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During recent years a variety of high-LET radiations 

from accelerators have become available for radiotherapeutic 

investigations or for radiobiological studies that may lead 

to full-scale radiotherapy. These include protons and heavier 

accelerated particles (1-10), Pi mesons (11-14), and fast 

neutrons from accelerators (15) -- the latter having already 

been tried thirty years ago (16,17). In &ddition, fast neu-

trons produced f~om ihe transuranium isotope, Californium-252, 

have been suggested for us~ in interstitial therapy (18,19). 

tors 

apy. 

There are important radiobiological and physical fac-

that favor consideration of high-LET radiations for ther

Factors that are ofXen mentioned include a much-

improved distribution of linear energy transfer (LET) and 

depth-dose, and thereby a greater efficiency in delivering a 

tumoricidal dose to the chosen treatment volume; a reduction 

in the protection afforded anoxic cells; a more equal proba

bility of cell-killing by the radiation regardless of the 

state of cell di~ision; and a greater proportion ~f irrever

sible damage -(less repair). In spite of acknowledged advan

tages, however, decisions to use some high-LET radiations in 

radiotherapy may be difficult to make; the machines required 

are expensive, the time used is costly, and a number of years 

of intensive study with patients is required before signifi

cant results are available for judging the efficacy of a 

given particle in therapy. But the promise of heavy parti

cles ,s effective therapeutic agents demands tha~ their pro-

perties be further investigated. In this chapter we shall 

attempt to evaluate some of the properties of these various 

radiatioris. 

Radiation therapy for tumors is usually applied because 

it is known that by judicious use of radiation it is some

times possible to cause regression of tumors permanently, or 

for an extended period of time, without undue injury to nor

mal tissues. There &re many parameters that must be taken 

into account whe~ radiation therapy is applied. Some of these 

have nothing to do with radiation per se, but are by 
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necessity true for all forms of radiation therapy. One such 

important r~quirement prior to administering therapy is a 

knowledge of the exact location of tumor cells in the pati-

ent's body. Much progress has bee~ made in the field of 

tumor localization, particularly with the sophisticated use 

of radioisotopes and y-ray scintillation cameras or other 

imaging devices. However, wh~n metastatic cells are present 

~e accuracy and efficiency of diagnostic studies remain un

certain, at best, because there is always the possibility 

that a few undetected cells have migrated to various parts of 

the body where they can start metastatic tumor proliferation. 

Therefore, when radiation therapy fails, the blame should not 

necessarily be ascribed to the .particular form of radiation 

used. It should be recogni~ed that such failure may be 

caused by our inability to determine adequately the extent 

and distribution of tumor tissue. For this important reason, 

diagnostic procedur~s need much further development. Gamma-

ray cameras, new radioactive compounds localizing in tumors, 

and other diagnostic developments utilizing radioisotopes 

hold much promise in this area, and it is possible that x-ray 

roentgenographic techniques will also be further developed. 

Another difficulty arises from the fact that frequently 

the patient becomes a candidate for radiation therapy when 

his disease is already in an advanced stage -- when_ the tumor 

mass has already become very large or when it has invaded 

critical regions of the body. C~nsequently, treatment has to 

be carried out under less-than-optimal conditions, and it is 

then exceedingly difficult to compare the results obtained 

using different radiations. 

Advances in cellular radiobiology have allowed quanti

tative estimation of radiation effects, and certain compari-

sons in this chapter will be made on a cellular basis. How-

ever, there is much evidence to suggest that the answer to 

the question of tumor radiosensitivity is far more complex ' 



than just an understanding of the sensitivity of the indivi

dual tumor cell; the interaction between neighboring cells 

is important, and the host resistance to tumor cells is also 

a factor that can change with radiation. 

DEPTH-DOSE DISTRIBUTION 

The radiations discussed clearly fall in two classes; 

those with exponen-tial. absorption curves in tissue, and those 

with ionization peaks (Bragg peaks). X rays, gamma rays, a~d 

fast neutrons have exponential absorption curves, except for 

a small transition region in each near the radiation beam's 

entrance into the body. 

Gamma Rays and Neutrons 

Typical absorption curves 60 for Co gamma rays, 15-MeV 

neutrons, Pi mesons, and some charged particles as they might 

be used for therapy are shown in Figure 1 (20, 21). Fission 

neutrons and 3-MeV neutrons are not shown; these radiations 

are so rapidly absorbed by tissue· that ·their use in the form 

of external beams for treating deep-lying tumors is relative

ly impractical~ 15-MeV neutrons, usually produced by the 

(d T) reaction in linear accelerators operating at 0.6 MeV, 
, 60 

have comparable depth absorption curves to Co gamma rays, 

but protect th~ skin less effectively. Neither type of radi

ation has a low "exit dose", and thus all tissue structures 

in the path of the beam are exposed; gamma rays are absorbed 

somewhat more in bone than in soft tissue, whereas fast neut-

rons are absorbed somewhat less. From the point of view of 

depth dose, therefore, one would choose more penetrating 

neutrons in the range of 15- to 20-MeV mean energy. However, 

up to the time of writing this review, no (d,T) generators 

have been built that can produce the desired minimal inten-
. 13 2 i . . 

s~ty of 10 neutrons/em sec at the target, an ntens~ty 

which would result in acceptable dose rates for patients of 

10 rad/minute or more. The reason for this is that the cus-

~tomarily used tritiated ice targets in the accelerators melt, 

because they cannot be satisfactorily cooled at the high 

~ Exceptions are possibly the treatment of superficial tumors and 
the interstitial use of the isotope252cf. 

4 

deuteron beam intensities required. A solutton may be found 

in the future by the use of tritiated metal targets. Cycle-
trans for 30-MeV deuterons can produce the minimal beam in

tensities needed; however, they ~re considerably more costly 

for this purpose than 15-MeV neutron generators. Neutron 
beams from cyclotrons have relatively more unde~irable gamma 

rays and low-energy neutrons thari those from monoenergetic 
sources. 

For localized radiotherapy, collimation of the treat-

ment beam is essential. Gamma rays are collimated by the use 

of heavy metal apertures; since photons of degraded energy 

scatter from the walls of the collimator and since atoms of 

the tissue scatter also, sharply delineated beams cannot be 

maintained at deep treatment depths, and at a tissue depth of 

15 em. the smallest irradiation region has a diameter of ap

proximately 3 em. The small focal spot of the high-energy x 

rays produced by electron linear accelerators allows treat

ment of even smaller regions. Probably one of the best colli

mated gamma-ray sources for local therapy was constructed rec

ently by Larsson (22). 

There are a considerable number of problems encountered 

with collimation of fast neutrons. They lose energy by a 

succession of elastic and inelastic collisions with the nuclei 

of the absorber. Neutrons with lower and,. eventually, thermal 

energies result, and secondary gamma rays are produced. A 

carbon matrix is good for neutron collimation, with added 

gamma ray absorbers made of materials that do not produce 

copious additional gamma rays (e.i., bismuth or tungsten). 

Finally, the thermal neutrons must be absorbed (usually by 
boron). Good collimation sometimes necessitates more than one 

set of collimators, and an increased distance between target 

and patient; this in turn results in reduced dose rate from 

the same beam. The practical limits are similar to those for 
gamma rays. 

• 

.. 
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Protons and Heavier Io~s 

Protons, accelerated helium ions, and heavier ions have 

Bragg ionization yroperties. The energy transfer of these 

particles gradually increases as they slow down in tissue, 

and com~s to a peak before the particles stop. These proper

ties for single particles and for beams of particles have 

been recently investigated and reviewed in detail for the 

910-MeV-He 4 ions now in use at Berkeley (23,24,25,19,20) and 

for protons used at Upsala (26,27). Figure 2 shows the Bragg 

curves for monoenergetic helium and neon ions of about 12 em. 

penetration in tissue. The data in Figure 1 were calculated 

from such curves, assuming the use of ridge filters for het-

erogeneous energies to fit a desired profile. Figure 2 also 

shows the contributions of secondary particles which result 

from nuclear interactions of the primary particles with nuclei 

of the atoms in tissue. 

d.ose. 

The skin received less than thirty percent of the peak 

By choosing an appropriate lower particle energy, or 

interposing absorbers in a high-energy monoenergetic beam, 

the Bragg peak can be placed at any lesser depth. The exit 

dose is very small; for helium beams it is less than two per

cent of the peak dose, and it is due to neutrons and gamma 

rays. 

We shall show later that by judicious mix of heavy

particle energies by absorbers, the depth-dose curve of heavy 

particles can be altered to extend the domain of peak dose 

(1.0 in Fig. 1) to any desired width. We shall also see that 

the ~epth-dose distribution from accelerated particles of 

higher atomic number is quite similar to that of helium ions, 

except that the LET of heavier ions is greater in proportion 

to the square of their atomic number (z 2 at the same velocity). 

As is shown below, we believe this is a desirable property for 

tumor therapy, and we estimate that the · opt1mum particle for 

deep therapy may. have an atomic number between 6 and 25. 
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Heavier particles have narrower Bragg peaks, enabling one to 

make narrower deep lesions; they scatter less, thereby pro

viding the ability of having a nuclear interaction, and there

fore of producing more secondaries, approximately in propor-
. z2 / 3 h 1 . t1on to at t e same ve ocity. However, the exit dose 

usually remains low, up to Z = 25, the latter being a func

tion of atomic number and depth of penetration (28). 

Protons ·and/or helium ions are available with. the re

quired energy for therapy at several laboratories at present 

(e.g., University of Uppsala; Harvard University; Liverpool~ 

Pittsburg; Langley Laboratories, Virginia; Dubna, USSR; and 

Lawrence Radiation Laboratory, Berkeley). The beams can be 

collimated and focused, and they may be piped in vacuum to 

considerable distances away from the accelerator without ap-

preciable loss. The dose rates can be adjusted at will, from 

20,000 rad/min, down. Cyclotrons are somewhat limited in 

furnishing one or two discrete particle energies only. In tht 

future, synchrotrons or linear accelerators capable of ac

celerating particles with any atomic number will be construc

ted which will be suitable for de~lecting monoenergetic 

heavy ions at variable energies and, if desired, with even 

greater intensities than at present. 

Pi Mesons r 
The depth-dose curve from a monoenergetic Pi meson beam 

is characterized by a Bragg peak due to ionization by the 

mesons, augmented by ionization by nuclear secondaries from 

the capture of the negative Pions by nuclei of tissue. A 

typical experimental curve from Raju and co-workers (29) is 

given in Figure 3, showing the contribution from the mesons 

and the nuclear stars separately. This has a ty~ical shape 

of a Bragg curve. The width of the Bragg peak for monoener-

getic mesons is about twice that of a proton Bragg peak for 

comparable tissue penetration, because of the fact that Pi 

particles straggle more. They also scatter more than heavy 
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particles; scattering coefficients vary approximately as the 

inverse square root of the mass, so th p· at ~ons scatter about 
three times as much as t pro ons, and twelve times as much as 

16 
oxygen nuclei. 

Pi meson beams are somewhat contaminated by Mu mesons, 
electrons, and ener t" ge ~c gamma rays. A great part of the en-

ergy released in the capture reaction of ~esons goes into 

fast neutrons. Meth d h b o s ave een. proposed to eliminate elec-
tron contamination, b t th" h u ~s as not yet been carried out 
successfully. 

Since Pi meso bl ns are unsta e and decay with a half life 
of 0.5 x 10- 8 · 

sec in the labora~ory frame, they must be util-
ized close to the target. p· ~ mesons that decay to Mu mesons 
and electrons decrease the deptL dose and 

u modify the LET 
qualities of the beam. Figure 4 shows the percent of parti-
cles t~at s · 10 urv~ve a -meter flight path without decay. This 

curve would indicate that for therapy, it is more advantage~ 

ous to use higher energy mesons. However, at high energy the 

beam ionization peak becomes lower and broader because of the 

straggling and scattering of the particles. There is a spa-
tial. limitation on lli · co mat~on of the beam and shielding from 
the secondaries of the primary proton beam. Since the prim-
ary beams are very intense, thi · s requ~rement poses an expen-
sive shielding problem if Pi mesons are to be used. 

METHODS FOR DELIVERING OPTIMAL DOSE DISTRIBUTIONS FOR CANCER 
THERAPY 

It is usually desirable to deliver a dose adequate to 
inhibit tumor cells · ~n every region where the presence of 
such cells is suspected. At th e same time, it is also impor-
tant to minimize the integral (e.g., gram-Roentgen) dose to 

the patient, not only to avoid unpleasant after effects of 

radiation therapy, but also to h en ance the recovery of normal 
tissues and immunolog4cal t" f 

L reac ~ons o normal host cells to 
tumor cells. Us· 

~ng gamma ra¥s or neutrons, relatively large 

exposure fields must be chosen, and the internal dose 
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distributions are controlled by choice of multiple ports or 

rotation. 

Ch~rged, heavy-particle beams scatter much les~ than 

the other radiations. Radiosensitive tissues, such as the 

colon, can be avoided completely. The small exit dose allows 

protection of bone and of other sensitive tissues, while sig-

nificant tumor doses are given a few mm away. The protection 

of skin is a natural consequence of -the Bragg peak characte:r-

is tic. The depth-dose curves can be additionally shaped by 

choosing appropriate energy distributions for the particles. 

In order to illustrate the advantage of the depth~dose 

distribution of heavy charged-particle beams, we have calcu~ 

lated several dose profiles using a phantom, in each case as

suming a situation in which we wished to irradiate an 8-cm. 

diameter "tumor" volume placed at the center of a 20 x 30 em. 

oval. Fig~re Sa shows a series of isodose curves for irradi

ation with 60co-gamma rays, utilizing a 10 x 10 em. field, 

75 em. SAD,. and a 360° rotation. These isodose curves are 

repre&entative of the distributions that might be obtained by 

using radiations having exponentially decreasing doses (14 
60 MeV neutrons, Co-gamma rays or supervoltage x rays). As 

representative of the radiations with Bragg peaks, we have 
4 chosen a He beam (alpha particles); Figures 5b and 5c show 

isodose curves obtained with a 360° rotation, utilizing ridge 

filter modified beams (30). In 5b, the resultant beam was 

shaped to have a broadened 100% dose region from 6 to 19 em. 

from the body surface, and 93% dose at the surface; with such 

a beam during the 360° rotation, the tumor volume is always 

contained within the 100% dose region, and no range adjust-

ment is needed as a function of rotation angle. If more de-

tailed information is available concerning the stopping power 

of intervening tissue and the variable depth of the tumor 

from the body surface, then the range of particles may be more 

precisely adjusted and the dose delivered outside the tumor 

region can be further reduced; Figure 5c shows the improved 
4 isodose curves obtained with a He beam shaped to have an 

.. 
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S-cm. 100% dose region (from 6 to 14 em. from the body sur

face), and with the use of a tumor-contour ~idge filter the 

dose delivered outside the tumor area has been minimized. 

The calc~lations were performed with special programs (IONPI 

and DOSEM) on a CDC 6600 computer. Bragg curve calculations 

vere based on appropriate programs prepared by Steward (24) 

and Litton (25). In these calculations, secondary radiations 

vere neglected for helium; however, we know that these would 

modify the results by a factor of less than ten percent. 

FUNDAMENTAL ASPECTS OF THE "OXYGEN EFFECT" IN CELLULAR RADIO

BIOLOGY 

The first observation of the oxygen effect is probably 

that reported by Holthusen (31) who observed a distinct and 

substantial difference between survival curves of microorgan

isms exposed to x rays in anaerobic and in aerobic environ-

ments. In 1942 Antoine Lacass~gne (32) carried out his bril-

liant experiments on new-born rats, and found that the radi

ation dose for lethal effect in animals kept immediately 

after birth in an anaerobic carbon dioxide atmosphere was 

twice that required by new-born mice kept in air. Early dem-

onstrations by Fricke (33) on the role of free radicals in 

radiolysis of water, by Barron (34) of the chemical modifica

tions in molecular effects of radiation by reducing and oxy

riizing substances, and by Patt (35) and Treadwell, Gardner, 

and Lawrence (36) of chemical radioprotection, have focused 

attention on the role of oxygen in the "immediate" radiation 

effect; that is, on the effect of oxygen present in the tis-

sues at the time of irradiation. Consideration of the .immedi- . 

ate oxygen concentration effect led L. H. Gray (37) and his 

school to studies of tissue oxygen concentration, and 

Chur£hill-Davidson and others to the use of hyperbaric oxygen 

in experimental radiation therapy. 

Actually, oxygen appears to be involved in radiobiolo

gical mechanisms in very complex ways, and therefore in 
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order to study the oxygen modif~cation of radiation sensiti-

vity, a host of factors must be considered. These include 

both the immediate and delay~d effects, the effects on cells 

in various physiological states when exposed to radiation, 

the modifications of low-LET and high-LET radiation injuries, 

and the modifications in cellular repair mechani~ms. 

Working with spores of !· Megaterium (organisms which 

can be exposed to radiation when dry or when in the presence 

of controlled amounts of moisture), and studying survival 

under different oxygen situations, Powers (39) demonstrated 

three kinds of radiation lesions: (I) lesions requiring the 

presence of oxygen during the radiation exposure period; (II) 

lesions requiring oxygen during the post-irradiation period; 

and (III) lesions independent of the presence of oxygen. It 

was noted that type II lesions can rarely be studied in mam-

malian cells, although they are probably present. These 

lesions apparently represent molecular excited stages produc

ed by radiation that can be modified by oxygen or appealed by 

heat and by reducing substances. When water is admitted to 

the system, these lesions become fixed. 

It was shown that with low-LET radiations {e.g., x rays) 

types I and II lesions are predominant in causing lethal ef

fects, whereas with high-LET radiations, type III lesions are 

most important (40). Stated in summary form, for !· Megater-

ium the oxygen effect with low-LET radiations is marked, the 

oxygen enhancement ratio (OER*) being 2 to 3, whereas with 

high-LET radiations (above 100 KeV/micron) the OER is less 

than 1.10. 

* OER (oxygen enhancement ratio) is often cited as a measure 
of the effectiveness of oxygen to reduce the dose necessary 
for the production of a given effect. OER = Dose (anaerobic)/ 
Dose (in presence of oxygen). Strictly speaking, this factor 
should be used only if one deals with true "dose reduction", . 
usually when survival functions are exponentially decaying 
functions of dose. In other cases the OER is dependent on 
survival level. 
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Many studies are available on the oxygen effect (41Y at 

the cellul•r level with mixed radiations (37) and, with re

latively homogenous beams using the track ~egment method (42, 
43). 

The lesions dependent on immediate oxygen effects may 

relate to the consequences of the action of single ion pairs, 

and to the free radicals that are 

ionization of the water molecule. 
formed as consequences of 

The radicals OH and, in 

the presence of oxygen, o2H; may be responsible for much of 

the radiobiologic~l action in aqueous systems by interacting 

with important m~cromolecules. 

The result, at the molecular level, is most often oxy

dation reduction, interruption of chemical bond, or cross 

linking. From studies of phage DNA we know that a predomi

nant, oxygen dependent form of damage to the genetic material 

is scission of one strand of the double strand molecuie. An

other likely result of the action of a single ion pair can be 

alteration of one of the purine or pyrimidine bases in the 

molecule (44). When oxygen is not present, as in anoxic tum-

or cells, we assume that fewer such molecular lesions are 

produced by low-LET radiation. 

It has been clearly demonstrated, in various types of 
) 

biological materials, that single chain breaks can be repair-

ed during the post irradiation period by an enzymatic process 

that involves synth~sis of new DNA (45). I n s~me ~rganisms, 

this process is known to require the presence of oxygen (46). 

Recently a repair process was indirectly demonstrated in mam

malian cells by Paint~r (47,48) who has shown that following 

ultraviolet or low-LET radiation "unscheduled" synthesis of 

new DNA can be demonstrated by the use of labeled thymidine. 

It has been repeatedly demonstrated that high-LET radi

ation can produce lethal lesions in cells in a manner indepen

dent of the presence of oxygen or of other chemical radiation 

modifiers (49,50,42). The action of high-LET particles on 

phage DNA is often scission of both phosphate chains, causing 
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severance of the molecule in two parts (51,52). The produc-

tion of double chain scission in DNA by single high-LET par

ticles may explain their high biological effectiveness and 

the reason for low OER in heavy-particle lesions. So far no 

clear cut repair processes have been found for double strand 

scission, and heavy-particle lesions are regarde~ as irrever-

sible in their consequences. Several experiments exist, how~ 

ever, that point to the possibility of such repair (46,53). 

Radiation effects oftin express themselves as chromo-

some breaks and rejoinings. The effectiveness of high-LET 

radiations to produce such events is higher than that of low~ 

LET, as studied in detail by Neary (54), and the production 

of aberrations d~e~ become indepe~dent of oxygen at high-LET. 

Chromosome rejoinings also occur more frequently following 

high-LET radiation. This process requires oxygen 

irradiation period, and in some G>rgand'sm54 ·f:t :has lftoen· 

shown to depend on new protein synthesis (55). 

Mammalian Cells 

in the post 

Mammalian cells have been studied as isolates in cul

ture, and in vivo either in murine ascites tumors, in skin, 

or in specialized systems such as the solid tumors of rat 

rhabdomyosarcoma. The information available is voluminous 

and sometimes contradictory. We shall refer to special con-

tributions only of ditect interest to the purposes of this 

review. 

Using the special techniques developed by Puck (56), 

Elkind and Sutton (57) demonstrated that for mammalian cells 

exposed to acute doses of low-LET radiations, the survival 

curves can be described as due to multiple hits. When radi-

ation doses are delivered in intervals, then the surviving 

cells show "recuperation". In addition, Painter (39,40) re-

cently demonstrated "unscheduled" DNA S!Ynthesis post-irradi

ation, and there is a measure of post-irradiation repair. 

With high-LET radiation, the survival curves for 

.. 
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8ammalian cell isolates (e.g., of human or hamster kidney 

cells) are of simple exponential form. This is indicative of 

the ability of a single high-LET particle to cause lethality, 

in contrast to the case with low-LET x rays. X rays produce 

secondary delta rays, and usually hits by from 3 to 6 of these 

are essential to in~ibit the pr6liferative integrity of mam-

malian cells. Typical survival curves. from the work of Bar-

~ endsen (58,59) are shown in Figure 6. When survival was 

•. 

studied at various LETs, it was found that there is a direct 

(single hit) in addition to the multiple-hit component at 

each LET, but that at low LET only a small percentage of cells 

are affected in this manner. Extensive work on the two com-

ponents with heavy, accelerated particles (including He, Li, 

B, C, N, 0, Ne, and A) was carried out by Todd (42,43,60,61, 

Figure 7). His analysis, in terms of "cross sections", 

yi~lded the information that the OER factors for direct-hit 

and multiple-hit events are different from each other. The 

magnitudes o~ the twd types of event are shown in Figure 8b; 

with oxygenated cells at low LET there is a dose reduction 

factor of 2.5 to 3.3, and that at high LET this factor de

creases to about 1.1 -- the OER for the "direct" effect is 

decreasing faster than that for the "indirect" effect. An 

interesting LET region to note is that between 10 keV/micron 

and 50 keV/mitron; the mean LETs of fast neutrons as well as 

of Pi mesons a~e in this domain. With radiations in this 

range, ihe OER drops to a level of about 1.4 to 2.0, which is 

an improvement over the 2.5 to 3.3 reduction factor observed 

with x rays or gamma rays at lower LET, but not as low as the 

OER achievable with ~ccelerated heavy particles at very high 

LET. Table 1 summarizes some of the results reported in the 

literature. 

The use of accelerated particles with the "track set

ment" exposure methods allows the observ~tinn of oxygen en-

hancement ratios at well defined LET values. In Figure 8 we 
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compared such data for human cells by Barendsen and coworkers 

(62,63) and by Todd (42,43,60,61), and for mouse ascites 

tumor cells by Berry (64,65). Because the OER depends on the 

dose level, for Todd's data the "direct" effect (correspon

ding to the initial slope of the survival curves) was separa

ted from the cooperative effects capable of recuperation. 

The OER for the "direct" effect approaches unity at a lower 

LET than for the cooperative eff~cts, a factor quite impor

tant to consider in radiotherapy. 

Most of Barendson's high-LET data were obtained with 

slow alpha particles, whereas Todd's data were obtained with 

faster heavy ions. The ap~arent difference in OERs at the 

same LET has been interpreted by Todd and Curtis as due to 

differences in track structure (66); the faster ions have more 

energetic delta rays and therefore should have a somewhat 

higher OER at the same LET than the slower ions. 

Information from a table such as Table 1, or from Fig

ure 8, is not sufficient in itself to allow one to judge the 

"merits" of each type of radiation for therapy. One must con

sider a number of additional factors, and of these the depth-

dose relationship is of particular importance. The experi-

ments reported here were performed in a 'thin target" geom

etry. However, for successful tumor therapy it is essential 

that a sufficient dose be delivered to the entire tumor vol

ume; and, in addition, it appears to be of advantage to have 

as high an LET as possible everywhere in the tumor. .Converse

ly, the dose and the LET shotild be minimized in the surround

ing normal and tumor-free tissues . 

Pion beams, at present, are availabl~ oniy at relative

ly low dose-rates (less than 10 rad/hour), and therefore when 

comparing these to other radiations one must consider the 

dose-rate effect. This effect can be greater in magnitude 

than the oxygen effect, and one will obtain different survi

val patterns depending upon the physiological state of the 

cells during their exposure to radiation. 

' 
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LET. 

Mo~t authors have reported their work in terms of mean 

However, three different neutron beams, each with a 

different energy distribution and mean LET, gave approximate

ly the same OER (62). This finding can be explained on the 

basis of the presence of more heavy nuclear recoils from car

bon, oxygen, riitrogen, etc., in tissue in the cases of the 

higher energy neutron beams, and it indicates that "mean LET" 

values are not entirely representative of the radiological 

properties of a given beam; in addition, one needs to know 

the LET distributions. Finally, with particle beams at high 

LET, it is becoming more and more apparent that in order to 

define the beam we need to know, in addition to the LET, par-

ameters such as the velocity and the charge. The oxygen 

effect acts more on the delta ray penumbra of heavy-ion tracks 

and less on the track core; consequently, a high-velocity 

beam of high charge may have a greater OER than another beam 

with the same LET but having lesser velocity and charge. 

Since calculations show that more than one-half (and possibly 

70% to 80%) of the ionization produced by a high-speed parti

cle beam is in the core at radius less than 50 A, some be

lieve that the OER of high-velocity beams will still remain 

low in spite of c6rrections for the track penumbra (73). 

This point must be settled experimentally in the future when 

accelerators for heavy 

available for heavy 

nucleon. 

ions of considerable penetrations are 

ions with energies to about 500 MeV/ 

RELATIONS OF THE PHYSIOLOGICAL STATE OF CELLS TO RADIATION 
EFFECTS 

With the availability of synchronized cells in culture, 

it has been possible to assess radiation sensitivity at dif

ferent stages during cell division and the oxygen effect dur

ing these stages -- effects which are of importance to thera-

peutic radiology. In a mixed population of cells, as is 

present in tissues in vivo, cells can be present in different 
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11 ff t 11 ·n "resistant" stages; a dose of radiation wi a ec ce s 1 

states less than those in more "susceptible" states, and thus 

relatively more of the "resistant" cells will survive. Fur

thermore, during the post-irradiation period cell division is 

delayed, and more cells may then group in "resistant" states 

for the next installment'. of dose. Consequently, it is possi- ... 

ble that in protracted therapeutic radiology procedures, with 

each successive installment of dose there will be an -increas

ed number of "resistant" tumor cells present. We suspect 

that this effect may contribute to the relative lack of suc

cess experienced using low-LET radiations in protracted ther

apeutic schedules. 

Using x rays, Sinclair and Morton (75) have demonstra

ted variations in sensitivity to radiation in hamster kidney 

cells; Terasima and Tolmach (76) worked with HeLa cells, and 

Whitmore and coworkers (77), with L cells. It appears that 

generally, in all strains tested, single cells are most sensi

tive in the c
2 

stages and in mitosis. Cells are relatively 

resistant during late stages of nNA synthesis (5). Results 

differ for the different strains studied in the G1 stage pre-

ceding DNA synthesis. L cells are particularly resistant in 

G · the extent of radioresistance appears to relate to the 1, 
duration of the G

1 
stage (78). Response to x rays appears to 

depend also on the availability of free SH groups, oxygen and 

radioprotectors (79). Variations in radiation resistance 

during the cell division cycle may also relate to the ability 

of the cells to repair radiolesions. 

Much of the effect of high~LET radiation appears to be 

independent of the presence of SH groups or of radiation mod- ~ 

ifiers. We would expect, therefore, less variation in radi

ati~n sensitivity during the cell division cycle using high-

LET radiations than we find with x rays. Initial work by 

Skarsgaard and coworkers (80) gave indications that this may 

be so. Very recently, in our laboratory, Bird and Burki (81, 

82) have shown that the survival of hamster kidney cells to 
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~igh-LEf radiation from accelerated carbon and neon nuclei is 

essentially independent of the cell-division stage during 

which the cells are exposed. In Figure 9 we reproduce an 

evaluation of the available experiments from (73). 

It appears to the authors that the demonstrated unifor

mity of response of cells in various ph~siological states to 

high LEi might turn out to be an important factor in radio

therapeutic ~se of heavy accelerated ions. 

Repair and Recuperation at Low and High LET 

The initial observation of Elkind and Sutton (57), that 

~ammalian cells are able to recuperate and repair between 

successive installments of radiation doses, has been studied 

in much detail (83). Those who use protracted therapeutic 

dose schedules must be aware that between successive radia

tion treatment recu~eration, repair, and even cell prolifera-

tion miy take place. It is sometimes a tacit condition for 

successful ther•py ~hat normal tissue components, i.e., tissue 

cells and blood vessels, recuperate ~ore efficiently than 

tum~r cells. The recuperation is, in part, synchronization 

of cells into more resistant phases of the cycle and, in part, 

repair. The multiple-hit survival curves, characteristic of 

several strains of human cells in culture, become single-hit, 

exponential functions of dose. It has been repeatedly shown 

(42,43) that at high .LET recuperation does not occur,. and that 

no cell division is allowed to occur between dose installments 

(34,35,50,51). With fast neutrons of intermediate LET, the 

situation is more complicated; Elkind (84) has recently shown 

that after irradiation with fast neutrons, ~ells possess some 

ability to recuperate; 

It is not fully known why, for very high LET radiations, 

no recuperation has been observed. in mammalian cells. It has 

been suggested that high-LET radiation might preferentially 

damag~ the enzymatic repair systems in cells; on the other 

hand, there is evidence accumulating to show that the 
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molecular lesions produced by high-LET particles are differ

ent from those produced by low-LET particles. 

EXPERIMENTAL TUMOR RADIOBIOLOGY STUDIES IN VIVO 

In the previous section we have considered the radio

biology of isolated mammalian cells, cultured in vitro. A 

.tacit assumption is usually made that such results also apply 

to the radiobiology of tumo~ tissues exposed to radiation in 

vivo. However, because of the obvious differences between 

the behavior of cells in vivo and in vitro, such extrapola

tions must be viewed with some skepticism. In the case of 

tissues, nutrients and control substances (hormones) are be

ing constantly supplied in a rather abundant manner, while 

the waste products are being efficiently removed. Cells in 

culture, however, have a fixed milieu and are often depend~nt 

on diffusion for the turnover of nutrients and of waste pro

ducts. Admittedly, we do not know how to keep cultured cells 

in differentiated states over long periods of time, and cul

tured cells sooner or later turn into tumor cells (85). This 

finding seems to be generally true for cultured cells, with 

the exception of a very few documented examples (86). In fact 

cell isolates in culture are often so isolated from their 

neighbor cells that they must rely entirely on themselves for 

proliferation; furthermore, there is no co~petition for survi

val with other cells. On th~ other harid, in tissues we now 

kno~ that cell-to-ceil communications exist ~ia cytoplasmic 

bridges (87). This cell-to-cell cummunication may have regu-

latory influence on normal cells, and the extent of such com

munication between tumor cells seems to be impaired (88,89). 

Cell-to-cell communication may also be related ~o ''contact 

inhibition" (90), and radiation seems to be ab~e to alter con-

tact inhibition (91). Finally, ther~ seems to be a degree of 

competitiveness between cells in tissue, part of this being 

related to antigenic properties of cells. Tumor cells some

times have specific antigens (~2), and in such cases 
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immunological processes are set in motion resulting in at

tempts by the body to remove the antigenically active cells. 

There is very little quantitative information available 

at present concerning the properties of tumor tissue enumera

ted above, and much more development is needed in this field. 

Nevertheless, there are some definite questions that can be 

experimentally stu~ied by means of ~pecial tumor systems in 
animals. 

Ascites tumors. 

The Gardner lymphosarcoma was induced in c
3
u mice by 

methylcholantrene in 1954 and has been carried by serial 

transplantation in several laboratories since that time (93). 

This is a solid tumor which can be separated easily into 

single cells, allowing one to make quantitative determination 

of the number of cells needed to initiate tumor growth. crt is 

also possible to determine radiation sensitivity ~f the cells 

constituting this tumor by using the loss of capacity to pro

duce a tumor in a new host as the criterion for inactivation. 

For this purpose, the endpoint dilution technique of Hewitt 

(94.95,96) has been employed by Powers and coworkers. They 

found a characteristic two-component tumor-survival curve, 
and interpreted this to be due to the presence of a popula

tion of well oxygenated cells_ (about 99%) and one of more re

sistant- anoxic cells (about 10%) (see Figure 10). The end

point dilution technique has yielded the information that 50% 

of hosts will develop a tumor when 40 to 150 presumptive 

ta&or cells are 1nncu1&1!ed4i It was further shown that if the 

tum,ors of the donor animals were exposed to therapeutic doses 

of radiation, then the surviving tumor cells were equally 

potent in inducing tumors in new hosts as were unirradiated 
cell-s. 

However, hosts that had previously received 250 rad 

whole body radiation, thereby reducing their immunological 

co&petence, were susceptible to a reduced-number of trans

planted tumor cells; on the other hand, hosts that had been 
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previously "cured" from lymphosarcoma developed new tumors 
5 only when 10 tumor cells were transplanted. "Cures" achiev-

ed by radiation never approached 100% of the tumor bearing 

population, probably because a significant portion of tumor 

cells were disseminated via the blood and lymphatic circula

tions to distant regions of the hosts' bodies. 

In this experiment~ it was clearly demonstrated that 

the presence of anoxic cells in ihe tumors had a great effect 

on the radiation dose rieeded to eliminate transplantability. 

The influence of the presence of anoxic cells on "cure" rates 

achieved by a given dose of radiation remained somewhat ob-

scure. 

Ascites tumors in mice. 

Certain lines of murine lymphoma tumors have been kept 

in ascites form by weekly transplantation; the cells in such 

lymphomas grow dispersed in ascites fluid and proliferate in 

a ~anner similar to that of non-clumping bacteria in liquid 

nutrients. 

The radiobiology of such a~cites tumors has been studied 

in detail. The tumor cells can be exposed to radiation 

either .!!!_ vivo or in vitro, using cell suspensions. A great 

deal of complex information is available. For example, 

Revesz (99) reported that DNA from cells killed by radiation 

injury can, under certain conditions, promote the efficacy of 

transplantation. Evans and coworkers (lUO) report that the 

concentration of ascites tumor cells at low oxygen tension 

affects their survival. 

It was also shown that many of the ascites tumors' 

aneuploid cells are present in varying concentrations. Amos_ 

(101) has stabilized some ascites tumor strains, and in our 

Laboratory one of the near diploid lines (L-2) has been used 

for radiobiological studies in LAF 1 mice (70,71,102). These 

studies showed that 10 4 L-2 cells ~ill produce tumors in· 50% 

of mice within 8 weeks following intraperitoneal injection. 

Heavy ion irradiation of cells, in vitro or in~. has 

• 
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r2sulted in increasing ~iological effectiveness for reducing 

the cell's tumor forming ability in a manner similar to the 

finding in studies on hBmster kidney cells. Helium ions of 

118 MeV or 910 MeV kinetic energy at the position of the 

"Bragg peak" also reduce the oxygen enhancement ratio (OER) 

to 1.8 ± 0.1, whereas Pi mesons at the Bragg peak have an OER 

of 1.6. These values are similar to those found on other 

cells for fast neutrons, but are greater than the OER of 1.2 

reported by Berry and Anderson (64) for fission neutrons, or 

approximately one by Sillesen and coworkers for heavy accel

erated ions (102). 

It has been shown that in the course of proliferation 

in the host, ascites tumor cells become so numerous that their 

oxygen supply becomes deficient. Studies in our laboratory 

showed that following transplant of a small number of cells 

(e.g., 100), the cells woul~ proliferate and invariably kill 

the host in a span of 10 days. By microoxygen electrode 

measurements in the ascites fluid, it is shown that at 2 days 

the cells are oxygenated, whereas at 5 days and later, they 

are severely anoxic. Some experiments were subsequently car

ried out at 2 days (cells oxygenated) and at 5 days (cells 

anoxic) with in vivo exposure to radiations (and immediate 

sampling and transplantation of the exposed tumor cells) in 

order to assess the oxygen effect in x-ray and in pion beams. 

The general result obtained was that anoxic tumor cells 

(those irradiated at 5 days) were more resistant to x rays 

than oxygenated cells (those irradiated at 2 days), and also 

that the pion beam was more effective than the x-ray beam in 

killing tumor cells. 

(103). 

Rat Rhabdomyosarcoma 

These data, however, are quite variable 

At the Rijswijk Laboratories in Holland a multiplicity 

of techniques have been developed for assessing radiation 

effects on solid tummrs exposed to radiation in vitro or in 

vivo (104,105,106). Following exposure to radiation in vivo, 
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the tumor Rhabdomyosarcoma is excised and the cells are sepa-

rated by a procedure of trypsinization. Then the individual 

cells are plated, and if able they will form clones on appro-

priate nutritional medium. The number of clones formed are 

subsequently counted as an indication of the number of sur

viving cells. For the Rhabdomyosarcoma cells, the x-ray in 

vivo survival curves measured show biphasic struc~ure. 

cells are much more resistant than oxygenated cells. 

Anoxic 

As shown 

in Figure 11 at low doses the oxygenated cells die off first 

and the "tail" in the survival curve at high doses has been 

shown to be due to anoxic cells. By extrapolation to zero 

dose it is possible to estimate the fraction of anoxic cells 

present. If the animals bearing tumors are exposed to hyper-

baric oxygen, the reaction of anoxic cells becomes diminished. 

The tumors have also been exposed to 15-MeV neutrons which 

have less oxygen effect {see Table 1). The survival curves 

obtained by irradiation in vivo are quite similar to those 

measured when the tumor cells were cloned and exposed to radi

ation in vitro. 

The growth of tumors in vivo depends on so many factors 

that it is impossible at present to quantitatively assess the 

influence of each. The effect of the presence of tumors on 

the host may depend on the size of the tumor, the rate of 

proliferation of its cells, and on the rate of death of the 

cells. These factors have been studied in some detail by the 

Rijswijk group. For example, they have shown that following 

a large dose of x rays to the tumor, the remaining viable 

tumor cells can proliferate quite rapidly, eventually causing 

a delayed regrowth of the tumor. At the same time, the death 

rate of the progeny of irradiated tumor cells is also in

creased. Studies of this type are needed for high-LET radi

ation as well. However, additional factors such as the ef

fect of toxit substances and enzymes elaborated by the tumor 

and the effects of radiation on blood vessels and capill~ry 

bed must also be known. Furthermore, studies are needed on 
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the effect of radiations on normal ~ells and on the interac

tion of normal and tumor cells. 

Tumor Therapy and Hyperbaric Oxygen 

In an attempt to overcome the disadvantage of conven~ 

tiona! x-ray therapy caused by the presence'of anoxic tumor 

cells, two different new therapeutic approaches have been 

initiated during ,the past several years. By using hyperbaric 

oxygen, investigators have tried to oxygenate all cells, 

thereby hoping to achieve a better tumoricidal effect of the 

conventional radiation. In mouse mammary tumors, the "cure" 

rate was indeed increased by such procedures (107), and the 

delay in growth of,rat tumors was also greater when radiation 

was carried out under hyperbaric conditions (108). Unfortun-

ately, randomized clinical trials have not revealed signifi

cant improvements in therapeutic efficacy in man (109,110), 

An alternative procedure is that of rendering the tumor and 

all tissues in the vicinity hypoxic by the application of 

tourniquets. This technique appeared to be helpful in soft 

tissue sarcomas and radioresistant osteosarcomas (41,111,112), 

but it did not change the prognosis in these diseases. 

The importance of the oxygen effect in radiotherapy has 

been questioned on the basis of the observation that in frac

tionated dose therapy of animal tumors, some reoxygenation of 

anoxic cells occurs after the initial therapeutic dose in

stallments (108,113,114). On the other hand, some tumors re-

oxygenate only very slowly (115). In no case has it been 

possible to show that all anoxic cells have disappeared. 

In discussing this type of experiment, we should bear 

in mind that "reoxygenation" must depend on the state of the 

vascular bed of the tumor. If necrotic foci exist, with their 

greatly impaired circulation, then reo~ygenation in their 

vicinity may be less complete than elsewhere. It is possible 

that the presence of relatively few surviving anoxic tumor 

cells is sufficient to render low-LET radiation therapy local

ly ineffective. 
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The above statements imply that additional methods are 

needed besides hyperbaric oxygen, local hypoxia, and pro

tracted ~ose delivery schedules. The use of high-LET radi

ations promises not only to materially diminish the oxygen 

effect quite independently of the location of the anoxic 

cells in the tumor or of the state of their circulatory sup

ply, but also to have other important advantages. 

Estimations of depth survival distributions. 

We have seen that several physical variables help to 

describe the effects of special radiations for the purpose of 

radiology, including dose distribution, dose rate, and LET 

distribution. In order to describe the radiological proper-

ties of tissue, it is helpful to have dose-effect relations 

described in terms of the above independent variables. Such 

relations are needed for normal as well as for cancer cells 

in various physiological stages. It is obvious that we do 

not have enough data to realistically make a model of the 

overall effects of various types of radiations on tumors. 

However, in view of the complixity of the situation, and in 

order to have a better understanding of the relative advan

tages of various radiations, we have made some simplified 

models. We wish to comEare the effect of treatment on cells 

and therefore in addition to depth-dose distributions, we 

have provided depth-survival distributions. ~he aim of a 

radiological treatment can be stated in terms of hoping to 

reduce survival levels of tumor cells to some specified level. 

The depth-survival calculations are of value because they 

take into account biological effectiveness and oxygen effect, 

~as well as dose distribution. 

The data presented below are the result of calculations 

based on experimental or assumed knowledge of several factors. 

These include depth-dose and LET distributions, cross sec

tions for survival of ce1ls, responses to oxygen concentra

tion as well as distributions,in the physiological state of 

cells and changes of radiosensitivity in these states, repair, 
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recuperation, and cell proliferation between su~cessive dose 

fractions. Figure 11 gives a schematic representation of the 

manner in which such calculat~ons are carried out by computer. 

In orde~ to illustrate the importance of depth-dose and 

LET distributions, we have shown some results of such calcu-

•- lations in Figure 12. For these calculations we have assumed 

that we are ~reating a 4-cm. thick tumor in the center of a 

20-cm. thick body. The radiation is delivered through twD 

opposed ports, treatment being given through both ports on 

each treatment day. This results in the following: there is 

no reoxygenation of anoxic cells; there is no growth between 

dose fractions; there is complete repair of any sublethal dam

age between fractions; tumor cells and normal cells have the 

same radiosensitivity. Two types of tumor cell populations 

have been assumed at the start of the treatment regimen: 

of 100% aerobic and no anoxic cells, and the other of 20% 

one 

anoxic and 80% aerobic cells. As a reference for comparison, 

the standard treatment was taken to be 6,000 rad at the mid

line, administered in thittj fractiohs, using Cobalt-60 gamma 

rays. This results in a maximum surviving tumor fraction of 
-7 

about 1 x 10 if there are no anoxic cells; if initially 

there are twenty percent anoxic cells, then the surviving 

fraction is greater than 1 x 10- 3 . For helium- and neon-ion 

irradiations, the dose and the number of fractions are adjus

ted to reduce the surviving fraction of aerobic tumor cells 
-7 

to less than 1 x 10 and to maximize the surviving fraction 

at the surface. 

For heavy ions the standard fractionation scheme, such 

~ as that used for x rays and Cobalt 60 gamma rays, is inappro-

priate. Whenever the survival ctirve has a shoulder and the 

depth-dpse distribution is such that the maximum dose occurs 

within the tumor region, then there will be an optimum daily 

dose for greatest killing of cells within the tumor while 

sparing those cells outside of the tumor. With a given sur-

vival level within the tumor region, this optimum daily dose 
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will determine the optimum number of fractions to be used. 

With a depth-dose distribution which_has a maximum dose occur

ring outside of the treatment region, then this simple model 

indicates that the daily dose should be small, and consequen

tly the number of fractions would be large. 

These calculations show that in. the case of a "slab" 

treated with gamma rays or neutrons, it is not possible to 

obtain survival of cells in the tumor area less thBn that ob-

tained near the body surface. If the tumor region is also 

anoxic, then the situation is made worse, becBuse in this 

case the number of cells surviving in the tumor region may be 

increased several times. Pion, helium, ~nd neon beams have 

very similar isodose curves, but these beams differ more 

markedly in the mean LETs and the LET distribution patterns. 

These beams can cause greater let~al effect inside of the slab 

at the "tumor" region. Furthermore, when anoxia is present 

relatively fewer cells will survive. In this latter situation 

the difference between survival of anoxic and normal cells is 

least when neon beams are used, is a little greater with pi

ons, and an even greater oxygen effect results with helium 

ions. Optimal treatment of an anoxic tumor with one of these 

radiations may even require a different dose per fraction 

than that required for an aerobic tumor. Larger tumor volume 

will require a larger region of the 100% dose, but by using 

two opposed ports it should always be possible to get a tumor 

dose at least woice as large as the surface dose. Therefore, 

as long as there is sublethal repairable damage at the sur-

face, there should be an optimum dose per fraction. It may 

be a mistake to attempt to use these radiations with conven

tional fractionation schemes because of this possible situa-

tion. 

Overall suitability of. radiations for radiotherapy 

The success of radiation therapy obviously depe~ds on 

optimal choice of a number of factors. In each case many 

biological factors, such as the histopathology, the degree of 
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invasiveness, the radiation Sensitivity, and the location and 

uearness of radiation sensitive normal tissue region, must be 

considered. In addition, there are also the physical and 

radiobiological considerations presented here. 

'some authors who are particularly impressed with a 

single factor,e.g., depth ~ose or oxygen effect, have advoca

ted· a single type of radiation over others, and some have 

even cited "figures of merit" to support their convictions 

(138). One must caution against such approach, however, par

ticularly if the presentation does not clearly state how the 

"figure of merit" was derived. 

Irt order to aid radiotherapists, we have summarized the 

arguments given in this paper in Table 2. Five radiations 

were ranked on a scale of 1 to 5, wi~h 1 being "best" and 5 

"least" desirable:. The properties ranked were suitability of 

depth dose, minimal oxygen effect, minimal repair in tumor, 

minimal response of cells in different physiological states, 

and minimal entry or exit surface effect. 

At the time of this writing only low-energy (10 MeV/ 

nucleon) neon ions and only low-intensity(<1~ rad/hour) pions 

are available for experimental studies. Further ~xperiments 

in radiation physics and radiobiology are needed for better 

understanding of several factors, and only eventual therapeu-

tic trials can supply full evaluations. It appears to these 

authors that acceleration of heavy ions, e.g., of neon, and 

further assessment of pion beams might be very worthwhile for 

the fllture of radiation therapy. In the meantime, we have 

had many years of experience with helium beams and, as des

cribed below, these are being proven to be versatile for 

radiotherapy. 

Clinical Studies 

At present there are no sources of pi mesons or heavy 

ions such as 400-KeVIhtl~leQn~noon..,for ,use In .tiJ~~apy.-1c,partlcles 

which would provide deep penetration and decrease in the oxy-

gen effect. Fast neutrons were tried in cancer therapy in 
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our laboratory during the period 1937 to 1942 (16,17,117), 

and are being tried again in one center in England at the 

present time (15), but the results of the early work and that 

during the past ten years are not encouraging. We have had 

some experience with relatively light heavy particles (alpha 

particles) using the Bragg peak in therapy, but the ~ensity 

of ionization produced is relatively low. What we really 

need to have available for therapy are particles such as 

R&O.n ~trr.:earbcm ~Jtlt~cenergies up to 600 MeV/nucleon. 

In 1948 animal investigations were carried out using 

the Bragg peaks of 1980-MeV deuteron and 340-MeV proton beams, 

demonstrating that transplanted mammary tumors in mice could 

be successfully eradicated by pas~ing the heavy~particle beam 

-through the animal's body with the Bragg peak placed at the 

tumor site (2). Thus heavy particles were found suitable for 

effective and intense irradiation of small volumes deep with

in the body, and further studies were carried out irradiating 

the pituitary gland in animals (1~7). Earlier findings had 

indicated that the pituitary was resistant to x radiation 

(118), but the demonstration that it is possible to suppress 

function in animals by using heavy particles led to their use 

in tr.eating human disease. 

During the past sixteen years we have treated more than 

500 pati~nts with heavy particles, first using 340-MeV protons 

and since 1957, 910-MeV alpha particles. The medical applica

tions of heavy particles, which first centered around suppres

sion of pituitary function in patients with far advanced meta

static breast cancer (119,120), ~ere soon extended to include. • 

the treatment of patients with disorders of the pituitary 

gland, including acromegaly (121, and Cushing's disease (122). 

Using high-energy heavy particles it is possible to overcome 

the relative insensitivity of the pituitary gland to external

ly delivered radiation and to deliver safely, sufficiently 

large doses to the pituitary area to treat these pituitary 

disorders succes~fully. During the treatment period the 
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oatient is ambulatory, the procedure is painless; and th~re 

is no need to enter the cranium either surgically or by 

needle. 

Since 1958, 144 patients with acromegaly have been 

treated using the 910-MeV alpha-particle be~m from the 184-

inch cyclotron (121). Thi~ disorder is usually caused by an 

eosinophilic tumor of the pituitary gland, with the resultant 

hypersecretion of growth hormone leading to the devel~pment 

of the many symptoms and signs of acromegaly. These patients 

do not live long -- over 50% die before age 50, and 80% be-

fore age 60 (123). Since, as mentioned above, the pituitary 

gland is relatively radioresistant, metabolic effects from 

Roentgen or gamma-ray pituitary irradiation are rarely seen 

(124,125) because of the limited doses that can be used safely 

without damage to surrounding vital structures such as crani

al nerves, hypothalamus, and the temporal lobes; after such 

treatment long periods of relief of signs and symptoms are 

not achieved and life expectancy remains poor. With the 

availability of cortisone for replacement therapy, surgical 

hypophysectomy has been used with considerable success (126, 

127), as have pituitary implants of gold-198 or yytrium-90 

(128,129,130) and, more recently, cryohypophysectomy (131). 

However, using an externally delivered high-energy heavy

particle beam from a cyclotron, it is possible to deliver 

safely sufficiently large doses to the pituitary area to con

trol the excessive growth-hormo~e secretion and thereby to 

treat acromegaly successfully. 

Following heavy-particle therapy, the relief of symptoms 

and signs is gradually achieved. Headache, which is by far 

the most frequent and troublesome symptom encountered, has 

either disappeared or markedly improved in nearly 100% of the 

patlents within one year. Lethargy and weakness.also improved. 

These symptoms, while difficult to assess, are nevertheless 

of real importance in the patient's illness as they adversely 

affect his ability to carry on normal activities and further 
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affect his psychological outlook, and consequently their 

aileviation is important in judging the effect of therapy. 

No further acral enlargement a~ occurred in any of the pati

ents following treatment, and this had decreased in one-third 

of the patients within four years after completion of therapy. 

The typical coarse, heavy facial appearance of th•se patients 

underwent satisfying changes in thirty-five percent of the 

group followed for the four-year period. This was evident in 

a refinement and decrease in mass of the supraorbital ridges, 

the malar prominences, the jaw, and the nose. Photographs of 

h · t taken before and after therapy show many of t ese pat1en s 

striking changes in appearance. Primarily the changes occur 

in the soft-tissue mass, but there is also evidence of changes 

in the bones as demonstrated by comparative head casts, x-ray 

examination of the hands and feet, and studies on calcium 

metabnlism using radioactive calcium. 

The plasma-growth-hormone levels, as determined by radi-

oimmunoassay (133) were elevated in all patients prior to 

treatment, and subsequently all fell. These levels were with

in normal limits in twenty-seven percent of the patients with

in two years, and in ninety percent when re-evaluated in five 

f 1 t . f therapy In addition, ab-to nine years a ter comp e 1on o · 

normalities in carbohydrate metabolism, including insulin 

resistance, diabetic~typ~ glucose tolerance curves, and the 

presence of secondary diabetes mellitus disappear following 

treatment. The remaining normal pituitary gland continues to 

function, and less than one-fourth of these patients require 

replacement hormone therapy with hyroid or cortisone. 

With the reversal of the metabolic abnormalities it is 

teason~ble to expect extension of comfortable life to normal 

or near normal. Only nine patients in our series have died, 

four of these from cardiovascular causes associated with 

severe cardiomegaly and hypertension prior to heavy-particle 

therapy. One patient took his own life seven months after 

treatment, before the maximum effect of therapy could be 
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achieved. One died of an accidental overdose of barbiturates 

~ive years after completion of heavy-particle therapy. One 
patient, whose growth hormone level remained high, was given 

a course of proton-beam therapy elsewhere three years after 

being treated here and died one year later with acute myelo-

blastic leukemia. One patient died of systemic histoplasmos-

is, three and one-half yea.rs after treatment. -The ·other pa·ti

ent died at another medical center eleveri years after comple

tion of heavy-particle therapy from a ~eningioma (both the 

patient and his wife had refused treatment for this tumor); 

the meningioma was in an area of the brain estimated to have 

received 300 rad, and it seems unlikely that a cause-effect 

relation between therapy and tumor is present. One addition

al patient, who did well for a brief period following treat

ment, subsequently relapsed and underwent surgical hypophysec

tomy two years after completion of heavy-particle therapy; 

his growth hormone level .is now down to 6 m~g/ml, and he is 

doing well. The rem~ining 134 patients are living and well; 

sixty-seven were treated o~er three years ago, a~d thirteen 

of these have now been followed for more than ten years. 

Although it does not seem necessary, the dosage to the 

sella turcica can be safely increased by using the Bragg peak 

(five patients .who had very 1 •t · arge p1 u1tary tumors were treat-

ed with the Bragg peak). Significant amounts of prior radi

ation predisposes to an increased incidence of post-heavy

particle therapy complications. Six of the patients treated 

before 1961 had already received x-ray therapy, but because 

they still had active and progressive acromegaly when we first 
saw them, they were accepted with reluctance for heavy-parti-
cle therapy. Three of these six, who had received one to 

three courses of x ray with total doses ranging from 2,000 to 

4,275 rad, subsequently developed mild ocular complications 

~hich were not progressive; two developed transient diplopia 

fourteen months after heavy-particle therapy (they are both 

ioing well today, it now being twelve and one-half years since 
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treatment), and the third developed a quadrant cut two years 

after therapy (this patient died seven years later from a 

cerebrovascular accident, at the age of 68). These mild ocu-

lar complications were ~resumed to have resulted from therapy 

and their occurrence further reinforces our belief that heavy

particle therapy should be limited to those patie~ts who have 

not received previous radiation therapy; since 1961 our policy 

has been not to accept such patients. In addition, we have 

also eliminated patients who have significant extrasellar 

extensions of the pituitary tumor. In several instances such 

suprasellar extensions were found only after carefully conduc

ted tomographic pneumoencephalography, and to ensure ruling 

out such p~tients this procedure is now always carried out 

prior to treatment. With these restrictions in force, the 

dosage delivered to the brain tissue surrounding the pituitary 

gland and to the cranial nerves has been limited to less than 

3.500 rad. Of the 129 patients treated since 1961, 124 were 

treated with ~he plateau portion of the beam using a biplanar 

rotational technique; we have experienced no neurological com-

plications in this large group. The other five patients had 

very large pituitary tumors, and therefore were treated w~th 

the Bragg peak. Two of them had small suprasellar extensions, 

and one of these patients developed diplopia and subsequently 

underwent transfrontal surgic~l decompression with improvement. 

Of the other three, one developed small bilateral superior

temporal field cuts following treatment, which subsequently 

stabilized and fortunately resulted in n~ major visual im

pairment; another complained of subjective diplopia following 

parathyroid surgery, but had no objective extraocular palsies 

and she is now improving. All five .of these patients are 

working and otherwise well. Our total experience using heavy 

particles to treat this large number of patients (144) over a 

thirteen-year period is encouraging and indicates that good 

control of acromegaly can be achieved by this safe method 

with a very low incidence of side effects. 
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The question of possible relation between malignant 

transformation in pituitary tumors and Roentgen therapy has 

been raised in the past. Terry, Hyams, and Davidoff (134) 

reported three cases of pituitary sarcoma occurring from 

three to twelve years after administration of x-ray therapy 

for treatment of chromophobe adenoma; Goldberg, Sheline, and 

Malamud (135) reported three ~ases of pituitary sarcoma occur

ring ten and twenty years after pituitary irradiation for 

treatment of acromegaly; Greenhouse (136) reported one:case 

of pituitary sarcoma occurring nine years after x-ray therapy 

for acromegaly; and at a Cancer Seminar on Intracranial Tumors 

held in 1962 (137), Wheelock report~d one case of pituitary 

sarcoma occurring twelve years after initial x-ray therapy 

for acromegaly. Taveras mentioned two cases of pituitary sar-

coma he had seen occurring ten or more years after radiation 

therapy, and Zimmerman commented on his observation of three 

pituitary sarcomas which had received previous irradiation. 

However, it was pointed out that pituitary sarcomas are rare, 

and the incidence in an untreated group is not known (most 

patients *ith pituitary adenomas eventually receive radiation 

therapy, and there is no large control group for comparison). 

Also, there is the problem of establishing malignancy in these 

cases. The literature does not clearly answer the question 

one way or the other. However, even if a causal relation were 

to bs proved, it is generally felt that this would not negate 

the value of radiotherapy in the management of pituitary ad-

enemas. Cases of necrosis of brain tissue following treatment 

of acromegaly with electromagnetic radiations such as x rays 

~ and g~mma rays have been reported, and recently Peck and 

McGovern (138) cited thre~ such cases in addition to one case 

follo•ing x-ray therapy for chromophobe adenoma. The brain 

and cranial nerves can only tolerate doses of radiation up to 

the range of 3,000 to 5,000 rad, and as pointed out above, in 

our seri~s we hav~ avoided giving such doses t~ the surround

ing nDrmal tissues. 
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Just as in the case of acromegaly, heavy particles haYe 

made it possible to accurately and safely deliver sufficient

ly large doses of radiation to the pituitary area to treat 

patients with Cushing's disease successfully (122). We have 

used this method to treat twenty-two patients with Cushing's 

disease during the past eleven and one-half years~ and our 

results so far have been encouraging. We have obsSrved re-

versal of abnormal metabolic signs, a fall to normal of ster

oid excretion, and th~ disappearance of exaggerated response 

~o metyrapone. The first patient, who was treated in April, 

1959, remains in remission today. However, follow-up of a 

larger number of·patients for a longer period of time is nec

essary before final conclusions can be reached. 

In addition to their use for the treatment of acromeg

aly and Cushing's disease, heavy particles have already been 

investigated for their possible benefit in several neoplastic, 

neurologic and metabolic diseases. The Bragg peak was first 

used in Jan~ary, 1960, (139) to treat a metastatic lesion in 

the right deltoid muscle of a patient whom we had treated in 

· 1958 for disseminated mammary carcinoma. The local lesion 

w~s treated with a dose of 2,500 rad delivered in five treat

ments over a seven-day interval, it being noted that with the 

greater RBE of the Bragg peak this dose was ~quivalent to 

4,500 to 5,000 rad of conventional x ray, The major part of 

the dose went to the tumor itself, the skin dose having been 

one-third of the tumor dose. Therapy was well tolerated, .and 

three months later the lesion was only a slightly indurated 

area that was not tender and showed no definite mass. There 

had been no skin re~ction. About one year later, however, 

there was evidence of progression of other systemic lesions, 

and thirty-seven months after the inital heavy-particle pitu

itary therapy the patient died. 

We have used 910-MeV alpha particles to irradiate brain 

tumors in six patients, employing the Bragg peak in five cases 

and the plateau of the Bragg peak had brief periods of improv

ment (3 to 12 months), and th~ other one did well for a 
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?eriod of five years. However, in each of these patients 

there was subsequently evidence of tumor recurrence outside 

of the radiation field, and the patients died at intervals 

ranging from six months to six years after treatment. In the 

four cases where post-mortem results are av~ilable, the tumor 

extension outside the radiation field was shown. Thus, while 

cessation of tumor growth fn the treated area may be achieved, 

there is often recurrence later, outside of the radiation 

field, and this points out a major difficulty to overcome in 

treating ~~ese cases -- the exact delineation of the tumGr 

area must be known. Even though one can take advantage of 

the heavy par~iclesw favorable radiobiological characteris

tics and thereby deliver greater tumor doses while sparing 

the skin and intervening tissues, unless one can place the 

radiation throughout the entire tumor area improved results 

cannot be expected. 

In the case of the sixth pafient with a brain tumor 

(pinealoma), because of the central location and small size 

of the tumor it was decided to employ a technique similar to 

that for pituitary irradiation using the plateau of the alpha

particle beam with rotation. This patient was essentially 

asymptomatic for ten months following therapy but then aga(n 

noted diplopia. Ventriculography revealed a third ventricu-

lar mass which was interpreted as tumor recurrence, but which 

in retrospect actually represented a hematoma. He died five 

days after a right occipital c::aniotomy, and a.t autopsy the 

essential cranial findings were post-surgical hemorrhagic 

necroses of the right occipital lobe, right and left thalamus, 

and pulvinar; there were post-irradiation changes in the tar-

get area, but notably none outside the target area. 

no evidence of residual cells. 

There was 

We have also used the Bragg peak of the 910-MeV alpha 

particle beam to perform thalamotomies in two patients with 

Parkinson'• disease (132), but there is not sufficient data 

to discuss the results. More recently we have used the Bragg 
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peak to treat pulmonary metastases, and following is a case 

history of this patient. 

Case History: A 44-year old woman with a six-year history of 

cylindroma of the palate was referred in September, 1969, for 

treatment of pulmonary metastases. Resection of the hard and 

soft palate without radical neck dissection {no cervical nodes 

were palp.able) had been done in March, 1963, the pa:thological 

section showing adeno{d cystic carcinoma in all-margins ex

cept one. Post-operative radiation therapy with 2-MeV x rays 

was administered, the total dose being 5,000 rad in twenty

five days. Multiple follow~up examinations revealed no evi

dence of loc~l recurrence nor distant metastases until Febru

ary, 1969, when both were detected. The primary site was 

treated with implantation of two radon seeds (1,500 rad to 

a 2-cm. diameter), and a cluster of five nodules in the left 

lung base were treated with cobalt-60 gamma radiation (3,000 

rad in 11 days) to determine radiosensitivity. 

Three months later (may, 1969) there was marked diminu

tion in the size of the treated metastases, and growth-rate 

measurements of the untreated pulmonary lesions showed the 

doubling time to be in excess of 100 days. There was no 

readily identifiable tumor in the right maxilla, and the tis

sue washing of that area was negative for tumor cells. It 

was felt that if tumor were present, it was extremely show 

growing, and since the radiosensitivity of the lung lesions 

had been established, it was decided to defer further treat

ment until symptoms warranted interference. 

In August, 1969, there was continued slo• growth of the 

untreated pulmonary metastases, but no pulmonary symptoms. 

The patient had a sensation of "tightness" in the right max

illary region, but there was no recognizable tumor in the 

primary site. Because of the apparently well controlled pri-

mary lesion, the rather slow growth of her pulmonary metas

tases, the proven radiosensitivity of the treated lesions, 

the absence of metastatic lesions other than those in the 

.. 
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lung, and the good general condition of the patient, she was 

referred to us for consideration of heavy-particle irradia

tion of her right lung nodules. In order to carry out treat-

ment, a special chair was constructed (see Fig.~) .. In 

March, 1970, a biopsy of the hard palate showed local recur

rences, but it was decided to proceed with heavy-particle 

treatment of the pulmonary metastaces.and then to treat the 

~ primary rectirrence. 

Heavy-particle (Bragg peak) therapy: On April 3, 1970, 

and in cooperation with the Professor of Radiotherapy in 

charge of her case, four lesions in the right lung were treat

ed with 910-MeV alpha particles. Three of the nodules were 

lined up horizontally (by inclining the patient backwards 

about zoo from the upright sitting position) and irradiated 

with 910-MeV alpha plateau particles through an anterior 38-

om. circular port. A total dose of 1,000 rad was delivered at 

a dose rate of approximately 1,000 rad per minute. There were 

three momentary interruptions to allow the patient to catch 

her breath, she being asked to hold her respiration during 

mid-inspiration just before each of the four irradiation peri

ods. Localization films were taken before and after treatment. 

The fourth lesion was treated with 910-MeV alpha Bragg-peak 

particles (see Fig. 15), using a beam of similar size and in 

a 20° anterior oblique direction. Ridge filters were used tb 

widen the peak to approximately 4 ern, and the beam was termi

nated at a depth of about 6 em from the skin aurface, and 

seventy percent of the peak dose of 1,000 rad was delivered 

at that depth. Carbon-11 positron scanning pictures were 

taken within ten minutes of the Bragg-peak treatment, and they 

qualitatively confirmed th~ dosimetry (see Fig. !~). Thus, 

in one instance, 1,000 ra~ of radiation with an approximate 

RBE of one was delivered (plateau), and in the second the same 

dose of Bragg-peak irradiation was delivered with the latter 

sparing considerably .the tissue beyond the tumor and, to a 

lesser extent, the skin surface, producing a ~enser 
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ionization in the tumor and therefore having a somewhat high

er RBE and somewhat decreased oxygen effect (67). 

Following completion of heavy-particle therapy to the 

pulmonary metastases,.the local recurrence of the primary 

site was treated elsewhere. On April 14, 1970, radon seeds 

were implanted on the right side (antrum, orbit,,and nasal 

passage) with an estimated tumor dose of 4,000 rad; then, 

between May 12 and May 21, 2,000 rad were delivered to the 

area using 4-MeV x ray through two ports. 

On May 14, 1970 (40 days after completion of heavy-

particle therapy) repeat chest x rays were taken. These are 

shown in Figure 16 and reveal a marked diminution (75%) of 

all four lesions in the right lung which had been treated 

with heavy particles. 

were regrowing. 

However, the left lower lobe deposits 

On July 13, 1970 (3-1/2 months after heavy-particle 

treatment) the patient returned for a follow-up visit. She 

was doing well. The recurrence of her primary lesions waB 

regressing well following treatment, with moderate reaction 

of surrounding normal tissue; the pulmo~ary metastases had 

been very responsive to radiotherapy, but neither appeared 

curable by radiation. It was decided to retreat the four 

lesions in the right lung (had received 1,000 rad in April, 

1970 and an additional 1,000 rad were to be given), and to 

treat two new lesion~ in the left lung with a dose of 2,000 

rad using the Bragg peak for one of them and the plateau for 

the other. 

Second heavy-particle (Brag~ peak) therapy: On July 15, 

six pulmonary nodules were irradiated with 910-MeV alpha par

ticles. A 38-mm circular aper~ure was used throughout the 

procedure. The patient was re4uested to take shallow respira-

tion during the irradiation periods. Localization pictures 

were taken before and after each treatment and these confir

med that fairly consistent alignment was maintained. Lesions 

1, 2, 3, 4 had been previously treated; lesions 5 and 6 were 
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:~eated for the first time. Therapy was administered as fol-
~ows: Third heavy-particle therapy: on November 24th we 

treated four more nodules, three of them in the left lung 

(these had received Cobalt-60 gamma radiation in February, 

1969, 3000 rad in 11 days), and the remaining lesion in the 

right cardiophre-nic angle (this had received no prior thera-

Lesion 1 was retreated with the Bragg peak, a second 

dose of 1,000 rad being delivered through a 45° oblique anter

ior field ~hich was adjusted to have a 6-cm penetration. To 

ensure full coverage of the tumor, there might have been some 

overshoot into l~ng tissue. 

Lesions 2, 3,-4 were lined up horizontally, as before, 

by inclining the patient backwards about 30° from the upright 

sitting position; these lesions were retreated with the plat

eau, the second dose of 1,000 rad being delivered through an 

anterior field. 

Lesion 5 was irradiated with the Bragg peak, using two 

45o oblique right lateral portals, each delivering 1,000 rad 

to make a total tumor dose of 2,000 rad. There was probably 

some over•hoot with these fields which were estimated to ter

~inate at approximately 7 em of soft tissue equivalent be

neath the skin surface; 

Lesion 6 was irradiated with the plateau, using an an

terior and a left lateral portal, each delivering 1,000 rad 

so that the tumor received a total of 2,000 rad. 

A ddse rate of about 1,000 rad per minute was used in 

each instance, except in the treatment of lesions 2, 3, and 4, 

where it was higher by a factor of almost six. 

In August, 1970 (1 month after the second treatment) x 

rays revealed almost complete disappearance of the irradi~ted 

metastases (there was tanning of the skin at the position of 

the entry and exit beam portals). The primary tumor was ex

tending, and was being treated again. 

In October~ 1970 (3 months ifter the second treatment), 

the primary s~te (right antral and orbital region) was under 

reasonable control, and all of the treated pulmonary lesions 

had shown good regression. It was decided to treat the pul

monary lesions in the left lung with heavy particles. 

py). Altogether three separate AP ports and tw6 slightly 

over-lapping lateral pdrts were used to de~iver 750 rad-each 

(plateau alpha particles). The ports were all circular and 

measured either 45 mm or 63 mm in diameter. A total dose of 

1,500 rad wa~ delivered to three of the lesions; the fourth 

lesion received only 750 rad because one lateral field hit 

the cord. 

We are waiting now for follow-up information on this 

patient. 

Be~ause of the potential advantages of heavy particles 

in therapy, other import~nt applications of this form of en

ergy must be further invest~~ated. We believe that the treat

ment of certain types of malignant tumors might be improved 

if it were possible to administer an adequate dose of densely 

ionizing radiation. It seems i t t h h mpor an t at t ere be eventu-

al construction of an accelerator capable of accelerating 

heavier particles and thereby making available very high en

ergy heavy particles, such as 400-MeV neon particles or even 

-calcium ions, for use in therapy. As pointed out in this 

chapter, by being able to deliver dense ionization with an 

LET of around 50 to 100 MeV per micron to deeply-lying tumors 

the oxygen ~ffect would be n~arly completely eliminated. It 

is known that some neoplastic cells are anoxic or hypoxic, 

and such particles would be particularly advantageous in 

treating these neoplastic cells, with the other characteris

tics of densely ioni~ing radiation effects on tissues. Also 

the finite range of the particular beams would be of special 

value in the treatment of patients with circumscribed tumors 

and tumors that lie closely adjacent to sensitive structures. 

Some lesions especially suitable for clinical trial for these 

., 
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ceasons, or because of the poor prognosis, are the cranio

pharyngioma, pinealoma, brain-stem tumor, and glioblastoma 

multiforme; esophageal carcinoma; advanced carcinoma of the 

'cervix; osteogenic sarcoma; Ewing's tumor; soft tissue sar

comas and synoviomas. especially of childho~d; chordomas and 

malignant tumors of the vertebral bodies; parotid and middle 

ear tumorE;; chest wal·L lesions (e .. g., .en. cuirrasse breast 

cancer recurrencesl; and carcinomas of the prostate (142). 

Even today, however, there are accelerators in many 

centers thtoughout the world which are capable of producing 

protons and alpha particles with sufficient energy to be used 

therapeutically. Groups in Uppsala (26,143), in Cambridge, 

Massachusetts (143), and in Russia (9) are using high-energy 

protons in therapy; and it seems important that other groups 

begin to use their cyclotrons to do this kind of work. But 

for the future, it seems to us exceedingly important that very 

heavy penetrating particles, as high on the periodic table as 

neon and calcium, be available for therapeutic trial. In 

Berkeley, we hope that a synchrotron ring can soon be added 

to the presently operating super HILAC which would act as the 

ejector of the~e particles at low energy for acceleration to 

400-MeV per nucleon. 
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OVERALL SUITABILITY OF RADIATIONS FOR RADIOTHERAPY 

The success of radiation therapy obviously depends on 

optimal choice of a number of factors. In each case ~any 

biological factors, such as the histopathology, degree of in

vasiveness, radiation sensitivity, location and nearness of 

radiation sensitive normal tissue region must be considered. 

In addition to these are the physical and radiobiological con

siderations presented here. 

Some authors, particularly impressed with a single fac

tor, e.g., depth dose, or oxygen effect, have advocated a 

single type of radiation over others, and have even cited 

"figures of merit", to support their convictions (138). One 

must caution against such approach, particularly if it is not 

clear from the presentation how the "figure of merit" was de

rived. 

In order to aid radiotherapists we have summarized the 

arguments given in this paper in TABLE II. Five radiations 

were ranked on a scale of 1 to 5, 1 being "best" and 5 least 

desirable. The properties ranked were suitability of depth 

dose, minimal entry or exit surface effect, minimal. oxygen 

effect, minimal repair in tumor, minimal response of cells in 

different physiological states. 

At the time of this writing only low energy (10 MeV/ 

nucleon) neon ions and only low intensity (<5 rad/hour) pions 

are available fo~ experimental studies. Further experiments 

in radiation physics and radiobiology are needed for better 

understanding of several factors and only eventual therapeutic 

trials can supply full evaluatio.ns. It appears to these auth-

ors that acceleration of heavy ions, e.g., of neon and further 

assessment of pion beams m~ght be vety worthwhile for the fut-

ure of radiation therapy. In the meanwhile we have had many 

years of experience with helium .beama and as described below, 

these are being prov~n to be versatile for radiotherapy. 
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TABLE I. 

Some Oxygen Enhancement Ratios (OER'S) Found Experimentally For Mammalian Cells 

Cell Strain 

uman kidney cells (T
1

) 

irradiated in .vitro 
cultured~ --;itro 

Ehrlich ascites tumors 
irradiated in vitro 
cultured ...!..E_-;ivo 

louse ascites leukemia 
irradiated in vivo 
cultured ...!..E_-;ivo 

irradiated in vitro 
cultured _!!! -;ivo 

ouse ascites lymphoma 
irradiated in vitro 
cultured .!.n-;ivo 

Radiation Used 

250-kVp x rays 

fission neutrons; 3 MeV neut
rons; 14-MeV neutrons (all. on 
tissue equivalent support) 

neutron irradilltion on carban 
support 

. accelerated carbon, oxygen, 
neon, argon particles · 

accelerated 910-HeV helium 
ions at Bragg peak 

pi mesons at ionization peak 

200 kVp x rays 
fast neutrons 

fission neutrons 

cyclotron accelerated helium 
(86 keV/J,lm) 
deuterons· (14 keV/Um) 

cyclotron accelerated 
910-HeV helium ions at Bragg 
peak 

Boron-11; neon-20 

Pi mesons 

OER 

2.5 0. 2 

1.6 0. 2 

1.1 

1.1 

1.8 

1.8 

3.1 
1.8 

1.2 

1.1 

2. 0 

1.5- 1.7 

about 1.0 

1.8 

Remarks 

J. J. Broerse and coworkers (62) 

OER for heavy recoil component 
was found lower than that for 
secondary proton component 

see Figures 6 and Sa 

P. W. Todd (42,43,60,61) 
see Figures 7 and Sb 

H. Raju and coworkers (67) 

H. Raju and coworkers (68) 

Hornsey and Silini (69) 

Berry and Andrews (64) 

Berry (65); _see FigUre Sa 

Feola and coworkers ( 70) 

Sillesen and coworkers (102) 

Feola and coworkers (71) 

*- Pi mesons are exceedingly diffi"cult to test at present since these are available only at very low dose 
rates of 5 rad/hour, or less- Vicia faba roots tested vith pi mesons yield an OER of about 1.5 (71) 
as they do with fast rieutrons {74). 
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TABLE II 

Ranking of Therapeutic Suitability 
.BLANK 

of Five Different Radiations 

Radiation Ratio of Minimal Repair Physiologic Minimal 
Depth Dose Oxygen In Variation Lesion 
To Surface Effect Tumor In Tumor To Skin 
Dose. At Entry 

And .Exit 

A. Tumor or lesioned region: 1 em diameter 

cobalt 4-5 5 5 5 4 
gamma ray 

15-MeV 4-5 2 2 2 5 
neutron 

pion 3 3 3 3 1 

helium 2 4 4 4 2 
ion 

neon ion 1 1 1 1 3 

B. Tumor or lesioned region: 8 em diameter 

cobal.t 4-5 5 5 5 4 
gamma ray 

15-MeV 4:-5 2 2 2 5 
neutron 

pion 1-3 3 3 3 1 

helium 1-3 4 4 4 2 
ion 

neon ion 1-'-3 1 1 1 3 • c. Tumor or lesioned region: 20 em diameter 

cobalt 4-5 5 5 5 4 
gamma ray 

15-MeV 4-5 2 2 2 5 
neutron .. 
pion 1 3 . 3 3 1 

helium ion 2-3 4 4 4 2 

neon ion 2.-3 1 1 1 3 
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Depth dose curves calculated or measured for 

various radiations in a hypothetical case. 

The aim is to deLiver unit dose to a region exten

ding from 8 to 12 em in depth. All the curves have 
2 

been normalized to 1.0 at 10 g/cm , the assumed 

midline depth. A single beam, 10 em in diameter, 

enters "tissue" at point "O";. the .relative dose 

along its path through the "tissue" is indicated 

as a function of depth. The depth-dose distribu-

tions for the charged particle beams have. been 

calculated with maximum dose region 4 g/cm 2 wide 

(from 8 to 12 g/cm 2 in penetration distance); by 

the use of appropriate energy distribution the 

depth-dose curves for charged particle beams can 

be made to have this characteristic "flat-top" 

shape. The negative pion beam includes the influ~ 

ence of 5% electron and 5% muon contamination. The 

neon beam depth dose curve is for the indicent pri

mary beams and for the estimated secondary charged 

particles produced in nuclear interactions. With 

the exception of the build-up region, the cobalt-

60 and neutron curves are based on data from refer-

ences 13 and 14. Helium and neon depth do•e curves 

were calculated from data base~ on information of 

the type shown in Figure 2; the pi meson curve was 

calculated from data of the type shown in Figure 3. 

In order to deli~er unit dose at a depth of 10 em, 

in the cases of both neutrons and gamma rays the 

entry doses must be about iwo units; the exit 

doses for both these radiations are also uniformly 

high. In contrast, for heavy particles and pions, 

the entrance doses are lower than the "tumor" 

dose~, and the exit doses are negligibly low (in 

this example, pions have the lowest entry dose). 
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?igure 2. 
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Calculated depth doses due to parallel beams of 

strictly monoenergetic accelerated helium ions and 

neon ions in water. The energy of neon ions is 

about 340 MeV/nucleon, and that of helium ions a

about 131 MeV/nucleon. Note the sharp rise in 

dose in the Bragg peak region. The neon Bragg 

peak rises in· a significantly rtarrower region than 

that of helium ions. Localized particle induced 

depth lesions can be best deliver~d by accelerated 

nuclei: pions, neutrons, and gamma rays scatter 

significantly more. 

The depth dose distributions are modified due to 

ionization by secondaries produced by collisions 

with atomic nuclei of tissue. Calculations show 

that the contribution due to secondaries is small 

for neon, but becomes very important as the atomic 

·number of accelerated particles increases. 

These curves are based on calculations by Litton 

(18) and Curtis (21). Those for helium are amply 

verified by experiment. It will be necessary to 

experimentally test the neon data when appropriate 

accelerated particles become available. 
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Figure 3. Depth-dose distributions of 65-XeV positive and 

negative pion beams (pure pions) in water. lhe 

increase in dose for the negative pion beam at the 

peak Ls due to the star events except for the 

small contrLbut{on due to p+ and e+ resulting fiom 

positive pion de~ay (57). 
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?igure 4.. Percent of part~cles that survive a 10-meter 

fligh~ path without decay. (Courtesy of D. E. 

Lobb, Un~versity of Victoria, British Columbia, 

Canada) 
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Figure 5. 

-69-

Isodose curves calculated for three possible treat

ments of a "tumor" 8 em in diameter at the center 

of a phantom (20 x 30 em oval). 5a shows the iso-

dose curves for cobalt-60 gamma rays, using a 10 x 

10 em field, 75 em SAD, 360° rotation (this was de~ 

drawn from K. Tsien and coworkers (139)); this iso

dose distribution is typical of those achieved with 

cobalt gamma rays or 14-MeV neutrons. Sb was cal-

culated for helium-4 ions, using an 8 x 8 em field, 

100% region extending from 6 to 19 em, and 360° 

rotation. Sc was calculated for helium-4 ions just 

as in Sb, except that the 100% dose region was nar

rowed to a width of 8 em; the depth of penetration 

was adjusted so that the "tumor" was always within 

the 100% dose region by using a compensating fil-

ter to minimize the dose beyond the tumor. Isodose 

distribuiions in Sb and Sc are typical of those 

that can be achieved with protons, heavy ions, or 

pi mesons. The rapid fall of the dose at the edge 

of the "tumor" region allows a much reduced dose 

~nd smaller integral dose to the surrounding normal 

tissues than is feasible with gamma rays or neut-

rons. 
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?igure 6. Effects of i:rradiation on the capacity for clone 
100 

formation. 
Ul 

1. 5.2 ."MeV alpha particles 85.8 keV/}J tissue ...J 
0 
a:: 

2. 8. 3. MeV alpha particles 60.8 keV/}J tissue 
.... z 
0 

3. 26,8 ,M-eV alpha particles 24.6 keV/V. 
u 

tissue 
lL. 

keV/ll 
0 

4. 3.5:'MeV deuterons 17.4 tissue 
w 

5. 6.3 MeV deuterons 11.0 keV/ll tissue C) 
<( .... 

6. 14.9 ·:MeV deuterons 5. 6 keV/ll 
z -;:: tissue w 
u 

10 
200.0 2.5 keV/ll 

a:: 
7. JteV X rays tissue w 

0.. 

VI 

As the LET of the particles increases, the cells <( 

VI 
become more and more sensitive to radiation. Sur- w 

z 
0 

vi val curv-es at high LET are exponential functions ...J 
u 

of doses; .at low LET multiple hits are required lL. 
0 

for inhibition of clone formation. (By courtesy a:: 
w 

Barend.£·en, Walter, Fowler, and Bewley (59) . ) 
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Figure 7. 
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Survival curves for cultured human cells exposed 

to nearly monoenergetic accelerated particles at 

the Berkeley HILAC under ae~obic and anoxic con

ditions at 6.6 MeV per nucleon (5.7 MeV/nucleon 

for argon nucLei). Operi circles, aerobic; open 

squares, anaerobic; solid circles, standard sur

vival curve to x rays. (By courtesy of P. Todd, 

(42, 43); Figure 4 in (43 ) . ) 

0> 
c: .E 
0~ ~= 0.1 
>..~ 
c: a 
0 

0 0.01 
u 

-74-

Dose, rods 

Dose, rods 
400 BOO 

Fig. 7 

400 800 1200 

• X ray 

o Heavy ion, 
AerobiC 

o Heavy ion, 
Anoxic 



-7 5-

?igure 8. OER values from track-segment experiments. 

Sa (top}. Open circles, OER values obtained by 

Barendsen and coworkers for human kidney cells by 

e*posure to x rays, deuter~ns, and heliu• ions at 

the Hammersmith cyclotron. Clo~ed circles, OER 
' values .o.btained· by Berry and Andrews (f,\,6·5}) for 

mouse a,scites leukemia cells, irradiated in vitro 

apd cultured in vivo 

Bb (bottom). Cross s~ction ratios (a
0 

jaN ) calcu-

lated fro~ the work of P. Todd 2 2 

(34,35). Open circles refer to "direct" effects, 

obtained from the slope of survival curves at low 

dose; closed circles, refef to reversible compon

ents responsible for·"multi-hit" survival curves 

at low t'ET. 

There is general agreement in the trend and values 

of OER and cross section ratios, though the reasons 

for minor differences remain to be clarified. (By 

courtesy of G. Barendsen, R. Berry, and P. Todd). 
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Figure 9. The variations in survival to a single dose 

of radiation as function of LET are summarized. 

Data are derived from several investigations each 
·,..,, 

of which carried out radiation experiments on 

synchronized cell popurations. The authors are-
(1 

indebted toR. Bird and J. Burki for use of this 

Figure (8J). 
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Figu~~ 10: Survival curve of 6C3HED mouse lymphosarcoma cells 

irradiated in vivo (220 kV x rays) determined by 

endpoint dilution titration in mice. Each point 

repre~ents the number of cells required to produce 

tumors in 50% of 30 mice, relative to the unirradi

ated control. The tu~or cell population is shown 

to be heterogeneous; the m•in component, amounting 

to about 99% of the cells, exhibits a mean lethal 

dose of about 110 rad, whereas the remaining 1% of 

the cells are about 2-1/2 times less sensitive 

(mean lethal dose 260 rad). (Courtesy of W. E. 

Powers, L. A. Palmer, L. J. Tommach (9~).) 
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Survival curves obtained by 300-kV x irradiation 

of R-1 rhabdomyosarcomas growing in the flanks of 

rats, followed by excision of the tumor and plat

ing of cells in vitro. Curves 2 and 3 are for 

tumors irradiated in living anesthetized and dead 

rats, respectively. Curve 1, included for compar

ison, represents the survival curve for cul~ured 

R-1 cells in equilibrium with air~ The cells in 

anesthetized and in dead animals are anoxic; .cul

tured cells have more oxygen available, and re-

quire less dose. (Courtesy of G. W. Barendsen 

and J. J. Broerse (,roo.),) 
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Figure 13. 
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Surviving fraction of cells with reproductive 

capacity as a function of depth ~rom the ant~rior 

surface. The ' depth-survival values are calcula

ted in a hypothetical ~issue (refer to Figure 1 

for depth-dose curves). The thickness of the 

body is assumed to be 20cm. Therapy is adminis

tered by cross-firing with single beams from 

right and left, and by use of appropriate parti~ 

cle energies. 

Solid lines: survival level for fully oxygenated 

nor•al and/or tumor tissue (no anaerobic cells 

present). Dashed lines: survival level in a 

4-:cm "tumor" that, at start of treatment, contain

ed 20% anaerobic cells and 80% oxygenated cells. 

It is assumed that a successful treatment sched-
-7 ule requires survival levels of 10 of less. 

12a (top): Cobalt gamma rays delivered in 30 

fractions . Survival fraction for fully oxygena

ted normal tissue 
-7 for tumor (10 ). 

-10 regions is less (10 ) than 

With 20% anaerobic cells, 10 4 

times more tumor cells survive. 

12b (middle): Accelerated helium-4 ions deliver

ed in 5 fractions. Cells in normal tissues, out

side of the tumor region, have good survival 

(nearly 10%). 

quired 10- 7 • 

In the tumor, survival is the re-

When 20% anaerobic cells are present 

in the tumor, survival jumps to 10 -3 

12c (b~ttom): Accelerated neon ions delivered in 

5 fractions. For fully oxygenated tissues, the 

survival fractions in tumor are 10- 7 and in normal 

tissues 2 x 10- 2 . The presence of 20% anaerobic 

cells in the tumor hardly makes any difference; 
-6 only 10 survive. 
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Figure 14.-
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Patient with pulmonary metastases seated in an 

especially designed positioning chair in pre

paration for treatment with 910 - MeV alpha parti-

cle beam. Lined up from left to right in front 

of the patient are: beam source (coming from 

184-inch synchrocyclotron); two ionization cham

bers; aperture block (collimator); patient in 

chair which can be rotated or inclined to desired 

position and is equipped with immobilization 

straps, overhead hand-bar, and remote control re-

lay system. The ridge filter which is used for 

the Bragg - peak treatment of this patient has not 

yet been put into place -- it is seen on the floor 

just in front of the patient's feet. 
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Fi g ure 15 . 
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X- ray localization pictures taken during a lign

ment for Bragg - peak irradiation of the ant er ior 

nodul e in the ri g ht lun g . On the l ef t is a ri g ht 

lateral view , and on the right a 20° an t erior 

oblique view, showin g the c ros s hairs centered on 

th e nodule . A 38 - mm ci r cula r ape rture was us ed 

to co ver the lesion and a 5 -mm margin around it. 

The Bragg peak was adjusted to terminate a t a 

depth 6 cent im e ters beneath the skin s urf ace by 

using absorbers and a moving ridge filter . (Note: 

see also the h e lium-ion curve in Figure 1 which 

illustrate s how the Bragg peak is broadened with 

the use of ridge filters.) 
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Figure 16. 
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Carbon -11 positron scanning pictures conf i rming 

Bragg-peak dosimetry. The patient was taken as 

quic k l y as possible from the tr eatment cav e to 

th e positr on scintillatio n camera room. An an

terior v iew a nd a right lateral view of the ch es t 

were taken; tom og raphic scans were taken at the 

surface (f a r ri g ht circ l es in above sets of ci r

c les), and at depths of 1 in c h (c ente r circles) 

and 2 inch es (far left circ l es) . These show a 

clearly demonstrable area of induced activity in 

th e anterior chest wall with a d e pth of 1-1/4 to 

2 inches. The activat e d area was oval shaped 

with ce phalo-caudal diam e ter of approximatel y t wo 

inches. 
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Figure 17 . 
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- 93 -

Chest x ra ys taken before treatmen t (April 4, 

1970) and 40 days after treatment (May 14, 1970) 

showing decrease in size of the l e sion tr ea ted 

with Bragg - peak heavy particles. See Fig u re 1 3 

fo r pos it io n of Bragg - peak - treated l es i on. 
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r-----------------LEGALNOTICE-------------------, 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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