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UNCONVENTIONAL RADIATIONS IN RADIOTHERAPY

M. R. Raju

Donner Laboratory and Lawrence Radiation Laboratory
University of California, Berkeley, California 94720

~June 1971

I will make a brief presentation of physical and radiobiological

~aspects of unconventional radiations. [Néutrbns: thermal and fast:

heavy charged partiéleé; protons: helium ions and ©~ me sons {see

.Fowler 1964)]. Dr. Max Boone will be talking on fast neutrons and

Dr. Hutson on m béams in radiotherapy later in this symposiu;n;

I see‘you‘have a problem to have a talk on unconventional radi-
ations with unconventional pronunciation. So please bear with me.

. Localization of dose in the region.of interest and minimization

of the unavoidable dose to the surrounding normal tissues is one of

the essential requirements in radiotherapy. The dose._that can be de-

livered to the tumor is in gene'f‘al limited by the normal-tissue injury.
Normal-tissue injury depends on the volume irradiated: the'srnal_lef
‘the volume, the greater the dose the normal tissue can likely with-

stand. bAny radiation that improves dose-localization characteristics

©is of potential interest in radiotherapy. Significant progress has been

madein.curerates with the advent of fnegavoltage sources of radiation
{Kaplan 1969). In spite of these developments failure to cure is still

common. The failure to cure is generally due to the inability .to give

tumoricidal doses without undue reactions to normal tissue, and this. -

couid be partly due to the presence of hypoxic cells in the tumor.

Grair (1961) postulated that hypoxic cells may be an important cause
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of failhre to cure by conventional radiotherapy. It is now known, how-
ever, that in certain types of animal tumors and therefore probably in
human tumors as well, én increasing proporfion of hypoxic cells of the
tumor become oxygenated dur1ng fractionated radi;atherapy (Van Putten .
and Kallman 1968, Tﬁomlinson 1966). It may therefore be possible to
overcome the oxygen effect by fractionation with conventiohal radiation
alone for some less advanced stages of cancer, but there'is little ev-
idence for oxygenation ivn acivancéd cancer (see Van Den .Brenk‘, 1969).

When cells are exposed to highly ionizing radiations, such as

" neutrons and low-enérgy heavy charged particles,- the presence or ab-

senc':e‘ of oxygen in the cells does not make as much difference in their
rédiation sensitivity as in the case with cOnvenfioﬁal radiation.. Now
let us look into different rédiationé with regard to their dose-localiza-
tion chara(.';teristics and to dealing with the hypoxic cell problem..

Faéf neutr_ons‘were' first tried in radiotherapy in the year 1938,
6 years aftef the discovery of neutrons. It was not known at that time
that fast neutrons are efféctiv_e in s:,ignif'i'cantly overcoming the oxygen
effect, ana very little ‘was kﬂown about the biological effects of fast.
ne\.ltron‘s.r ‘The early-trials were not successful.

However, ‘with the current uvnder,standing of radiobidlogy‘of fast
neutrons, there is hopé that fast neutrons may be of value in cases in
which hypoxic cells a;'t"e a limiting factor .when conventional radiation
is used. Fast .neutron thevrap).r is being reevaluated at Hammer smith
Hospital, .Lovndon (see Bewley 1970), and a few centers in this country
are also pl'an'ning similgr work.

Neutro'n-,capture‘thefapy was tried at Brookhaven National Lab-
oratory a,;xd at the MiT reactor for the treatment of brain tuxﬁors (See

Brownell et al. 1967) This form of therapy takes advantage of a
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physical and biochemical phenomenon. Thermal neutrons have a very
high probability for reaction with a nonradioéctive isotope of boron,
1OB, which after capturing a thermal neutron breaks into a lithium
ion and an @ particle. The lithium ion and an « particle between

them share an energy of 2.8 MeV, and they are highly ionizing; the

oxygeh-enh_ancement ratio for these products is nearly unity. Due to

the breakdown of blood brain barrier, tumor tissue loses the selective

capacity of taking chemicals from the blood stream. Hence, when a
compound incorporated with 10B is injected into the blood stfeam, it
is taken up by the tumor tissue but not by normal tissue. Thus, when
a patient injected with a compound containing 10B is exposed to a ther-
mal neutron beam from a reactor, it is possible in principle to cause
selective damage to the tumor tissue in the brain. The unique feature
of this technique is that destruction of cancer occurs from within the
cancer cell.s, because the boron compound localizes in the cancer
cells only. Furthermore, it is not necessary to know the precise
location of the cancer cells; the boron gets into the cancer cells. “Al-
though the principle was exciting, it did not give successful results,
partly because the boron compound was found to concentrate in the
blood also, thereby causing radiation damage to the blood capillaries
in the brain. The future for this therapy awaits in getting a boron
compound that leaves the blood and concentrates mainly in the cancer .
cells.
Charged particles that are many times as heavy as electrons.

. are called heavy charged particles. They have the property of de-
livering more dose at depth than at the surface, and practically zero
dose a short distance beyond thé range. This is because when a

' heavy- chai‘ged—particle beam passes through a medium, most of the
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particles remain in the beam. They lose energy mainly through Cou-
lomb interactions with electrons in the medium without being lost
from the beam in such interactions. The particles in the beam slow
down as they pass through the medium. The rate of energy loss of
the charged particle is proportional to the square of its charge and ap-
proximately invér sely propoftional to the square of its vel'oc'ity. Thus,
the dose delivered by a heavy cilarged particle beam increases with
dei)th, giving rise to a sharp maximum known as the Bragg peék near
the end of ihe-range. Electron Beams have no Bragg peak because the
statistical distribution of electron stopping points is quite broad. In
addition the lack 6f Bragg-peak effectfor electrons is the velocity of
electrons remains nearly relativistic (hence the energy loss remains
very nearly the same) during most of the path. Cot

High-energy x rays have better skin- sparing effects and depth-
dose distribution than low-energy x rays. As x rays pass through
medium they interact with electrons in the medium, are exponentially »
attenuated rapidly, and are lost from the beam. Fast neutrons, in

their interaction with medium, release heavy particles (protons, deu- .

.terons, « particles, or recoiling nuclei), whereas x rays release elec-

trons. The neutrons also are rapidly attenu.ated exponentially when '
they travel through medium, as are x rays, but unlike heavy charged
particles. Thus the dose depbsited by x rays and neutrons, except for
initial buildup, decreases with depth. From physical consideratiqns,
heavy charged particles surpass conventional radiations and fast neu-
trons in deiivering tumoricidal doses to deep-seated tumors with
minimum dose to the surrounding tissue.

Heavy charged particles such as protons and helium ions are

accelerated synchrocyclotrons, which produce monoenergetic beams.
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These beams produce sharp Bragg peaks of insufficient width for
most radiotherapeutic applications. However, the dose at the peak
can be made uniform over a broad range by ov'erlapping a series of

Bragg peaks, with p'r'ogressi"vely'smaller-intensities and shorter

ranges, by using a composite absorber called a ridge filter (Larsson )

1961; Karls‘scn 1964). Such a modified depth-dose distribution of
monoenergetic heavy charged particles is useful for imifo'rm irradi-
ation of a large volume. Wit}i this modification, the ratio of,the dps‘eb
at the pe'ak to the dose -at the enti‘ance is reduced v_vith increasi‘n.g._.
thickness of the treatment volume. -

NegativeT™ mesons are_aiso heavy charged particles, and t'hey" ,

have approximately 15 of the mass of a proton.. Thus they share the

properties of heavy charged particles mentioned before. In addition,

they have the unique property of being captured by a nucleus of the
medium when they come to rest. The captured nucleus breaks apart
into highly ionizing fragments, some of which have ranges less than

1 mm. Thus these fragments enhance the dose at the Bragg peak; in

addition they are expected to qvercome the oxygen effect considerably.

‘The calculated depth-dose distribution of different radiations :
normalized to a unlforrn do se over 5 cm a’c a mean depth of 10 cm is
shown in Fig. 1. Depending on the energy of neutrons, ‘their depth-
dose distribution in between those of 250-kV x rays and of 6

It can be seen that n~ mesons have the most favorable depth-
dose d1str1but10n. However, the sharpness of dose cutoIf beyond the
Contamination in

peak is not so good as for protons and helium ions.

the pion beam and neutrons. from stars further reduce the sharpness.

‘The entrance dose required for a given dose at the peak is somewhat

-higher for helium ions than for protons, and for ions heavier than

Co y rays.

- about 2 (Raju et al. 1971).
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helium- it is higher yet. It must be noted that the dose at the entrance
for a given dose at the peak increases with 1ncreasmg thickness of the
treatment area. However, the dose at the peak for the treatment area
of any thickness at an)i desired depth is never lower than at the en-
trance. -

Significant improvements in cure rates and in reducing complica-
tions have resulted from the advent of high-energy x rays and electrons..
On th1s basis we can expect further improvements with heavy charged
particles because of their superior depth-dose distribution. Therapeu- |
tic use of protons. in this country has been mainly at the Harvard Uni-
versity c'yclotron, and of helitim ions at the 184-inch synchrocyclot_ron
at Berkeley. Therapentic use of these two facilitie‘s has been mainly
for pituitary irradiation of pati_ents with acromegaly, diabetic retino-
pathy, and Cushing's disease '(I;awrence and Tobias 1965.). . These

facilities, however, are not éxtensively used for radiotherapy. The

‘cyclotron at Uppsala is being used to a limited extent for radio_therapy.

More and more cyclotron centers, both. in this coimtry and in the

Soviet Union, are currently planning to have bidmedical facilities for
therap)i at their cyclotrons. | | _
The bi.olog-icai effects of protons at different depths. of _;ienetra-_

tion, such as shown in the figure, are not significantly different from

conventional radiation (see Larsson et al. 1960), hence clinical exper-

ience gained with conventional radiation can be applied to proton radio-

therapy. For helium-ion beam the relative bioiogical effectiveness as
measured with cells in culture at the peak region (Fig. 1) is about
30% greater than at entrance, and the oxygen-enhancement ratio is

| The biological effects before the ne-ak'

region are not significantly different from conventional radiation.



Hence the helium-ion beam offers the dose-localization characteris-
tics of protons,I and in addition the hypoxic cell problem may also be
partly overcome. Ions heavier than .helium are eXpe.cted to overcome
the'hypric-ceil problém even better (Tobias et al. 1971).

The biologicai e_ffécté of 7~ mesons for a beam of depth-dose
distribution such as shown in .Fig. 1 are not yet measured, because of
the limitation of ihtensifi;as now available. How\ever-, the biological
effects of T mesons were meﬁsur'ed in v.arivous_ biological systems at
the narrow peak (% 2 ¢m) of depth-dose distribution (Raju amd Rii};r;l;ln
From these results, one can expect higher RBE and lower OER at ;
broad peak such as shown in the figure than for helium ions.

| In suxnmar);, one can expect significant improveme'nts in the re-~
sults of radiothefapy if heavy charged particles are used. The clin-
ical éxperien_ce gained with protons and helium ions is very helpful

for eventual use of T mesons in radiotherapy.
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