood 

Cliff, N. J., 1962). 

3. C. A. Tobias, H. O. Anger, and J. H. Lawrence, Radiological Use of 

High-Energy DeuteroI).s and Alpha Particles, All1er. J. Roentgen. 67, 

1-27(1952). 



-159 -

STUDIES OF THE VESTIBULAR ORGANS WITH HEAVY PARTICLES 

L. W. McDonald 

The vestibular organs are those sensory receptor organs for strength 

and direction of gravity, linear acceleration, and angular acceleration. 

These sensory organs are located deep within the bone of the skull, and along 

with the sensory receptor for hearing -the organ of Corti -constitute the 

inner ear. As familiar manifestations of functioning of the ve stibular organs, 

one may cite the awareness of motion in an elevator (strength of gravity), 

the awareness of starting and stopping without visual stimuli even in the 

smoothest of operating vehicles (linear acceleration), and the dizziness and 

tendency to fall that one experience s following rapid rotation (angular accel­

eration). 

The sensory receptors for gravity and linear accele ration consist of 

microscopic hairs (cilia) which project into a gelatinous mass containing 

dense inorganic crystals. When the orientation of the dense inorganic crys­

tals changes with respect to the vertical, these crystals move the gelatinous 

mass and the cilia. In some as yet unknown way the motion of the cilia 

causes a sensory impulse to occur in the cells to which the cilia are attached. 

This sensory receptor impulse is transmitted to the sensory nerve, which in 

turn transmits the nerve impulse to the central nervous system. 

The sensory receptor for angular acceleration has similar cilia em­

bedded in a gelatinous material, but here the gelatinous material does not 

contain the dense inorganic crystals. Instead, the cilia and the gelatinous 

material are deflected by the motion of fluid in the semicircular canals 

(Fig. 1). 

Past Experiments 

Our interest in radiation effects on the vestibular system began with 

the known radiation hazards in space under conditions of weightlessness when 

vestibular mechanisms may already be under stress. Since space radiation 

is mostly protons and helium ions (except for the Van Allen belts), the effects 

of this type of radiation are of most importance. The order of questions which 
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we originally set out to answer is as follows: 

1. What is the effect of radiation on vestibular mechanisms when 

man is on the earth's surface? Of particular interest is the minimal radia-­

tion dose which will produce an effect on the vestibular mechanisms. If such 

a dose is less than that which would be immediately lethal. vestibular prob­

lems due to radiation may playa role in the failure of a future space mis sion. 

2. Do radiation and weightlessness have a combined effect. i. e .• do 

they act synergistically or antagonistically on vestibular mechanisms? 

3. What can be done to reduce the effects of radiation on ve stibular 

mechanisms if such effects are important. or what can be done to ensure the 

completion of a space mission if an astronaut receives sufficient radiation to 

cause effects on his vestibular mechanisms? 

Previous studies done by others using X~ray relate to the first of 

these questions. Generally, these studies have shown fairly substantial 

radiation doses of the order of 5000 to 10000 rads required to produce a 

detectable effect on the vestibular mechanisms in the experimental animal. 

The radiation dose to the vestibular organs was generally uncertain,in these 

studies or there was no attempt to limit the radiation to the vestibular organs. 

In whole -body radiation studies using both X~ray and particle radia­

tion. vestibular effects have been reported in the Russian literature with 

radiation doses as low as 50 rads. We have also done such studies and have 

failed to show any effects with radiation doses of less than 6000 rads when 

the radiation is limited to the vestibular organs. Our methods of testing fo-r 

vestibular function have often been similar to those used in the Russian 

studie s. 

We have done whole -body radiation studies using 60Co gamma radia­

tion on rabbits; the se studie s are preliminary. but with involved statistical 

analysis some effects on vestibular function can be found with radiation dose s 

of 500 to 700 rads. These functio:qal changes may reflect only the debilitated 

state as radiation sickne s s develops in the animal. Repeated studie s are 

planned with X ,-ray and particle radio.tion to confirm this effect of whole­

body radiation and further explore the nature of the effects utilizing our 

present methods of vestibular testing. 

At present we have two procedures which we have adopted for testing 

vestibular function of the experimental animal. The first,of these is the 



-162-

mea.surement of the threshold for nystagmus (the back and forth eye move­

ments which occur as a response tQ angular acceleration) and the rate of 

nystagmus eye· movements at various angular accelerations. Such testing 

equipment is not commercially available; it has therefore been necessary to 

design and construct it. The equipment which we now have in operation gives 

measured angular accelerations with a precision of ± 2.50/0 and records eye 

movements electronically with the animal in the dark so that there is no 

interference by visual stimuli. This test is a measure of semicircular 

canal function., The second of these two methods which we have in operation 

is that of measurement of the rotation of the eye when the animal is turned 

about a horizontal axis (ocular counter -rolling). We measure this rotation 

of the eye photographically in a manner which excludes any visual cues to the 

animal. This test is a measure of the gravity sensing and linear acceleration 

sensing function of the inner ear. 

In preliminary studies prior to the development of our more precise 

testing methods 1 we believed that we had found vestibular effects with inner 

ear particle radiation doses of 500 rads. We have now repeated these studies 

using our present testing methods$' and find that normal animal variations 

were responsible for effects which we had thought were due to radiation in 

our preliminary studies. We have been unable to find any measureable alter­

ations in vestibular function with local particle radiation doses of less than 

6 rads~ although preliminary morphological studie s indicate that change s 

are occurring with radiation doses much less than this. 

Up to the present time we have partially answered the first of the 

three qu'e stions which we initially set out to answer. The other two que s.;. 

tions-i. e.". the combined effect of radiation and weightlessness on vestibular 

function; and what can be done to pre~ent the failure of a space mis s ion be­

cause of the effects of radiation upon vestibular function"""""have not yet been 

answered; 

General Plans- for the Future 

The most difficult problem in evaluating the effect of a drug or a 

physical agent such as radiation upon the function of the vestibular system 

is testing for vestibular function. It has been shown by other experimenters 

that vestibular receptor cell damage due to streptomycin may be very severe 
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without there being any functional change detectable with common methods of 

vestibular testing (caloric test and test of general equilibrium). Our pre­

liminary observations indicate a similar situation for radiation. It would 

appear that the central nervous system adapts to changes in the functional 

state of the receptor. Methods of reducing or eliminating the central nervous 

system adaptation are being considered. 

If alterations in vestibular function can be demonstrated at the level 

of 1000 rads, then further studie s to answer que stions 2 and 3 will be nece s­

sary. If radiation doses greater than 2000 rads are required to produce 

functional effects on vestibular mechanisms, other immediate effects of 

radiation will outweigh those on vestibular function. 

Particle beams offer a great deal to the experimental study of the 

individual receptor cell groups of the vestibular organs. Thus there are 

five separate areas of sensory epithelium which have differing functional 

roles in each ear, The five areas are the three separate cristae of the semi­

circular canals and the two maculae of the sacculus and utriculus. Particle 

beams have the advantage over X-ray for such use because of their low 

scatter, high depth dose, and definite range. Since the vestibular receptors 

are encased in dense bone, the surgical approach is difficult. The landmarks 

provided by dense bone in radiographs of the inner ear area of the skull, 

however, provide a means for localizing the receptor site s in space so that 

particle beams may be directed to and localized in these sensory epithelia. 

With the development of such specific destruction of site s of ve stibular sen­

sory epithelium, a means will be at hand for the treatment of the more 

severe cases of Meniere IS disease in man without any loss in hearing or in 

those vestibular functions which are not actually involved in the most dis­

tressing symptoms of the disease. 
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STUDIES ON BRAIN ACTIVITY AND LEARNING BEHAVIOR 
USING HEAVY PARTICLE IRRADIATION 

R. L. Schoenbrun 

Full exploitation of high energy particulate radiation in the neuro­

sciences is severely hampered by the lack of appropriate accelerator facili­

ties. Although the current literature is meager, there is no lack in enthusiasm 

for the use of heavy particle radiations to study brain function and animal be­

havior. Since 1935, when heavy particle effects were first studied in mamma-
1 

lian systems, diverse experimentation and practical applications have firmly 

established the utility of accelerated particle s to biology and medicine. Yet 

it has been only recently that heavy particles have been employed to study 

neural mechanisms of behavior. 

Orthodox approaches to the problems of learning and cerebrallocali­

zation originated with the objective behavioral testing methods of E. L. 

Thorndike (1874-1933) and the regional cerebral ablation techniques of S. I. 

Franz ( 1874 -1933). These procedure s have obviously been refined, and are 

still widely used in experiments involving the production of specific behavioral 

changes by means of restricted brain lesions. An elegant application of this 

method was recently executed by the ethologist Eric Fabricius who studied 

the neural control of instinctive and learned behavior in pigeons by producing 

discrete brain radiolesions with 185 MeV protons. 2 Lesions were made in 

deep brain structures and decrements were subsequently detected in certain 

innate behavior patterns including. for example, spontaneous feeding and 

drinking, escape responses, and social behaviors. Learning experiments 

were also performed in which the birds were initially trained to make a vis­

ual discrimination with food reward and later tested for retention. In most 

cases the ability to acquire and retain new conditioned responses was not 

impaired by the intervention of radiation. -------------------_ 

Based on the pioneering work of Tobias and his co -worker s, 3 Malis 

made a unique neurophysiologic application utilizing monoener getic particle 

irradiation to produce discrete laminar lesions in the cerebral cortex. 4 

Fundamental to this technique is the Bragg-peak effect for homogenous 
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particle b€arns in which all particle s have nearly the same range, and ioni­

zation reaches a maximum, the so-called Bragg peak, just before the end 

of range. The depth and thickness of the laminar lesion can be precisely 

controlled by appropriate selection of particle species and accelerator volt­

age or by the imposition of absorbers. Physiological studies
5 

have dealth 

primarily with the effects of laminar lesions on evoked electrical activity in 

the visual cortex of the cat. In these studies, lesions ranging in thickness 

from 50 to 150 microns were placed at various depths in the visual cortex by 

using 10 MeV protons or 20 MeV deuterons at Bragg-peak doses of 20000 to 

40000 rads. Subsequent al terations in patterns of electrical activity in cor­

tical neurons were studied by using the "evoked potential" technique. Here 

sensory stimuli in the form of brief photic flashe s were pre sented in order 

to evoke changes in electrical potentials recorded from the visual cortex. 

Electrical responses evoked by photic stimulation were abnormal during 

early phases of repair and reorganization after irradiation. Evoked responses 

were of normal configuration but increased in amplitude when studied after 

repair was essentially complete some 200 days after exposure. By these 

means it was possible to analyze structural and functional aspects of informa­

tion storage, processing, and retrieval in the central nervous system. 

In the search for neural mechanisms of learni'ng, attention has 

recently been directed to deep temporal lobe structures comprising a func­

tionally related unit, the limbic system, and its major component the hippo­

campus, These structures are part of the phylogenetically ancient rhinen­

cephalon or "olfactory brain" of the vertebrates. Although initially consid­

ered in relation to olfaction, the limbic system is now thought to mediate 

important non- specific functions relating to emotional arousal, attention­

focusing, and motivated behavior. Clinical evidence has sugge sted an impor­

tant role for the hippocampus in mechanisms of memory. There is an appar­

ently enduring impairment of memory storage function in patients who have 

undergone bilateral removal of the hippocampus. 6 

Temporal lobe systems have also been extensively studied by Adey 

and his group who have stressed computer analysis of brain wave recordings 

in their effort:s to detect subtle changes correlated with behavioral perform­

ance, For example, certain highly rhythmic hippocampal wave trains in the 

cat have been correlated with aspects of discriminative motor performance 

and level s of learning. 7, 8 
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The hippocampus has long been known to be highly susceptible to a 

variety of chemical and physical agents, including ionizing radiation. For 

example, the earliest signs of cerebral hypoxia or circulatory embarrass­

ment appear as abnormalities in the electrical activity of the hippocampus. 9 

Other studies have indic:ated that low doses of X-rays delivered to the head 

produced seizure -like activity in the hippocampus at dose levels not affecting 

other areas. 10 These data coupled with the functional role of the hippocampus 

in neural mechanisms of learning provided the basis for our study of radiation 

effects on learning. 

The author, in collaboration with professors W. R. Adey and C. A. 

Tobias, initiated a project to examine the effects of X -rays and high ene rgy 

alpha particles on brain wave activity recorded from temporal lobe structures 

during conditioned behavior in the cat. 11, 12 Initial studies utilized 250kV 

X-rays in doses ranging from 100 to 1000R delivered selectively to the 

hippocampus. Later studies involved 910 MeV alpha particles. 

The technique of focal irradiation restricted to the hippocampus 

utilized a highly collimated narrow beam of X-rays directed through the head 

of the subject, which was stereotaxically positioned so that the beam inter­

sected the appropriate structure. An improved technique was developed, 

utilizing high energy alpha particles which could be focused into small vol~"". 

urnes of tissue. By centering the radiation site at the tip of an electrode, 

precise anatomical localization was achieved. The incident 910 MeV alpha 

particles, aligned by focusing magnets and collimated with a brass tube, 

were aimed through the head in a 6.36 mm beam. Focal irradiation was 

accomplished by a "cross-fire" technique using five body positions in the 

horizontal coupled with rotation through 70 0 about the longitudinal axis 

(Fig. 1). The ellipsoidal focus at the center of rotation received about 900/0 

of the total dose (Fig. 2). 

Several months prior to irradiation the animals were stereotaxically 

implanted with electrode s in brain regions known to mediate aspects of 

learning behavior, such as, for example, the hippocampus and-other-limbic· 

system structures. After full recovery from the implantation surgery the 

animals were trained in a two -choice discrimination to approach a cue light 

for milk reinforcement of correct responses. Brain electival activity was 

recorded from the implanted electrode s during the behavioral training 
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sessions. Focal irradiation of the hippocampus was administered when 

behavioral performance attained levels of better than 95% correct for each 

daily test session. 

Typical brain wave changes can be seen in a recording made during 

an approach trial (Fig. 3). At the start of a trial, b~fore the door opens, 

rhythms in the hippocampus (labeled L. Dorsal Hip., L. Ventral Hip., and 

R. Dorsal Hip. ) are somewhat irregular and unsynchronized in the different 

recording sites. In contrast to this, during approach for milk reinforcement, 

the hippocampal rhythms change abruptly to highly synchronous and very 

regular sinusoidal waves at 6 to 7 cycles per second. With sessation of 

approach and attainment of milk reward, the rhythms revert to irregular 
. \ 

patterns. Synchronous activity again occurs when the animal walks back to 

the start area. Brain wave correlates of behavioral performance, such as 

tho Se recorded from the hippocampus during conditioned approach te sting, 

provided the sensitive measure required to detect subtle effects of ionizing 

radiation on learning. 

Ionizing radiation directed to discrete portions of the limbic system 

in appropriate doses wa1? capable of disrupting on,-going electrical activity 

and associated behavior performance. The effective total dose/was USUaH)Tln 

excess of 1000 rads and depended on the type of radiation and geometry of 

the lesion. Following limbic system radiation, conditioned approach per­

formance was greatly slowed in all subjects and completely blocked in some 

animals. Brain activity concomitant with the decrements in performance 

was grossly altered by the occurrence of seizure -like wave s and sharp 

"spike s II (Fig. 4; abbreviations: L. D. H., left dor sal hippocampus; DO, 

door open; LI, approach; L2, milk reinforcement). Pre -irradiation base­

line activity is seen on 3/9/64 and 3/10/64. Subsequent to irradiation with 

910 MeV alpha particles (20000 rads). sharp seizure-spikes are seen coin­

cident with failure of approach performance on a " no go" trial, 3/13/64. 

These studies demonstrated the effectiveness of discrete radiolesions placed 

in critical structures. By these means it is possible to establish functional 

relationships between different anatomic regions and specific patterns of 

behavior. 

Another aspect of the problem of learning and information-processing 

concerns the organization of functional systems at cellular and subcellular 
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levels. The hippocarnpus has many ana.tomical advantages for the study of 

fine structural details, including, for example, an uncomplicated cortical 

structure with a relatively unif'orrn and simple lamination. It is tempting to 

consider the use of radiation-induced la.minar lesions to further study the 

role of the hippocaITlpus and other cortical structure s in learning. A recent 

paper on the organizatio:J. of memory functions has stressed the value of 
13 

selective lesioning of the cortex of the limbic system. 

Our current interest is directed to cellular mechanisms involved in 

the central nervous system responge to heavy particle radiation. In addition 

to conventional brain wave recordings, cerebral impedance is monitored. 

This method has revealed change s in ti ssue conductance relating to physio,.. 

logical change s in sleep, wakefulne ss, arousal, epilepsy, and in relation to 

storage of information in lea.rning. 14 After brain irradiations there is a 

transitory drop in impedance followed by a sharp twofold inc rease above nor­

mal levels. 

Some aspects of radiation damage may be explained on the basis of a 

tri-compartmental ITlodel of cerebra.l tissue, with intraneuronal, intraglial, 

and extracellular compartments. The extracellular compartment is generally 

considered to be small in cerebral tissue and probably ha.s a high conductivity. 

The membrane resistance of glial cens. which virtually enclose the neuronal 

compartment, may be estimated at less than 10 to 300/0 of that of neurons. 

It may be assumed that most of the current flow during impedance measure­

ment occurs through extracellular and neuroglial compartments. This 

emphasizes the possible role of glial tissue in modifying neuronal electrical 

activity by change s in impedance loading. 

Movement of fluid between cerebral compartments may be reflected 

b h ' .. d 1 15 l' d b "1" fbI y c anges ln Impe ance va ues. ,-ncrease permea 1 ltv 0 cere ro. ves-

sels and associa,ted changes in neuroglia have been implicated in radiation 
16 . 

damage. In the se studie s the initial radiation effect was the movement of 

fluid blood vessels into extJ:"avascular channels. We would suggest that this 

shift in fluid distribution is signaled by - tlie initia,l small drop-in cer-e-bral-­

impedance, which corre sponds to increa.sed conductance in the extracellular 

and possibly intraglial compartments. The subsequent sharp rise in imped­

anc e may signal 8. shift in ions back into the neuronal compartment. There 

is every expectat:i on that cere bral iITlpedance measurement will reveal change s 
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in neuronal subsy ste.ms that are of fundamental importance to both radiobiol­

ogy and neurophysiology. 

Future experiments with improved heavy particle beams hold exciting 

possibilities for the neurophysiologist. For example, much current specu­

lation concerns the "molecular basis of memory." Central to most theories 

of memory storage is the involvement of large proteins such as RNA. By 

use of appropriate heavy particle beams it may be possible to irradiate the 

brain and produce selective destruction of individual molecular species re­

sulting in specific "memory lesions." There is evidence that large protein 

molecules, such as enzymes, are differentially sensitive to radiation. 17 

Theoretical speculations on the molecular basis of memory and learning will 

eventually be transformed to fact with the development of new tools of dis-

covery. 
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SPACE FLIGHT AND MAMMALIAN RADIOBIOLOGY 

H. Aceto 

According to contemporary data, the primary sources of pos sible 

radiation hazards to man in space are heavy primary cosmic particles, geo­

magnetically trapped corpuscular radiations, and solar flare protons. It 

appears that for the lunar mission, scheduled for 1969. the greatest of these 

hazards is represented by the large solar flares that eject high fluxes of 

protons and alpha particles capable of penetrating the wall of a lightly shielded 

space vehicle. When one considers more prolonged flights into the more 

distant reaches of the heavens, it is conceivable that the heavy primary cos­

mic particles may represent a significant increment to the radiation hazard. 

Despite the obvious necessity for such information, the physical data 

that is presently available is not adequate to provide a definitive evaluation 

of solar flare activity. The only data that is available relating a complete 

11 year cycle and its as sociated solar flare activity comprehensively is that 

obtained for the last cycle (solar cycle No. 19), Our present predictions of 

the ranges of radiation dose rates and integral doses to be expected from 

solar flare events are based on this information alone and therefore can 

hardly be described as being conclusive. Nonetheless, a general assessment 

of the relevancy of the existing radiobiological data to this contingent physical 

data can be made. Such an assessment reveals that information relating the 

modification of the dose-response relationships for both early and late effects 

pe rtinent to space -exposure conditions is indeed meager. The heavy cosmic 

particles also represent a serious void in our knowledge, in that our under­

standing of the biological effect of the extremely de'nse tracks of ionization 

produced by these particles is incomplete. 

On the basis of calculation and experimental data, it has been shown 

that the diurnal galactic cosmic ray dose in the spacecraft in the region beyond 

the magnetosphere will not exceed 40 mrads even during periods of peak dose 

from that source. The maximum dose one would receive during a year's 

occupancy in space would be about 15 rads. More than 1-1/2 times this dose 

is now allowed as an emergency dose for workers engaged in atomic industry. 
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However, as noted above, one should take into account the fact that unlike the 

conventional radiations encountered in industry, the major fraction of the 

biological effect caused by galactic cosmic rays is due to the action of nuclei 

of heavy elements that produce extremely dense tracks of ionization and whose 

relative biological effectiveness for man or animals is uncertain at this time. 

The geomagnetically trapped protons and electrons form circumter...,,_ 

restrial belts. The dosage in the in:r:er belt inside the command module 

amounts to about 10 rads per hour, mainly resulting from protons with en.., .' 

ergies of about 100 MeV. During a single traversal of the inner belt the crew 

can obtain a dose of radiation equal to approximately 2 rads. Radiation of the 

outer radiation belt consists mainly of electrons with energies froln several 

keY to several MeV, producing surface dose rates on the outside surface of 

the spacecraft on the orde r of 104 rads pe r hour. Effective' shielding from 

particle s of the oute r radiation belt is Ie s s difficult than from protons of the 

inner belts; this results in an extremely small direct contribution to the total 

dose inside the spacecraft. However, one must still consider bremsstrahlung 

inside the cabin, which appears when electrons interact with the walls of the 

spacecraft. Preliminary data based on several of the recent large solar­

particle events indica.te total doses in the command module (from both protons 

and alpha particles) of 20 to 50 rem at the skin of the chest, 15 to 30 rem at 

the eye, and 3 to 9 rem at the blood-forming organs (5 cm depth in the tissue). 

Perhaps the greatest radiation hazard on a lunar mission will corne if the . , 
astronauts are caught in the lunar excursion module (LEM) or on the lunar 

surface during a large solar-particle event. For such a case, the available 

solar flare information for a single relatively large event suggests doses of 

350 to 800 rem at the skin of the chest, 100 to 180 rem at the eye and 3 to 

12 rem at the blood-forming organs. 1 

WHh this rather brief analysis of the space radiation environment in 

mind, one may now attempt to discuss its radiobiological implications with 

respect to space travel. 

The biological effects of radiation are generally divided.Lnj;o t\1',lo ,groups: 

(1) acute effects, L e., changes which are manifest from minutes to a few 

weeks after exposure, . and (2) delayed effects, i. e., changes occurring from 

several weeks to many years after exposure. 
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From the point of view of space travel, the acute effects are partic­

ularly significant. Not only must the risk of death from acute radiation ex­

posure be considered, but even more significant is the possibility that acute 

sublethal radiation-induced illness may cause abnormal function, thus re­

ducing the performance efficiency of the astronaut. 

On the basis of the available space radiation information, it appears 

that the acute lethal effects in the region of the gastrointestinal and central 

nervous system death do not represent a significant hazard to space flight. 

However, it is presently not possible to say unequivocally that this statement 

applies also to acute radiation effects in the region of bone marrow depression. 

Radiation lethality in the region of hematopoietic death is measured and vis­

ualized in terms of the LD~~ dose. Data on radiation effects in this dose 

region for man are limited to a few observations on persons involved in 

nuclear accidents and those exposed to nuclear weapons. The lack of accuracy 

in the estimations of dose delivered and its geometrical distribution presents 

serious limitations to the usefulness of these data. Opinions as to the LD50 

of penetrating electromagnetic radiation for man, utilizing these data, range 

from about 250 to 700 rads of acute whole -body radiation. 

Because of the paucity of useful information relating the biological 

effects of space-type radiation in man, the radiobiologist has hadtd: resort 

to studies in other mammals and extrapolate these results to man. Existing 

proton data obtained by using both large and small mammals and relating the 

biological efficiency of charged-particle beams as compared with X and 

gamma ray indicate that protons of energies above 50 MeV have an RBE 

approaching one for 50% mortality at 30 days. This would be expected on the 

basis of average LET distributions. 2-6 The deviation from unity that is 

observed for RBE is generally attributed to the increased absorption in bone 

of 200 kV X-rays compared with protons, and possibly to the pulsed character 

of the charged-particle beam. Experiments with 910 MeV alpha particles in 

mice reveal a biological effectiveness that is identical to that of high energy 

protons. This is not surprising, considering the dose uniformity and LET 

similarity between these radiations. 

It appears that among the acute sublethal effects of radiation, the 

prodromal response may be one of the limiting factors for an astronaut. 

Under weightless conditions vomit would behave as any other fluid and could 
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form an obstructive mass over the mouth and __ nostrils, leading to suffocation. 

Thus the most urgent requirement would appear to be to avoid vomiting during 

flight. Unfortunately, the threshold for vomiting is extremely variable and 

the mechanism of post-irradiation vomiting remains to be elucidated. Data 

from irradiated Marshall Islanders indicates that 175 R of gamma rays can 

cause vomiting in 10% of the' exposed individuals. 7 Gerstner has estimated 

that a.uniform whole -body dose of 100 rads would result ina 3% incidence of 

vomiting. 8 It appears that if nausea is to be completely avoided, a much 

lower limit than 100 rads would have to be applied. It is interesting to note 

that delay in gastric emptying in rats (the probable counterpart of nausea and 

vomiting in these animals) was observed with doses as small as 20 R of 

X-rays.9 The time of onset of nausea and vomiting is about 2 hours after 

exposure,. and the climax occurs between about 5 to 8 hours ~both being' 

relatively independent of dose. It is important to recognize the fact that this 

information for man is derived mainly from Japanese atomic-bomb casualties 

and other cases of accidental irradiation and from therapeutic irradiation of 

cancer and other diseases with high energy X or gamma rays. It is, however, 

quite likely that none of these groups react to irradiation in exactly the same 

way as a select group of astronauts 

Both the major fraction of the solar flare radiation dose and the highest 

average LET will be delivered to the skin. The relatively high intensity sur­

face exposure with little deep tissue dosage may result in widespread ery­

thema and skin blistering. Previous studies indicate that erythema will 

appear within hours to days following 500 to 800 R. Due to the restrictions 

and abrasive contacts of the space suit, even a partial body moderate erythema 

could become extremely uncomfortable and somewhat incapacitating. Further­

more, it is known that both skin injury and psychological stress markedly en,.,. 

hance the adrenocortical output. Corticosterone is a protein synthesis and a 

mitotic activity inhibitor •. Moreover, thermal burns and skin dis ruptions 

have already been shown to push a dose of radiation that would normally cause 

a hematopoietic mode of injury into a gastrointestinal mode (whichwould-­

suggest that there is impairment of repair). Therefore there is a rationale 

for expecting the normal physiological stres s mechanism to enhance some 

forms of radiation damage. Moreover, periods of long stress may result in 

the depletion of the adrenal cortex, which ceases to secrete cortisone. 
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Aldosterone is then secreted with a concomitant retention of sodium and 

water. We do not know whether this response would be influenced by radia­

tion, but there is reason to expect it might. 

A great deal of work remains to be done in this area with respect to 

both acute and chronic charged-particle irradiation of the skin. The devel­

opment of an alpha particle beam whose physical characteristics are appro~ 

priate for skin irradiations has been initiated at the Lawrence Radiation 

Laboratory 88-inch cyclotron to answer this need. 

Sublethal hematopoietic depres sion is still another parameter which 

must be considered when discussing functional decrement factors. It is well 

known that the circulating lymphocytes are among the most radiosensitive 

cells in the body. A detectable decrease in lymphocyte count has been ob­

served with penetrating radiation doses of 25 Ito 50 rads while doses of 100 

to 200 rads may result in a 50 to 90% drop, with maximum depression in 2 to 

4 days. At doses of about 100 rads and above, lymphocytopenia is accom­

panied by granulocytopenia, erthyrocytopenia and thrombocytopenia of :v.ary­

ing degrees. The possibility of a diminished red blood cell count may have 

particular significance if one considers the "adaptive" loss in blood volume 

that was first observed in the early Gemini flights. One GT-5 pilot, for 

example. showed a 20% drop in red cell mass. If we add to these factors the 

pos sibility that when sublethal radiation is given chronically the capillary bed 

may be damaged, leading ultimately to local tis sue hypoxia, a potentially 

serious problem becomes apparent. 

Most radiobiological data available to date have been obtained under 

carefully controlled conditions of relatively uniform whole - body exposures to 

highly penetrating radiations. This information may be useful in assessing 

the hazard from galactic cosmic rays, but it is inadequate in assessing the 

variable depth-dose characteristic of solar flare radiation. Solar flare 

particle radiations exhibit a cha,racteristic that exercises a profound effect 

on their radiobiological response: Absorbed dose declines steeply with tissue 

depth dose because of the spectral character of the radiation. The radiation 

hazard should always be evaluated in terms of the spectral composition.and 

type of penetrating radiation acting upon the body. If the penetrating ability 

of the radiation is great and there is a relatively small dose drop within the 

body (as is _ t4e case with,galaCtic,radiation),', ,then~ the average ,dose , 
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absorbed by the tissue may be used. However, if the penetrating ability of 

the radiation is such that the absorbed doses at various points in the body 

differ greatly, then the amount of the average dose in the tissue (average 

for the entire body) does not clearly define the mutual relation of various 

organs and tissue affected by the radiation. Therefore in this case it isnec­

essary to use data relating the spatial distribution of the absorbed dose within 

the body. This variable depth-dose pattern then makes it necessary to eval­

uate radiation danger on the basis of damage to the so-called "critical organs" 

(bone marrow, gast.rointestinal mucosa, gonads, crystalline lens, skin). 

Since there is no genuine counterpart on earth for the heterogeneous 

mixture of radiation that composes a solar particle event, biological effects 

must be deduced from analogous radiobiological experimentation in radiation 

environments that simulate in some manner the three -dinlensional depth...;dose 

and LET spectral patterns given by a typical solar flare. Unfortunately, there 

are no experiments to date in large animals which simulate, in any realistic 

sense, both depth-dose and LET spectral profiles that are predicted from ;~ 

solar flares. 

J k 10 . 60 C ' d' I ac son, -USIng a 0 gamma- ray source ,an rotatlona exposures 

behind properly shaped fields, studied acute lethality in rats exposed to a 

depth-dose distribution simulating that calculated for a typical solar event 

and compared the results with those of uniform 60 Co irradiation. Under the 

depth-dose exposure conditions, the midline dose to the aniluals was 2 S% of 

the surface dose. The average LDSO surface dose for nonuniform exposure 

was approximately 3 times~thatfor uniform exposure~ and the ratio of integral 

absorbed dose (nonuniform to uniforTI1) unde r the. two conditions was 1. S. The 

tissue depth at which the LDSO doses were the saTI1e was approxiTI1ately half­

way between the surface and the midline. which corresponds roughly to the 

mean effective depth of the bone TI1arrow of the rat., 

Although Jackson has shown that it is certainly possible to duplicate 

charged-particle LET and depth-dose geoTI1etry with gamTI1a radiation, the 

secondary reactions constitute- one of-severaf reasons why studies of this--­

same type should be extended to charged-particle beaTI1s. Indeed, such 

studies are being initiated at the Lawrence Radiation Laboratory, utilizing a 

simulated solar flare beam at the 184-inch cyclotron. 11 The first simulated 

flare exposure of primates will be perforTI1ed at the 184-inch cyclotron in the 
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Spring of 1967 in collaboration with the group of Dr. Ashton Graybiel at 

Pensacola Naval Air Station. 

Furthermore, the radiation exposure encountered in space will not be 

delivered at a constant dose rate (as is the case in most radiobiologic investi­

gations), but in a rather complex pattern. For example, there will be brief 

periods of exposure during transit of the radiation belts with the random 

occurrence of solar events superimposed on this. Throughout the mission 

there would also be a continuous low-level exposure due to galactic cosmic 

radiation. A great deal of work remains to be done to simulate more closely 

the dose protraction and fractionation patterns a_ntidpated in space travel. 

Each of these physical factors-:<lepth-dose distribution and protraction 

and fractionation of exposure --may modify the dose - response relationships 

for both early and late effects_ Some of these factors may: make space ex­

posure conditions less hazardous and others more. Still another modifier 

that is in dire need of active investigation is the area of the combined effect 

of radiation with othe r flight factors. Little consideration has been given to 

such imponderables as synergisms between weightlessness, acceleration, 

environmental factors, and psychological stress. On an intuitive basis, many 

of these factors would be expected to lead to an enhanced probability of per­

sonal indisposition, particularly in the case of the prodromal syndrome. 

Earlier work has demonstrated that mice as well as rats exhibit a 

greater mortality response to a given X-ray dose if subjected to hypoxia or 

cold during the post-irradiation period. 12, 13 The effect of prolonged altitude 

exposure on the irradiated animals was equivalent to a 100 R decrease in the 

X-ray dose necessary to produce a 500/0 mortality response at 30 days. Hema­

tologic data suggest that the increased mortality of animals maintained at 

altitude 'following lethal radiation exposure is the result of a reduced blood 

cell volume and an inadequate erythropoietic response during exposure to 

hypoxia. In contrast, a similar study involving a single sublethal whole - body 

proton irradiation in beagles indicates that at short post-irradiation times 

(less than about 1 week) the erythropoietic response of the hypoxic-irradiated 

animals is comparable to that of the hypoxic-control animals. 14 Figure~1 pro­

vides 'an Hh.lstratioriof thi~ prelim.iriary findtng as: expre-ssed by;;the plasma. 

clearance ".ratefPCR)...The :.:response.patte:r:n of:tJ:1ei.rradiate&-hy:poxic .. animals 

s"ugg'ests;that· d'espite seve.re .. damagethe stern cells:ahd :perhap'ssoine of the.,_: 



-Q) 
c:: 

Q) 

'" o 
...0 

£ 

" Q) 
N 

o 
E 
~ 

o 
c:: -

-182-

I " I 

I ' 
i \ 
, A \ 

I I I I 

4.0 I-

//'., , // \ 
3.0 I- f\.t:..HYPOXIC CONTROL~..J \\ \. 

\ "" ~'1 \ \ 
\ 'a-~ i. ,~\ 

2 0 . \\ f,'RRAO'ATEO HYPOXIC \ \ 
'. I ,\ 

I 

. \. \" ""." .... ------., ~ '\ . "'.... ........,' J--- ... .... .... 

-

-

-

1 .0 ~ J'\..~ 0-- aooo() 0- .... 

\ ',1 \ CON1~OL 
-

.\ , 
\ .... ---. 

\ ...... .... 
o • I I 

o 10 20 
I 

30 
I I I I 

40 50 60 70 

Days after irradiation or initial decompression 

Fig. 1 

80 

MU B-12486 



-183-

very early pronormablasts could still be stimulated by the hypoxia. However, 

subsequent to the exhaustion of cells capable of hypoxic stimulation despite 

radiation damage, the proliferation of red cell precursors rapidly decreased 

until recovery from radiation damage had occurred. 

Until fairly recently it has always been presumed that:nervous tissue 

was very resistant to ionizing radiation. It is still true that nerve cells are 

not easily killed by radiation and that in order to produce convulsions a dose 

of several thousand rads is needed. However. high amplitude, low frequency 

activity associated with sluggish behavior and slow motor performance has' 

been observed after exposures to just 500 rads delivered bilaterally to each 

hippocampus. Moreover. Russian workers report changes in conditioned 

reflexes fro:m doses as low as 0.5 to 20 rads, and a distinct change in electric 

activity of the brain has been observed in rabbits after only 0.05 to 1.3 rads.
15 

Work in this country indicates an increased susceptibility to audiogenic 

seizures in mice following 0.14 rad given at a very low dose rate. It has 

been demonstrated that rats will avoid drinking the saccharine -flavored 

water which they earlier had been induced to drink while being irradiated with 

a single dose as low as 7.5 rads of neutrons; they will also avoid the surround­

ings in which they were for four sessions of 50 rads of gamma rays}6, 17 

The response elicited by radiation as the signal in conditioning ex­

periments was abolished when anosmic animals were used, thus suggesting 

that the conditioning response is not due to a direct effect on neural tissue, 

but is due to stimulation via the olfactory system, i. e., a peripheral effect. 

A latent effect of low doses (10 rads), which appears 2 hours post-irradiation, 

involves a toxin-like reaction whereby rats will avoid gustatory and olfactory 

stimuli associated with X-ray, but not visual, auditory, or tactile stimuli. 

This same type of adverse reaction might also function in man. There may 

well be adverse stimuli occurring in our lives that we are not consciously 

aware of that influence our behavior and performance. Radiation might turn 

out to be such a stimulus in the astronaut's environment by making the tasks 

he must perform less pleasant to do, . or even by causing a strain in the 

social relationships between astronauts. 

The heavy primary particles in space may represent a particularly 

significant hazard to the long-term post-Apollo missions. The acute and 
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chronic effects of InonrandoITl" exposure that would result froITl the extreITlely 

high local doses that will occur in cells and tissues as a result of the passage 

of these high energy heavy particles are not really understood. The biological 

effects of such particles have not been adequately investigated because it is 

iITlpossible at the present tiITle to produce theITl in the laboratory with an 

energy high enough to use for ITlaITlITlalian experiITlents. The heavy ion linear 

accelerators at Berkeley and Yale produce ions up to and including argon of 

10 MeV/nucleon, which are ITlainly adequate for studies in single-cell systeITls. 

Rather extensive studies have been designed to investigate the lethal 

effect of heavy ions on hUITlan tissue culture. 18 The sp.rvival criterion is the 

ability of single cells to grow into visible colonies. The extrapolation of this 

data to the total integrated ITlaITlITlalian systeITl raises ITlany serious questions 

when one considers the fact that in functioning tissue, the interaction between 

cells ITlay beITlore iITlportant than the viability of single cells. ForITlation of 

clones is. not the task of ITlost cells found in differentiated tissue, thus "cell 

lethality " ITlay have an entirely different ITleaning 0 vivo. 

It is anticipated that the concentrated cellular destruction produced by 

these particles in highly proliferative tissues like bone ITlarrow, IYITlph nodes, 

and intestinal epithelium would hardly result in a significant alteration of 

function. In the central nervous systeITl (CNS), however, it is conceivable 

that death of a relatively sITlall nUITlber of cells ITlight have far-reaching 

effects. 

Curtis has used ITlicrobeaITls of high energy deuterons to siITlulate the 

ionization track of heavy priITlaries and to study their effects on the visual 

cortex of the brain and the ocular lens of ITlice. 19 The dose required to pro­

duce histologically observable daITlage in the brain decreased rapidly with 

beaITl diaITleter until alITlost one -half ITlillion rads were required for bea.ITl 

diaITleters approxiITlating that of priITlary COSITlic particles. The dose re­

quired to produce observable effects in single cells of the lens was not de­

pendent on beaITl diaITleter, but the probability of progression to a persistent 

cataract seeITled to require a beaITl diaITleter large-enough to -daITlage- a cluster 

of cells. Before one yields to the teITlptation induced by these observations, 

of ITliniITlizing the risk of gross local daITlage by heavy COSITlic ray particles, 

one should first consider the fact that the ionization pattern and the energy of 
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secondaries produced by these microbeams is not identical to that expected 

from the delta rays that are generated by the passage of these particles in 

tissue. This is an important consideration since it is the delta rays that 

cause almost all of the dense ionization of the track and are mainly re sponsible 

for the biological effect observed. Even more important is the possibility of 

effects in areas such as the midbrain, where a small number of nerve cells 

may perform some essential function. Disturbances of hearing might result 

from tracks of damage in a medical geniculate body; similar damage in a 

lateral geniculate body might interfere with the fields o(vision. If certain 

regions of the hypothalmus are affected, it is conceivable that a significant 

alteration of homeostatis may ensue. 

Chronic or long-term effects of radiation exposure appear to be of 

se condary importance in the evaluation of immediate radiobiologic hazards 

,in space. However, they may certainly represent a hazard long after the 

astronauts I safe return to earth. Chronic injury is cumulative, though subtle 

and often undetected, and can be the limiting factor for individual exposure 

histories. At the same time, it appears that our information is rnost cOInplete 

for doses that induce acute injury and it becomes progressively more un­

certain as dose declines or time to expression of daInage increases. The 

chronic or delayed radiation effects of primary concern are a general life­

shortening, increased incidence of leukemia and other malignant changes, 

cataract production, and genetic damage. 

Incidence of cataracts is perhaps one of the Inore serious sequelae .of 

exposure to space radiation because of the relatively high surface dose and 

its high LET component. The latent period for cataract production is highly 

variable and Inay range, in the adult, froIn about 2 to Inany years after ex­

posure. 20 Usually, the higher the dose, the shorter the tiIne interval. The 

minimum·cataractogenic dose for a'single acute exposure (200 kVp X-rays) 

is about 200 rads. A single acute exposure is Inore effective and produces 

opacities sooner than the same dose given in divided or continuous exposures 

spread out over periods ranging from 3 weeks to a few years. The minimum 

dose for the latter case is between 400 and 1000 rads. Of course one should 

keep in mind that these figures are for radiations of low ionizing power. On 

the basis of experiments with experimental animals, recoil protons froIn fis­

.. siori neutrons.(a'Vi:!rage LET,:::::rSOkeV7fJ.) appear to be as much as 5 to 10 times 
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as cataractogenic as 200 kVp X-rays. This behavior emphasizes the great _ 

need that exists for information relating the cataractogenic properties of the 

charged particles expected in space. 

There is no clear-cut evidence on the possible life-shortening effects 

of ionizing radiation in man. The life-shortening by single doses of X or 

gamma rays in rodents is on the order of 0.3 day per rad. For fast neutrons, 

however, the efficiency per rad is essentially independent of fractionation of 

the dose and so the RBE compared with X or gamma radiation increases from 

about 2 or 3 for single doses to about 10 for chronic doses. 21 When estimates 

of life -shortening in man have been made by extrapolation from animal data, 

it has usually been assumed that the proportional shortening per rad would be 

independent of specie s. On this basis, values of 1 to 15 days per rad have 

been suggested for man, assuming single acute doses of low-LET radiation. 

Estimates indicate that leukemogenic response to radiation increases 

linearly with increasing radiation dose. The threshold, if one exists, ap­

pears to be small and the dose that doubles the incidence of the disease may 

be as low as 30 to 50 rads. It should be noted that leukemia is relatively 

uncommon and if only a few astronauts were subjected to this doubling dose 

the likelihood of occurrence of radiation-induced leukemia would be quite 

small. 

In addition to leukemia, other neoplastic diseases are also increased 

following irradiation. Of particular concern here is the possibility of chronic 

or long-term skin injury culminating in cancerous changes. A comprehensive 

assessment .?f this effect must await further skin carcinogenesis studies, 

particularly those involving alpha particles and heavier ions. 

The genetic hazard is certainly not a major one at the present time. 

Most of the astronauts may be beyond the median reproductive age. Also, 

this is a very small group whose genetic impact on the population will be 

equally smalL Despite these practical considerations, the genetic hazard 

may be of particular interest to one who happens to be a member of that 

small group. Doses as low as 25 rads to the testicles, either-locally or-as­

whole-body exposure, will produce a detectable decrease in sperm count. 

About 150 rads may induce brief subfertility, and about 250 rads may produce 

temporary sterility for 1 to 2 years. 22 The general course of events as ob­

served both in man and animals is a pre-sterile period following irradiation, 
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a sterile period, and a post-sterile period. The ilnportance of distinguishing 

between pre-sterile and post-sterile period lies in the type and frequency of 

mutations observed from matings in these periods. Offspring produced in 

pre-sterile matings largely come from irradiated mature germ cells or 

spermatazoa. The mutation rate for recessive genes in these cells may be 

twice that observed in the spermatogonia or stem cells. Moreover, the ir­

radiated mature germ cells carry a high incidence of dominant lethal muta­

tions compared with the immature cells. The neutron RBE for these muta­

tions is 7, with the neutron-dose response data increasing linearly with arith­

metic dose while the X."ray data is proportional to dose-squared. Thus, the 

particulate radiation of space may present an extra threat because of its 

dense ionizing tracks and greater probability of inducing genetically lethal 

effects. 
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RADIATION STIMULATION OF NERVE ACTION 

C. A. Tobias, J. T. Lyman, and J. R. Luce 

Persons exposed to ordinarily available sources of penetrating radia­

tions usually do not indicate sensory perception of radiation. Nevertheless 

it has been known for many years that the retina is very sensitive to X- 0;:-
1 2 gamma-rays.' Exposure to 1 roentgen or less nf X-rays has beenre-

ported to cause an alteration in absolute thre shold to light sensation in ani-
3 mals and man. Moderate radiation exposures sometimes result in altera-

tion of EEG patterns. 4 Conditional reflexes are also claimed to be sensitive 

to low doses of radiation. 5 Hug 6 has 'observed the reactions of snails, sea 

urchins, and various sea animals to moderate doses of X-rays. 

The use of heavy accelerated ions for neurobiological experiments 

became of interest when it was realized that by the use of the Bragg ioniza­

tion property, considerably more dose may be deposited at a predetermined 

location in depth at any part of the central nervous system than at the surface. 

Under certain conditions the dimensions of the beam can be made smaller 

and finer than that of a needle, and very sharply localized irradiations can 
7 

be obtained. Some year s ago several member s of the laboratory posed the, 

question as to whether, it is possible, generally, to obtain action currents in 

nerve cells by application of heavy ions and whether immediate reflex action 

can be elicited. When studying the manner in which electrical currents or 

other stimuli cause action' potentials in nerve cells, it is quite apparent that 

the current must exceed a certain minimum thre shold value in order to pro­

duce action potential and that a minimum amount of electric charge mlist be 

driven across an axon membrane in time less than about 1 millisecond. The 

principle for minimum action is true for nonelectric stimuli as well. Apply­

ing these principles to radiation, it was decided to attempt to "irritate" 

nerve tiss;ue by the application of particle pulses of short duration: The 

heavy ion linear accelerator (Hilac) has a fixed pulse length of about 2 milli­

seconds. In order to obtain a simple and rapid evaluation of the potentialities 

of the 40 MeV alpha particle beam at the Hilac as a strmulating or irritating 

agent it was decided to test the induction of the "corneal blinking reflex" in 
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rabbits. The geometrical arrangement of the epithelial cells which are in 

the cornea is one of accurate parallel layering suitable for doing experiments 

with varying beam penetration. Following the application of a single brief 

pulse of alpha particles, it was possible to elicit the corneal blinking reflex. 

In Fig. 1 we have indicated the schematic experiment, and an electrical 

recording from the orbicularis oculi muscle is shown in Fig. Z. The time 

delay following the initiating beam pulse and the waveform were typical. The 

reflex was not obtained due to the action of the secondary light on the retina, 
\ 

since there was no alteration in the response when the optic nerve was cut a 

few days prior to the application of the beam. Local ane sthe sia of the surface 

layers of the cornea abolished the response. It was possible to vary the 

depth of penetration of the particles and thereby obtain a relative sensitivity 

of the different layers of the cornea. Maximum sensitivity for initiation of 

the blinking reflex was obtained for the upper ZOO microns; this is a finding 

of some anatomical interest. Following the application of a number of par­

tic1e impulses to the cornea, the blinking reflex is abolished, and in some 

cases late pathological changes occurred in the cornea a few days following 

irradiation. These were of course restricted to the upper layers of tissue 

where direct damage was caused by the radiation. 

It became of some interest to find methods of lowering the threshold 

to particle irradiation. Pilot experiments indicated that photosensitizing 

substances, for example, eosin, caused a significant drop inithe threshold 

dose for the corneal blinking reflex. It is believed that the action of eosin 

was typical of a series of photodynamic substances. 

Additional experiments were carried out in the laboratory to under­

stand some of the basis of the irritative effect of the alpha particles obtained 

in the laboratory. Gaffey has shown that when the sciatic nerve was irradi-.· 

ated even at high doses no action potential was obtained. 8 When nitella was 

used as a test object, the particles directed at a segment of a single cell ln 

large dose s caused a bending of the cells but no action potential. On the 

other han-d, we exposed the plant mimosa pudica to~pulsedirradiahbn-.-This 

plant is known to fold its leaves and bend its stern as a response to mechani­

calor heat irritation, due to a propagated, nerve -impul se -like action. 

Single pulses of 1000 to 3000 rads. of helium ions reproduced the entire scope 

of contractions obtained by other methods. 
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Fig. 1. (a) Response to mechanical stimulation by fine brush. 
(b) Response to radiant-heat stimulation. (c) Response 
following 50000 rads in 2 msec; note delay of about 0.3 sec. 
(d) No response from sub-threshold stimulation of 10000 
rads in 2 msec. (Figure s redrawn from original recorder 
tracings. ) 
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Fig. 2. (a) Bragg ionization curve in tissue -equivalent material 
of 10.4 ± 0.2 MeV /amu 4He (calculated from unpublished data, 
Brustad and Lyman). (b) Pre sence of blinking reflex e, and 
absence of reflex 0, with the Bragg peak at different depths 
in tissue. The dose is given in terms of_parJicles_per_cm2 _____________ _ 
in the beam pulse. Data from six normal animals were used 
in the construction of this graph; the dotted line represents a 
depth-thre shold curve fitted to the data. 
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U sing the m.otor cortex of rats, and sm.all-diam.eter beam.s of 10 

Me V /nucleon alpha particle s from. the Hilac in bursts of 2 m.illisecond pul ses, 

we attem.pted stim.ulation of m.otion of the extrem.ities. In this type of exper­

im.ent the re a"re m.any variable s one m.ust control; am.ong the se is the depth 

of anesthesia, the size of the m.icrobeam. utilized, the depth of Bragg peak, 

the locality of irradiation, the rate of scanning over a given area, etc. The 

current status of experim.ents m.ay be sum.m.arized as follows. 

(1) It is possible to obtain m.otor activity of individual m.uscles or of 

groups of m.uscles by unilateral particle stim.ulation of the m.otor cortex of 

the rat. The stim.ulation by radiation m.ay be repeated several tim.es in suc­

ces sion. 

(2) A single 2 m.illisecond im.pulse is usually not sufficient to elicit m.otor 

activity. A train of im.pulses usually of about 1 second duration (15 pulses) 

is required. 

(3) Contrary to expectation, sm.all m.ic robeam.s of 1/10 m.m. in diam.eter 

appeared to be less effective than a beam. of 1/2 m.m. or 1 m.m. diam.eter. 

(4) The threshold for eliciting m.otor action from. m.otor cortex irradiation 

in anesthetized anim.als is several thousand rads per second, and there is a 

very great variability in threshold values. It appears, however, that in wake­

ful anim.als the sensitivity is greatly increased. In experim.ents when anim.als 
I 

are electrically stim.ulated in the m.otor cortex, anesthesia also decreases 

the re sponse. 

(5) Larger doses of radiation som.etim.es elicitm.ore generalized response 

with seve ral m.uscle groups stim.ulated. 

(6) If radiation stim.ulation is applied in the sam.e location repeatedly, 

after a certain num.ber of responses the responses cease. We do not know 

whether this is due to the deleterious effects of the particles or an intrinsic 

property of the system. itself. 

(7) After response has ceased at a given location, m.ore responses m.ay be 

elicited if the beam. is slowly scanned so that the location of im.pact is slightly 

changed.between each consecutive pulse. 

(8) The response although always contralateral from. stim.ulation of a given 

location was not always the sam.e m.uscle m.ovem.ent. Stim.ulation of several 

different localities clearly can elicit the sam.e m.uscle response. 



-194-

In the course of these experiITlents it has become clear that it would 

be of advantage if the experiments could be carried out in the unanesthetized 

animal, if the animal were larger than a rat, and if our ability to control 

the penetration of the beam, the bean intensity, and the duration of succes-' 

sion of impulses would improve. It is also apparent that this method of 

studying central nervous system function would become much more practical 

, if radiation-sensitive structures were to be found or if the sensitivity could 

be increased. Hug has made the suggestion that photosensitive nerve endings 

are also sensitive to penetrating irradiation, and it appears to be worthwhile 

to explore the action of photodynamic substances further; these cou],d render 

nerve endings or synapses more susceptible to radiation stimulation. 

The Omnitron will have penetrating heavy ions with exactly control­

lable range suitable for microbeams. The control on beam intensity and­

pulse frequency will also be much improved over what is available now (Fig. 

3). It is quite possible that very heavy ions, for example, argon or krypton, 

may be much more effective in initiating nerve action potentials than alpha 

particles. The use of radiation pulses for irritation or stimulation would 

have certain advantages over the use of needle electrodes since the trauma 

and hemorrhage caused by needle s would be absent; the location of the region 

irritated can be chosen precisely and in fact varied continuously. 

In certain systems, for example, the retina, very small doses of 

radiation are able to cause action potential. 1, 2 In other nerves that are 

more refractory, more energy is required. It appears that in many in­

stances the particle energy transfer required to produce a nerve impulse 

is less than the electrical energy deposited to the same end. It appears 

that radiation may initiate in these instances an amplifying process or chain 

reaction. The origin of such a reaction appears to be either at the sensory 

nerve endings or in synapses and probably not in nerve trunks. By perform­

ing microbeam experiments with heavy particles on neuron explants, we 

hope to be able to answer some of the fundamental points raised by the above 

comments. Werner Schlapfer and Abdel Mamoon of the laboratory are ac­

tively working on tissue culture experiments. 
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CENTRAL NERVOUS SYSTEM STIMULATION 
Deflecting magnets 
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Fig. 3. Schematic concept of future uses of heavy ion pulses for 
conveying "coded" messages to the brain. The coding may 
occur by (a) deflection of beam in predetermined sequence, 
e. g., scanning; (b) passage of beam through absorbers of pre­
determined profile to position the Bragg ionization peak where 
stimulation occurs; (c) coding time sequence and intensity of 
pulse s of beam; (d) using "feedback" information from periph­
ery to change coded messages. 
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PITUIT AR Y AND HYPOTHALAMIC IRRADIATION 

C, A. Tobias and D. C, Van Dyke 

SOITle of the earliest neurophysiology applications of accelerated par­

ticle research was directed toward the production of sITlall lesions in pitui­

tary and hypothalaITlus of the rat. The 190 MeV deuteron beaITl of the 184-

inch cyclotron was suitable for the production of lesions inside of the skull 

of about 1 ITlITl in diaITleter and such lesions could be accurately placed by 

X -ray diagnostic technique s, using bony landITlarks of the skull and locating 

of the lesion. Since the lesions are histologically well delineated and since 

they do not involve iITlITlediated hazard of ITlortality or excessive heITlorrhage 

they appear to be very suitable for studies of hOITleostatic control ITlecha­

nisrTIs, particularlyhypothalaITlic controL of pituitary function. 

An initial finding was that the hypothalaITlic region is ITluch ITlore sen­

sitive for acute lethality than the cortex, the brain steITl, or the pituitary. 1 

Pituitary irradiation was carried out on a nUITlber of groups of rats 

with various doise levels froITl 950 rads to 40000 rads. It was not only estab­

lished that radiation hypophysectoITlY can be as effective as surgical, but also 

that there is SOITle gradation of radiosensitivity for the production of various 

groups of pituitary horITlones. In the rat, as judged by studies of the target 

organs, the ITlost sensitive to radiation is the rate of production of growth 

horITlone and of thyroid stiITlulating horITlo'ne. 

The production of ACTH is in the interITlediate radiosensitivity range, 

whereas the level of gonodatropic horITlones is diITlinished if several thousand 

rad dqse has been delivered to the pituitary. 

At the lowest dose levels, 950 and 1500 rads to the pituitary, 2 two 

intere sting finding s eITlerged, First, many of the Lond Evans rats developed 

a late obesity accompanied by thyroid hypertropy, Secondly, after an inter­

val of many months, practically all of the aniITlals developed pituitary tUITlors 

(100% at 1500 rads dose), 

ApproxiITlately 2 years following irradiation, there were 3.5 tumors 

per gland (1500 rads) and the tumors included eosinophilic, basophilic, and 

chromophobe adenoITlas. This finding has opened possibilitie s for further 
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study of ~he relationship of induction of pituitary tumors to the function of 

target organs and the role of pituitary tumors in the etiology of other endo­

crine -originated neoplasms, 

By only irradiating part of the rat hypothalamus
3

, 4 it was possible to 

avoid late lethality in many of the rodents, Hypothalamic irradiation not 

only produced some of the well-known signs of hypothalamic injury such as 

rage or docility, it was also possible to isolate other known chronic metabolic 

disorders caused by the radiation lesions. Anterior hypothalamic irradiation 

led to hypothyroidism, diabetes insipidus, glycosuria. Physiological effects 

of posterior hypothalamic irradiation included inopthalamus and disturbances 

in temperature balance, 

Working with Blanquet5 of the University of Bordeaux, it was shown 

that injury to the median eminence to the hypothalamus 'by radiation caused 

abnormalities in thyroid function which could be correlated to changes in the 

submicroscopic structure of the thyroxin-producing cells in the thyroid gland. 

The cytomerribranes which are associated to production of thyroid appeared 

to be damaged. Whe reas the iodine uptake of the thyroids were normal, the 

biochemical step leading to the formation of thyroxine was permanently 

impaired. 

At the University of Uppsala, bilateral hypothalamic lesions were 

produced in goats, particularly in a study of the manner of control of water 

turnover in the se animal s, The regions re sportsible for control of water 

turnover were mapped in this fashion, and it was found that a more extensive 

region of the gland was involved than previously believed on the basis of 

studies with lesions produced by inplanted needles. 

The energy of the beams of the Berkeley cyclotron have been changed 

to higher energy due to the needs of physical research, and the focusing 

properties of the beam became less favorable for local lesion studies than 

previously. The beams of the Omnitron are designed, however, for optimum 

utilization in deep-seated lesions, and can be so utilized even in large animals 

or lnan. 
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HEAVY -PARTICLE PITUITARY -SUPPRESSIVE THERAPY 
IN DIABETIC RETINOPATHY 

J. A. Linfoot, J. L. Born, J. F. Garcia, 
C. A. Tobias, R. P. Kling, E. Manougian, 

C. Y. Cheung, R. A. Fink, and J. H. Lawrence 

Introduction 

Prior to the introduction of insulin therapy, diabetic retinopathy was 

rarely observed because it does not usually develop before the age of forty 

and is rarely seen in juvenile diabetics. With the ITlarked extension of life 

that accoITlpanied the therapeutic use of insulin, the incidence of vascular 

cOITlplicationshas increased and diabetic retinopathy has becoITle one of the 

ITlajor causes of blindness, second only to glaucoITla. The frequency of reti­

nopathy increases with the apparent duration of diabetes. Only 40/0 of dia­

betics have retinopathy when the duration of diabetes is less than 10 years, 

whereas over 500/0 have SOITle degree of retinopathy when diabetes has been 
1 present for longer than 15 years. The cause of the retinal changes of long-

standing diabete s reITlains an enigITla, and by and large therapy has been dis­

appointing. However, following the report by Poulsen
2 

of the aITlelioration 

of diabetic retinopathy in a young WOITlan who suffered post-partuITl pituitary 

necrosis, hypophysectoITlY has been perforITled in a liITlited nUITlber of patients 

with advancing retinopathy. 3 Although the re suIts in SOITle patients seeITl to 

have been quite draITlatic, the over-all effectiveness of hypophysectoITlY is 

not clear because of a lack of an adequate knowledge of the cour se of diabetic 

retinopathy with reference to vision and retinal changes. The absence of a 

satisfactory control group and the lack of a reasonable baseline to allow 

proper evaluation has contributed further to this confusion. Although trans­

frontal and transethITloidal surgical hypophysectoITly were the original pro­

cedures eITlployed, pituitary-stalk section, iITlplantation of 90 y in the pitui­

tary fossa, and cryo -hypophysectoITly eITlploying "a-nitrogen probe -are- pro -"­

cedures currently in use. The delivery of heavy particles to the pituitary4, 5 

is the only non-surgical technique that has been successfully eITlployed in the 

treatITlent of diabetic retinopathy. 6, 7 
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Description of Diabetic Patient Population 

Our first patient with diabetic retinopathy was treated in 1958. Since 

that time, 161 patients with advanced stages of retinopathy have received 

heavy-particle pituitary irradiation. The majority of the patients have had 

symptomatic retinopathy for a significant period of time, and although most 

are juvenile -type diabetics with the onset of diabetes in their early years, 

there were several patients in the series who developed diabetes after the 

age of 50 in whom retinopathy was the first recognized sign of the disease. 

The duration of follow-up in these patients ranges from 2 months to 96 

months, with 24 patients having been followed for 60 -96 months, 22 for 48 -59 

months, 23 for 36 -47 months, 29 for 24 -35 months, 29 for 12 -,23 months, 

and 34 patients have been followed for less than 1 year; in a few cases other 

therapeutic procedures were undertaken later which eliminated these patients 

from the heavy -particle serie s. 

The first patients treated in this series were given sufficient amounts 

of heavy particles to induce complete hypophysectomy. However, difficulties 

in managing the totally hypophysectomized diabetic patient and concern over 

the generalized vascular disease, and consequently the greater degree of vas­

cular radiosensitivity in the cerebral blood vessels of the diabetics with its 

attendant risks, prompted us to use smaller doses to produce partial pitui­

taryablation, or what we have referred to as pituitary suppression. Signif­

icant beneficial effects on retinopathy and an early fall in insulin require­

ments were observed in some patients in spite of the fact that hormonal re­

placement therapy was not required 'for ., many years after treatment. 

Analysis of R.e sults 

It is important to emphasize that the problems in evaluating the effects 

of any treatment on the complications of diabete s are extremely great. Knowl­

edge of the natural history of the microvascular complications is extremely 

limited, Under ideal circumstance s it would be desirable to set up a double­

blind study {or simply to treat every other patient}, but professional and 

practical reasons make it extremely difficult to bring oneself to adopt such 

an approach. Over the years we have accumulated a series of patients whom 

we have followed for varying periods of time before treatment, and in the 

past year a serie s of patients who were refused treatment, and in addition 
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we are currently expanding another control series and these are now being 
\ 

carefully analyzed. On the basis of our experience and the few reports in 

the literature, 8,9,10 we feel that untreated, progressive diabetic retinop­

athy advances to blindness at a rapid rate. Although our experience has 

been longer than 8 years, our analysis ITlUSt remain in the form of a progress 

report which will gain greater significance as the period of follow -up is ex­

tended, and as our control series for comparison becomes larger and of 

longer duration. 

Initially, no rigid criteria were set up for selection of patients, the 

only consideration being that they had advancing and serious retinopathy, 

but sufficient visual acuity to warrant the procedure. As a result we have 

treated a large number of patients with far -advanced renal and cardiovas.;.. 

cular disease, and with retinal pathology that we now realize is irreversible. 

The patients were selected for preliminary evaluation after a review of the 

medical and ophthalmological reports of the referring physicians. After a 

screening evaluation, the patients who were thought to be candidates likely 

to benefit from pituitary-suppressive therapy were hospitalized in Donner 

Pavilion for 4 to 5 days. During this time complete medical and ophthalmo­

logical evaluations were carried out, including laboratory assessments of 

renal and hormonal function. On the majority of patients, retinal photo­

graphs were taken with a Zeis s fundus camera; 8 to 12 separate views of 

each visible fundus were obtained. Following treatment, similar metabolic 

and ophthalmological evaluations were carried out at 1 to 6 month intervals. 

Renal biopsies were carried out on a small series of patients in order to 

evaluate the histological patterns in patients with different degrees of reti­

nopathy, and the histological findings were similar to those that have been 

observed by others. In evaluating our fundus photos we originally selected 

seven major retinal pathological Ie sions for evaluation, and this report will 

pre sent the re sults of this analysis. More recently we are employing an 

even more involved analysis; we have now accumulated approximately 7000 

fundus photos and when this more detailed analysis has been completed, we 

shall report our further findings. 

Of the 161 treated cases, there were five in whom there were insuf­

ficient follow-up data to satisfactorily evaluate the effect of treatment on 

their retinopathy. All patients who had been followed less than 1 year were 
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considered as having been treated too recently to be evaluated, and SlX 

patients who died within a year after treatment were also excluded. All 

other patients were grouped by the duration of follow -up (see Table I) and 

analyzed by groups, Thus patients who expired after 1 year were included 

with the group of patients who had been followed for a comparable period. 

Similarly, three patients who subsequently had additional treatment which 

prohibited evaluation after that time, were evaluated only prior to the sub­

sequent treatment. There were eight patients in this category; three under­

went surgical hypophysectomy and five received photocoagulation of the 

retina in an attempt to stop recurrent hemorrhages. 

One hundred twenty-seven patients were analyzed and the pertinent 

data are presented in Fig. 1. There were 77 males and 50 females in this 

group. The median age at the onset of retinopathy was 36 and the median 

duration of diabetes prior to the onset of retinopathy was 18 years. The 

median duration of retinopathy was 2 years, with the men having slight but 

significantly shorter duration of retinopathy than the females,- Thirty-nine 

percent of the patients had stable or improved vision and retinal pathology 

in both eyes, 22 percent remained stable in one eye but progressed in the 

other, and 39 percent progressed in both eyes. 

The causes of progression (see Fig. 2) were as follows: 42% pro--­

gre s sed because of vitre'ous hemorrhage (and in looking back over the se par­

ticular cases, nearly all had shown progression of their retinopathy within 

the first year following treatment); 22% progres sed because of retinal de­

tachment (and, in contrast to the above, this was usually a later developing 

event); 21% developed secondary glaucoma; cataracts and macular degenera­

tion accounted for visual deterioration in the remaining 15% of patients. 

The question always arises as to what effect the therapy has had on 

the other diabetic vascular lesions. It is only natural to hope that if one can 

arrest the progress of the vascular lesions in the eye, then similar effects 

might be produced in the kidney and other parts of the vascular system, thus 

retarding the development of renal failure and other cardiovascular compli­

cations which are the main cause s of death in diabetic s. It has been our 

experience, as well as that of others, that patients who have already devel­

oped renal failure, or have coronary artery or other advanced cardiovascular 

disease, are already in the end stage of the disease, and therapy does little 



-204 -

Table 1. Analysis of 127 patients with diabetic retinopathy 
who had received heavy -particle pituitary irradiation 

1 to 8 years prior to January 1, 1967. 

Patients treated and followed 1-8 year s: 

77 males 

50 females 

Median age 

Median duration of diabetes 

Median duration of retinopathy 

Current status of follow-up: 

12 -23 months 

24 -35 months 

36 -47 months 

48-59 months 

60 -96 months 

127 

38 

18 

2 

127 

98 

69 

46 

24 

patients 

years 

years 

years 

patients 

patients 

patients 

patients 

patients 

to alter their downhill courses. The effects on patients with lesser renal 

abnormality is more difficult to assess, since it is generally agreed that the 

natural history of this lesion is significantly longer than that of the major 

retinal Ie sions that lead to blindne ss. Our follow -up studie s confirm this 

clinical observation, and although there is almost invariably a detectable 

abnormality in renal function in the majority of cases with diabetic retinop­

athy, we have found little evidence for a correlation between the extensive­

ness of the retinal and renal lesions in a given patient. 

In our series there are 15 patients (12%) who have normal creatinine 

clearances and no proteinuria; by and large these patients have had little 

change in their renal function during their follow -up periods. There are 41 

patients (32%) who have had clinical azotemia, defined in our series by having 

a serum creatinine of 1.5 mgm. per 10-0jml or-higher; half of th-e-s-e -patients -

have shown further deterioration of their renal function, and the other half 

have not shown a significant change. There are 71 patients (56%) in the series 

who had no proteinuria, although the majority of these did have significant 

decreases in the creatinine clearance. Thus 88% of the patients had some 
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MEDIAN AGE, 
ONSET OF RETINOPATHY = 

PRE-CLINICAL 
DIABETES 

TREATMENT 

1-8 YRS 
18 YRS 2 FOLLOW-UP 

DIABETES - RETINOPATHY 

MEDIAN DURATION 

DBL672-1524 

Fig. 1. The cour se of preclinical diabete s, clinical diabete s, 
and of diabetic retinopathy in 127 patients is illustrated 
graphically. The results of treatment are summarized on 
the right side of the graph. The patients with .stabilized or 
improved vision are shown below, and those with progre s­
sive loss of vision above. 
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CAUSES OF PROGRESSION 

1. Vitreous hemorrhage 42% 
2. Retinal detachment 22% 

SIP 22% 3. Glaucoma 21% 
4. Miscellaneous 15% 

S 39% 

127 patients 

DBL672 -1525 

Fig. 2. Causes of progression in diabetic retinopathy. In 
general, vitreous hemorrhages occurred shortly after treat­
ment whereas retinal detachments often did not occur until 
later. 
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abnormality of renal function and were thus considered to have detectable 

diabetic nephropathy. Follow-up of 1 to 8 years in these cases reveated 

that nearly three-fourths of the patients had either a decrease or no change 

in their urinary protein excretion, and about one-half have also shown im­

provement or lack of change in their 24 -hour creatinine clearance; approxi­

mately one -fourth of the patients had a significant inc rease in proteinuria, 

and nearly one -half of these also had some decrease in the creatinine clear­

ance. It is obvious that more prolonged follow -up and additional histological 

studies of the vascular system will be required to assess significant pro­

gression, stability, or regression of these vascular lesions. 

The third member of the so -called triopathy of diabete s 18 diabetic 

neuropathy. We have employed only clinical examinations in our assess­

ment of this lesion, and therefore we have stuided neuropathy somewhat less 

critically. But on the J:>asis of these clinical observations, we have failed to 

find any influence whatsoever on pre -existing diabetic neuropathy, and in 

fact have observed aggravation of autonomic neuropathy with postural hypo -. 

tension in patients with panhypopituitarism. 

Thirty-one of all the 161 treated patients have expired. The most 

common cause s of death (see Table II) were uremia and myocardial infarc­

tion. Two of the patients who received hypophysectomizing doses of radia­

tion died of adrenal insufficiency, and a third patient died of hypoglycemia. 

The autopsy findings in the pituitaries of these patients showed changes 

ranging from less than 10% destruction in patients receiving low doses of 

radiation who expired shortly after treatment, to 99% destruction in those 

patients receiving ablative doses of radiation. Three patients in the series 

of 161 case s developed extraocular motor nerve pal sie s. One additional 

patient developed symptoms compatible with temporal lobe seizures, which 

were controlled with anticonvulsant therapy. All of these side effects 

occurred in the patients receiving large doses of pituitary irradiation, and 

no clinically apparent complicati'ons have been observed in any of the patients 

treated in the last 5 years. Thus, the morbidity of the procedure remains 

low, with observable side effects in only 2.5% of all the treated patients. 
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Table II. Cause s of death. 

Causes of death 

Renal 17 

Cardiovascular 10
a 

Adrenal c risi s 2 

Hypoglycemia 1 

Suicide 1 

Total 31 

Age s at death 

22-30 4 

30-40 14 

40-64 13 

a 1 eVA. 

Metabolic Effects 

The metabolic effects in these patients are of considerable interest. 

As indicated previously, the patients treated with ablative amounts of heavy 

particles developed clinical hypopituitarism within 6 weeks to 6 months after 

treatment, and replacement therapy with hydrocortisone and thyroid had to 

be instituted. Many of the patients; treated with Ie sser amounts of heavy par­

ticles have not required replacement therapy for 3 to 4 years after treatment. 

At all treatment levels a significant change of insulin requirements had been 

observed, with the most striking changes, of course, observed in those groups 

receiving complete pituitary ablation. In this high-dose group, the median 

fall in insulin requirement was 56% (see Fig. 3); in those receiving inter­

mediate doses, it was 44%; while in those receiving low doses it was only 

29%. It also became apparent that there were individual variations that have 

to be taken into consideration. In general, in this low -dose group there were 

a number of patients who displayed no significant fall in insulin requirements, 

and in addition, they showed less beneficial effect on their retinopathy. We 

have felt that this is the lowest dose that could be effectively employed in 

diabetic retinopathy, and that higher doses were probably more desirable. 

The majority of patients receiving 8000 to 14000 rads have not required 
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Low dose 

n = 16 

Intermediate dose 
n = 23 

0> 40 
L.. High dose o 

n 12 

20 

o~ ____________________________________________ ~ 
36 months 

after treatment 

DBL 672-1523 

Fig. 3. The median fall in insulin requirement 36 months after 
treatment, comparing groups of patients treated at three dose 
levels. The greatest fall was seen in those patients receiving 
the higher doses, although there is some overlap within these 
groups, indicating individual factors influencing the suscepti­
bility to pituitary suppression. 
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replacement therapy even 3 to 4 years after treatment. Shortly after treat­

ment, this group had striking falls in insulin requirements, but maintained 

normal, although reduced, basal excretion of adrenal corticosteroids and 

thyroid func tion. Many of the se patients show some reduction in their AC TH 

reserve, as measured by the Metopirone test, and some patients have had 

some decrease in the urinary gonadotropin excretion. None of the patients 

who has had a significant fall in insulin requirement (10 units or more) has 

had an increase in insulin requirement later, except when replacement ther­

apy with cortisone or thyroid had been instituted. 

With the availability of a sensitive radioimmunoassay for growth hor­

mone, VJe have been able to observe the development of increased insulin 

sensitivity and loss of the growth hormone response to hypoglycemia in a 

number of the patients who have normal basal thyroid and adrenal function 

(see Fig. 4). Furthermore, one can follow the progre ssi ve change in growth 

hormone response to hypoglycemic stimulus when these tests are done seri­

ally following heavy -particle treatment. A similar gradual decline in growth 

hormone levels is observed following heavy particle treatment in ac romegaly. 

Summary 

One hundred and sixty-one patients with progressive retinopathy have 

received heavy-particle pituitary irradiation and have been followed from 2 

to 96 months. Of 127 patients in whom there were sufficient data and who 

had been followed for 1 to 8 year s, 39% had improved or stable vision: in 

both eyes. Twenty-two percent had stable vision in one eye, but showed 

progressive loss of vision in the other. Thirty-nine percent of the patients 

developed progressive loss of vision in both eyes. The major causes of 

progression were recurrent vitreous hemorrhages, retinal detachment, and 

secondary glaucoma. Stabilization of the retinopathy, observed- in patients 

receiving as little as 8000 rads; does not seem to depend upon complete 

suppression of pituitary function. A significant drop in insulin requirements 

was seen with greater frequency in the patients who had a favorable response 

to therapy. No definite effects on nephropathy or neuropathy have been ob­

served. Many patients were found to retain adequate basal adrenal and thy­

roid function, but to lose the ability to secrete growth hormone in re sponse 

to a hypoglycemic stimulus. Thirty -one patients have expired, 27 of the 
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HEAVY -P ARTICLE IRRADIATION 
GROWTH-HORMONE RESPONSE TO HYPOGLYCEMIA 

20.---------------------------------------------------. 
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Fig. 4. The growth hormone response to hypoglycemia was 
reduced in seven adult-onset diabetic s who had received 
heavy particle therapy 2 to 3 years previously. The shaded 
bars represent the growth hormone level prior to injection of 
0.1 u of insulin intravenously, and solid bars the maximum 
growth hormone rise in re sponse to hypoglycemia. In all 
cases the blood sugar fell 50% or more after insulin. The 
response of the diabetics (middle graphs) is compared to 
four normal subjects on the left, and three surgically hypo­
physectomized patients on the right. 
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deaths being due to renal or cardiovascular complications. The procedure, 

as described, is associated with no mortality, has a very low morbidity, and 

can be safely utilized in patients with early diabetic retinopathy. 
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GROWTH HORMONE STUDIES IN ACROMEGALY 
IN PATIENTS RECEIVINq PITUITARY IRRADIATION 

J. F. Garcia 

The study of the physiology of growth hormone secretion in normal 

and pathological situations has been stimulated in recent years by the develop­

ment of highly sensitive radioimmunoassay procedures. 1 With the relatively 

recent application of a variety of methods for the treatment of acromegalys 

an objective means of assessing the effect of treatment, other than by clinical 

signs, has become mandatory, The ability to measure the plasma growth 

hormone (PGH) level should provide such an objective measure of tumor ac­

tivity' and thus of the effect of the treatment on the course of the disease. A 

preliminary study by Linfoot and Greenwood2 revealed a striking decrease in 

PGH level s of ac romegalic patients after pituitary irradiation with heavy par­

ticles. The present study presents our further experience with a plasma 

gro'Nth hormone radioimmunoassay on a large group of acromegalic patients 

studied before and after heavy particle pituitary irradiation. 

The method used for the radioimmunoassay of growth hormone has 

been modified from that of Hunte r and Greenwood. 3 Human growth hormone 

(HGH) (kindly supplied by Prof. C. H. Li, University of California, Berkeley) 

was used to immunize rabbits, and also labeled with iodine -125, using the 

Chloramine T method of Greenwood et al. 4 The antibody-bound HGH-iodine-

125 was precipitated by using a goat antirabbit gamma globulin serum (ob­

tained from Antibodies, Inc., Davis, California). The percentage of the 

labeled HGH that was bound to antibody was plotted against the logarithms of 

the concentrations of standard HGH (a gift from Prof. A. E. Wilhelmi, Emory 

University, Atlanta, Georgia. Lot No, HS503A had a specific activity of 1. 7 

L U. /mg, standardized in terms of the bovine growth hormone international 

standard). The concentrations of HGH were read directly off such a curve 

and are therefore expre s sed in mjJ.g of the standard HGH preparation used. 

Plasma growth hormone studie s have been carried out on a total of 

56 acromegalic patients thus far. In addition to other studies, the PGH 

levels have been determined in 23 of these patients throughout insulin toler­

ance' glucose tolerance, and hydrocortisone -modified glucose tolerance 
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studies berore and periodically after heavy particle pituitary irradiation. 

Figure 1 sUITnnarizes the results in terITlS of fasting PGH levels thus far 

obtained in acroITlegalic patients following treatITlent. The average fasting 

value at bed rest in the 23 acroITlegalic patients before treatITlent was 50.7 

ITlf.Lg/ITlI with a range of 5.7 to 212 ITlf.Lg/ITlL Because of the treITlendous 

variation in the initial PGH values, it was necessary to relate the later PGH 

values in each patient to his or her pretreatITlent value in an atteITlpt to SUITl­

ITlarize the overall effectiveness of the treatITlent. Thus, the points are 

plotted as the percentage of the pretreatITlent fasting values. Thirteen 

patients of 18 studied at 6 ITlonths following treatITlent showed a certain 

degree of depression in fasting PGH values. In spite of the fact that five 

patients showed no change or a slight elevation at this tiITle, the overall 

average was a depression to 74.7% of the pretreatITlent fasting PGH value. 

All of the values in 15 acroITlegalic patients studied at 12 ITlonths after treat­

ITlent showed a depre ssion in fasting PGH to approxiITlately 51% of the pre­

treatITlent value. At 24 ITlonths following treatITlent the PGH value s were fur­

ther reduced to 30.5% of the initial values. Typical curves of the actual 

fasting PGH values observed in six of the acroITlegalic patients are presented 

in Fig. 2 as a function of tiITle following alpha-particle irradiation to the 

pituitary. Unfortunately, no pretreatITlent data were available on a series of 

aCToITlegalic patients who had been treated ITlore than 2 years prior to this 

study. However, in 10 acroITlegalic patients studied 5 to 7 years after treat­

ITlent, the ITlean fasting PGH value was 3.0 ITlf.Lg/ITlI with a range froITl 0.2 to 

12.5 ITlf.Lg/ITlL At this point the only cOITlparison that can be ITlade is with the 

pretreatITlent average of the other group of acroITlegalic patients, which was 

5 O. 7 ITlf.Lg/ITll, or approxiITlately a 17 -fold difference in PGH level 5 to 7 years 

after treatITlent. 

As a group the acroITlegalic patients showed very little or no increase 

in PGH in response to the hypoglyceITlia produced by the injection of 0.1 unit 

of insulin per kilograITl. Also, all acroITlegalic patients showed a failure of 

PGH to suppress to norITlal levels during oral glucose tolerance tests. How­

ever, the ITlajority of the patients showed a slight to ITloderate fall 2 to 2.5 

hours after the 100 graITl glucose load. In a group of 29 untreated acroITlegalic 

patients the ITlean fasting PGH level prior to the glucose adITlinistration was 

45 ITlf.Lg/ITlI (range 6.5 to 245 ITlf.Lg/ITll), while the ITlean values at 90 and 180 

ITlinutes were 33 and 32 ITlf.Lg/ITlI respectively. 
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FASTING PLASMA GROWTH HORMONE VALUES 
IN ACROMEGALIC PATIENTS AT VARIOUS TIMES 
AFTER TREATMENT AS APER
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FASTING PLASMA HGH IN ACROMEGALIC PATIENTS 
RECEIVING PITUITARY IRRADIATION 
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The effect of the administration of hydrocortisone on fasting PGI-f . 

levels in acromegalic patients was of cOIJ.siderable interest. Nineteen un­
treated patients received hydrocortisone (40 to 60 mg) 8.5 and 2.0 hours 

prior to obta'ining fasting plasma samples. The fasting PGH values were 

lower in all patients except one when compared with the usual fasting values 

in these patients. The mean fall was 30% or approximately that seen follow­

ing the administration of oral glucose in these patients. A similar suppres­

sion by hydrocortisone of PGH levels was observed in acromegalic patients 

studied at 6, 12, and 24 months. following treatment, in spite of the appreciable 

changes produced by the treatment. 

The plasma growth hormone level in the ac romegalic. patients appear s 

to require considerable time to reach low levels following alpha-particle 
[ 

irradiation to the pituitary; however, the consistency of the depression in 

PGH levels is rewarding. This gradual fall in PGH observed in the acro­

megalic patient appears to be unique to this form of therapy and would seem 

to distinguish this mode of therapy from surgical hypophysectomy5 or cry-
6 • 

ohypophysectomy, which result in a relatively sudden depression in PGH 

levels. 

In summary, a radioimmunoassay for HGH which employs iodine-

125 -labeled HGH and a precipitating antigamma globulin antiserum has been 

used to measure the plasma growth hormone levels in acromegalic patients 

before and after treatment with alpha-particle irradiation to the pituitary. 

In addition to clinical signs of improvement of ac romegaly following 

. treatment, objective evidence 6f improvement was obtained in all treated 

patients in terms of their PGH level s.. Following treatment of ac romegalic 

patients, the fasting PGH level appears to be the best assessment of the' 

effectiveness of the treatment. 
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HEAVY PARTICLES IN ACROMEGALY 

E. Manougian 

Acromegaly is a disease characterized by overproduction of a growth 

hormone by a nonmalignant anterior pituitary tumor. The predominant cell 

type in the tumor usually contains eosinophilic granules, but occasionally 

these cells contain no granules. 

The disease is uncommon but not rare. Indeed, since the changes it 

causes are often subtle, the disease may be more common than is generally 

believed. 

Signs and symptoms of ac romegaly can often be related to the pitui­

tary tumor itself or to the effects of excessive growth hormone. However, 

certain symptoms, such as headache" may sometimes be inexplicable. The 

tumor itself may compress surrounding structures such as the optic nerves, 

the oculomotor __ nerves, or the anterior pituitary gland, and thereby produce 

varying degrees of visual deficit, weakness of the extrinsic eye muscles, or 

hypopituitarism. The overproduction of growth hormone induces various 

changes, among which are the enlargement of the soft tissues of the body, 

including many of the internal organs and glands, as well as growth and cor­

tical thickening of some or all bone s (depending upon whether or not the 

epiphyses of the bone s have closed). Change s in carbohydrate tolerance, 

including a form of resistance to the effects of insulin, also occur. 

The cause s of death are frequently due to the heart disease which 

develops more rapidly in this group of patients than in the gene ral population. 

Less frequently death is due to (1) diabetes mellitus which develops in a 

large percentage of these individuals, or (2) hypopituitarism with secondary 

hypoadrenocorticism, or (3) extension of the tumor. 

The objectives of treatment are (1) to correct the metabolic error, 

namely the excessive production of growth hormone, (2) to relieve tumor 

compression and (3) to prolong life expectancy. 

Many forms of treatment have been tried for this disease. The var­

ious forms of therapy include surgical excision of the tumor, administration 

of necrotizing agents to the tumor, and inhibition of the adverse metabolic 



-220 -

effects through the use of medications. The various medications used include 

the hormones estrogen and testosterone (and, of course, insulin in individuals 

who developed juvenile -type diabetes). The necrotizing agents used are pho­

tons, elementary particle s, ionized helium atoms, or various forms of freez­

ing' such as the liquid-nitrogen probe. These necrotizing agents may be ad­

ministered either externally or internally, this latter requiring surgical im­

plantation of the necrotizing agent. As one of my mentor s once remarked, 

the effectiveness of treatment for any given disease is inversely proportional 

to the number of forms of treatment for that disease. Nonetheless, it would 

appear that we are approaching a form of therapy that may become the "ideal" 

modality for this disease in that it best fulfills the objectives of treatment. 

This ideal method is based on the use of external irradiation of the 

pituitary tumor. It has the least morbidity and no mortality risk. However, 

with the present forms of administration, we are limited in the dose we can 

deliver to the pituitary fossa without affecting surrounding tissues. Thus in 

patients with excessively large tumors, only less than optimal doses may be 

delivered, and in patients with neurological signs, such as visual deficit due 

to tumor compression, surgical excision of the tumor is still necessary. 

Thus, we have not reached a single ideal form of therapy for this disease. 

To show, however, that when applicable it does fulfill the objectives of the 

treatment, we pre sent the following data. 

Since February 1958, 57 acromegalic patients have been treated at 

the 184 -inch cyclotron, using a-particle irradiation. Only two have died: 

one, 3 -1/2 years after treatment, from a heart attack (following long-standing 

cardiomegaly); the other patient took his own life 7 months after treatment, 

before maximum effect of therapy was achieved. As can be seen from Fig. 1, 

there has not been sufficient post-treatment time to evaluate the effect of 

treatment on life expectancy. 

The metabolic error in this disease is best studied by determining 

the concentration of circulating plasma growth hor_I?on_e. This._has_ b~er:_pos­

sible only recently. Other useful parameter s are the glucose tolerance te st, 

and the insulin tolerance te st. Table I shows that there was a return to nor­

mal in nearly all subjects who had been followed for five to seven years after 

treatment. It is clear from these data that accelerated particles are effec­

tive in the therapy of ac romegaly. 
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Table 1. Change s in glucose tolerance, insulin tole rance, 
and plasma growth hormone up to 7 years after 

tumor irradiation in acromegalic patients. 

Test 

Glucose tolerance 

Insulin tolerance 

Plasma growth hormone 

Percent Abnormal 

Pretreatment 

52 

86 

100 

2 years 
after 

treatment' 

o 
12 

73 

5 -7 years 
after 

treatment 

10 

The use of a-particles in the therapy of acromegaly is a step beyond 

the use of photons in the form of conventional X-ray and cobalt-60 gamma 

rays in that the a-particles can be delivered safely at larger doses than 

photons. However. further development is needed along the line of external 

radiation therapy to the pituitary tumors. A need exists for the study of the 

effectiveness of various ions as well as the need for techniques to better 

localize the radiation. It seems quite likely that with such methods we will 

be able to effectively treat not only acromegalic patients with moderately 

enlarged pituitary tumors, but also those with markedly enlarged tumors 

with or without compre s sion effects. 
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HEAVY PARTICLES IN RADIOSURGERY 
OF THE PITUITARY IN CUSHING'S DISEASE 

J. A. Linfoot, ,J. L. Born, C. A. Tobias, E. Manougian, 
C. Y. Cheung, and J. H. Lawrence 

'Adrenal hypercorticism may result from benign or malignant adrenal 

tumors or hyperplasia of the adrenal cortex. The former are ordinarily 

unilateral while adrenal cortical hyperplasia is always bilateral. Congenital 

adrenal hyperplasia results from an inborn enzyme defect affecting steroid 

biosynthe sis, e specially hydrocortisone production. Since hydrocortisone 

is the most potent naturally produced -corticoid-inhibiting adrenocorticotrophic 

hormone (ACTH) r,elease by the pituitary, it is essential for the proper func­

tionof the hypothalamic -pituitary-adrenal axis .. Under normal circumstances 

the "feedback" mechanism operates in such a fashion that high levels of hydro­

cortisone suppress ACTH and low levels permit a rise in ACTH. In adrenal 

hyperplasia the hypothalamic -pituitary system is functioning normally but the 

low levels of circulating hydrocortisone result in increased ACTH secretion, 

causing a compensatory increase in production of all adrenocortical hormones. 

Androgens are notably increased, resulting in a masculinizing syndrome 

which is usually detectable at or shortly after birth. The defect can be de­

tected by the presence of large amounts of hydrocortisone precursors which 

are not normally pre sent in the urine. Congenital adrenal hyperplasia can 

be successfully treated by administering hydrocortisone or one of the newer 

synthetic analogues which suppresses pituitary ACTH secretion and provides 

adequate amounts of hydrocortisone to sustain life. 

Cushing's syndrome is a term reserved for a group of acquired forms 
1 

of hyperadrenocorticism. While the original description by Cushing in 1932 ~ 

referred to those conditions associated with either hyperplasia or adenomata 

of the basophilic cell s of the anterior pituitary, it was subsequently found 

that similar clinical pictures were seen with benign or malignant adrenal 

tumors (they are usually unilateral) and adrenocortical hyperplasia (always 

bilateral). The latter condition almost always is the re sult of an altered 

hypothalamic -pituitary-adrenal axis (L e., small amounts of ACTH are 

released in spite of high circulating levels of hydrocortisone). However, 



-224 -

it has recently been found to result occasional1y from the secretion of ACTH 

by malignant extra-pituitary tumors. 2 Between 15 and 250/0 of the former 

cases 3 , 4,5 are associated with clinical1y detectable pituitary tumors, 

although the true incidence of the se tumors has not been determined. Many 

of these tumors are not detectable until after bilateral (total) surgical removal 

of the adrenal glands, which of course, corrects the hyperadrenocorticism 

but would not be expected to affect the altered hypothalamic or pituitary 

function. Although total surgical adrenalectomy, 6 made possible by the 

availability of adrenocortico-steroid therapy, has been a highly successful 

treatment for acquired adrenocortical hype rplasia, the relatively high inci­

dence of pituitary tumors in these cases plus the abundant physiological data 

that altered ACTH secretion is the primary disturbance, has returned interest 

to the pituitary as the initial site for therapy as original1y suggested by Cush­

ing. Unfortunately orthovoltage X-ray and'more recently high voltage X-ray 

therapy have only irregularly been associated with adequate and sustained 

remissions. 7, 8 Surgical hypophysectomy is a formidable procedure and wil1 

almost invariably necessitate sacrifice of al1 pituitary trophic hormone func­

tion. Highly satisfactory results have been reported following the implanta­

tion of 90 y into the pituitary fossa. 9 Results with such techniques are supe­

rior to conventional X -ray and gamma ray therapy, which cannot safely de­

liver adequate depth doses without endangering parasel1ar structures, e. g. , 

the cranial nerves, hypothalamus, and temporal lobe s. Heavy particle ther­

apy is the only form of teletherapy that can accurately and safely deliver 

large doses of high energy particles to the pituitary and is the only non­

surgical technique that has been shown to be effective in the treatment of 

acquired bilateral adrenocortical hyperplasia. 10 Since 1959, 12 patients 

with Cushing's syndrome due to bilateral adrenal hyperplasia, which we 

shal1 refer to as Cushing's disease, have been treated with heavy particles 

from the 184 -inch synchrocyclotron. All of the patients were extensively 

studied to rule out the presence of adrenaLtumor.s_as_well as_extr.apituitCl..!:.-y_ 

ACTH-producing tumors. 3 Four of these patients (3F,1M) had pituitary 

tumor s which developed after total adrenalectomy. All had marked hyper­

pigmentation which is characteristic of this clinical syndrome. Two patients 

(JV, J A) had had previous adrenal surgery, but hyperadrenocorticism had 

recurred due to hypertrophy of a small adrenal remnant in one patient (JV) 
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and pre sumably aberrant adrenal tissue in the other. The remaining 7 cases 

(5 F, 2 M) had heavy particle therapy as primary treatment. The pretreatment 

hormonal data is summarized in Table la. All of the patients had slight to 

markedly elevated urinary 17 -hydroxycorticosteroids.( 17 OHCS or hydro­

cortisone metabolites), but only 3 patients had elevated 17-ketosteroids 

(androgens). All of the patients had exaggerated responses during metyrapone 

tests (a procedure that separates hyperplastic from neoplastic adrenals, since 

the latter fail to re spond). This proved to be a valuable means of following 

the cases after treatment. A marked response to ACTH was also seen in all 

cases. All but one of the cases had a suppression of urinary 17 OHCS after 

3 days of high dose (8 mg/d) dexamethasone, a synthetic hydrocortisone 

derivative which is even more potent than the latter in suppressing ACTH 

secretion. These three tests indicate that while the pituitary and adrenals 

respond in an exaggerated fashion to metyrapone and ACTH and require an 

inordinately large amount of dexamethasone to reduce urinary steroid output, 

the direction of response in all instances is normal, suggesting that the 

threshold at which a given re sponse occurs has been altered in Cushing IS 

disease. Further confirmation of hypothalamic -pituitary abnormality in 

these cases lies in the loss of the normal diurnal or more correctly circa­

dian variation (rhythm) in plasma steroid levels. Normally the early morn­

ing value is significantly higher than the evening value, while in these cases 

evening values were only slightly lower than the morning levels in all patients 

in whom it was te sted. 

The post-treatment data is summarized in Table lb. All of the 

patients showed an early effect following heavy particle therapy (6000 to 

12 000 rads delivered in 12 days), as evidenced by less exaggerated metyra­

pone tests and subsequently a gradual fall in basal urinary steroid exc retion. 

After longer periods had elapsed, less exa.ggerated (normal) responses to 

ACTH were often observed. Dexamethasone suppressability was only studied 

in a. few patients after treatment and by and large was unchanged even when 

the basal steroid excretion had returned to normal. The circadian rhythm 

was restored in only one patient and in fact, the rhythm was observed to be 

reversed in four patients in spite of a fall in steroid output. The significance 

of this remains to be determined. 



-226 -

Table la. Pre -treatment. 

Metyra- Dexa-
Urinary Urinary pone ACTH methasone Diurnal 

Patient 170HCS 17 KS test test test steroids 

RK F t N t t t A 

RS F t N t 4' t A 
, 

RC M t N f t t A 

DM F t N ifI t ~ A 

JV F ;1/ N / ;1/ ~ A 

JA M t N --;i;. t W A 

JD F / ifI if' 4' t A 

PO F t + t 4' t A 

PD D t t ;1/ ~ t A 

Table rb. Post-treatment. 

RK N N If t 'A 

RS
a 

N/~ N t/ifl ~/ t R 

RC N N W W t R 

DMb N/t N t/4' ~/1' R 

JV N N ...,;.. ~ t N 

JA N N ~ ~ A 

JD ~ -?>- W N 

PO N N t R 

PD
c 

if'increased; ;1/ slightly increased; ~ no change; W decreased 

N = normal; A = abnormal; R = reversed. 

------------------------------------------------------------------
a 

Relapsed at 24 months. 
b 

Relapsed at 12 months. 
c 

Treated too recently to evaluate. 
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As mentioned previously, all the patients showed an early effect of 

treatment on pituitary function and went gradually into partial or complete 

remission within 3 to 6 months after treatment. Two patients subsequently 

relapsed, one of whom underwent bilateral adrenalectomy 40 months after 

treatment. The second patient (D. M., who may have different hypothalamic 

pathology than the other cases) has had a severe neurological disability 

(spastic quadriplegia) which had been pre sent for many years and was the 

result of an attack of encephalomyelitis at 11 months of age. She is currently 

being cared for in a county -institution and is unlikely to tolerate any--!:rlngical 

intervention. Seven of the remaining patients appear to be continuing to' show 

gradual improvement as indicated. The first patient was treated over 7 1/2 

years ago and remains in remission. Typical response of these patients who 

have shown a favorable response to treatment is shown in Fig. 1. While the 

re sults are encouraging, further follow -up will be neces sary before final con­

clusions can be reached. The four patients with hyperpigmentation and pitui­

tary tumors have all had arrest of further pigmentation and two have shown 

gradual regression of pigment. Further sellar enlargement has not developed 

and none have required surgical decompression. Two of the nine patients 

have become mildly hypothyroid and required thyroid replacement. Other 

trophic hormone functions appear to be intact in the remaining patients. 
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PRELIMINARY OBSERVATIONS ON AN UNTREATED 
CONTROL SERIES IN DIABETIC RETINOPATHY 

R. P. Kling ':' and J. A. Linfoot 

A m.ajor problem. in evaluating the effectivene s s of therapy on the 

vascular com.plications in diabetes mellitus is the lack of specific inform.a­

tion about the natural history of the Ie sions. Thus the que stion continually 

arises: How would the lesions in a given patient behave if left untreated? 

Several techniques have been employed in solving sim.ilar problems in clini­

cal investigations, e. g., the double blind study, sham. operations, alternat­

ing treatm.ent schedules, etc. Properly done, these techniques are undoubt­

edly superior to prospective and retrospective case reviews. Unfortunately, 

certain ethical and practical problems arise when one is dealing with patients 

with advanced vascular complications and im.pending blindne s s. It has been 

our feeling, as well as that of other s, that the visual prognosis is poor enough 

in the m.ajority of patients treated for rapidly advancing diabetic retinopathy, 

that a group of untreated patients with similar complications followed in com.­

parable m.edical facilitie s could serve as a "control" group. Two such groups 

have been set up. The first group consists of over 100 patients who have been 

refused heavy particle therapy for a variety of reasons, mostly, however, 

because of coexisting advanced renal and cardiovascular com.plications. 

Analysis of this group is now in progress. This report deals with a study 

established at another institution. 

Since 1964, 116 patients with diabetic retinopathy have been followed 

at the District of Colum.bia General Hospital Eye Clinic. Ophthalmological 

and medical exam.inations, fundus photos, and appropriate laboratory studies 

have been obtained in the m.ajority of the patients. The ages ranged from. 

17-74 years and the duration for diabetes 2-29 years; about one-half had a 

fam.ily history of diabetes. Diabetic control was considered poor to fair as 

"-
-"Assitant Professor of Ophthalmology, Georgetown,University School of 

Medicine, Washington, D. C. Consulting Ophthalm.ologist, Donner Labora­

tory of the Lawrence Radiation Laboratory, Berkeley, California. 
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a group anq, in view of the econor.pic status of the patients, might be expected 

to be somewhat poorer than the p~tient treated at the Donne,r Laboratory. In 

general, most of the patients! retinopathie s would be considered "mild" or 

"early" since patients with anything more than minimal retinitis prolife rans 

(irreversible scarring) or retinal detachment were excluded from the group. 

Thus these patients compare best with the Donner patients who had early 

retinopathy and were treated in the past several years. 

Analysis of the fundus photos in these 116 patients reveals that about 

50% of the patients had progressed during the 1i,..2 years of follow-up and , 
about 50% have remained stable or progressed little in the interval. The 

latter group are mostly older patients with later onset of retinopathy. 

A more detailed analysis of the specific lesions showed that micro­

aneurysms and retinal and vitreous hemorrhages corne and go. Venous and 

arteriolar changes never improved. Neovascularization never disappeared, 

although it did hemorrhage and scar. It never stabilized completely, although 

in some cases the rate of progression was remarkably slow. Hard retinal 

exudates diminished but were replaced by others, while soft exudates dis­

appeared completely or were followed by hard exudate. 

While this "control" serie s has not been followed a sufficient length 

of time to draw final conclusions, the changes that have been observed have 

provided valuable information on the natural behavior of retinal Ie sions in 

diabetic s who have not received pituitary ablation. Extension of follow -up, 

of course, will enhance the value of this series and make it possible to make 

furthe r clinico -pathological comparisons. 
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LONG-TERM FOLLOW -up ON 45 PATIENTS 
WITH DIABETIC RETINOPATHY TREATED WITH 

HEAVY -PARTICLE PITUITARY -SUPPRESSIVE THERAPY 
BETWEEN 1958-1961 

J. L. Born, J. H. Lawrence, J. A. Linfoot 
E. Manougian, and R. P." Kting 

The effect of pituitary ll1anipulative procedures on diabetic retinop­

athy has never been precisely assessed. This is because the natural history 

of the disease shows a variability in the cour se of its progres sion to blind­

ness 1,2 which alll10st necessitates the establishll1ent of a control group for 

each series of patients subjected to any of the treatll1ent ll1odalities. During 

the last several years we have been building up two such control groups of 

randoll1ly selected untreated patients with diabetic retinopathy: one here at 

Donne r Laboratory, Univer sity of California ( 100 patients now being analyzed) 

and another at Georgetown University School of Medicine by one of our col,.. 

labor~tors (Kling and Linfoot
3

). However, we can find no control groups at 

present which exist concurrently froll1 the till1e of institution of any long­

term treatll1ent series.' Keeping this problell1 in ll1ind, we have written the 

pre sent report,which is a re -evaluation in January 1967 of a group of 45 

patients who had received pituitary irradiation with heavy particles prior to 

Decell1ber 1961 and who have now been followed for periods of 5 to 8 years. 

It is hoped that the conclusions reached, despite the absence of an analysis 

of our long-terll1 control series, will aid in an understanding of the effect of 

pituitary heavy particle irradiation on diabetic retinopathy, and thus be of 

help in deterll1ining SOll1e of the factors ill1portant in selecting patients who 

are likely to benefit froll1 this therapy. 

During the period frOll1 March 1958 through Decell1ber 1961, a total 

of 45 patients with diabetic retinopathy were treated. In this group there 

were 14 WOll1en and 31 men, The patients were alll10st equally-d-i vided be­

tween growth-onset diabetics (those whose diabetes was diagnosed before 

age 20) and ll1aturity-onset diabetics, the distribution being 21 and 24 respec­

tively. The ll1edian duration of diabetes all10ng the growth-onset group was 

22 years while that of the maturity-onset group was 15 years, The duration 
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of retinopathy before treatment of the growth -onset group was 2 year s while 

that of the maturity-onset group was 1 yea:r. We h~ve 100% follow-up. 

This group of 45 patient were patients whose remaining vision, how­

eve r slight, was threatened with total blindne ss from progre ssi ve disease. 

They ranged from those having good vision to those with economic and legal 

blindness but not total blindness. It was assumed that if these patients had 

sufficient remaining vision to care for their economic and personal needs, 

the attempt to pre serve any degree of vision was warranted. No patients 

were excluded from this early group on the basis of cardiovascular or renal 

disease. This is reflected in the los s of 22 patients from the serie s by 

reason of death; in all but 2 cases deaths were from cardiovascular or renal 

disease, the median survival perdiod being 33 months. 

A histogram of the 45 patients comprising this series 1S shown in 

Fig. 1. This graph shows cumulatively the number of patients irradiated 1n 

the years 1958 through 1961, separating within each year those with stabilized 

vision in both eyes, those with stabilized vision in one eye, those whose loss 

of vision had progressed, and those who had died. The graph then passes 

over the intervening years of follow-up from 1962 through 1966 and re­

evaluates the status and composition of this same group of 45 patients on 

January 1, 1967, when the follow-up period was at least 5 years (range 5-8 

years). This 1967 evaluation shows that 23 of the original 45 patients are 

still living and 10 of these have stabilized vision in both eyes for the entire 

period of follow-up after treatment, the median duration of stabilization 

being 6 years and 1 month. An additional 3 living patients show stabilization 

of vision in one eye alone, the median duration of stabilization being the 

same. An additional 10 patients are still living, but their visual acuity has 

decreased so that they now show,. in 1967, loss of their original vision, 

which usually occurred within 18 months after treatment. Twenty-two of 

the patients had died; a large number of these showed stabilization of vision 

in both eyes or in one eye up until the time of their death {median survival 

33 months}. The large number of deaths is not surprising since most of the 

patients had retinitis proliferans, a form of retinitis in which connective 

tissue and new vessel formation extends into the vitreous. Root et al. 4 

have shown the very high mortality rate in diabetic patients after diagnosis 

of proliferative diabetic retinopathy because of its association with lethal 
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DIABETIC RETINOPATHY 

c::J Vision stabilized or improved 
~ Stabilized in one eye 
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1958-61 

DBL 672-1511 

Fig. 1. Cumulative evaluation of visual status of all 45 patients 
with diabetic retinopathy who received heavy-particle pituitary 
irradiation from 1958-1961, with current status of all 45 
patients in January 1967. 
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renal and cardiovascular disease. Their statistics show only 64% are alive 

after 5 years. The crucial problem of sele.ction of patients for treatment 

then is, if possible, to hopefully select patients with the type of retinopathy 

which is not as sociated with advancing cardiovascular -renal disease. 

Of m.ore interest and of greater significance is Table I which shows 

the long periods of tim.e during which many of these patients have m.aintained , 
usable vision in both eyes or in one eye alone-these periods extending up to 

as much as 8 year s. 

The most significant group for study with respect to trying to find 

factors to use in selecting patients for this treatment are those patients who 

had survived 5 years or more and maintained stable vision in both eyes. 

There are 12 such patients in this group and these are cross-hatched in 

Table 1. Ten of these, still alive, continue to have stabilized vision in both 

eyes: 4 at 5 years, 4 at 6 years, and 2 at 8 years post-irradiation. There 

is one other patient whose vision rem.ained stabilized until the tim.e of death 

7 years after pituitary irradiation; in another patient who is still living, the 

vision was stabilized for 5 years before progressing to some loss of vision, 

in this instance as a result of acute hem.orrhage. 

It is of specific interest to look at the 10 living patients in this group 

who showed unequivocal long -term. pre servation of vision in both eye s rang­

ing from. 5 to 8 years in duration, as several factors are observed which m.ay 

be pertinent to their response to treatment. Of these 10, 7 had proliferative 

diabetic retinopathy (POR) prior to treatment, and it was further noted that 

all but one of these 7 had growth-onset diabetes. The rem.aining 3 patients 

in this group had no prior evidence of PDR in either eye, and all 3 of the se 

were maturity-onset diabetics. In view of the facts that the overwhelming 

majority of all 45 patients irradiated in this series had PDR, and that the 

series was alm.ost equally divided between growth- and m.aturity-onset types 

of diabetics (Table II), it would seem warranted to conclude even on this 

small serie s that growth -onset diabetic s with PDR seem. to show som.e ame·­

liorization of their disease process sufficient for the stabilization of their 

vision, whereas those diabetic s with m.ature onset of their di sease seem.ed 

to show long -term benefit primarily when they did not have PDR at the time 

of treatment (Fig. 2). Part of this latter observation m.ay be due to the fact 

that patients with later onset of their diabete s show a higher rate of 



Table 1. Visual status in January 1967 of 45 patients who received 
heavy-particle pituitary irradiation 

Evaluation of 
visual status 

Maintained pre -irradiation 
visual status in both eyes 

Maintained pre -irradiation 
visual status in one eye 

I 

Pro~ression of visual loss 
in both eyes 

1958~1961. 

Number of 
patients 

Living 

Deceased 

Living 

Deceased 

Living 

Deceased 

10 

7 

3 

5 

10 

10 

Duration of observation post-irradiation 
(years) 

1 2 3 4 5 6 7 8 
'//, 

~ 
4 4 2 % ~ 

% 
1 1 3 1 j; 1 

; 
0 

~// // '///, / '// //// 

1 1 1 

2 1 2 

7 1 1 

7 3 

I 
N 
W 
0"-
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Table II. Proliferating diabetic retinopathy in growth-onset 
diabetic s and maturity -onset diabetic s prior to 

heavy-particle pituitary irradiation administered 
1958-1961. 

Clas s of diabetic Number of Proliferating diabetic 
patients retinopathy 

Present Absent Not known 

Growth-onset 21 18 1 2 

Maturity -onset 24 15 5 4 

Totals 45 33 6 6 

deterioration ofvision. Caird 1 :haspointed out that .the estimated rate s for 

eyes with retinopathy increase s~eadily with increasing age-at-diagnosis of 

diabetes. In the few maturity -onset diabetic s ho had PDR and showed un­

equivocal benefit, it is noted that the onset of their diabetes was in all in­

stances before age 40 (range 23-38 years). 

In looking for some effective means to evaluate whether or not pitui­

tary irradiation was beneficial in arresting the progress of diabetic retinop­

athy, it is necessary to look to the article of Beetham. 2 Beetham, in his 

paper on the Visual Prognosis of Proliferating Diabetic Retinopathy, gives 

us data on patients who had proliferating disease but had not been subjected 

to ablative or suppressive pituitary procedure, and thus these da.ta are of 

great value in the pre sent analysis. In 2 serie s of case s totaling 351 patients, 

he is able to point out that only 8 patients with PDR have shown a quiescent 

fundus picture for more than 4 year s, and that 27 others show a similar 

ophthalmological picture, but these have been observed for shorter periods 

of time (6 for 3 years, 3 for 2 years, and 18 for 1 year), making a total of 

35 or about 100/0 of the total group. One of the sub-groups which he details 

shows the degree in rate of visual loss in 242 patients who had PDR present 

at first observation. In his series it is clearly evident that at least 61, and 

probably a much greater number than this, have been followed for periods 

jn excess of 5 years. Considering our group of 45 patients (33 with known 

PDR), 26 (21 with PDR.) survived to be followed for 5 years or more; there 
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Fig. 2. Responses obtained from adult-onset and growth-onset 
diabetics 5 -8 years following pituitary irradiation. 
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are 9 with PDR who have shown a quiescent fundus picture for IT10re than 5 

years. The details of these patients are shown in Table III. This represents 

in our serie s 27% who have done well as against the 10% reported by hiIT1 

with a IT1uch broader group, including IT1any short-terIT1 follow-up patients. 

We are cognizant that we have not evaluated other aspects of retinopathy 

which IT1ay further aid in the selection of patients, such as the presence or 

absence of heIT1orrhage, exudates, IT1icroaneurysIT1s, neovascularization, 

and fibrosis, and those considerations relative to these factors. 

It IT1ust be further considered, though not definitely concluded, that 

heavy-particle pituitary irradiation IT1ay have a general beneficial effect on 

diabetic patients through lowering the insulin requireIT1ents ( 

necessary for control of their diabetes where cOIT1plications of advancing 

cardiovascular -renal di sease are not pre sent. 

SUIT1IT1ary and Conclusions 

A preliIT1inary report is presented on 45 patients with diabetic reti­

nopathy receiving heavy -particle pituitary irradiation between 1958-1961 

with the objective of deterIT1ining factors pertinent to the selection of future 

patients. A saIT1ple analysis of the data at this tiIT1e leads us to conclude 

that the optiIT1uIT1 candidate s for this type of procedure are: 

(1) Growth-onset diabetics: Those with or without proliferating diabetic 

retinitis with little or no cardiovascular or renal disease. 

(2) Maturity,·,onset diabetics: Those with no proliferating diabetic retinitis 

and with little or no cardiovascular or renal disease. Less than optiIT1uIT1 

but still pos sible for consideration would be those with proliferating diabetic 

retinopathy provided the onset of their diabetes was before age 40. 
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Table III. Patients with proliferating diabetic retinopathy who maintained 
stable visual status for 5 year s or more following treatment. 

Period of Onset of diabetes to Duration Of diabetes Duration of diabetes Visual acuity 
observation onset of retinopathy at time of treatment when last observed when last seen 

(years) (years) (years) (years) (better eye) 

8 24 27 35 20/20 

8 21 22 30 20/50 

7
a 

13 14 21 20/50 

6 20 26 32 8/{00 
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51 10 18 23 20/20 
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RADIATION STUDIES IN PARKINSONfS DISEASE 
~~~ 

R. Tym 
-,-

and R. Weyand"·· 

The triumph of heavy particle radiation techniques for obliterative 

operations on the pituitary gland and its associated tumors has been well 

attended to by other contributors. From a practical neurosurgical view­

point these methods have set new, almost impossibly high standards of 

sa.fety and effectiveness for what, at open operations, are procedures for­

ever fraught with set risks of brain damage and hemorrhage. The introduc­

tion of further improvements in alpha particle beam collimation has now 

made it possible to extend the facility to the treatment of movement disorders 

such as Parkinsonis disease. 

In the generalized braindiseases that give rise to movement dis­

orders, the destruction of from 0.03 to 0.3 cc of the ventrolateral nucleus 

of the thalamus of the brain will tend to the abolition of the unwanted move­

ment of the limbs and the re -e stablishment of normal control. In general 

neurosurgical practice, this selective destruction of brain was impossible 

until the introduction of stereotactic surgery 12 years ago. This form of 

surgery now allows an electrode or cold probe to be passed through a hole 

in the skull and, by remote control, on through the brain to the target nucleus 

in the thalarilus. The brain around the tip of the probe is coagulated either 

by heat or cold. 

Some advantages accrue from the possibility, by selective placing of 

the probe and by incremental coagulation, of tailoring the site and the size of 

the lesion to the improvement in the individual patient. But there is not an 

inconsiderable morbidity and mortality as sociated with blind pas sage of the 

probe through the brain and the reactive swelling around the acute lesion at 

its tip. In old patients this morbidity and mortality is increased by their 

more atrophic brains and the fragility of their cerebral blood vessels. 

':'Consultants in neurosurgery to the Donner Laboratory of the Lawrence 

Radiation Laboratory, Berkeley, California. 
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In placing a radiation le sion of fixed size in a predetermined site by 

using an external beam of heavy particle s, there is no opportunity to tailor 

the site or size of the lesion to the improvement of the patient at the time 

of the le sion. As with all radiation damage, there is a prolonged interval 

between the deposition of the radiation energy and the appearance of functional 

biological damage. There is no opportunity to stimulate the deeply placed 

neurons with radiation. Yet exactly this pragmatic approach is. in fact, 

advocated by many "conventional" stereotactic neurosurgeons using elec­

trode s or cold probe s. In their hands, all patients thought suitable for oper­

ation have a lesion of predetermined size placed routinely at the most prob­

able site of the target nucleus of the thalamus, and the clinical result is 

accepted without modification. 

We in Berkeley, therefore, do not think it unreasonable to join the 

pragmatists in occasionally advocating a lesion of predetermined size placed 

in anatomical abstraction. And in addition. our radiation le sion confer s the 

advantage of not opening the skull or traversing the brain with a probe. We 

confine radiation le sions to older patients in whom we judge the rate of de­

terioration of movement caused by the disease to be slow. 

Case Report: Mr. G. L. C. 

A white, now 73 year old retired farmer developed signs of left-sided 

Parkinsonism 13 years ago. The disease process progressed slowly 

until he was severely incapacitated 5 years ago. At that time a "con L 

ventional" stereotactic thalamotomy was performed on his right thalamus 

by using an injection of alcohol to coagulate the target nucleus. There 

was gratifying improvement in the control of his limbs and a virtual dis­

appearance of the unwanted abnormal movement. 

Six months after the successful thalamotomy, Parkinsonism appeared in 

his right limbs and progre ssed more rapidly than it had in his left. One 

year ago he was again severely disabled. He was very reluctant to go 

through further conventional surgery at his age. and he_r_eque_sJ~<! t<2... be __ _ 

considered for heavy particle beam therapy. 

He was considered in every way suitable for this procedure and was 

admitted to the Donner Pavilion. He underwent Initial pneumoencephalo­

graphic studies to determine the three coordinates of the target nucleus 

with reference to a detachable stereotactic head holder fixed to three 
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steel screws temporarily placed in the outer table of the skull under local 

anesthesia.. Three days later he was taken to the medical cave of the 184-

inch cyclotron. The stereotactic head holder was reatta.ched to the steel 

screws and his head was thereby aligned with the beam aperture coincid­

ing with the coordinates of the target nucleus. His head was held to the 

head-rotation mechanism by the usual face mask used for pituitary radia­

tion, which enabled, in this instance, his head to be rotated about the 

lower pole of the ventrolateral nucleus of the thalamus. 

The beam of 986 MeV alpha particles emerged through a circular aper­

ture 6.00 mm in diameter. With the head rotation used, the isodose 

plE-.nes described a prolate spheroid with the long axis in the coronal plane 

of the head. A central volume of 0.032 cc received a radiation dose of 

9000 rads and a volume of 0.27 cc received 4500 rads. The radiation 

time was 40 minutes and immediately this was over he was allowed to go 

home --the small placement screws having been removed. 

Nine months after the radiation treatment it was reported that all pro­

gression of the signs a.nd symptoms of the disease had ceased and that for 

a significant period of each day the hitherto obtrusive tremor was entirely 

absent. 

It is expected that over the succeeding 9 months he will continue to im­

prove but at a decreasing rate. The attractive theoretical possibility 

exists that as the disease process slowly progresses so will the size of 

the les~.on slowly progress to keep in check the appearance of more un­

welcome sigr.s of the Parkinsoni sm, 

Future improvements in collimation will enable a higher control dose 

to be given to the target nucleus without increasing the volume receiving 

4500 rads. There will then be a more rapid appearance of clinical effect 

without any sacrifice of safety. The scope of heavy particle radiation treat­

ment of movement disorders will then be vastly increased. 

Heavy particle radiation Ie sions will soon be used in the treatment of 

temporal lobe seizures and in severe grand mal seizures with generalized 

electroencephalographic abnormalitie s by the placement of small, bilateral, 

diencephalic lesions. 

As with certain of the pituitary tumors, where the heavy particle 

radiation treatment is now second to none throughout the world, there is to 

be a gradual enc roachment of radiosurgery into the control and treatment of 

generalized brain disorders. 
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APPLICATION OF THE OMNITRON TO 
RESEARCH IN NEUROLOmCAL SURGERY 

R. A. Fink. ':' 

The opportunities for advances in research in neurological surgery 

and applied basic science, utilizing the equipment available at the Lawrence 

Radiation Laboratory, Berkeley, are legion. Work done in the past includes 

use of the heavy particle beam in the treatment of disorders of the pituitary 

gland and related structure s. The pre sent program include s therapy for 

such conditions as diabetic retinopathy, pituitary tumors, and metastatic 

carcinoma of the breast with emphasis upon hypophyseal ablation. At pres­

ent' emphasis is being placed upon improvement of the present techniques, 

and for the extension of the basic method into other areas of the nervous 

system dysfunction. 

The creation of deep cerebral lesions has been a problem which has 

been dealt with at great lengths by workers in the neurological sciences for 

a number of years. The field of stereotactic neurosurgery has been well 

advanced, utilizing the orthodox techniques for production of lesions within 

brain matter. These methods have included electrocoagulation, chemical 

destruction, cryonecrosis, and the implantation of radioactive substances, 

notably beta emitters, into the brain. All of these methods have as their 

one disadvantage the fact that a surgical invasion of the intracranial cavity 

is necessary, usually by means of trephine openings or, in some cases, by 

actual craniotomy. The heavy particle beam, in the form expected to be 

available with the development of the Omnitron facility, would seem to be of 

great help to the furthering of methods in stereotactic neurosurgery to the 

above -listed disease conditions and also to other conditions which had pre­

viously been inaccessible to the stereotactic surgeon's attack. These new 
- - --- --- ------- -----

applications will include such conditions as deep, midline, inoperable brain 

tumors, vascular malformations, and physiological attacks on various nerve 

fibers and tracts lying deep within the brain and inaccessible to the standard 

stereotactic approaches. 

':<Neurological Fellow of the Donner Laboratory. 
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With the neuroanatomical knowledge, such as that obtained in pre­

vious' orthodox stereotactic neurosurgical approaches, the heavy particle 

beam, of the new Omnitron, could be made to perform some of the se tasks 

which had previously either been inconvenient or impossible to perform. 

Thus, surgery for inoperable intracranial tumors and vascular malforma­

tions could be rendered feasible by judicious application of the heavy particle 

beam. 

Finally, utilizing the positron camera, exact plots of the position of 

the lesion and of the associated Bragg-peak effect could be made by moni­

torjng positron-emitting induced activity in the brain. 
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HEAVY ION -EFFECTS ON ASCITES TUMOR CELLS 

J. M. Feola 

Ascites tumors are those in which active multiplication of free neo­

plastic cells and/or cell complexes can be shown to occur in the peritoneal 

fluid, leading to a high absolute and relative concentration of tumor cells, 

that is to say, to a nearly pure culture. 1 

Besides this unique feature, work with ascites tumo"rs offers a num­

ber of advantages for basic studies in radiobiology: easy transplantation, 

preservation of transmissibility upon cold storage, exact inoculum dosage, 

correlation between the number of cells inoculated and survival time, growth 

in cell suspension and in cell cultures. 

Quantitative studies of mammalian cellular radiobiology were limited 

to the precise techniques of culture in yj.l~,() until the methods first reported 

by Hewitt
2 

and Hewitt and Wilson 3 allowed for measurement in vivo of "cell 

viability" by using cell dilution techniques. 

Although the greater biological effectiveness of heavy particles over 

electromagnetic radiation has been studied by J. H. Lawrence in normal 

tissue 4,5 as well as in neoplasms in animals, 6, 7,8 the need for a better un­

derstanding of the mechanisms of action of densely ionizing radiation as well 

as the necessity of more precise measurement of the decrease of the oxygen 

effect with increasing LET, stimulated the initiation of a program of re­

search making use of the new tools and methods available. 

Sillesen et al. 9 initiated this series of studies with two different 

tumors: a lymphoma (near diploid, 41 chromosomes) and a mammary 

carcinoma (aneuploid), both of which "take" in the severallin:es of mice used 

after intraperitoneal injection of from 1 to 20 cells. Both of these transplan-
10,11 

---'table tumors have characteristics similar to the transplantable lymphomCl. __ 

and mammary carcinoma 
6 

used in the early studies with heavy particles in 

1935. 7 ,12 

Different, but genetically related strains of mice, such as A/Heston, 

LAF l' A/ J AX, and CAF 1 were used. The tumors were passed every 6 or 

7 days in ascites form by intraperitoneal inoculation for lymphoma and every 
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10 to 12 days for the slower-growing mammary carcinoma (TA3 tumor), A 

week after inoculation the lymphoma mice can be used as donors; mammary 

carcinoma mice can be used after 12 days. 

The cells, contained in ascitic fluid, were placed in thin chambers 

and exposed to varying doses of radiation by using 910 MeV alpha-particles 

from the 184-inch synchrocyclotron. The LET of these particles in tissue 

is 1. 7 keY /fl. In order to irradiate the cells with a higher LET a 2.176-

inch copper absorber was placed in front of the irradiation chamber, thus 

making the Bragg peak available. The LET in this case is not well defined; 

due to the initial energy spread of the beam and the range-straggling of the 

particles as they pas s through an absorbing medium, the cells are expos ed 

to a spectrum of LET I S ranging from 10 to 250 ke V /fl. In order to irradiate 

the cells with a more precisely defined LET, experiments were carried 

out using the heavy ion linear accelerator (Hilac). Special techniques were 

used to spread out the cells in a very thin layer and irradiate them with the 

shank, or plateau, of the heavy ions, avoiding the Bragg peak and the cor­

responding spread in LET values. 200 kV X-rays were used as the base­

line for the comparison of various LET I S as related to RBE. 

Following exposures, the cells were counted, serially diluted, and 

then injected intraperitoneally into the mice in groups of five animals for 

each dose and titration level. The mice were then followed for lethality, the 

follow-up period lasting about eight weeks for the lymphoma and 12 weeks 

for the mammary carcinoma. 

LD501 s (the number of cells necessary to kill 50% of the animals), 

and surviving fractions (the ratio of the LDSO for the control group to those 

of the irradiated samples), were calculated by using the methods of Reed 

and Muench 13 and Hewitt and Wils on. 3 

The RBE for the Bragg peak of 910 MeV alpha-particle beam as 

compared with 200 kV X-rays was found to be: 

1.9 

For lymphoma: 1.8. 

Preliminary studies on the oxygen effect were done by irradiating the lymphoma 

cells in oxygen and nitrogen environments. Results obtained with three heavy 

ions are shown in Fig. 1. These results with 7 Li, 11B and 20 Me ions show 

a decreasing oxygen effect. However, and due to the experimental difficulties 
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Fig. 1. Surviving frC).ctions of lymphoma cells irradiated with 
ions from the Hilac, using both nitrogen and oxygen 
atmosphere s, and then injected intraperitoneally into 
LAF 1 mice. 
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found by the authors, this work cannot be considered quantitative. 
. 14 15 

Toblas and Todd and Todd have shown that when cultures are ir-

radiated with heavy ions there is a steady reduction in the effect of the pres­

ence of oxygen with increasing LET until its apparent abolition with 

dE/dx = 3000 MeV-cmZ/g or greater. Whether or not an extrapolation of 

these results to an in vivo situation may be done is still a subject for dis­

cus sion, and this is one of the reasons why more experimentation in vivo 

is desirable. 

Schmidlin et al. 16 extended the work initiated by Sillesen et al. The 

in vitro irradiation technique was improved by using very thin Lucite cham­

bers 0.1Z5 mm deep. The cells in the chambers were covered with dialyzing 

paper, which when kept moist permits water-saturated gas to pass through. 

The gas is continuously flushed through a gas chamber that fits over the 

Lucite chamber and is covered with Mylar. By using oxygen or nitrogen 

for flushing, it was hoped to study the difference in radiosensitivities of 

oxygenated and anoxic cells. In these experiments only the lymphoma cells 

were used and only one strain of mice, namely, the LAF l' which is a hybrid 

between C
57

L and A/Heston. Besides the irradiations performed in vitro, 

Schmidlin irradiated the cells in vivo in either adult or infant mice under 

three different conditions: (a) the mice were irradiated while breathing air, 

(b) the mice were sacrificed a few minutes prior to irradiation in order to 

have anoxic ,tumor cells, (c) the mice were irradiated after injection of 

HZOZ intraperitoneally to provide well-oxygenated neoplastic cells. 

Schmidlin's results were obtained by using protons from the 88-inch 

cyclotron at LET's of 1.5 to 2.0 keV/1-! (plateau) and 3 to 7 keV/1-! (peak) as 

well as alpha-particles from the Hilac at an LET of 18~6 keV/1-! and com­

paring with control experiments using ZOO kV X-rays. His results follow 

qualitatively what is theoretical!yexpected, and show that quantitative re­

sults in vivo are pos sible, provided that a more powerful analytical technique 

as well as a better control of the variables involved can be obtained. 

Because of the low precision of the accumulation method of Reed and 

M h 13 d h . db· d dO. . 17, 18 uenc an t e serlOUS ou ts ralS e regar lng ltS approprlatenes s, 

Feola et al. 19 decided to use Litchfield and Wilcoxon's method
ZO 

to obtain 

the LD50 I S and their 95% confidence interval with occasional control of re­

sults by means of probit analysis. Z1 
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The sITlall nUITlber of aniITlals per dilution and the flushing systeITl 

proved to be the ITlain sources of error in previous experiments. By in­

creasing the nUITlber of animals injected to 10 per. dilution and by careful con­

trol of the flushing systeITl, reliable and reproducible results have been ob­

tained, as shown in a typical situation in Figo 2~ Points at the saITle dose 

level are froITl independent experiments 0 

Previous results with the lYITlphoITla cells irradiated in vitro and 

grown in vivo have already been given. 19 Those experiment~ perforITled 

with 230 kV X-rays (HVL = 1.6 mm eu), and the alpha particles produced by 

the 184-inch synchrocyclotron and by the 88-inch cyclotron have been com­

pleted and results are presented in Table 10 Figures obtained for the alpha­

particles from the 184-inch synchrocyclotron are of particular interest in 

f . f k' h 22, 23 view 0 the extensive use 0 the Bragg pea In t erapy. The IIgain 

factor, 11 that is, the ratio of the oxygen enhancement factor for X- rays to 

that for alpha-particles, as defined by Fowler and Mor gan, 24 indicates that 

for equal injury to well-oxygenated tis sues, the effect on anoxic cells is in­

creased as if the dose ~these cells only had been increased in the ratios 

given. This decrease in the oxygen effect has been calculated by Tobias and 
25 

Manney, and although the values observed for the gain factor are still 

sITlaller than the theoretical ideal values (2.5 to 3.5) for total destruction of 

the anoxic cells, they show what might be expected of beams of heavier ions 

of adequate energies and intensities like the Ornnitron would be able to pro­

vide. 

X-ray irradiations in vivo have been perforITled at different tUITlor 

ages starting with 3-day-old tumors. A high degree of anoxia have been ob­

served only for 8- and9-day-old tumors. The DO for 7-day-old tUITlors is 

260±50 rads. This value is closer to the anoxic curve obtained for irradia­

tions in vitro than it is to the hyperoxic curve. Although these experiments 

are still in progress, the saITle type of anoITlalous results as obtained by 

Belli and Andrews
26 

with the 3-day-old tumors has been observed. However, 
---

not enough evidence has been found to support the idea of a population of 

mixed sensitivity. 

As the milieu in which ascites tumors evolve seems to be suitable 

for measurements of oxygen tension, a series of experiments will be per­

formed to correlate tumor age with oxygen pres sure by measuring it in vivo 
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Fig. 2. Lymphoma cells irradiated with 230 kV X-rays under 
hypoxic and hyperoxic conditions. Standard errors are 
shown. Points at the same d03e level show degree of 
reproducibility obtained. 



Table L Effects of alpha-particles and X-rays on lymphoma cells irradiated in vitro and grown in vivo. 

Accelerator Radiation LET Number DO DO D (N )a, c -RBE RBE Ga.in 
(keV /f-L) of b 

o 2 {N )c (0 )c factorC, e 
animals 

(N
2

) (°2) DO (02) 2 2 

250 kV 230 kV 1. 5-3 1500 380±50 100±10 3, 8±0. 9 1 1 
X-rays X-rays 

184-inch 910 MeV 1.7 500 330±50 130±30 2.5±LO 1.1±0.3 0,8±0.3 L5±LO 
synchro- a-particles, 
cyclotron plateau 

184-inch 85 MeV 10d 1000 210±30 100±20 2.1±O,7 1. 8±0. 5 1. O±O. 3 1.8±1.0 
synchro- a-paaticles, 
cyclotron peak 

88-inch 118 MeV 8 1000 330±70 115±25 2.0±1.2 1.1±0.4 0.9±0.3 1. 9±L 1 
cyclotron O!-particles, 

I 

plateau N 
U1 

88-inch 38 MeV 21 1000 200±20 110±20 1. 8±0. 5 1. 9±0.4 0.9±0.3 2.1±1.1 
N 

cyclotron a-particles, 
near peak 

aOxygen enhancement ratio. 
I 

bEach experiment involves about 250 mice. 
c 
Errors have been propagated. 

d Averages of energy and LET distributions are indicated. 

e The ratio of the :oxygen enhancement factor for X-rays to that for GC'-particles. 
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with a ITlicroelectrode. It is expected that with these ITleasureITlents a ITlore 

quantitative approach to the oxygen effect will be pos sible. 

Work with the T A3 cells has progres sed on the saITle lines as the re­

search done with lyITlphoITla cells. PreliITlinary experiITlents show that these 

cells are ITlore radiosensitive than the lyITlphoITla cells. These results are 
25 

in agreeITlent with predictions made by Tobias and Manney that a small but 

definite differential ITlay exist in the radiosensitivity of aneuploid tUITlor cells 

and that of cells of norITlal diploid state. 

The T A3 cells grow well in vitro, ITlaintaining a high plating efficiency, 

and experiITlents are in progre~ s to cOITlpare the effects of heavy ions in vivo 

and in vitro. Although this has been extreITlely difficult due to the fact that 

these cells lose their tUITlor-forming ability quite rapidly when ITlaintained in 

cultures, it has opened new possibilities to study the reasons for these 

changes. 

Two experiITlents have been done, irradiating IYITlphoITla cells in vivo 

. h 90 M . b 27 WIt a e V pIon eaITl. 

In the first experiment an atteITlpt was ITlade to establish the peak-to­

plateau effectivenes s in cell-killing as well as the oxygen enhanceITlent ratio 

by irradiating LAF 1 mice bearing 3-day-old tumors (supposedly well oxygen­

ated) and 7 -day-old tUITlors (suppos edly ITlore hypoxic) in the plateau and peak 

regions of the beaITl. No significant differences were found due to tUITlOr. age, 

but the surviving fractions for the peak were significantly lower than those 

for the plateau. These results encouraged the design of the second experi­

ITlent in which aniITlals bearing 5-day-old tUITlors at the beginning of irradiation 

were used for the purpose of cOITlparing the effectiveness of the negative pions 

at peak with that at plateau. The irradiation took 40 hours and the total doses 

at plateau ranged froITl 145 to 250 rads while thos e at the peak ranged froITl 

220 to 380 rads. A replication experiITlent with 60 Co '1- rays was perforITled 

~ posteriori by using dose rates of 5 R/hr and 12.5 R/hr and ITlaintaining the 

aniITlals and all other conditions the saITle as in the pion experiITlent. Re-

sults of these experiITlents are shown in Fig. 3. Inconsistency in the plateau 

results prevents a reliable estimation of the DO in this region. The value ob­

tained for the peak gives, if '1- rays are used as a baseline, an RBE of 

5.4±1.8. If an RBE of 0.8 is assuITled for gaITlma rays relative to X-rays, 
28-30 . 

as has been reported, the RBE becoITles 4. 3±1. 8 relative to X- rays. 
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3. Survival curves of lymphoma cells irradiated in vivo 
with a beam of negative pions as compared with o~ 
'I-ray irradiation. Circles show inconsistent results 
obtained at the plateau region of the -rr- beam. 
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This result implies that there is a significant component of high LET 

radiation in the peak region of a negative pion beam which may be expected to 

cause a reduction in the oxygen enhancement ratio. 

Although more experimentation is needed, it seems that negative pion 

beams may be more effective in the radiotherapy of tumors than other types 

of radiation available at present, 
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THERAPEUTIC POSSIBILITIES WITH HEAVY PARTICLES 

G. J. D'Angio':< 

It is now almost three decades since John Lawrence became the first 

to investigate the biological effects of the then new and strange subatomic 

particles being produced at the cyclotron in Berkeley, California. 

Certain features of heavy atomic particles such as protons and alpha 

particles make them especially interesting to the medical investigator and 

and clinician. High-velocity heavy particles do not scatter readily in their 

passage through matter and therefore produce intense excitation and ioniza­

tion along their path. They give off energy in small amounts until, as their 

velocities approach zero. the ionization density rises very steeply at the so­

called Bragg peak. These features, first described by Bragg, 1 are very 

different from those of the more familiar X-ray and y -ray beams in which 

the dose drops almost exponentially and without range limit. The heavy­

particle beam thus has very favorable qualities. All particles within a homo­

geneous beam travel in parallel paths and have nearly the same penetration, , 
beyond which the dose drops abruptly (within millimeters or less) to zero. 

A distinction must be made between the initial or high-velocity part of the 

heavy -particle beam, and the Bragg peak or low -velocity portion, for each 

has different properties. The former is superior to electromagnetic (X and 

y) radiations chiefly because of geometric considerations. The use of small 

fields and moving beam techniques allows for extremely sharp and very favor­

able dose distributions at depth within the body. These advantages are ideally 

suited to the irradiation of small volumes such as the hypophysis, and much 

of the attention of the Berkeley -group has been directed to this gland. They 

have achieved total or nearly total hypophysectomy with "radiosurgery" and 

have applied this to the therapy of mammary carcinoma, diabetic retinop-

athy, , acromegaly, chromophobe adenoma, pituitary basophilism, and ma­

lignant exophthalmos. 

". 

"'Present address: University of Minnesota Medical School. 
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The low-velocity portion of the alpha and proton beams also is known 

to have special attributes. At the Bragg peak, near the end of the range, an 

enormous amount of energy is deposited within a few millimeters of path, 

after which the beam ends abruptly. Thus, at the Bragg peak there is a high 

loss of energy per unit length of path, or a so-called high linear energy trans­

fer (LET). Radiations of high LET are more efficient dose -for -dose in bio­

logical systems than are X -rays or ,,-rays. Further, unlike electromagnetic 

radiations that depend on the presence of oxygen for maximum effectiveness, 

radiations of high LET are relatively ·independent of tissue oxygen concen­

trations. 2, 3 (The latter point becomes important since major portions of 

many cancers are relatively anoxic and therefore resistant to X-radiations 

and" -radiations.) An additional property of high LET beams is the low 

threshold dose, shown not only in simple biological systems 
4 

but in an in 

vivo mammalian tissue as well. 5 Finally, tissue subjected to high LET 

beams would be expected to show less recovery between successive doses In 

fractionated regimens. Studies of thi-s effect are underway with the skin of 

the rabbit ear used as the test·'object.. Other experiments will investigate 

the oxygen effect in the same experimental system. 

Preliminary studies of this kind are necessary before the full use­

fulness of heavy particles in clinical medicine can be assessed. There are 

many medical problems for which the special propertie s of the heavy ion 

beams would be of a great intere st. The finite range, sharp margins, high 

depth dose, and possible radiobiological advantages at the Bragg peak all 

could be exploited to good advantage in suitable clinical situations. Proton 

and alpha-particle beams can produce lamellar lesions which could be used 

to interrupt nerve tracts IIradiosurgically. II Thus, if the Bragg peak can be 

placed with sufficiently exquisite accuracy and control, the resulting destruc­

tive lesion could well have a significant role in the therapy of such neurologi­

cal disorders as paralysis agitans (Parkinson's disease). 

The irradiation of the bed of childhood tumors adjacent to growing 

structures is another example. It is well-known that the developing tissues 

of a child are unusually sensitive to radiation effects. Some of the results 

of such irradiation are functional impairment, cancer induction, and growth 

deformity. If the dose could be sharply curtailed so that normal tissues are 

excluded from the treatment beam, the se untoward effects of therapeutic 
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irradiation could be reduced. It has therefore been proposed that tumors of 

the extremities in children be treated with heavy particles. This is a par­

ticularly advantageous group of patients to treat because: (1) radiotherapy 

has a well-defined tole to play in the management of these diseases; (2) 

current means of radiotherapy produce the deleterious effects described· 

above; (3) the tissue s are homogeneous so that dose and range calculations 

are simple and accurate; (4) functional and growth impairments become 

evident within a few weeks to months; and (5) two--year survival in a child 

has the same general significance as five-year survival in the adult, so that 

success or failure can be assessed relatively quickly, Thus, the effects of 

treatment for children would become rapidly manifest and the efficacy known 

much sooner than for adults. 

The radiobiological properties of high LET beams have not yet been 

fully investigated because of particle -acceleration limitations. The cyclotron­

accelerated a-particle beam can be used for this purpose only at the relatively 

narrow Bragg-peak region; energies available at the Hilac are such that very 

heavy ion beams with high LET is at the plateau have extremely short ranges 

in biological samples. When higher energies per nucleon become possible, 

living mammalian tissues can be irradiated in vivo. 

Treatment beams of this type might be of value in th~ therapy of such 

tumors as esophageal cancer. This neoplasm is potentially curable by ex­

ternal radiation. X- and '{ -ray beams now available for therapy; however, 

have been unsatisfactory for this purpose because of the high-volume dose 

required for effective therapy. The entire esophageal length m.ust be treated 

so as to encompass the ubiquitous lymph-drainage pathwayso In order to 

accomplish this aim and to include the arcuate course of the esophagus, wide­

field, moving -beam, or multiple -port technique s have been employedo The 

lungs, heart, and spinal cord are therefore included in both entry and exit 

ports and are irradiated to doses beyond tolerance if ablative doses are given 

to the primary and secondary esophageal cancer foci 0 Many patients have 

been cured of cancer only to succumb of radiation pneumonitis, for example. 

With a high LET beam of limited penetration that could be modulated 

and monitored externally, it should be possible to deliver effective doses to 

the entire length of the esophagus while sparing much normal tissue, includ­

ing at least one lung o Doses lower than the six krads of low LET radiation 
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currently required might yield equally good clinical results if the relative 

oxygen independence, low or absent threshold r and no recovery character­

istics of high LET beams can be realized in clinical practiceo 

Other possible therapeutic uses of these beams include treatment of 

patients with central nervous system tumors that disseminate via cerebro­

spinal fluid pathways, such as the medulloblastoma and ependymomao These 

tumors grow in the coverings of the spinal cord, a structure that follows an 

undulant course within the spinal canal. In order to irradiate the brain and 

entire spinal axis, elaborately shaped fields with a single posterior port 

have been employed to date. Dose specification is difficult, and the distribu­

tion results in "hot" and i'cold" spots o' Also, X- and "I-ray beams currently 

employed irradiate many impo-rtant structure s in the exit beam. The se in­

elude: (1) the bone marrow, where leukemogenesis as well as simple marrow­

function depre ssion constitute problems; (2) the gonads, where infertility and 

genetic damage result; (3) the ,thyroid, where oncogenesis has already been 

reported in two patients surviving treatment of the kind described; and (4) 

the heart, which can be scarred by modest doses, as reported recently by 

the Stanford Group. A scanning high LET beam-modulated a.nd monitored 

externally as in the case of the esophagus ·-shouldprove a better therapeutic 

tool. Not only would a more even dose distribution and a more efficient 

therapeutic effect result, but also the advantages of limited beam penetration 

would be enjoyed. 

Another example of potential usefulness for the high LET beam is the 

therapy of patients with extensive skin disorders such as mycosis fungoides 

and Kaposi is sarcoma. Low LET beams -especially electrons -have proven 

very useful in the short-·term control of patients with these malignant proc­

esses, but the diseases recur and retreatment becomes necessary~ Before 

long, normal skin tolerance is reached and further therapy becomes impos­

sible o More efficient long-term control if not total eradication might be 

possible if high LET beams of suitably limited penetration were employed. 

These cutaneous malignancies cOITlmonly have large areas of necrosis within 

individual nodules, and it may well be the hypoxic "protected" cells that 

survive low LET beam therapy and provide the nidus for recurrent growth. 

Total body irradiation of patients with chronic lymphatic leukemia 

has been practiced for years by many (eo g., Osgood6 ). At the University of 
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Minnesota this approach is being extended to the patient with acute leukemia. 

Encouraging initial results in the control of the myelo-proliferative stage of 

the disease have been obtained with cobalt teletherapy. Dose distributions 

and biological efficiency should be improved by high LET beams, and the 

total cell-kill increased per rad delivered. Since recurrence of murine 

leukemia is predictable on a simple numerical cell-replenishm.ent model, 

longer remissions if not total ablation might be achieved in humans by high 

LET radiation without increasing damage to normal structure s. 

The precision of placement, and accurate dosimetry available In 

facilitie s using heavy particle s provide s extremely important information 

regarding the usefulness of radiant energy in the management of various 

clinical conditions. For example, it was largely through the efforts of the 

Donne r Laboratory team that the feasibility of pituitary ablation by means of 

external beams of therapy became known. The basic information was of 

great value in radiotherapy. Radiotherapy groups were encouraged to inves­

tigate whether similar effects could be produced by precision, beam -directed, 

moving-beam megavoltage techniques; and such studies are under way. 7 

Finally, an understanding of the radiobiological effects of heavy­

particle irradiation is of importance in the space effort, since astronauts 

of the future will be exposed to such radiations from cosmic sources. The 

radiobiology of single and multiple doses of heavy and very heavy particles, 

and their carcinogenecity are SOlne of the important phenomena under inten­

si ve study, 
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PHYSICAL STUDIES WITH NEGATIVE PIONS 

C. Richm.an';' M, R. Raju, and S. B. Curtis 

When high energy protons or heavy nuclei strike a target, positive, 

negative, and neutral pions are produced; if,furtherm.ore, the intensity of 

the prim.ary beam. is high enough, secondary beam.s of pions can be produced. 

For biom.edical studies, a beam. of negative pions is particularly inter­

esting because of its unusual behavior in tissue. Negative pions satisfy the 

usual range-energy relationship: The 90 MeV pion beam. used in these ex­

perim.ents has a· range of about 8-1/2 inches of water. The new phenom.ena 

take place when the pions com.e to the end of their range. Here the pions are 

captured by oxygen, nitrogen, or carbon nuclei and cause a breakup of these 

nuclei into short-range alpha particles, protons, and neutrons. The Bragg 

peak is therefore augm.ented by the dose resulting from. the charged fragm.ents. 

The dose at the peak has a distribution of LET that is broader and consider­

ably higher than the dose in the plateau. Thus, in effect, a pion beam. changes 

its character abruptly as it passes through tissue and stops. This property 

of negative pions suggested their use for cancer therapy, and prelim.inary 

dosim.etric studies have been made with this use in m.ind. 1 

The com.position of the beam. has been looked at with a tim.e-of-flight 

of particles system., and it was found that the beam. has a contam.ination of 

10% m.uons and 25% electrons. It is fortunate that the electrons can be en­

tirely rem.oved with an electrostatic separator if one wishes. The present 

dosim.etric system. utilizes lithium.-drifted silicon detectors which with suit-
" able am.plifiers give a voltage pulse proportional to the energy released in 

the detector. These sem.iconductor wafers are well suited for particles that 

produce both high and low ionization densities. A pulse-height analysis gives 

a direct picture of the nature of the dose in different regions of the m.edium.. 2 
-----

The results show clearly that the pulses in the peak, as expected, extend up 

to 50 m.illion volts while the pulses in the plateau region are of the order of 

one m.illion volts. 

The dosim.etric system. has been extended to include an integrator that 

sum.s each pulse as it com.es along. A study of the Bragg peak for a rr -beam. 

':'Graduate Research Center of the Southwest, Dallas, Texas. 
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with contaminations on the central axis of the beam gives a peak-to -plateau 

ratio of about 3 with a FWHM of 4.5 centimeters of water. Such a broad peak 

with the good peak-to-plateau ratio means that realistic tumors could be ir­

radiated with good tUITlOr-to-skin ratios. For a beam without contaminations 

the advantages would be greater. 

The electronics includes a single-channel analyzer, which makes it 

possible to get the dose of pulses above any level. Studies of both 'TTt and 'TT-

2 
Bragg peaks have emphasized the singular character of the 'TT Bragg peak. 

Future studies will utilize a Cerenkov counter to count the electrons, 

and these pulses will be put in anticoincidence with all of the pulses; this'will 

give the dose due to the pions with a small contamination of muons. One of 

the advantages of pulse dosimetry is that coincidence and anticoincidence 

techniques can be used. 

Future experiments should also include an electrostatic separator to 

separate the electrons from the negative pions, 

The pion beam is made by taking a certain solid angle off the target. 

The beam is therefore large in area, approximately 4 by 4 inches in the usual 

arrangement, and this is a good size for therapy. This means, further, that 

for the biological experiments, detailed spatial dose distributions must be 

made. 

It is a well-understood fact that accurate and detailed knowledge of the 

doses produced by a negative pion beam and heavy particle beams must be 

obtained to form the basis of radiobiological experiments. 
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THE RBE OF NEGATIVE PION BEAMS 

W. D. Loughman 

The search for more effective modes of radiotherapy has stimulated 

interest in the potentially useful properties of the negative pi-mesons. This 

subnuclear particle, like other charged particles, gives up a significant 

fraction of its kinetic energy in the terminal portion of its range. Through­

out the preterminal portion of the particle's path, energy loss per unit path 

length is relatively less. The result is the familiar "Bragg peak" on a dia­

gram of energy loss per unit path length vs. total path length. The preter­

minal, low ionizing portion of the particle I s path with low linear energy trans­

fer (LET) is named the "plateau" region. The terminal, highly ionizing 

Bragg -peak portion with high LET is named the "peak" region. 

Unlike many other particles with therapeutically useful range in tissue 

and a Bragg peak, negative pions also interact with atomic nuclei at the end 

of their range. The resultant nuclear fission produces a number of highly 

energetic, heavy, short-range, highly ionizing particles. The energy from 

the se particle s adds to that released in the peak region from Bragg -peak­

type effects. 

The therapeutically useful physical properties of the negative pion 

have been investigated and commented upon by Fowler and Perkins, 1 Fowler, 2 

Aceto,3 and Richman. 4,5 Collectively, they suggest that a beam of negative 

pions, with the Bragg peak region centered in a tumor, should show a high 

ratio of tumor dose to surrounding tissue dose. Any radioprotection afford,ed 

tumors by their hypoxic state should be minimized by the oxygen-effect inde­

pendence predicted for the high LET particles in the Bragg peak. In addition, 

the high LET partlcle s produced in the peak region should produce effects 

___ greater than an equivalent dose of X-rays. In other words, ~he peak region 

of negative pion beams should have a high relative biological effectiveness 

(RBE). 

Artificially produced beams of negative pions have been available 

since 1948, but biological experimentation was not reported until 1964. 

Micke et aL 6,7 utilized the low intensity 7 to 9 BeV negative pion beam 
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from the Brookhaven alternating gradient synchrocyclotron to determine 

RBE. Avoiding dose -rate effects by irradiating dormant seeds, they scored 

. Zea mays (maize) seedlings for the presence of a specific radiation-induced 

visible mutation. For this function, the re sult of a terminal chromosome 

break, they determined an RBE of 3.2 for mixed peak and plateau regions of 

a negative pion beam. However, the energy spread of their pion beam was 

such that no investigations of peak vs. plateau effects could be performed. 

The lower energy but higher intensity negative pion beam of the 

Berkeley 184-inch synchrocyclotron is more suited for studies of the biolog­

ical effects of Bragg-peak negative pions. This beam was used by Lough., 

man8 ,9 to demonstrate that cytological defects were greater in mammalian 

cells irradiated in the plateau region of the same negative pion beam. The 

same demonstration was reported by Richman, 10 who used bean root cells. 

Neither study reported RBE values for negative pions. The differential 

effects of peak and plateau negative pions are shown in Fig. 1. 

Recently, work at the Donner Laboratory and the Lawrence Radiation 

Laboratory in Berkeley has produced preliminary estimate s of the RBE of 

negative pions, both in the Bragg -peak region and in the plateau region. 
11 Loughman,· has compared radiation-induced polyploidy, in mammalian 

tumor cells in vivo, for irradiation by cobalt-60, peak region negative pions, 

and plateau region negative pions. The plateau region pions we·re found to 

have RBE = 1, while Bragg -peak pions I RBE = 2.15, all relative to cobalt-60 

gamma radiation. U sing appropriate as sumptions, the effects of muon and 

electron contaminants of the negative pion beam were subtracted from the 

effects of the whole beam. The resulting estimate of RBE = 3.64 from pion­

nucleus interactions only, represents an upper limit to the RBE of Bragg­

peak negative pions, for polyploidy induction under the conditions used. The 
12 

data and results are diagrammed in Figs. 2 and 3. Also at Berkeley, Feola 

has investigated the cell-killing capacity of a negative pion beam, with the 

same in vivo tumor cell system used by Loughman. In these experiments, 

tumor cells irradiated in vivo were transplanted to compatible recipients. 

A single viable tumor cell normally results in death of the recipient mouse, 

RBE was determined from comparison of curves relating numbers of injected 

irradiated cells to fraction of recipients surviving. Preliminary results 

indicate an RBE = 5.4 for "peak II region negative pion beams for cell-killing 
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Fig. 1.. Polyploid ITletaphase cells as a percent of all ITletaphase 
cells scored in unirradiated control cells, cells exposed in the 
plateau region of a pi-ITle son beaITl, and cells exposed in the 
"peak" or "star" region. Left photograph = norITlal Ly-2 
ITletaphase. Right photograph = polyploid ITletaphase of extreITle 
type. 
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c0 60 DATA: REGRESSION ON DOSE; 
COMPARING NEGATIVE PION DATA - 1966 

MOUSE l YMPHOMA POLYPLOIDY 
." - mesons 234 rad plateau 

y = bx + a 

b = 0.00155 
a = -0.0081 
Sy" = 0.03 
r = 0.998 

351 rad peak (estimated) 
.".- PEAK 

200 234 300 351 400 500 600 700 1000 

Dose, roentgens 

Fig. Z. Polyploidy induction in lymphoma ascites cells as a 
function of dose: Comparison of data from cobalt-60 gamma 
irradiation with data from 'IT - -beam irradiation. 
Open circles = cobalt-60 data. Black circle and square = 'IT 

data. Heavy line is drawn from the equation expressing the 
regression of polyploidy on dose: (% polyploidy) = 
[0.00155 (dose) - 0.0081]. Dashed line = regression line ± 1 
standard error of the estimate (S = 0.03). y.x 
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effects, while for similar cell-killing effects, RBE = 2.4 for the plateau 

. region of that same beam. The peak/plateau effect ratio (or tumor/surround­

ing tissue effect ratio) of 2.15 found by Loughman for the contaminated pion 

beam, 11 was similarly obtained by Feola. Other preliminary results of 

Feola 12 indicate the presence of the predicted oxygen-effect independence 

of Bragg -peak negative pion beams. U sing both induced cytological defects! 
! 

and cell-killing effects, work continue s at the Donner Laboratory for con-

firmation of RBE values, inve stigation of dose -rate effects, and confirmation 

of oxygen-effect independence of Br~gg-peak negative pions. 

A complete unde rstanding of the biological effects of Bragg -peak neg­

ative pions depends on accurate pion dosimetry, and on detailed knowledge 

of the LET spectrum within the Bragg peak. Richman et al. 4 and Raju et al. 13 

have investigated these problems, and described the difficulties inherent in 

. their solution. At Berkeley, work is in progress to perfect silicon semi­

conductor detectors to aid accurate and detailed dosimetry. 

Much work remains ,to be done before negative pions may be considered 

for radiotherapy. However,. the available evidence indicates that negative pion 

beams may be a more effective radiotherapeutic tool than any other form of 

external radiation pre sently available. 
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AN INTEGRATED LOW-BACKGROUND COUNTING FACILITY 
FOR THE OMNITRON 

W. E. Siri, D. Van Dyke. and T. W. Sargent 

Although the Ornnitron possesses the potential for greatly extending 

the '"Scope of radiobiological research and radiotherapy, the full development 

of this potential will depend in part on the means available for exploiting the 

extraordinary versatility of the accelerator .. Among the means believed 

es sential for achieving this, a properly designed and instrumented low­

background counting facility, contiguous with the target area, is proposed 

as an integral part of the Omnitron project. The primary function of this 

facility would be rapid, accurate in vivo counting of short-lived radionuclides, 

particularly positron emitters. 

In much the same way that bubble chambers have served nuclear 

, physics as adjuncts to accelerators , a well-engineered in vivo counting 

facility will enable improvements to be made in therapeutic applications of 

high energy Ornnitron beams, and will extend the range of biomedical re­

search into areas for which existing ·facilities and improvised installations 

are inadequate. 

Purposes 

The uses for which this facility is intended fall into three majorcate­

gories.that are defined in part by the purpose and in part by the experimental 

or diagnostic ·procedure. A fuller discussion of each category and its rami­

fications is presented in the three sections of this report that follow. The 

descriptions below are intended only to summarize these categories of appli­

cations. 

Aid to Radiotherapy and Production of Experimental Lesions with Omnitron 

.High Energy Radiations 

For irradiating deep-seated sites for which the beam must traverse 

bone and soft tis sue of varied densities, . two procedures should be explored. 

that may significantly improve placement of the Bragg peak and the deter­

mination of dose. 
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The first method is based upon the detection of positron emitters, 

11C , 13N , and 150 , produced in tissue along the track of the beam.· This 

procedure, which has been given a successful preliminary test with the 

Hilac, may permit accurate determination of the Bragg-peak location in vivo. 

It is not yet clear that the method will yield an accurate measure of radia­

tion dose at the peak. 

The second approach calls for an Omnitron beam consisting of an ad­

mixture of a short-lived positron emitter. The nuclide most practical for 

acceleration is 18F (half-life: 112 min) although 11C and others may be 

pos sible. Fluorine -18 is readily available from nearby accelerators and 

could serve as a range marker for a beam of 180 since the mass and elm 
are the same. In this procedure, positrons are emitted from the very end 

of the range where the particles are brought to rest in the tissue, thus marking 

the location of the Bragg peak and perhaps also permitting a determination of 

the dose delivered at the peak, through the use of the positron camera. 

In both methods, a procedure is envisioned in which a test exposure 

of low dose is first made and the subject rapidly transferred to the counting 

facility to determine the actual location of the Bragg peak by in vivo measure­

ment of the positrons. With appropriate corrections in range and position to 

secure the desired location of the Bragg peak, the subject is quickly re­

positioned for the prescribed therapeutic or experimental dose. On conclusion 

of the exposure, the total dose delivered can promptly be verified from the 

positron activity. 

In Vivo Activation Analyses 

Exploratory studies On neutron activation in vivo have been conducted 

by several investigators. The utility and safety of the method, including its 

use for humans, has been demonstrated but the method I s great potential as 

a research and diagnostic tool has scarcely been touched. In part, its 

development has been hampered by inadequate facilities for fast, accurate 

measurement of induced short-lived activities and visualization_?f_r_~gi~:!:~ 

distributions that can be revealed by positron emitters. 

Activation in vivo with charged particle beams offers considerable 

promis e, but to our knowledge has not yet been explored. In contrast with 

neutron fields, high energy beams of charged particles are sharply defined 

in range and shape and may therefore have as their most valuable application 
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the activation of selected tissue volumes and perhaps specific constituents. 

The use of Ornnitron beams for whole-body activation is not precluded, how­

ever, since this can be achieved by beam scanning. 

A recent study has demonstrated that prompt gamma rays from nu­

clear interactions produced in vivo by high energy beams may prove a use­

ful method for quantitative determination of tissue constituents. It is pro­

posed to explore further this technique with the Omnitron. 

Tracer Applications of Short- Li ved Radionuclides 

Although 11C and 150 have been employed in significant research 

for some years, the extensive use of these and other short -lived radionuclides 

as tracers has been hampered by the scarcity of facilities and the obvious 

technical difficulties interposed by the need for rapid delivery to the point of 

use from the site of production. With the proposed counting facility, radio­

nuclides produced at targets in either the high-energy, low-intensity beam 

or in the intermediate-energy, high-intensity beam would be available for 

use within tens of seconds after production. The use of a substantial number 

of short-lived radionuclides would become practicable for investigations of 

transient, periodic, and steady-flow problems, such as those encountered in 

lung ventilation, regional blood flow, and rapid metabolic processes. 

Basic Requirements of Counting Facility 

To serve adequately the purposes outlined above and in the following 

sections, the counting facility must meet several elementary criteria. Fore­

most is the need to locate the facility as close as practicable to the tar get 

area, subject to limitations imposed by shielding requirements. Closely re­

lated to this is the need for rapid transport of irradiated materials, experi­

mental animals, and human subjects to the counting area. Transfer times 

on the order of tens of seconds would enable the investigator to draw on pro­

cedures and radionuclides that are now generally impracticable for biomedi­

cal applications. 

A low level of background radiation is desirable for most applications 

envisioned; for some it is essential. Reasonable constancy in the background 

is also needed to ensure the reliability of low-level counting. The facility 

should therefore be adequately shielded to minimize the influence of stray 

radiation fields produced by the Omnitron and neighboring accelerators. 

Shielding against neutrons may require particular attention to prevent activa­

tion of materials and instruments in the counting area. 
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Design Considerations 

The combined requirements of low background and clos e proximity to 

the target areas appear to rule out installation of the counting facility within 

the currently proposed structure of the biomedical wing. Two locations ad­

jacent to the proposed structure, both at right angles to the main axis of the 

beam, may, however, satisfy the requirements (see Fig.i). 

On the basis of a preliminary examination, the more favorable site 

is that directly below the target area, separated with sufficient concrete and 

earth to provide the necessary shielding. Rapid, direct transport of experi­

mental animals or human subjects from their position in the beam to the 

counting area can be achieved with a fast-operating, platform elevator on 

which the subject is supported during irradiation. 

The alternative location is deep within the rise of ground adjoining the 

biomedical wing, but on the same elevation as the Omnitron beam. In this 

configuration, a tracked carriage of suitable design would be desirable for 

transporting irradiated subjects rapidly from the treatment cell to the counting 

area. This location, however, appears to introduce more difficult problems 

of shielding, and it would require traversing the main axis of the Omnitron 

beam unless significant changes were made in the design of cell arrange­

ments. 

Whatever configuration is adopted for the counting facility, there 

should be provision for rapid delivery, via 1lrabbit" of short-lived radio­

nuclides produced in both the biomedical wing and the radiochemical wing. 

Delivery tubes should terminate in a preparatory space within the counting 

area that is properly shielded from counting instruments and equipped for 

proces sing active materials for application. 

To carry out the proposed investigations and aids to radiotherapy, 

the counting facility will need the following primary instruments: 

(a) Whole-body counter of the gamma ray spectrometer type consisting of 

__ a_L:l.r_ge_N.aJTllLcrystal mounted in a specially shielded vault. 

(b) Positron scintillation camera. 

(c) Gamma ray in vivo counter for localized counting. 

(d) Gamma ray spectrometer for sample counting. 

Ancillary equipment and the design of the facility are not considered 

here other than to note that a minimum floor space of 1000 square feet 

should be provided, consisting of several rooms shielded from one another. 
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BIOMEDICAL HIGH-BAY AREA 

counting cave 

ALTERNATE LOW-BACKGROUND COUNTING FACILITY 

DBL 672-1501 

Fig. 1 



IN VIVO VISUALIZATION OF AN ACCELERATED PARTICLE 
-BEAM USING THE POSITRON SCINTILLATION CAMERA 

Do C. Van Dyke 

Development of the Omnitron will make available monoenergetic 

particle beams with energy ranges and Bragg-peak characteristics optimum 

for irradiation of circumscribed areas at any depth within the body. To 

fully utilize the unique characteristics of such a beam, one must be able to 

accurately place the end of the beam path in relation to the organ, tissue, 

structure, or lesion to be irradiated. If the beam consisted of radioactive 

accelerated monoenergetic positron-emitting particles, the range of the 

particles (beam) within the tissue could be visualized with the positron scin­

tillation camera. Resolution of the positron camera is such that not only 

could maximum depth penetration of the beam be visualized and recorded, 

but it may be pos sible to determine approximately the distribution of dose at 

the end of the range. 

Because of the possible advantages in the use of such a technique in 

facilitating the biomedical uses of accelerated particle beams, this report 

explores the feasibility of such a combination of facilities. 

A patient being given accelerated high energy particle beam irradiation 

to a small third ventricle tumor, for example, would be positioned for rota­

tion in the beam path with the tumor as tl:J.e center of rotation. A test dose of 

positron-emitting particles would be introduced laterally, the patient then 

rapidly transferred to a positron camera in the low-level counting area, and 

a picture taken. Correlation of the positron picture with previously obtained 

tumor -localizing roentgenographic and other studies would show whether the 

particles are stopping before, in, or beyond the predetermined tumor loca-. 

tion. The procedure could, if necessary, be repeated at various angles of 

rotation to demonstrate the degree of nonuniformity of absorption around the 

skull. Appropriate absorbers would be positioned around the skull to insure 

that the range for each port terminated at the tumor, and the beam energy 

would be adjusted to provide for maximum ionization within the tumor borders. 

Final preparation would be checked by rapidly rotating the patient through a 

full arc and obtaining a final in vivo positron camera picture of the beam 
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penetration pattern. If satisfactory. the desired dose would be given and at 

cOInpletion of the bombardment a final positron picture could be made that 

would give •. when corrected for ionization distribution. not only the pattern 

of irradiation delivered but an on-the-spot measure of total dose delivered. 

Figure 1 shows the anticipated appearance of the beam (camera 

scope) superimposed on a previously obtained image of thepatient l s skull. 

Proper superimposition would be insured by radio-opaque, positro;n-emitting 

source markers attached to the patient l s head or to the head-holding apparatus. 

Facilities Required 

1. Ability to accelerate positron-emitting particles. 

2. Positron scintillation camera located near the treatment cell but well­

shielded from radiation fields and particularly activation by neutrons. 

3. Facilities for rapid transport of patient to low background counting cave, 

and for insertion and removal of a positron camera head and focal detector. 

4. Correction for non-uniformity. This could be accomplished either by 

altering the beam energy during rotation of the patient or by an absorber 

-ring surrounding the patient l shead. 

5. Accelerated positron-emitting particles may be used for the actual ir­

radiation if this is practicable, or for various reasons it may be preferable 

to use them as markers and perform the actual irradiation with other parti­

cles. If used as markers. it may be necessary to change particles rapidly. 

and the relationship between the penetration characteristics of the positron 

beam and the therapeutic beam would have to be known in order to make the 

appropriate corrections. However, the e/..m and mass of 18F and 150 

would be nearly identical for acceleration and their range would differ only 

slightly. 

Uses 

Accurate localization of the end of the beam range is essential to 

accelerated particle beam radiotherapy and physiologic radio-surgery. 

Radiosensitive, deep, midline tumors such as pinealomas. 

meduloblastomas. third ventricle tumors which are at present inoperable 

and treatable only by conventional radiotherapy could be given a significantly 

greater dose of irradiation by this means. This is also true of malignant 

gliomas situated in the polar areas of the cerebral hemispheres. 
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Fig. 1. An artist's concept of the appearance of the positron 
caITlera picture of accelerated partic l e beaITl iITlplants 
of positron-eITlitting particles super iITlposed on a pre­
vio ;~sly obtained cerebral arteriogr aITl of the subject. 

BBH 672 - 36 

(a) The dis c -like appearance of the end of the beaITl path 
seen by the caITlera e nd-on. (b) The linear deposition of 
positron-eITlitting isotopes to be expected froITl a ITlO!loen ­
ergetic beaITl e ntering laterally. The arrows indicate ab ­
norITlalities in the arterial pattern . 
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IN VIVO ACTIVATION ANALYSIS WITH THE OMNITRON 

T. W. Sargent 

The a.vailability from the Omnitron of beams of nuclei of all the 

elements at variable energies and in beams which make possible total body 

irradiation of humans opens up large areas of investigation in activation 

analysis. Activation analysis to date has been largely confined to small 

_- samples irradiated with neutrons in reactors or neutron generators. A 

much greater variety of reactions and isotope products, in fact all known 

reactions and many still unknown reactions, and all known isotope s, are 

conceivably possible to produce with the Omnitron. 

The technique which will make possible measurement of the induced 

activity in humans is the whole -body counter. The great sensitivity of this 

device, and the gamma-ray spectroscopy which can be done, make it possible 

to measure several isotope s simultaneously and obtain half -life values by 

sequential counts. Thus it will be possible not only to determine amounts of 

known induced activities, but to identify others produced by new and unex­

pected nuclear reactions. 
1 

Published work from this laboratory has demonstrated the produc-

tion of HC in humans by the 910 MeV alpha.-particle beam during pituitary 

irradiation, and its measurement in the whole -body counter. It was shown 

that of the 11C produced, some remained in the body while the remainder 
11 

was expired in equal portions of CO
2 

and CO, The amount of e produced 

was 1.8X 10-4 f-LC per gram-rad, which corresponds to production of 0.012 

f-LC HC with a total-body dose of 1 millirad. This is an amount of He readily 

detectable with a whole-body counter, and the radiation dose is so low as to 

be acceptable even for normal subjects. 

Neutron-activation analysis has been reported, using a neutron gener­

ator to deliver a dose of 0.1 rad of fast neutrons to a normal human subject. 2 

It was possible to measure whole -body sodium, chlorine, and calcium from 
24 38 49 . the induced Na, Cl, and Ca respectlvely. A sensitive whole-body 

counter was necessary to measure the levels of activity here also. If a 

nuclear reactor were to be used for activation, there would be an accompanying 
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ganuna-ray field that would make the dose to the patient unacceptable. 

The RBE of fast neutrons is about 1, so the dose delivered to the subject 

here was 1.0 rem, radiologically acceptable according to the authors, 

although a lower dose would be desirable. 

A method of producing a neutron beam with a lower associated 

gamma yield will be possible with the Omnitron. Large plates of 238U 

(a surplus material, depleted of 235 U ) can be fabricated and scanned 

with a particle beam, producing increased quantities of neutrons. Of 

course, other types of targets can also be used for neutron production. 

Thus neutrons of many ene rgie s, with some degree of energy selectivity, 

will al so be available for activation studie s with the Omnitron. 

If the experience with the 910 MeV alpha beam is any indication of 

the relative yield in induced activity per rad of dose, the efficiency of par­

ticle beams over neutron activation should be considerable. In addition, 

neutron-deficient isotopes can be produced that are not possible or are 

more difficult with neutrons. The cross sections and thresholds for 

nuclear reactions with protons, deuterons, and alphas as a function of 

energy are only poorly known because of the lack of variable -energy 

accelerators; the same parameters for reactions of heavier particles are 

almost completely unexplored. Using heavier nuclei as accelerated par­

ticles' many reactions are possible -such as spallation, fusion, and trans­

fer reactions -in addition to the more common exchange reactions. Thus 

by using a variety of different nuclei as particles, it may be possible to 

produce any of the various isotopes of each element in the human body by 

choosing the correct bombarding particle and energy. For whole -body 

measurement of a particular element it will only be necessary to produce 

one isotope of that element, so a choice may be available, allowing the. 

reaction giving the least dose to the patient to be used. Another advantage 

__ that can be utilized is that many of the isotopes that would be produc.ed by __ . 

activation emit high energy gamma-rays, of 2 MeV or greater, which can 

be detected easily because the natural background at those energies is 

quite low. 
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The half-lives of a great many of the isotopes that will be useful in 

activation analysis are quite short, from tens of seconds to tens of minute s, 

so it will be essential that the whole -body counter be close to the Omnitron. 

It will be essential, in fact, that a transport device be available to move the 

patient rapidly from the irradiation site to the whole -body counter. The 

neces sity of the counter f s being close to the Omnitron will further necessi­

tate considerable shielding between the two, because of the very penetrating 

neutrons and other scattered radiation from the accelerator. This could be 

best accomplished by placing the counter within earth shielding, either below 

the beam level with access by elevator, or horizontally into the hill with a 

track -and-car type of transport. In any case, such placement would be co-

0rdinated with the other planned facilities requiring low background, the 

gamma-ray camera and short-lived isotope tracer units, which also require 

rapid patient transport from the beam area. 

The applications of in vivo activation analysis to biomedical research 

h nl b b · -. -t d 1,2 b t f th b" ave 0 y egun to e Investlga e , u rom ese eglnnlngs some pro-

jections can be made. The primary application is in determination of the 

amount of any particular element in an entire person or animal, or in se,.­

lected areas of the body, without appreciably disturbing the tissue. Isotope 

dilution technique s measure only the amount of exchangeable ions and if there 

are several compartments or the exchange -ability is very slow, the se meas­

urements give only partial answers, In many cases the dilution technique 

cannot be used at all, because the compartment or physiological area involved 

cannot be sampled without injuring or killing the subject. With activation 

analysis the only disturbance to the organism is a radiation dose comparable 

to or less than other radiology procedures, 

Some of the elements it would be desirable to study, and some of the 

associated disease states, can be briefly described. 

Sodium is an element intimately involved with electrolyte balance and 

nerve conduction in the body. Abnormalities in sodium content of the body 

are observed in hypertension, cardiac disease, and psychiatric disorders 

(manic -depressive psychosis). Total sodium has been measured by neutron 

activation analysis and found to differ from the usually measured dilution 

analysis.
2 

Activation isotopes that might be produced would include, in 
24 23 25 addition to the usual 15 hour Na: 11 second Mg, 7.6 second AI, and 

60 second 25 Na . 
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Total phosphorus is very difficult to ll1easure, but activation pro­

duction of 2.5 ll1inute 30p should be feasible with n2n, an, or ppn reactions. 

34Cl , with a 32 ll1inute half-life, could be produced by 31P (a, n)34 C l. 

Chlorine is 1 " t t" 1 tIt bland has been st-udl"ed2 a so Ill1pOr an In e ec ro yea ance 
37 38 

by Cl(n, 'I) CL 37Cl(t, p)39 Cl is also a possibility. 

Calciull1 is of course of great ill1portance in bone ll1etabolisll1 and 

diseases of the bone, and isotope dilution studies of calciull1 would be greatly 
48 49 2 

assisted by total calciull1 ll1easurell1ents. Ca(n, 'I) Ca has been used to 

ll1easure total calciull1, and ll1any isotope s of scandiull1 would be produced by 

pn reactions, and of titaniull1 by an reactions. Calciull1 ll1etabolisll1 is pre s­

ently being studied in this laboratory with isotope tracer techniques. 
" "11 15 13 18 Carbon, oxygen, and nItrogen can YIeld C, 0, N, and F by 

a variety of reactions, and have been found by using in vivo activation by an 
1 ---

alpha beall1. The se reactions would have to be studied in SOll1e detail in 

order to know which target elell1ent was actually being studied. Probably 

beall1s of several different particles, each with a ll1easured cross section 

for each reaction, could be used in ll1easuring the yield of each isotope and 

sol ving sill1ultaneous equations for the all10unt of stable carbon, oxygen, and 

nitrogen pre sent. 

Manganese is known to accull1ulate in the brains of persons suffering 

froll1 Parkinson1s disease, but nothing is known of the role played by this 

ll1etal, although it is known to be required for the function of several anzyll1es. 
56 55" Mn would be produced by a Mn(n, 'I) reactlOn, or a variety of cobalt iso-

topes by an reactions. 

Total body iron is ill1possible to ll1easure at present and is an ill1por­

tant factor in clinical ll1anagell1ent of several disease s of iron storage, as 

well as in 1l10re basic re search related to iron ll1etabolisll1. In addition to 
59 Fe by n'l reaction, cobalt and nickel isotopes would be produced by pn and 

an reactions. Iron turnover and loss are already being extensively studied 

_ atthi~ labo!:atory by other isotopic technique.s. _ _ ._-- --_. ------------
Cobalt is vital to body function, its lack as a vitall1in B 12 deficiency 

producing pernicious anell1ia and neurological deterioration. Because it is 

stored for a 10ngtill1e in the liver, onset of the disease is insidious and 

could be detected early in suspected cases by ll1easurell1ent of total liver 

cobalt. This should be quite easy by production of 10.5 ll1inute 60Coll1 froll1 
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the 59 Co(n, '{) reaction, which has a very high cross section. 

Copper is known to be . involved in Wilson's disease, a crippling 

neurological disorde r, and removal of exces s copper is used as therapy. 

Total-copper determination would aid in diagnosis, treatment and study of 

this disease. There are many potential activation products of copper: 64Cu, 
66 63 

Cu, Zn, and many gallium isotopes. 

Zinc is present in the body in relatively large amounts, yet very 

.·little is known of its function. Isotope dilution,. localization, . and whol.e -body 

retention studies already under way at this laboratory would be complemented' 

by total-zinc measurements. There are numerous possible activation iso­

topes. 

The above summary is only a brief survey of the possible elements 

and methods of activ.ation possible. As stated earlier, the kinds of activa­

tion reactions which may occur can hardly even be predicted at this time, 

because with heavier particle beams nuclear reactions may. occur with unex­

pectedly high cross sections for certain unique combinations of odd- or even­

mass nuclei or nuclei with magic -number structure, in.either the target, the 

bombarding particle, or both. Some of the elements may not occur in enough 

abundance to measure, but in special disease state s may be sufficiently con­

centrated in.specific organs that these can be separately irradiated and meas­

ured. Another possible type of experiment would be to label in vivo by acti­

vation,. afairlylong-livedisotope; this is the reverse of the usual dilution 

experiment, in .that it begins with uniform labeling rather than ending with it, 

and by mathemCitical solution of equations for transfer and dilution should 

yield results not obtainable by classical dilutions experiments. 

The nuclei of radioactive isotopes could even be accelerated in the 

Omnitron and be implanted in any desired location in the body. The subse­

quent diffusion and whole -body retention .could then be followed. This idea 

is so new that applications of it have not yet been explored, except as a 

method of identifying the position in vivo of the Bragg peak, . de scribed else­

where. 

To summarize, the combination of the Omnitron with a closely 

accessible whole -body counter will open up an entire new field of in vivo 

activation analysis, with important applications in biomedical research. 
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BIOMEDICAL APPLICATIONS OF SHORT -LIVED RADIONUCLIDES 

Short-lived isotopes offer significant advantages in many diagnostic 

and experimental applications to biology and medicine. For the biologically 

important elements oxygen and nitrogen, radioisotope s of only short half 

life exist. Moreover, many of the positron emitters currently employed 

·and others that are potentially useful are short-lived nuclides. More than 

a hundred such nuclides exist, most of which should prove useful for biologi­

cal and medical re search when adequate facilities for their use become avail­

able. A partial listing of nuclides with half lives ranging from one minute to 

about six hours is given for positron emitters (Table I) and beta-gamma-ray 

~mitterJ:q Table II). Omitted from the tables are those nuclides that can be 

obtained from "cows" of longer lived parent nuclides" 

Thus far relatively few short-lived radionuclides have seen extensive 

use. Carbon-11 and oxygen-iS have perhaps been employed more than others 

but even their use has been confine.d to a few laboratories. The inclination to 

use short":li ved nuclides has been inhibited by technical difficultie s, and, in 

general, improvised facilities in the immediate vicinity of accelerators have 

been less than satisfactory. It is reasonable to expect, however, that a 

properly designed and equipped counting facility associated with the Omnitron 

will permit all the nuclides listed in the tables to be used effectively. 

Several practical advantages favor the use of short-lived nuclides in 

some diagnostic and experimental tests that now employ tracers of relatively 

long life. Two of the principal advantages are the frequency with which tests 

can be repeated in the same subject, and the substantial reduction in the 

radiation dose that is incurred. The value of the former is particularly 

evident when observing changes in function and when following dynamic proc­

esses. The measurement of red blood cell volume, for example, is com­

pleted in about 15 minutes, yet the isotopes commonly used, 32 p , 51Cr , and 

131'1 . . 1 b I f 1 d h Ch . 49 , per SlSt as act! ve a e s or severa ays to a mont . rom1um-

(T =42 min) or one of the short-lived isotopes of iodine may more effectively 

serve this purpose when repeated determinations are needed or when for 
\ 



-288-

Table I. Short-lived positron emitters. 

Nuclide Half life Nuclide Half life 

11 -. 
20A 

..J. . .- . .!... 6.02ti 23 C mln mln 

13· N 10 min 61CU 3.2 h 

14
0 72 sec 

61
Zn 1.5 min 

l. 

150 2 mln 
62

Zn 9.3 mln 

17F 66 sec 
63 Zn 38 min 

18
F 112 mln 70 As 52 mln 

21Na 23 sec 
75

Br 1.6h 

30p 2.6 mln 
77

Dr 1.1h 

34m
Cl 32.4 min 

81
Rb 4.7 h 

38
K 7.7 min 

82mRb 6.3 h 

43S <:: 3.9 h 106 Ag 24 min 

47
V 31 min 1211 2 h 

49 Cr 42 mln 
123

Xe 2.1 h 

51
Mn 45 min 

125
Cs 45 min 

52 Fe 7.8 h 127 Cs 6.3 h 

53
Fe 8.9 min 

129
Ba 2.5 h 

other reasons the accumulated radiation dose must be minimized. In general, 

reduction in radiation dose of nearly an order of magnitude may often be pos-
---

sible. 

Biological and medical investigations involving transient, periodic, 

and steady-state processes with time constants ranging from a few seconds 

to several hours are often best served with short-lived nuclides, and par­

ticularly positron emitters. Obvious examples of these are pulmonary 
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Table II. Short-lived beta-gamma-ray emitters. 

Nuclide Half life Nuclide Half life 

24Ne 3:9 min 61Co 99 :r:nin 

25 Na 60 sec 62Co 13.9 min 

25
Mg 9.5 min 

66 
··Cu 5.1 min 

28
Al 2.3 min 

69 . 
Zn 57 min 

29 Al 5.6 min 79 As 91 min 

31Sc 2.6 h 
83

Br 2.3 h 

34p 12.4 sec 
84

Br 30 min 

37
S 5 min 87

Kr 78 min 

38
S 2.9 mIn 88

Rb 17.8 min 

38
Cl 37.3 min 92Sr 2.6 h 

39
Cl 55.5 min 

101
Tc 14 min 

44K 22 min 
112

Ag 3.2 h 

49
Ca 8.8 min 

128
1 25 min 

52V 3 . .8 min 
132

1 2.3 h 

55
Cr 3.5 min 138

Cs 32.2 min 

56Mn 2.6 h 
139

Ba 84 min 

function, gas exchange, regional blood flow, oxygen metabolism, and some 

aspects of renal and liver function. However, the scope of the applications 

is in no sense limited. Exploratory te sts at Donner Laboratory and el se­

where have clearly demonstrated that short-lived nuclides in general, and 

positron emitters in particular, will serve as powerful diagnostic and inves­

tigative tools for a great many diseases. 
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THE THERAPY OF NEOPLASMS AND THE OXYGEN EFFECT 

C. A. Tobias and J. H. Lawrence 

Accelerated heavy ion radiation may be used in two general ways for 

cancer therapy. We have for a number of years in this laboratory attempted 

the indirect method of therapy, which appears to be useful in many cases. 

The general rationale for this is to interfere with the control processes of 

the body. There are some instance S '·of endocrine -related neoplasms where 

irradiation of the pituitary gland may sufficiently decrease the hormones 

needed for growth and proliferation so that the tumor tis sue is unable to con­

tinue proliferation. Indirect approaches are not necessarily exhausted by 

pituitary irradiation; For example, another principle that may be subject to 

eventual experimental test is the possible interference by local radiation with 

the systemic control of a~tibody production. It is well known that there is in 

mammals a mild degree of immune reaction to various neoplasms, and it is 

also believed that the degree of antibody production ma.y be controlledfrom 

the hypothalamus. Eventually hypothalamic irradiation might be of some 

intere st among indirect therapeutic approache s to cancer. 

Unfortunately, many neopla.sms are not endocrine related and they 

have become sufficiently undifferentiated so that they do not depend on the 

central or systemic control mechanisms in the body .. In this case, direct 

local irradiation therapy is applied. There are examples of direct radiation 

therapy with heavy particles; among these are trials in our own laboratory 

of treatment of mammary carcinoma when the location of a metastatic lesion 

gave promise for succes sful application of local irradiation. 1 At the Univer­

sity of Uppsala, Naeslund and associates
2 

have carried out a series of irra­

diations with high energy protons on metastatic uterine carcinoma. 

A number of conditions are important for successful local therapy. 
----

Among these are diagnostic knowledge of the location of cancer cells, deli v-

ery of a dose to the malignant cells sufficient to stop their proliferation and 

later metastasis and with minimal harm to normal cells in the vicinity, and 

finally protection of the skin and other sensitive tissues that may be located 

on the pathway of the irradiation or near the neoplasms. The fact that the 
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depth-dose profiles obtainable with heavy particles are better than those from 

any other available radiation has been often adequately discussed. 3 
. 4 

In recent years, particularly due to the pioneer work of Gray and 

his associates in England, and Churchill-Davidson
5 

and others, more and 

more evidence has become available to show that some rapidly proliferating 

neoplastic lesions frequently grow under relatively anaerobic conditions, 

whereas normal cells and tissues of the body need adequate oxygen, supplied 

by the circulating blood, .. for their sustained proliferation and growth. The 

ability to grow under anaerobiosis not only gives a selective advantage to 

neoplastic tissue, but also it has been shown by Barendsen, 6 Deering, 7 and 
. 8 9 

Todd, ' working with mammalian tissue cell s tha t these are 2 or 3 time s 

more resistant to low LET radiation (X·-rays and gamma-rays) when they 

are anaerobic than when they are oxygenated. If the oxygenation of normal 

and of malignant cells would be comparable to each other, the radiation 

effects on normal and on malignant cell s would be similar and tumor therapy 

might be more effective in the cases of those tumors having a poor blood. 

supply and thus being relatively hypoxic. This has led to therapeutic trials 

under high pressure oxygen: the so-called hyperbaric therapy, initiated by 

Churchill-Davidson. 5 

It has been known for some time that the oxygen effect of high LET 

radiation is less than at low LET radiation; Gray et al. 10 have demonstrated 

such effects on chromosome breaks and on cell survival. At the Hammer­

smith Hospital in London such experiments became the basis for therapeutic 

'1 f f . d" 17 trla s 0 ast-neutron .lrra latlon. 

In our laboratory, studies were made of the LET dependence of the 

oxygen effect in mammalian cells in culture utilizing either human or ham­

ster kidney cells 8 , 9 or ascite s tumor cells. 11 Fairly accurate data have 

been oqtained over the whole LET domain available to us with the heavy par­

ticles. The dose reduction factor due to oxygen becomes very small, 100/0 

or less, only at very high LET above 100 keY/micron. In the domain where 

fast neutrons would be used, which operate chiefly by their proton and alpha 

particle recoils, the oxygen effect is between 1.5 and 2.0. Implications of 

the se findings have been discussed by Tobias anf Todd 12 who pointed out 

that in dose fractionation the oxygen effect is different from that found in 

single exposures. For the present we wish to state some of our current 

conclusions in summary form. 
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(1) In order to utilize heavy accelerated ions for the investigation of 

their possible increased efficiency in the therapy of certain neoplasms, suf­

ficiently heavy particles of considerable energy must be employed. Figure 1 

shows a graph of the residual range of various particles that is above 100 

keY /micron and above 50 keY /micron. It is seen from this that neon or 

argon ions, or even heavier ions, might be much more useful than protons, 

alpha particles, or neutrons. The Omnitron particles will have sufficient 

depth doses for effective application of these principles. 

(2) The re is preliminary work available now, particularly from the 

investigations of Skarsgard et al. 13 and in progress in our laboratory, which 

is indicative of the fact that mammalian cells have great variations in their 

sensitivity to radiation in different stages of the cell-division cycle. 

There is greater sensitivity for cells in mitosis and in midinterphase 

when presumably new DNA synthesis begins; cells in G
1 

and G
2 

phases have 

less sensitivity. 16 One of the consequences that appears following a single 

dose of X or gamma irradiation is that cells become somewhat synchronized 

with more of them remaining in radiation-re sistant stage s. 

With heavy ions at high LET it is found that the variations in radiation 

sensitivity are less during cell division, as indicated by data of Skarsgard·· 

et al. 13 c Therefore, in the therapeutic investigation of high LET particles, 

less variation.in radiosensitivity should occur than with low LET radiation. 

(3) The sensitivity of the cells to the high LET radiation is directly 

related to the size of the cell nucleus; we may assume that the size and num­

ber of chromosomes are determining factors. In many malignant conditions 

cells are aneuploid and particularly it is frequent to find them with higher 

than normal ploidy, meaning that they have greater than normal amount of 

nuclear material present. Because of this, the effect of high LET radiation 

may be somewhat greater on tumor cells than on normal cells. We know 

that this effect is not very large, that is, perhaps only a factor of 10 to 50% 

~ radiosensitivity. However, even a small factor may be sufficient to cause 

a diffe rential effect between tumor tissue and normal tis sue. 

(4) Several experimental approaches have been applied, intended to 

decrease the radiobiological oxygen effect on cells. For several years.,it.: 

was believed that high intensity radiation given in extremely short pulses 

(as in pulse radiolysis) might eliminate part of the oxygen effect. Preliminary 
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14 
data were published by Bewey and Boag. It was argued that the oxygen 

enhancement of radiosensitivity may diminish if the pulsed radiation would 

cause depletion of dissolved oxygen in tissue by free radical interactions. 

If a sufficiently large number of ion pairs would be produced sufficiently 

close to each other in a short time interval by the pulsed electron beam, 

the radiobiological effect would be similar to that from high LET particles. 

A number of studies are in progress at this moment. Preliminary 

reports indicate from the work of Gregg and associates, Western Reserve 

University (private communication), that doses usually employed in the case 

of ascites tumor cells when given in short pulses of 50 nanoseconds do not 

appreciably alter the oxygen ratio. Todd and Winchell in our laboratory 

have attempted to show a change in oxygen effect on kidney cells in culture 

and have also found lack of evidence for the decrease in oxygen effect (pri­

vate communication). Calculations show that oxygen depletion should become 

effective at doses of 20000 rads or more, which are greater than normally 

used dose level s in radiotherapy. In another set of experiments, attempts 

were made to decrease the oxygen effect by utilizing the synergism between 

DNA analog chemicals and radiation. The application of Iodouracil as shown 

by Tym and Todd 15 does alter the survival curves to radiation. However, 

the oxygen effect is not appreciably altered by synergistic application of 

drugs and radiation. 

(5) Our knowledge of the manner in which therapeutic radiation can 

lead to the arrest and regression of tumors is not yet complete. We know 

that it is not neces sary for the radiation to kill each and every cancer cell 
18 

to cause a successful regression. Investigations were done by the Cohens 

on this point, who find that the effectiveness of radiation is enhanced by tissue 

reaction which is probably due to the immune defense mechanism of the body. 

It is important to administer radiation in such a manner that the immune 

defense mechanisms are not adversely affected. We do not know at present 

.whether the application of heavy ions will enhance or retard immune reaction 

against tumors. However, due to the advantageous localization properties 

of heavy ion beams, it would appear that a large dose of high LET radiation 

can be delivered to tumor regions while at the same time adjacent regions 

receive a much smaller dose, much of it at lower LET. It would appear 

reasonable to think. that the immunological defenses which rely on the presence 
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of norIT1al tissue adjacent to tUIT10r tissue would be less affected by high LET 

radiation than by low LET radiation. 

In conclusion, although hyperbaric oxygen therapy for neoplastic 

disease has been 'used by IT1any groups throughout the world, it has not yet 

provided the answer to the que stion, "are better re sults being achieved? 'I:; 

the sufficiently heavy penetrating and densely ionizing particles which would 

be available froIT1 the proposed OIT1nitron have enough additional radiobiologic 

characteristics that they also IT1ust be tried in the experiIT1ental therapy of 

certain neoplasIT1s. 
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EDUCATIONAL ACTIVITIES AT THE DONNER LABORATORY 
AND POSSIBLE FUTURE INTERNATIONAL COOPERATION 

J. H. Lawrence and C. A. Tobias 

One of the advantages of the Lawrence Radiation Laboratory and the 

Donner Laboratory is that they are located on the campus of a large univer­

sity. We can profit by consultation and collaboration with faculty members 

in many specialities and can also offer educational opportunities for those 

interested in a specialized field of science. Many of the staff members of 

the Donner Laboratory are also faculty members in the Medical Physics 

Division of the Physics Department of the University (see appendix). This 

department was initiated in 1947 and it was instrumental in the introduction 

of a teaching program toward a Ph. D. in Biophysics and Medical Physics 

at the University. Currently these doctoral programs are administered by 

an interdepartmental group of faculty members, and approximately 85 gradu­

ate students in Biophysics and 10 graduate students with a M. D. degree in 

Medical Physics belong to the program. This is currently the largest Ph. D. 

program in the Biophysical sciences in the United States. The i~'iophysical 

degrees are broad programs in which can be accommodated no: only those 

who are interested in radiation physics. radiation biology, or nuclear medi­

cine, but also those interested in a number of other specialities in Bio­

physics. 

The program of the Medical Physics Division has grown an average 

of 18% during the past 6 years, resulting in overall growth of 285%. The 

number of Ph. D. degrees awarded in the Biophysics program since its con­

ception is 105, and in Medical Physics 15 Ph. D. 1 S were awarded. Approxi­

mately 70% of the recipients of these degrees are now on the Faculty of some 

university or college, and many of these men are at National Laboratories; 

about 30% of the total number of theses have dealt with a topic in radiation 

biology or nuclear medicine. 

The Donner Laboratory m cooperation with the Lawrence Radiation 

Laboratory is also offering a M. A. in Bioradiology for outstanding students 

who wish to become acquainted with the principles of radiobiology and 
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radiological physics. < This program is aided by fellowships of the ,U. S. 

Atomic Energy Commission. In addition to these programs, the Laboratory 

has been very active in the postdoctoral field, and for a number of years a 

significant number of Fellows spent one or more years with us working on 

specialized research problems. Agencies who have supported this program 

with special fellowships include AEC. NIH, NSF, International Atomic 

Energy Agency, the Donner Foundation, and a number of others. Currently 

there are 12 postdoctoral fellows and visiting faculty members in the Donner 

Laboratory. 

Many of the Fellows are drawn here by the availability of specialized 

facilities and methods .. With the completion of the Omnitron, it may be logi-' 

cal to broaden the training program. Intense interest is evident not only 

from other universities and national laboratories in the United States, but 

also from a number of other countries. Already a running cooperative post­

doctoral research effort is in effect with scientists from certain countries, 

particularly Japan. Norway. and England. 

With the unusual properties of the Omnitron we have received ad-

. vance indications that the Atomic Energy Agencies of several countries might . . 

become interested to participate in a postdoctoral educational and research 

program and that they might help to defray !the costs of such a program by 

paying for the expenses of research teams that may be sent from their own 

country. This kind of international cooperation is beneficial not only because 

it aids development of basic research in a.field important to the health and 

welfare of people in every country, but also because among the visiting 

scientists there would be qualified teachers and some postdoctoral fellows 

eager to continue their educational experience. For this reason we are 

planning to expand the postdoctoral fellowship program. An advanced educa­

tional institute in the field of radiation sciences might be established in the 

Donner Laboratory, particularly in radiation physics and radiation biology, 

and in"'~U'oft'h:e branches of nuclear medicine. - -



-299 -

Appendix 

Medical Physics Division: 
Regular and Affiliated Faculty for 1966 / 67 

Regular Faculty: 

John W, Gofman", M. D., Ph. D. 

Hardin B. Jones, Ph. D. 

John H. Lawrence, M. D., Sc. D. 

Robert K. Mortimer, Ph. D . 

. Cornelius A. Tobias, Ph. D. 

John H. Northrop, Ph. D., Seo D. , LLD. 

Robert H. Haynes, Ph. D. 

Howard C. Mel, Ph. D. 

Alexander V. Nichols, Ph. D. 

Robert M. Glaeser, Ph. D. 

Affiliated Fa~ulty.: 

Henry Borsook, Ph. D., M. B., M. D. 

Hans J. Bremermann .. Ph. D. 

Kenneth S. Cole, Ph. D., Sc. D. 

Ernest L. Dobson, Ph. D. 

Thomas L. Hayes, F-h. D. 

Thomas H. Jukes, Ph. D. 

Aharon Katchalsky, Ph. D. 

L'ola S. Kelly, Ph. D. 

Joseph S. Krakow, Ph. D. 

A. Douglas McLaren, Ph. D. 

Donald J. Rosenthal, M. D. 

Roger W. Wallace, Ph. D. 

Harry S. Winchell, M. D., Ph. D. 

Hiroshi Yoshikawa, Ph. D. 
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