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FOREWORD
In concordance with its aim of furthering the peaceful applications of

nuclear energy, the IAEA sponsored this co-ordinated research programme (CRP)
on exploration of the possibility of high LET (linear energy transfer)
radiation for non-conventional radiotherapy in cancer in an effort to
encourage research and the collection of recent data on the application of
ionizing radiation for treatment of cancer diseases.

The incidence of cancer is known to be steadily increasing throughout
the world and it has become one of the main causes of mortality.

At present, more than 507<> of patients suffering from cancer need radia-
tion therapy (radiotherapy) alone or in combination with surgery or
chemotherapy. The important role of radiotherapy in the present treatment
approach for cancer justifies further efforts in the improvement of radio-
therapy techniques.

This is the final report of the results of more than four years' research
by scientists from six Member States under an Agency-sponsored CRP on
exploration of the possibility of high LET radiation for non-conventional
radiotherapy in cancer.

The countries participating in this programme represent those which have
been continuing their efforts towards implementation of high LET radiation
into clinical practice in spite of the enormous difficulties which have arisen
throughout the whole history of the development of this research.

The projects within the CRP were focussed on radiobiological and clinical
aspects of neutron beam (3) and neutron capture (2), heavy ion beam (2), and
proton therapy.

The project was initiated in 1981. The first research co-ordination
meeting (RCM) was held in Baden, Switzerland, from 27 to 30 April 1982, and
the participants reviewed results obtained during the previous year and formed
future plans.

At the start of the CRP thirteen participants from nine Member States co-
operated within the programme, from Argentina, Belgium, Federal Republic of
Germany, German Democratic Republic, Japan, Netherlands, Switzerland, United
Kingdom, and United States of America. During 1981 to 1984 five projects were
discontinued for different reasons from the Federal Republic of Germany,
German Democratic Republic, Netherlands, Switzerland and United Kingdom.

The second and final RCM met at Brookhaven National Laboratory, USA, from
16 to 19 April 1985, where the results of the investigations were discussed.
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MULTIDISCIPLINARY APPROACH TO THE USE OF
THE BUENOS AIRES PELLETRON UD20
HEAVY ION ACCELERATOR
IN RADIOBIOLOGICAL RESEARCH

M.B. DE REY, O.A. BERNAOLA, R. MAZZEI,
M.E, ITOIZ, G. SUQUET, M. SCHWINDT
Radiobiology Department,
National Atomic Energy Commission,
Buenos Aires, Argentina

Abstract

The Tandem accelerator is being assembled in Physic Department of the
Commission National Energy Atomic. Several research plans are being conducted in
order to further perform biological investigations with the accelerator in several
model systems whose responses to low LET as well as high LET radiations are well
known. Differential responses due to plateau ionizations and Bragg peak
ionizations on hair follicle growth and epidermal enzymatic activities are
described.

Results and Comments
The formation of this group in 1981 was triggered by the acquisition of a

Pelletron UD20 Tandem accelerator (1,2). This Tandem accelerator is at present
in checking proof. The first C ^ beam was obtained on a operational target and
25 MV were reached during preliminary high voltage proofs. The external beam
line for biological applications is almost completely assembled and its
components are shown in fig. 1.

A series of preliminary work was carried out using alpha particle beams
generated by the Synchrocyclotron of Buenos Aires (alpha particles up to 55 MeV)
This machine, which was operating since 1954 in our Institution, was used to
perform a series of "in vivo" experiments whose methodology could be applied
in further work with the Pelletron UD 2(T accelerator. For this purpose an
external beam output for biological irradiations was constructed.

Solid state nuclear track detectors were used to perform the
dosimetric measurements (3,4,5). A nuclear track replica technique was
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BUENOS AIRES PELLETRON 20 UD
EXTERNAL FACILITY FOR'IN VIVO"
AND "IN VITRO" RADIOBIOLOGICAL
APPLICATIONS

®

1 _ Accelerator
2-Deflector magnet
3-Fast valve
U .Pneumatic valve
5-Collimator
6-Steerer
7.-Cuadrupole
8-Vacuum pump
9 -Collimator

10_ Beam profile
1l._ Faraday cup
12-Reaction chamber
13. Pneumatic valve
K. Differential vacuum facility
15. Screen and detector chamber
16. Extraction window
17. Collimator
16. Automatic device tor target handling

Fig. 1 External beam line for biological applications of the
Tandem accelerator

developed which affords a resolutions of 10 A by Transmision Electron
Microscopy (TEM).

This method, based on folding the replica in such a way that the
protuberances generated by nuclear tracks appear contrasted on the edge
of the replica fold, helped to improve the conventional analysis of
replica based on track body projection that affords only approximate
evaluation of track parametes.

Theoretical and experimental track kinetics analysis has been
performed in detail only when the bulk velocity was reached on the
lateral boundaries of the track halo. As only especulative deductions
have been reported concerning parameter evaluations of tracks smaller
than the region of delta electron primary damage, the method of replica
folding proved a useful one to study delta electron induced damage.
Nuclear track detector analysis is oriented towards biological dosimetric
evaluations.



Fig. 2 shows a replica track of an alpha particle from a natural uranium
source. Theoretical descriptions of submicroscopic track kinetics have
been published elsewhere (6,7,8,9).
Heavy ions effect on hair follicles
Previous reports have analyzed the effects of heavy ions on several
biological model systems. In all these studies separate samples were
irradiated with the plateau or the Bragg peak region of ionization of the
ions trajectory. We have profited from a model in which the effects of
the whole beam trajectory can be clearly analyzed in vivo in the same
sample. The effects of the variable alterations produced by particles
along their trajectory have been analyzed in the tail of the rat. Alpha

Fig. 2 Alpha particle track
profile of replica
observed by TEM from
a natural uranium source
(EoC = 1.2 MeV) etching
condition: etching time
- 7 min. at 33 C



particles following a Bragg type linear energy transfer distribution
along their penetration path through the tissues,act on the tail that
behaves as a'variable thickness beam energy degradator, in which precise
sites are affected by the Bragg peak ionization region and plateau
ionization regions (fig. 3).

DORSAL
SIDE VENTRAL

SIDE

B
E
A
M

Fig. 3 Schematic cross sections of a tail.
Alpha particles penetrate through
the vental side. The increasing
ionization produced as it passes
through the tissues determines
alterations of the structures to
a different extent.
A: Bragg peak; B: plateau;
C: non-irradiated area

Hair follicles constitute a homogeneous population of radiosensitive
organs (10) that grow simultaneously during the first hair cycle. The
alterations in the normal growth of hair follicles are due to a series
of deleterious events ocurring in the matrix of the follicles.

As these alterations are dose-dependent, dose-response curves arise
when growth-indicating parameters are plotted as function of dose (fig. 4).

Dose dependence of hair follicle damage coupled with the possibility
of using the tail as a variable thickness beam energy degradator makes
this model a valuable one to analyze the response of an in vivo model
system to the variable LET of the alpha particle beam.

Irradiations with alpha beams were performed at the Synchrocyclotron
of Buenos Aires using Makrofol E foils as solid state nuclear track
detector to perform the dosimetry. Wistar rats, 5 days of age were placed
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Fig. 4 X-rays effects on hair follicle
growth analyzed during the first
hair cycle

in wax boxes. Variable doses from 5 to 95 Gy were delivered on the vetral
side of the tail. Seven days after irradiation animals were sacrificed
and by means of a longitudinal incision the tail skin was cut open
and separated from underlying tissues. The skin was incubated in
Na Br to detach dermis from epidermis, and after routine staining, light
microscopic and scanning electron microscopic evaluations were performed.
Fig. 5 and 6 show longitudinally opened rat tails with the hair follicle-
side up. The distinct areas of variable damage to hair follicles are the
evidence of heavy particles action. Follicles are damaged to a different
extent depending on the energy transferred by the beam along the particle
trajectory. Morphological changes in the follicles depend on the
ionization region of the Bragg curve: plateau follicles are thin and
tortuous, bulbs appear atrophie whereas Bragg follicles are atrophie and
much shorter than either the plateau ones or the nonirradiated,

11



Fig. 5 SEM micrograph showing the damage inflicted to hair follicles of
the rat tail when it behaves as a variable thickness energy
degrador of the beam (white bar - 1 mm)

Fig. 6 The same at higher magnification. Plateau regions received 30 Gy
and Bragg peak regions 175 Gy

morphologically intact follicles from the central area. The striking
alterations of the follicles exposed to the Bragg peak determine two
narrow fringes along the tail which run parallel to the borders of the
open tail and converge at a point (fig. 7).

12



Fig. 7 Schematic r ep resen ta t ions of the SEM observations corresponding
to the areas covered with f o l l i c l e s of d i f f e r e n t length produced
by an alpha beam. A: Bragg peak a f f e c t e d area; B: p la teau
i r r ad i a t ed area; C: non-a f fec ted area

Seven days after irradiation with different doses follicle length

was measured in the three areas for severa.l cases. The ratio between

irradiated and non-irradiated follicle length (which was considered as

and expression of follicle damage) was plotted versus doses (fig. 8).

For doses under 40 Gy different responses were observed depending

on the regions of ionization that affect the structures. When doses

under 40 Gy were delivered follicle length no longer varied with dose

and follicles appear as minute atrophie remmants irrespective of the

ionizations region. Morphologic evaluations are hard to perform for doses
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Fig. 8 Follicle damage as function of dose. Open circles: values from
follicles affected by the plateau region of the ionization curve;
dark triangles: values from follicles affected by the Bragg
peak; bars = SE

13



lower than 5 Gy because Bragg affected follicles cannot be discriminated
from plateau follicles, although both differ significantly from
nonirradiated ones. From 5 Gy on, the response can be assessed since the
differences between effects in both areas are outstanding as confirmed
by Scanning Electron Microscopy and light microscopy evaluations (11-12).
Heavy ion effects on enzymatic activity in epidermis

Morphologic alterations and enzymatic variations are induced in
epidermis of the tail as it is reached by the different ionizations regions
of the alpha beam trajectory. Interesting results were afforded by
measurements of epithelial width (acanthosis) and enzymatic activities
of this tissue. It is a well known fact that during the acute phase of
radioinduced damage the epidermis responses by increasing its width (13).
This change is coupled with intracellular alterations which in turn
damage cellular metabolism causing the enzymatic activity of the Kreb's
cycle to decrease in favor of the pentose shunt activities. Variations
in the epithelial volume, number and size of epithelial organelles and
enzymatic activities have proved to be dose and postirradiation time
dependent, for cutaneous experimental models exposed to ionizing radiations,
Microphotometric evaluations of enzymatic variations of histochemically
labelled sections were assessed (14,15). Microphotometry allows the
enzyme reaction product to be visualized and quantified in areas of tissue
of a few micrometers length. Relative values of enzymatic activities are
thus obtained for different areas of the same section. The conic
configuration of the tail (with all its components arranged concentrically
around the central axis) renders it as an excellent model to undertake
the experimental study of the inhomogeneous response to irradiation with
and alpha particle beam, so the damage to the area of epithelium exposed
to the high LET radiation of the Bragg peak, the area exposed to the
relatively low LET radiation of the plateau region and the nonirradiated
area can be evaluated in the same histological preparation in terms of
the radioinduced acanthosis (fig. 9) or variations in enzymatic activities.
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Fig. 9 Cross-sections of a rat tail histologically processed. Acanthotic
response of epidermal areas reached by the Bragg peak ionization
are shown x 20

Irradiations at the Sinchrocyclotron were performed as for hair
follicles studies. The actual dose delivered was calculated from the
etched Makrofol foil corresponding to each animal and was marked in such
a way that an exact correspondence point to point between specimen and
detector could be achieved in order to accurately know the dose for each
point of the sample and thus overcome the effects of beam inhomogeinities.

Four days postirradiation samples 3 mm thick of each tail were
routinely processed for histological analysis and epithelial thickness
measurements. Likewise 4 days postirradiation the tails of another set
of animals were prepared for enzyme evaluations by means of routine
histochemical techniques.

Succinic dehydrogenase, Cytochrome and Glucose-6-phosphate
dehydrogenase were histochemically demonstrated in epidermis. These
three enzymes were selected on the basis of their previously detected
radiosensitivity in X-irradiations, fig. 10 shows epithelial thickness
increase represented as function of dose. This dose response is not
as strictly dose dependent as could be expected in the light of x-ray
induced response in the same model.
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Fig. 10 Epithelial thickness increase as function of dose

Regarding enzyme activity evaluation, Succinic dehydrogenase total
activity (it means the activity of the whole epithelium) increases
with irradiation (fig. 11). Zones reached by plateau ionizations show
enzyme activités slightly lower than normal or low doses whereas
higher dispersed values are obtained for doses larger than 40 Gy. Bragg
peak affected areas show a dose dependent increase in enzyme activity.
Some values are 5 fold higher than non irradiated ones.
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Fig. 11 Total activity as function of dose in the plateau ionization
region and Bragg peak ionization region
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In fig. 12 mean enzyme activities (that is the activity per unit
tissue) are plotted as function of dose. Values for the enzyme
activities reached by the plateau region are always lower than control
values. The same for Bragg peak area. It represents the actual enzymatic
activity irrespective of the tissue mass.

An interesting result is afforded on considering the ratio of
enzyme activity of the Bragg peak region to the plateau region (fig. 13)
There is an increase in total enzyme activity for each dose in the Bragg
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Fig. 12 Mean succinic dehydrogenase activity as function of dose in
the plateau ionization region and Bragg peak ionization region
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Fig. 13 Total enzyme content and mean enzyme content for Bragg peak
plateau ration, as function of dose

peak area. This ratio exhibits an overall increase with dose. However when
mean enzyme activity is considered, the activity in the Bragg peak region
is always lower than in the plateau region regardless of the dose
delivered.
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These results reveal that morphological and metabolic alterations
differ markedly for small areas only a few microns away. Radioinduced
damage is much grater in the Bragg peak area than in the plateau area
for each sample exposed simultaneously to an alpha particle beam.
Degree of damage varies as function of dose for certain dose intervals.
For other intervals however 'lamage merely exhibits an overall tendency
to increase with dose.
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THE NEUTRON THERAPY PROGRAMME AT THE UCL -
SURVEY OF RADIOBIOLOGICAL AND CLINICAL DATA

A. WAMBERSIE, J. GUEULETTE, F. RICHARD
Cliniques universitaires St-Luc,
Université catholique de Louvain (UCL),
Bruxelles, Belgium

Abstract

A survey of the neutron therapy program carried out at the Univer-
sité Catholique de Louvain (UCL) is presented. As far as radio-
biology is concerned : 1) a complete RBE/dose relationship has
been determined for early intestinal tolerance in mice; 2) a
systematic study of the RBE variation with neutron energy is
carried out using the Vicia faba system and the intestinal crypt
colony technique; 3) preliminary results on the mitotic delay
induced by fast neutron irradiation are available. As far as
the clinical data are concerned, between March 1978 (when
routine neutron applications were started) and December 1984,
530 patients were irradiated. Results obtained for locally
advanced prostatic adenocarcinoma and cervix carcinoma, and for
soft tissue sarcoma are reviewed.

I. INTRODUCTION

The neutron therapy program was initiated at the cyclotron
of the University in Louvain-la-Neuve, in 1973. A comprehensive
pretherapeutic radiobiological program was initiated before
clinical applications could be safely started. In addition,
extensive efforts were carried out in collaboration with the
Physics Institute and the cyclotron staff, in order to obtain
neutron beams suitable for clinical applications. We are still
convinced that one of the positive aspects of the neutron
(and high-LET) therapy programs is the mult id i scip1inary
approach, which is essential, and in fact was found to be fruit-
ful for the different participating teams. We try to keep and
to stimulate this mu11 idiscip1inary approach in our group but
also within the EORTC Heavy Particle Therapy Group (see for
example the proceedings of the semi-annual meetings of the
"EORTC Heavy Particle Therapy Group" in Orleans C1) and in
Munich (2)).
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The cyclotron CYCLONE is located in the University campus of
Louvain-1a-Neuve, at the Physics Institute. Besides medical
applications, it is used for research in physics and chemistry
as well as for isotope production. It is located at 25 km from
the University Clinics St-Luc (3).

The therapeutic applications, and most of the pretherapeutic
radiobio1ogical experiments, up to 1981, were performed with
neutron beams obtained by bombarding a Beryllium target with
50 MeV deuterons (d(50)+Be). Since 1982, patient treatments were
carried out with neutrons produced by 65 MeV protons (p(65)+Be).
In addition, proton beam therapy (90 MeV protons) is foreseen in
a near future C 4 ) .

The description of the facility, the main technical develop-
ments, and dosimetric techniques have been reported elsewhere
( 5 H 6 H 7 H 8 ) ( 9 ) • This report will concentrate on some parts of
the radiobiological program; a survey of the clinical results
will also be presented and compared with the results reported
from other European Centres.

II. THE RADIOBIOLOGICAL PROGRAM

A. §haDe_of_RBE/dose_relationshi£

Several RBE/absorbed dose re1 ationshipswere published con-
cerning especially the tolerance of the normal tissues ( •*• ̂  ] .
However, when our program was started, little information was
available concerning the shape of the RBE/dose relationships and
the RBE values for small doses per fraction.

Determination of a complete RBE/dose relationship was per- •
formed for early intestinal tolerance in mice, using d(50)+Be
neutrons ( ) ( ) . The biological criterion was LD50 after
selective abdominal irradiation. Fractionated irradiations were
performed (up to 20 fractions) in order to study small doses per
fraction, comparable to those currently used for therapeutic
applications. The time interval between the fractions (3.5 or
7 h) was sufficient to allow a complete repair of the sublethal
les ions ( * ̂  ) .
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A RBE value of 1.8 was found for a single fraction ir-
radiation (DL50 gamma dose = 1 1 . 5 Gy). The RBE increases with
decreasing dose per fraction, but reaches a plateau value of
2.6 when the gamma dose per fraction becomes smaller than about
3 Gy.

As shown on Fig.l, these straightforward RBE determinations
agree with the values expected from previous experiments, on the
same system, using fractionated irradiations (13). More generally,
and as discussed elsewhere in.detail (^H12), RBE/dose relation-
ships can be derived from isoeffect tolerance doses determined as
a function of fraction number (or fraction size), or dose rate,
and vice versa. In particular, in terms of the linear-quadratic
model, the shape of the 3 sets of relations depends on the a/ß
ratio (11+H15).

1 -,

A BSORBED DOSE/G y

2 4 6 8 1O 12
-4—i—|—l—l—l i

RBE= 2.6
RBE= 2.5

GAMMA DOSE PER FRACTION / Gy

F I G U R E 1

RBE/dose relationship for d(50)+Be neutrons, relative to Co-60
gamma-rays . The upper part of the figure presents survival curves
forintestinal crypt cells, derived from previous experiments
using fractionated irradiation, for d(50)+Be neutrons and Co-60
gamma rays (see text). From their comparison, neutron RBE can be
obtained for any dose level or any survival level. In the 'lower
part of the figure, the solid line represents the RBE/dose
relationship, as a function of the y dose per fraction, derived
from the comparison the two survival curves. The closed circles
correspond to the RBE values obtained from direct comparisons
between neutrons and gamma-rays, for single and fractionated ir-
radiât ion (1*).
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The high-energy, variable-energy cyclotron of Louvain-1 a-Neuv e
provides us with a particularly favourable situation for per-
forming a ^systematic investigation of the RBE variation as a
function of neutron energy. It also allows us to simulate most
of the beams at present used in neutron therapy. In the recent
neutron therapy facilities, neutrons are usually produced by
bombarding a Beryllium target with protons, although deuterons
were used in older facilities (in addition to (d,T) generators).

Some of our data, on Vicia faba, are presented on Table I
( ). Similar experiments are now carried out using the intes-
tinal crypt colony technique (Withers). As discussed elsewhere
( ), the RBE differences observed with the Vicia faba system are
in general larger than those observed for mammalian cell lethality

TABLE I

Variation of RBE and OER of different neutron
beams, for growth inhibition in Vicia faba

Neutron
beams

d(50)+Be

p(34)+Be*

p(45)+Be*

p(65)+Be*

p(75)+Be*

R B E

1.000 1.18

1.15 1.36

1.02 1.20

0.85** 1.000

0.83 0.98

O E R

1.60

1.55

1.38

1.29

1.41

* Wi th a 2 era thick polyethylene filter;
** Using the intestinal crypt colony technique, an RBE

value of 0.96 was obtained for I fraction irradia-
tion (D =7 Gy) and of 0.94 for 4 fraction
irradiation (D = 2 . 1 3 Gy) .
(from Beauduin et al., (16)

Mitotic delay after fast neutron irradiation was studied
using the time lapse microcinematography technique (18).Some
preliminary results are presented on figure 2 (19).
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FIGURE 2
Mitotic delay, for EMT6 mammalian cells, after fast neutron and
gamma irradiation. Two dose effect-curves (closed circles and
squares) are determined using the time lapse microcinematography
technique C 1 8). The open circles correspond to the neutron'
results, but the doses have been multiplied by the neutron RBE
for cell killing at that dose level.

III. SURVEY OF THE CLINICAL DATA

From March 1978 to December 1984, 530 patients were treated
at the cyclotron of Louvain-la-Neuve .

i c a d n o c a r c inoma

For locally advanced prostatic adenocarcinoma (stage C),
the RTOG protocol was applied (mixed schedule irradiation : 3
neutron fractions and 2 photon fractions per week (20]].
Although it is recognized that a long follow-up is needed, since
we are dealing with slowly growing tumours, the observed results
are promizing and confirm the superiority of fast neutrons, as
initially reported by Franke (21) and then confirmed in the United
States (22). In addition to 30 patients with stage C, 14 patients
with stage A and 6 patients with stage D were treated so far :
the early as well as late tolerance were excellent (except in one
case, as indicated in Table II).
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TABLE II

Fast neutron therapy of prostatic adenocarcinomas - stage C

Number of patients

Local control

Alive

1 y e a r

t1) C2) (3)

12 16 28

12 14* 26
(93%)

12 14 26
(93%)

2 y e a r s

t 1) t 2) ( 3)

11 12 23

10 9 19
(83%)

11 10 21
(91%)

3 v e a r s

f1) (2) (?)

5 5 1 0

4 5 9
(90%)

3 4 7
(70%)

t1) No surgery
(2) Trans-urethral resection of prostate (T.U.R.P.)
(3) Total = I1) + (2)
$ In one case, necrosis of the prostatic area with urethral stricture at 6 months after

TURP and mixed-schedule irradiation; surgical care needed .

Cervix carcinomas (stages II , III., HI,, and IV ) are treatedB A B A
with mixed schedule irradiation (2 neutron and 3 photon fractions
per week) . As part of a combined trial organized by the American
RTOG, 30 patients were randomized between mixed-schedule and
photon irradiation, and have a follow-up of a least 2 years. The
results are now being analyzed at the RTOG headquarters.

Soft tissue s ar comas , espec ia 1 ly well differentiated and
slowly growing?are currently considered as a good indication for
neutron therapy. Our results agree with this more and more
generally accepted conclusion; they are summarized in Table III
and IV. An high local control rate (93 %) is observed after
"radical" surgery and fast neutrons are at present used in our
centre as a current treatment. It is however recognized that
high local control rates have also been reported for this type
of patients, with other techniques [ 2 31. When gross tumour is
present, the poor local control rate observed in our series
reflects the unfavourable patient selection. The poor patient
selection is also reflected by the large field sizes, which
directly influence the complication rates ( 2 4 ) .
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TABLE III

NEUTRON THERAPY OF SOFT TISSUE SARCOMAS, RESULTS FROM 4 EORTC CENTRES
(Neutron irradiation is performed after "radical" surgery; no "-gross"
tumour present, (see (21M).

Essen t1)
(+ Heidelberg)

Hamburg (2) Louvain-la-Neuve (3)

Number of patients
Persisting local
control
Complications

107

76 %
18 %

12

92 %

27

93
26

(1) Follow-up : 12-66 months (median : 42 months). From Schmitt et al.
(2) From Franke et al.
(3) Evaluation Apr.1984. Follow-up : 3-65 months (mean : 25.9; modal 24 months).

From Richard et al.

TABLE IV. NEUTRONTHERAPY OF SOFT TISSUE AND BONE SARCOMAS.
Local Results according to tumour or field size.
Comparison of the Amsterdam and Louvain-la-Neuve series (see (21*)).

A. AMSTERDAM SERIES

Tumour volume

<. 100 cm3
100-1000 cm3
>1000 cm3

Total :

Number of patients
(1)

4
18
18
40

Persistent local
control

(a)

2
4
1
7

Complications

2
6

8

(1) 22 soft tissue sarcomas, 10 chondrosarcomas and 8 osteosarcontes.
Evaluation Nov. 1984.

B. LOUVAIN-LA-NEUVE SERIES

Field size
(largest dimension)

< 10 cm
10-20 cm

;> 20 cm

Total :

Number of patients

(2)

5
30
11

46

Persistent local
control
(a) (b)

1/1 3/4
2/12 17/18
1/6 5/5

4/19 25/27

Complications

6
4

10

(2) 42 soft tissue sarcomas and 4 chondrosarcomas.
Evaluation Apr. 1984. Follow-up : 3-65 months (mean : 25.9; modal 24 months)

(a) neutron therapy started with "gross" tumour present,
(b) neutron therapy started with "no gross tumour" present.
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C O N C L U S I O N

A l t h o u g h f a s t n e u t r o n s wi l l p r o b a b l y n o t r e p l a c e h igh -

ene rgy p h o t o n s fo r t he t r e a t m e n t o f t he m a j o r i t y o f t|he p a t i e n t s ,

t h e c l i n i c a l r e s u l t s a t p r e s e n t a v a i l a b l e c o n f i r m t h a t f a s t

n e u t r o n s b r i n g a s i g n i f i c a n t b e n e f i t f o r s o m e w e l l d e f i n e d

p a t i e n t s e r i e s C M C 2 ) . O u r r e su l t s c o n f i r m th i s m o r e a n d more

g e n e r a l l y a c c e p t e d o p i n i o n , a s f a r a s l o c a l l y a d v a n c e d p ro s -

t a t i c a d e n o c a r c i n o m a a n d s l o w l y g r o w i n g s o f t t i s s u e s a r c o m a a r e

c o n c e r n e d . The m a i n p r o b l e m r e m a i n s the p a t i e n t s e l e c t i o n and

the b e s t m o d a l i t y o f a p p l i c a t i o n of f a s t n e u t r o n s , a lone or in

c o m b i n a t i o n w i t h p h o t o n s . I n t h a t r e s p e c t , r a d i o b i o l o g y c a n

c e r t a i n l y p l a y a n i m p o r t a n t r o l e .
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RADIATION THERAPY OF THE
MALIGNANT MELANOMA OF THE EYE

U. HEINE
Department of Ophthalmology,
Municipal Clinic Berlin-Buch,
Berlin-Buch, German Democratic Republic

Abstract

Different approaches for no touch treatment of malignant melanoma
of the eye with emphasis on proton- and pi-meson beams irradiation were
discussed.

It is the aim of any ophthalmooncological therapy to remove
the eye tumour in such a way as to retain the still existing
vision, but at least the eyeDall as such.
The main problem lacing, radiotherapy is the radiosensitivity
of the healthy ocular structures surrounding the eye tumour.
The dose required to destroy malignant choroidal melanoma
totally is about 90 Gy of an RbE 1 radiation( Lommatzsch,1978).
Therefore, in view of the smallness of the organ eye, frontal
irradiation with conventional rays has to De ruled out; this
would so severely damage either the cornea lying, about 2.5cm,
or the iris lying about 2cm in front of the tumour, that the
eyeball were lost. The -b'ig. 1 shows the schematic representation
of the relative sizes of the eye and its structures.

Distance
from cornea

4/77/77

FIG. 1.
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To avoid the complications leading to the loss of the eye, the
immediate vicinity of the tumour was exposed to radiation in the
lorm of short-range beta rays ( Lomr.atzsch, 1974) .
Uhoroidal melanomas, which are of the greatest si^niiicance in
ophthalmooncology, are mostly located uehind the equator 01 the
eyeoall in a layer which is called the choroid and lies immedia-
tely beneath the sciera, which iorms the outer layer 01 the eyeoall,
The distance oetween the ueta-applicator suriace and the tumour
base is just 1 mm.
J?ig. 2 shows the dose distribution of a Ku/Rh-applicator that
has Deen sutured onto the eyeball irom outside above the choroidal
melanoma( Lommatzsch,1978. - percentagely absorption 01 the bPta-
rays and distancefrom the applicator-surface in mm) .

FIG. 2.
if'ig. 3 shows an autoradiogram with the limited range of the rays,
which guarantees the protection of the particularly sensitive
anterior portions of the eye( Lommatzsch,1978 ).
But this method has two disadvantages. Because of the short-range
of the beta-rays, doses of some 1.000 Gy are becoming effective
at the base of the tumour, and that is where the healthy retina
surrounding the tumour lies. Such doses do not only lead to the
intended destruction and scarring of the retina underlying the
applicator, but also - as a late lesion - to the development
oi a radiogenic rctinopathy, which will turn into a disease in
its own right finally destroying the primarily retained vision
as well as the eyeoall itself, i'rom this follows, that the side
scattering of the applicator is too strong(Lommatzsch,1978).
Besides, it is conceivable that the applicator sutured onto the
eyeball for one or two weeks will promote metastasis as a result
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i'igure 3.
of the pressure exerted on the tumour with each and every
movement of the eye. This lear keeps constantly growing.
So, in order to xorestall such an outcome, any eyeball with a
tumour that can no longer be treated, will nowadays be removed
by so-called no-touch technique alter freezing the entire
eyeball( Wilson, 1978 ).

±rom what has been said above, it follows that ophthalmoonco-
lo&y is in need of an irradiation technique which would gua-
rantee a dose of about 90 Gy at about 2.5 cm uehind the anterior
portion of the eye without considerably exposing those parts of
the eye that lie in iront of, or lateral to it. In addition, this
method must oe applicable in such a way as not to compress or
squeeze the eyeoall by manipulât!one s of any kind.
.From the present point of view, protons and pi-mesons do ofier
themselves for such an irradiation technique. As Gragoudas and his
coworkers from ^oston have already proved, " the physical charac-
teristics of a proton beam, namely minimal scatter,tissue sparing
at the entry site, increased dose at the endof the range, and the
exquisitely sharp fall off dose at the distal end of the beam, are
ideal for localized intraocular irradiation "( Gragoudas, 1980).
Subsequent radiogenic retinopathia is hardly ever noticed. If the
tumour is situated at a favourable site, exposure of the anterior
portions of the eye is just minimal. After treatment the tumour
looks as if punched, .but we consider it unsatisfactory, that
Gragoudas radiotherapy is preceeded by surgical manipulation in
order to localize the tumour during irradiation.
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Although a ray of 70 MeV protons is available to use in Moscow,
we have not adopted this approach^ Goldin,1979 )• While trying to
findaway of localization other than the suturing on of X-ray
postiveclips around the tumour, only such malignant eye tumours
as were lying anterior to the equator of the eyeball and could
be treated by a no touch method, were irradiated with protons.
The results o± such irradiation by our Soviet colleagues are
now being published( Browkina,1983 ). They correspond to compa-
rable results obtained by Gragoudas ( Gragoudas,1980).
So farr we have irradiated only one patient with a melanoma of
the ciliary body, the largest diameter of which was 12 mm and
the maximum prominence 10 mm. After exposure to a dose of aoout
90 G-y , we observed tumour re&ression by half within six months.
Although this is quite a satisfactory result, ophthalmooncolo-
gists hold the view that such a tumour migh also be removed by
surgery.

At an International Symposium on malignant tumours of the eye
held in Moscow in 1984, Doth American and European experts were
agreed, that, despite fewer local intraocular complications,
proton-ray therapy in its present form was no substitute ±or
the applicator therapy that can be handled quite easely. In
present day ^roton-ray therapy both the enormous technical
equipment needed and the transportation of patients through
either half of Europe or half ot the USA were out of all pro-
portions.
However, this attitude ought to change fundamentally if a no-
touch method of irradiation were developed, or if it would
even be possible to further reduce exposure ol the eye due to
the use of pi-mesons which are more favourable in terms of radio-
biolofey.
So far, we have not been successiul in our search for an
accepta oie method of tumour marking during irradiation. Attempts
are being made on a world-wide scale to mark a choroidal melanoma
with melanoma-specific suostances, Dut there have oeen no satis-
lactory results as yet. And it is in this very field that our

"32hopes lie for Unding a substitude for the ^ P-test, which, so
far, has been part and parcel of any tumour diagnosis and which
also involves the possibility of considerable pressure being
exerted on the tumour.
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Tumour marking with ultrasound during irradiation has not "been
possible so iar. Irradiation-synchronous computer tomography
might offer a chance.
No-touch marking of the tumour would also be a prerequisite of
pi-meson therapy as applied to the eye. We feel that this high-
LET radiation can be used in ophthalmology, since the RBE in the
peak is above 2. Exposure of all the healthy tissues surrounding
the tumour could thereby oe reduced to such a low extend as to
make any side-effects improbable, even if the site of the tumour
were an unfavouraole one.
But before this radiation can be introduced into ophthalmoonco-
logy we shall need the help of the radiophysicists.
The problem is the tail, the secundary ionization oehind or be-
fore the pi-meson peak. The energy drop by the pi-meson radiation
behind the peak is not sharp enough for the treatment of choroidal
melanomas. The energy distribution by the proton-beam therapy
is DC t te r.

So I have the lolloping two problems, after the solution of
which the question as to the use of protons and pi-mesons in
ophthalmooncology ought to be answered in the affirmative:

1. Does a no touch technique for tumour localization already
exist?

2. Will it be possible to modulate the pi-meson beam in the
manner that the tail is no greater as compared to that of
the proton oeam?
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THERMAL NEUTRON CAPTURE THERAPY
OF MALIGNANT MELANOMA
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Abstract

For the purposes of thermal neutron capture therapy of malignant
melanoma of the skin, several melanoma-seeking compounds labelled with B
have been synthesized and tested. Successful treatment of local advanced
melanoma of pig skin has been carried out. The possibility of extending
the approach to another tumour, synthesizing the specific proteins (thyroid
cancer, squamous cell carcinoma), has been discussed.

Development and progress of our Selective Neutron Capture Therapy
for Malignant Melanoma using its specific metabolic activity has now
advanced to the stage where First Clinical Trials are feasible. Melanoma
is the highly lethal cancerous growth of the pigment cells which have the
specific function of synthesizing melanin from dopa and tyrosine by the
action of tyrosinase. As malignant transformation occurs in the pigment
cells, they usually acquire accentuated tyrosinase activity. Melanoma
cells have the characteristic properties not only of accentuated activity
of tyrosinase, but also of its product, melano-protein in the numerous
melanosomes which encircle target nuclei within melanoma cells. Therefore
biological and non-surgical treatment of melanoma could be achieved by
utilizing these specific cellular properties and these melanosome-seeking

B-compounds could be synthesized as shown later.
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Markedly effective high LET heavy particle irradiation in direct
cell killing requires more precise localization of its absorbed energy
at the cellular dimension than X ray irradiation, due to its decreased
therapeutic gain factor. It was around 197Z that it occured to me that
using such mel anogenic activity, this B(n,a) Li reaction may be powerful
for melanoma therapy. Thermal neutrons taken from an atomic reactor are
absorbed easily by the non-radioactive isotope, B, and this absorption
results in the emission of a-particles and lithium atoms sharing between
them an average total kinetic energy of 2.33 MeV, which 35 transferred
totally to the tissues. Due to the limited traveling range of both these
charged particles, the resulting primary radiation injury is confined to
a distance of 10-14y from the point of the neutron activated boron atom (Fig.l).

7Li + a + 2.79 MeV (6.1%)
n \ 7* Li + a + 2.31 MeV (93.9%)

1n

Li +• y + 0.48 MeV
Other reactions: 14N(n.p)4C, H(n,y)D

Fig. 1. Schematic drawing of thermal neutron capture reaction.

Since this distance is almost equal to the diameter of individual melanoma
cells, if we can selectively accumulate B in cancer cells, we can destroy
them without serious injury to the surrounding normal tissue. Therefore
I (1,2) developed a different method of neutron capture treatment than the
previous one used for brain tumors, which depended on the loss of their
blood/brain barrier. Thus, since 1972, our idea has been to synthesize
new tumour-seeking B-compounds which themselves' possess selective affinity
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for the specific metabolic activity of the target cancer cells. Since not
only malignant melanomas, but also many kinds of human cancers, for example
thyroid cancer and squamous cell carcinoma, synthesize their specific
protein, our aim is to establish selective thermal neutron capture treatment
of malignant melanoma as a prototype of such cancer cells. Once we achieve
success in this positive type of capture therapy, it will have many
applications.

MELANIN-SEEKING 10B-COMPOUNDS
35S-labelled CPZ was shown to bind selectively with melanin, presumably

by forming a charge transfer complex with an indole nucleus of melanin, and

thus highly localizing in melanoma and eyes, as also confirmed by Dr. Fairchild(S)

recently. This can still be seen in the tissues three days after systemic

administration. Taking into account all this data we decided to synthesize

molecular hybrid compounds of B-chlorpromazine. First we were able to

synthesize EU-chlorpromazineborane and found this compound promising, but

it had only a limited effect. Thus we looked for B-chlorpromazine compounds

having a higher boron content and good water solubility.

To fulfil these requirements we synthesized two newer compounds, B

sodium chlorpromazine undecahydrododecaborate, hereafter called B^-CPZ,

and subsequently sodium chlorpromazine nonahydrodecaborate, B-|Q-CPZ, which

contain twelve and ten boron atoms per molecule respectively (4). B-^-CPZ

(Fig. 2) has a unique polyhedron structure having a B atom on every apex,

and was synthesized from 2-chloro-10 (3-bromopropyl) phenothiazine and ammonio-

undecahydrododecaborate or 2-ammoniononahydrodecaborate respectively.

Prior to the in vitro irradiation experiments, affinity of CPZ to

melanotic melanoma cells was tested. Cultured melanotic and amelanotic B-16
35melanoma cells were incubated with S-labelled CPZ for 24 hours at O.lyCi/ml

medium concentration. Thereafter the medium was replaced with normal fresh
35medium after varying time intervals, and the S-labelled CPZ uptake of the
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W ,N-dimethyl-N- [?- (2-chlorphenothiazin-10-yl )propylj amine-
undecahydrododecaborate(l-)

Chlorpromazineundecaliydrododeca"borate
r

B12H11K(GH3)2R'

10rFig. 2. Chemical structure of our synthesized B^-chlorpromazine

35melanoma cells was measured. As shown in Fig. 3 incorporated S-CPZ in

cultured melanoma cells decreased to 50% during the first 30 minutes of the

post-incubation period, but thereafter its value remained constant for over

24 hours. On the other hand, the accumulation of CPZ in amelanotic cells

Incorporated 36S-CP7 in
Cultured B-18 Melanoma Cell«

cpm

2000-

IOOO -

._. melanotïc
'— '• am«lanotic

10

Fig. 3. Specific affinity of S-CPZ in melanotic melanoma cells in comparison
with amelanotic cells shown in cultured cell systems. The incorporation value
(cpm) was obtained after 24 hours preincubation of the cel ls in 35$-CPZ
containing medium at a concentration of 0.089yCi/ml.
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was extremely small, indicating the specific affinity and binding of CPZ to

melanotic melanoma cells (5).

Based on these findings, we have investigated the specific killing

effect of B-|2~CPZ in the neutron capture therapy of melanoma using in vitro

radiobiological analysis. This B-|2-CPZ pre-incubation shows a distinct

enhancement of killing effect as compared to neutron only (6). To obtain

the same killing effect using a non-specific - B-compound such as B-boric

acid, 5yg B/ml, which is more than 4 times the amount of 10B-[2-cpz> must

be present during irradiation. There is no shoulder on the survival curve,

indicating that no cell repair took place (Fig. 4). This highly effective

0001

ooi

Fig. 4. Cell survival curve with
5ug lOß/ml medium in the form of
lug-boric acid present during
thermal neutron irradiation ( ± ) .
This curve is identical to that
of neutron with 10-5M "^Biz-CPZ

preincubation)(* ).

B-|2-CPZ is quite suitable for the eradication of melanotic malignant melanoma
in thermal neutron capture therapy. It is now being prepared for mass
production in the near future.

MELANOGENESIS-SEEKING 10B-COMPOUNDS

While we were working with B-chlorpromazine, we also thought of compounds
which would specifically accumulate in melanoma cells with little or no
melanin content but having tyrosinase activity, particularly young post-mitotic
melanoma cells. Melanin is formed from tyrosine or dopa by the action of
tyrosinase. If boron-labelled dopa is administered, the boron uptake is
proportional to the rate of melanin synthesis. Thus in co-operation with
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Drs. Kakihana, Okamoto and Yoshino (7) we have synthesized four hyb'rid compounds

of B and enzyme substrate, dopa (Fig. 5).- B-,-para-boronophenylalanine

o j i . A . A HOy*VCH,-CH-COOHBoron c o m p o u n d s r e l a t e d to d o p a , un\ 1 <- \
"̂"̂ /̂ N H

C h e m i c a l s t r u c t u r e ———EIT^U M e l a n o m a
A b b r e v i a t i o n HW N a t u r a l 92% B k i l l i n g

C u s t o m a r y name abund . abund. e f f e c t

- N â Dopa b o r a t e 2 6 3 . 0 0 0 . 7 2 9 3 . 5 1 2

Dopa b o r a t e n e u t r a l i z e d w i t h
sod i u* h y d r o x i d e

M 0 f ^ V - " 2 ' ' 209.01 0 . 917 4. «23
2 ( H C 1 ) ( h y d r o c h l o r i d e )

. , . 2 4 5 . 4 8 0 . 7 8 1 3 . 7 6 4p - B o r o n o - p h e n y l a 1 anine

0 u
WCH,-CH,-B>n„
TJ 2 2 m Dopeba 1 8 1 . 9 9 1 . 0 5 4 5 . 0 8 2

Fig. 5. Molecular hybrid compounds of '^B and dopa. We have synthesized the
first three and are working on the last one.

hydrochloride ( B-,-BPA), once described by Snyder, is the most promising.
Herie, I would like to repeat our recent findings, mainly on the markedly
enhanced melanoma-killing effect of B-.-BPA in Neutron Capture Therapy.
This' killing effect was revealed by in vitro radiobiological analysis and in
vivo experiments using Greene's melanoma proliferating in Syrian golden
hamsters, as well as by our pre-clinical therapeutic experiments toward first
clinical trial. We used the Thermal Columns of the Kyoto University Nuclear
Reactor Heavy Water Facility (KUR) and of Musashi Institute of Technology (MIR),
Fig.6 shows the time course of B,-BPA accumulation into the B-16 melanoma
cells revealing its selective accumulation as compared to control erythrocytes.
Prior to irradiation the neutron field was modified for medical and biological
purposes by the development of a bismuth scatterer by Drs. Kanda, Kobayashi
and other physicists of our group (8). This reduced the gamma-to-neutron
ratio by one order of magnitude. The next point was to evaluate, in co-
operation with our physicists, the iso-dose distribution of radiation energy
within a human body. Therefore, an acrylic lifesize model of a thigh was made,
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Time Course of 10B-BPA Accumulation into
the B-16 Melanoma Cells

s r

o\c/>
4>

Melanoma cell

Erythrocytes

15 30
Time ( min )

Fig. 6. Specific uptake of B-BPA
revealed by HPLC assay into melanoma
cells in comparison to erythrocytes
after incubation in ly mole/ml
medium.

containing a ping pong ball to represent the melanoma at the subcutaneous
level. Rossi's tissue equivalent solution was put into both with additions
of 20 or 40ug/g of B in the melanoma model. When we added these amounts
of 10B and irradiated with KUR at 1,000 Kilowatts for 30 mins, we found that
the absorbed dose distribution at the outer surface of the melanoma model
was 2.5 and 4 times that of the outer surface of the thigh model respectively,
and at the inner surface the dose level was approximately twice that of the
equivalent position in the thigh model. The absorbed dose in the B-containing
melanoma model is greatly increa-sed compared to the surrounding normal tissue
equivalent solution.

In Vitro Radiobiological Studies
Prior to in vivo experiments, an in vitro radio-biological analysis was

carried out to evaluate the specific enhanced melanoma cell killing effect
of Bn-BPA in capture therapy (9). The cultured B-16 melanoma cells were
pre-incubated for 20 hours with and without B-|-BPA and then each group was
irradiated on parallel graphite tables at different distances from the bismuth
surface of the reactor. Cell survival curves were then formulated (Fig. 7).
As compared to neutron irradiation alone shown on the right, the two curves
on the left reveal the enhanced marked specific killing effect obtained by
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Fig. 7. Surviving fraction of cells
irradiated with or without 10B]-BPA
or nB-|-BPA after 20-hr pre-incubation
followed by 6-hr (•) or 1-hr (o)
postincubation with fresh normal
medium, and of cells pre-incubated
with "B-j-BPA (A). The number of
colonies was counted to obtain the
dose survival curve. Each point
represents the mean value of
triplicate plates; the standard
errors ranged from 2.2 to 9.5
percent.

pre-incubating with lOpg of B-.-BPA, containing 0.44yg B per ml of medium,
followed by 1 hour, the line on the extreme left; or 6 hour post incubation
in fresh medium before irradiation. The same amount, lOyg, this time of
6-,-BPA compound produced a distinctly lower killing effect, as shown center

right, indicating that the main factor is a different density of n.-areactions,
since B^-BPA contains approximately 5 times more B atoms than nB-,-BPA,
which contains natural boron.

Fig.8 shows the enhanced marked specific killing effect obtained by

Fluence (X10ian/cfll)

4 8 12 16 20

B-16 melanoma cell
O neutron «Vor*»

•16 «meUnottC
n*utron «ton«

* "B, BPA » nwjlroo

Fig. 8. Dose-survival curves of B-16
melanotic and amelanotic melanoma
cells with and without pre-incubation
with 10B]-BPA (50ug/ml) followed by
thermal neutron irradiation. Amelanotic
melanoma cells exhibited distinct
enhanced killing sensitivity with
'°B]-BPA pre-incubation.
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pre-incubating with BOyg of B-j-BPA for melanoma cells of melanotic and

amelanotic types comparatively, though to a less extent for the latter.

Dynamics of B Dosimetry in Melanomas
10„ ,.In order to cure melanoma, the quantitative analysis of B in melanoma

as well as in various organs in relation to their melanogenic activity and kinds
of B compounds is necessary. Boron concentration is determined by colorimetric
assay (10) in melanoma, blood and other organs at various intervals after
injection. The melanoma to blood ratio of B 28 hours after administration,
is 11.5 and the melanoma to liver is 15, indicating an optimum time for neutron
capture. Fig.9 represents a similar result, showing this time the boron concen-
tration as tissue/blood ratio also determined by col'orimetric assay. The melanoma
to blood ratio of B 14 hours after administration, is 10 and the liver to
blood is 1 (11).

Time-Course of Tissue/Blood Boron Ratio

11

9
•o
0 7
m

Ex p. Hams. 2

5 10 15 20 25
Time after Injection (hour)

Time-course of Tissue/Blood
boron ratio in Exp. Hams.2.

Fig. 9. Time-course of tissues/blood
boron ratio after intra-peritoneal
injection of 20mg lOß-ßpA/hamster .
Mu: muscle , L : l iver , B : blood.

Concerning the af f in i ty of B-.-BPA for melanoma, if we perform density

gradient fractionations of melanoma cel ls , we can isolate the melanosome

fraction. The melanosome fraction contains a substantial amount of B in

contrast to the mitochondria fraction (12).
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Since there is a directly proportional relationship between the B
concentration in tissues and the amount of secondary gamma rays emitted after
thermal neutron irradiation, we thought of using this for the determination
of B concentration in melanomas in situ. In co-operation with Drs. Kanda

0 30 60 90
MINUTES AFTER INJECTION

Fig .10. Time course of se lect ive B
a c c u m u l a t i o n in melano t ic melanomas
proliferating in Syrian (golden) hamster's
subcutaneous tissues and in normal s k i n ,
as revealed by in s i tu 10ß assay u s i n g
prompt gamma-ray spectrometry (13) .

and Kobayashi, we have developed a system to detect neutron-induced prompt

gamma rays in B-containing melanoma by us ing a combination of the KUR

thermal neutron guide tube, LiF t i le neutron shie ld and a G e ( L i ) detector (13)

becau'se it had the possibi l i ty to measure the time course of 10B concentrations

w i t h i n tumors in situ in patients wi thout biopsy. Fig.10 is a representative

result showing selective h i g h accumula t ion of B-pBPA into Greene's melanot ic

melanoma in Syrian golden hamster s k i n , in contrast to surrounding normal sk in

(12) .

In para l le l to these chemical and physical B dosimetries, d is t r ibut ion of

B in melanoma as compared to other organs in the whole body has been v i sua l ized

by use of a-track autoradiography. A h igh concentration of B in melanoma w i t h

some in the kidneys 30 minutes after administrat ion has been revealed as a bright

region in the a-track autoradiography (14) . In order to quanti tate in site the

actually-induced (n,a) reaction w i t h i n melanoma, the a-track method was also

used. The number of pits produced on special f i l m by a-particles and l i t h i u m

atoms is proportional to various standard B concentrations. This a-track

method has demonstrated not only the selective dis t r ibut ion but also the

concentration of the (n,a) reaction ac tua l ly induced w i t h i n the cured p i g ' s

melanoma discussed later, i nd i ca t i ng 27yg of B/g melanoma.
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In Vivo Radiotherapeutic Studies
Based on the above, we tested the in vivo therapeutic effects of B-.-BPA

using Greene's melanoma transplanted into subcutaneous tissue of Syrian (golden)
hamsters and found a hereto unobserved marked melanoma killing effect. The
melanoma growth curves of the hamster group irradiated for 2 hours (1.1 x 10

2 10n/cm ) without prior administration of B,-BPA were moderately suppressedi '
as compared to the control unirradiated hamster group. But the tumor growth
curves of hamster melanomas treated with the same dosage of neutron irradiation
and intramuscular administration of 40mg of B,-BPA 8 hours before irradiation
showed a cure in most of the melanomas (15).
Preclinical Therapeutric Experiments

The above results led us to start preclinical therapeutic experiments
using spontaneously occuring malignant melanoma in Duroc pig skin. A histo-
pathological survey made in cooperation with Dr. Sawaya, of large cutaneous
primary melanotic tumors in pigs, revealed 73.4% to be malignant melanoma,
while 20,9% of the smaller tumors of less than 10mm diameter were malignant
melanomas.

After 6 experiments we finally cured melanoma occurring in the pigs with
1 3 2 1 0a single irradiation of 1.56 X 10 n/cm and a 6g of B-j-BPA perilesional

injection. The sequential curve of the tumor size shows a marked killing
effect leading to a cure at 65 days after irradiation (Fig.11). In order to

Effect of IOB| BPA HCI therral neutron cooture
' 2 ,3 therdpy on swine melanoma (NCI 72)

50000

10000

27SOO 6/10/81 pm 6 00 10B,-BPA HCI 2 Oo peri- leslonol Inj

6/11/81 ara 1 1 ÎU I OB | -BPA HCI n Og perl-leslonol Inj

am 12 37 i l?
i Irradiation (I 5Gx 10'Vcir)

Dm 16 37

cured

J_ denlgmentecj macule

1 15

l r rod l n r l on

30 15 60
Days after Irradiation

17K

Fig. 11. Regression curve of malignant melanoma spontaneously occurring
in the Duroc pig skin after single application of our thermal neutron
capture treatment.

47



confirm the cure we continued to observe for 174 days, then we did an autopsy
and microscopic examination. Fig.12 shows the melanoma before treatment.

Fig. 12. Melanoma spontaneously occurring in the skin of Duroc pig.
Clinical appearance before treatment.

Marked regression with ulcération was seen after 14 days after irradiation
(Fig. 13), followed by the complete disappearance of the melanoma with

Fig. 13. Melanoma 14 days after treatment, showing marked regression
with erosion and crusting.
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depigmentation (Fig. 14). The vertical cross section of the biopsy sample
shows no visible remaining melanoma (Fig. 15), and no metastasis was found
at the autopsy. There were no melanoma cells visible, even when viewed
microscopically, in any of the specimens examined when the animal was sacrificed.

We had a second success curing melanoma in pigs irradiated on November 14,
1982. This time the melanoma was 10 times bigger than the first cured case,

Fig. 14. Complete disappearance of the melanoma with depigmentation,
as observed 126 days after irradiation.

Fig. 15. Cross section of the entire treated lesion, previously
melanoma proliferated. No remaining melanoma visible.
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being 12cm in diameter. It was found occurring na tura l ly on the right lateral

abdomen of a 2-year-old female p ig . We gave her two peri- lesional inject ions

of 5g each of B,-BPA, one 19 hours, the other 20 minutes prior to the

commencement of a s ing le i rradiat ion which lasted for 4 hours at l O O K w .
1 pThe thermal neutron dosage on the center of the melanoma surface was 26.4 x 10

2
n/cm , w h i l e at distant body surfaces such as the head it was measured at

12 20.006 x 10 n/cm . Tumor volume rapidly decreased du r ing the f irst 14 days

after i r radiat ion. Ulcérat ion was observed and the rate of regression stagnated

at 14 days. Slow regression was observed at 28 days, followed by rapid regression

noted at 42 days. Complete disappearance of melanoma wi th depigmentat ion was

recorded at 115 days and no recurrence has been seen thereafter (15).

No obvious side effects have been observed and the blood count and l iver func t ion

have been found to be essentially normal after ' the treatment, except for a short

and temporary sl ight lowering of neutrophil and lymphocyte counts.

Since we have established therapeutic schema in pre-clinical studies for

curing natural ly occurring cutanaous melanoma by s ingle neutron irradiation,

we thought of performing a control experiment. We covered one-half of the

melanoma by LiF sheet collimator and then s imi la r ly treated, but by s ingle

systemic adminis t ra t ion of 6g B,-BPA in t ramuscu la r ly this time 2 /£ hours

prior to 3 hours i r radiat ion at lOOKw. As a result the dosimetry of thermal

neutron radiation on the treated and control areas of the .melanoma were
1 2 1 2 218 x 10 and 0.66 x 10 n/cm respectively. Complete regression of the

les ion on the treated side was noted 178 days after i r radia t ion , a l though the

covered side of the melanoma also showed some regression corresponding to

absorbed radiat ion energy on its surface and interior. Radiation energy

isodose curves w i t h i n a melanoma from phantom and s imula t ion experiments of

our nuclear physicists reveal the curved pathway of thermal neutrons inside

the melanoma beneath the col l imator . In order to establ ish a therapeutic

schema for cur ing human melanoma wi thout f a i l u r e we have further advanced

our study in several directions.
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Human rcelanoma - transplanted nude mice were also treated (16). Fig.16
shows the melanoma growth curves reveal almost complete cure by thermal neutron
irradiation 60 minutes at lOOKw together with I.P. injection of 10mg BpBPA
4 hours prior to irradiation in contrast to controls, neutron alone and

B-BPA • MCI
B-HPA- HC1 -N

DAY
IRRADIATION

Fig. 16. Growth curves of human
malignant melanoma cells (MM-l-JCK)
transplanted into nude mice. Thermal
neutron capture therapy with 10mg of
10ß]-BPA I.P. injection has shown almost
complete suppression of the growth, as
compared to the other groups.

compound alone. The results of acute toxicity tests for LD™ were 710mg/kg
for female mice, which is nearly equal to currently used antihistamines.
We have further carried out therapeutic data comparison of our capture therapy

i
with'conventional electron beam therapy based on the criteria of growth delay
time using Greene's melanoma bearing Syrian (golden) hamster. Value "T" is
the growth delay time, which is defined as the days required for the tumor
to regrow to its initial volume. Growth delay times of 5 days and 11 days
with neutron alone and neutron plus IP injection of B,-BPA respectively
were recorded. In order to evaluate growth delay time we avoided curing
melanoma by reducing B-j-BPA dosage 50% to 20mg per hamster from regular
therapeutic experiment. Various melanoma growth delay times by conventional
electron beam therapy indicate the "T" value of 11 days corresponds to 2500
rads (17).

Parallel to the above studies we have checked distribution of exposed
radiation energy on the whole body using a human phantom containing human
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bone and Rossi solution (18). We have examined this position for irradiation
as 30% to 40% of melanomas occur on the sole among Japanese in the form of
acral-lentiginous or nodular type of malignant melanoma which is the first
target lesion of our therapy. The amount of neutron and y-ray is determined
at various points of the body and found to be within tolerable limits. When

12 26 x 1 0 n/cm of the neutron is given on a sole melanoma, the exposure dose
10 2on the face is 0,64 x 10 n/cm which is approximately one thousandth of

that at the treated area in this system. We can further reduce them by use of
better collimation, although the actual absorbed energy in melanoma largely
depends on the B(n-ot) Li reaction, based on selective accumulation of

B-.-BPA in the target tissue, as discussed above. Final establishment of
a clinical therapeutic method for curing human melanoma with single irradiation
is underway by correlating biophysical, biochemical, biological and therapeutic
data analysis.
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Abstract

At the National Institute of Radiological Sciences, Chiba, Japan,
clinical trials with 30 MeV d->Be neutrons and 70 MeV protons were
initiated on November 1975 and on October 1979, respectively.

There were 1171 patients, suffering from either locally advanced
or radioresistant cancers were treated with fast neutrons up to March,
1984. Locally advanced head and neck cancers, excluding carcinoma of
the tongue, Pancoast' tumor of the lung, carcinoma of the esophagus,
malignant melanoma and osteosarcoma were found to be indicated for
fast neutron therapy. Late effect of the normal tissues were able
to minimize in the treatment of fast neutron therapy, when the
target volume and the doses delivered have been decided according
to the features of high LET radiations.

Protons were used for 29 patients suffering from superficial
cancers. Local control rates were 9/11 (81%) for proton only and
14/19 (73%) for proton boost irradiation, respectively.

Complications have developed in only two patients, who were
suffering from the tumors recurred after radical photon beam irradiation.

The results indicated that fast neutrons will be used in the
routine clinical radiotherapy with a special reference and that
charged particles have a value in order to improve local control
rates and to reduce complications.

55



1. INTRODUCTION

Clinical trials with 30 MeV (d-)Be) neutrons were initiated at
the National Institute of Radiological Sciences (NIRS), Chiba, Japan,
on November 1975 and were performed with a great interest in order
to evaluate the indications and the techniques for fast neutron
therapy.

In the clinical trials with 70 MeV protons, started on October
1979, the aim was placed on evaluation of the therapeutic ratio for
charged particles when the beams with sufficient dose distributions
due to Bragg peak were used in radiation therapy.

The results are presented and discussed.

2. FAST NEUTRON THERAPY

There were 1171 patients, suffering from locally advanced or
radioresistant cancers, were treated with 30 MeV (d4Be) neutrons
from November 1975 to March 1984. Nine hundred twenty-one of them
had the tumors previously untreated.

The clinical trials were performed with a fixed perpendicular
neutron beam, which was produced by bombarding a thick Bellylium
target with 30 MeV deuterons. Dose distributions of the fast
neutron beam for 10 x 10cm field at SSD 175cm measured in a tissue
equivalent phantom were found to be almost the same as those of
Tele-cobalt f -rays for 10 x 10cm field at SSD 80cm.

2.1. Head and Neck Cancers

Analysis of the results of the treatment was performed for 150
patients, who were suffering from advanced head and neck cancers
and have not been treated previously.

Complete regression of the tumor was seen in 56 cases of all
(37%) who were treated by radiation only, and the other 31 have
had a local control of the tumor after salvage surgery.

Complications due to fast neutron therapy has developed in 10
patients, in which trismus was one of the marked late effects.

The patients suffering from carcinoma of the larynx were
treated with fast neutron boost after a 40 Gy of x-rays.

The results show that, when fast neutrons were used, the tumors
arising from supraglottis of the larynx have been controlled in
higher rate (84.6%.11/13) compared with those received x-ray
treatment (25%:25/100), whereas the results were almost even in
the cases of glottic and subglottic cancers (Table 1).

Salvage surgery was necessary to manage carcinoma of the
hypopharynx, because local control of the tumor was observed in
only 3 of 9 patients after fast neutron therapy.

Among 4 patients suffering from carcinoma of the parotid gland,
two was controlled by radiation only and the others received
salvage surgery.
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Table 1 Local Control Rate of Carcinoma of the Larynx Treated
with either Neutron Boost or Photons*

Tl T2 T3 T4

Glottic

Supra-glottic

Sub-glottic

3/5
(48/57)

2/2
(4/8)

5/8
(8/19)

3/3
(12/34)

1/1
(0/5)

0/2
(3/27)

4/6
(7/31)

0/1
(0/5)

0/1
(0/1)

2/2
(2/27)

Treated by X-rays 1964-1971
Cancer Research Institute Hospital

In 17 cases involved by advanced carcinoma of the maxillary
sinus, 4 patients were suffering from osteosarcoma and received
salvage surgery after fast neutron only, and 3 of them had local
control. An additional effect of fast neutron beam could not
be expected to manage advanced tongue cancer, because interstitial
irradiation and salvage surgery has been used for a radical
modality.

Tolerance dose of the cutaneous tissue was examined in the 28
cases, who were received fast neutron only and developed dry
desquamation. The result shows that the nominal standard dose
for 30 MeV (d-Be) neutrons is indicated by the following formula;

NSD(n) = D -0.11N
dose,

„-0.11
simbols for total
(days), respectively.

in which D , N and T are the
number of fractions and over-all time

2.2. Lung Cancer

Fast neutron beam was applied to 79 patients who were suffering
from lung cancer. Among them, 30 patients were suffering from the
T—1 and T-2 tumors and 49 patients were with T-3 tumor. The results
show that local control rates- were 20/30 (66.6%) and 21/49 (42.8%)
for T-l-2 and T-3 tumors respectively and that 14 cases developed
the complications of moderate through severe reactions (Table 2).
The doses equivalent to TDF 100 - 120 were required to manage tumors
under acceptable complication rates.
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Table 2 Rates of Local Control and Complication in the Treatment
of 30 MeV, d->Be, Neutrons for Lung Cancer

100

100-120

120

Local

Tl, T2

2/3

12/20

6/7

20/30

Control

T3

3/9

14/32

4/8

21/49

Complication

Moderate Severe

1/12

9/52

4/15

14/79

Two cases were excluded, because of short follow-up time.
Cumulative survival rates of the patients evaluated at five

years were 52% for stage I and 0% for stage II and 24% for stage III.
For Pancoast' tumor of the lung, cumulative survival rate was 23%,
and mean survival time observed in the patients expired was 11.6
months for fast neutron therapy, whereas the time was 4.2 months
for the cases received photon beam irradiation.

Pancoast' tumor of the lung found to be indicated for fast
neutron therapy.

2.3. Carcinoma of the Esophagus

The results were evaluated in 115 patients with unresectable
tumor of the esophagus, 34 of whom were treated with fast neutrons
and the other 81 were treated by photons. As shown in Table 3,
complete regression of the tumor was observed in 15 of 34 patients
(44.1%) who received fast neutron therapy, and was seen in 24 of
84 patients (29.6%) in the photon beam series. When the response
of the tumors to radiations evaluated according to the x-ray
findings, effect of fast neutrons found to be better for tumorous
and serrated type cancers compared with the photon beam treatment.

Table 3 Local Control Rate of Esophageal Cancer Treated Either
Fast Neutrons or Photons -TDF

Modalities

F-N

/• Mixed schedule

N Boost therapy

Photon

No. of Cases

34

20

14

81

CR(%)

15

7

8

24

(44.1)

(35.0)

( 57 . 1 )

(29.6)

CR: Complete regression
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As to the tumors with length, 8cm or less, the local control
rate for fast neutron therapy was found to be 50% (13/26), which
was higher rate compared with 41.5% (17/41) in the treatment of
photon beams, whereas, when the length of the tumor became over
8cm, the results were almost even in the both series.

Surgical specimens obtained from the cases received preoperative
irradiation with fast neutrons show that the effect of neutrons
was marked in the well differentiated type of cancers.

Fast neutrons will offer improvement of local control of carcinoma
of the esophagus, especially in the tumors involved less than 8cm
of the length.

2.4. Carcinoma of the Uterine Cervix

Carcinoma of the uterine cervix, stage Ill-b and IV-a, was
treated with mixed schedule and additional intracavitary treatment.

The results show that, although an improvement of local control
rates has been obtained in the studies based on a histological
classification, there were not significant differences between
the survival rates of the patients received either fast neutron
or photon beam therapy.

However, when fast neutron beam was used in the cases with the
recurrent tumor in the pelvis, the survival rate has improved in
the cases received fast neutron therapy, where 5 year survival
rate was 20.5% (Table 4). For the patients treated with photon
beams, 5 year survival rate reported to be under 10%.

Table 4 Result of Fast Neutron Therapy for Recurrent Cancer
of Uterine Cervix (1984)

5 Year Survival Rate
No. Patients ——————————————————————————————

All Cases Squamous cell CA. Adeno CA

39 8/39 8/30 0/9
(20.5%) (26.7%)

This result suggests that intracavitary irradiation has been
markedly contributed to manage the tumors arising from cervix
of the uterus even when an additional effect of mixed schedule
would be expected.

However, the possibilities of use of fast neutrons are still
remained in the treatment of carcinoma of the uterine cervix,
when the sites of the tumors require the external beam irradiation
only.
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2.5. Malignant Melanoma

There were 54 patients suffering from malignant melanoma, 39
of whom had a disease arising from the skin and the other 15 were
with melanoma of the head and neck region. When the residual
tumors were found in the course of fast neutron therapy, salvage
surgery and cryosurgery were applied to complete the treatment.
The results were analyzed for the patients involved by malignant
melanoma and previously untreated. There were 21 of skin melanoma
and 12 of head and neck melanoma.

Of 21 patients with skin melanoma, 4 were stage I-a, 15 were
stage I-b and the other 2 were classified stage II and stage III.
Five year survival rate of them was 47%. As shown in Table 5,
complete regression (CR) was achieved in 2 cases, who were
treated with fast neutron only, and the other 17 had local
control after a combination therapy of fast neutrons and surgery
(N -f S). The results suggest that fast neutron irradiation has
contributed not only to improve local control rate of melanoma
but also to reduce the surgical margin, where an en bloc dissection
was required and the margin was decided 5cm apart from the tumor.
The preliminary result shows that 7 patients, excluding a patient
who expired by cardiac disease, were surviving from 22 months to
47 months without local recurrence and remote metastasis.

Table 5 Results of Fast Neutron Therapy for the Patients with
Malignant Melanoma of the Skin

ALM

NM

LMM

Site

Sole
Hand
Nose
Ear Lobe
Neck
Nose

Total

No Case

12
4
2
1
1
1

21

Result
CR(RT)* CR(N+S)** MR***
2 8 2

4 -
2 -
1 -
1 -

- 1 —
2 17 2

ALM: Acral lentiginous melanoma
NM : Nodular melanoma
LMN: Lentigo maligna melanoma

* Complete regression
** Salvage surgery +

fast neutrons
*** Minor response

Melanomas arrising from head and neck were far advanced in
this series and were treated with fast neutron irradiation and
surgery. Two of 12 patients have survived over 5 years. One of
them was surviving without disease in 8 years and 9 months and the
other expired by dissemination 7 years after the treatment.

Reactions of skin and mucosa were severe in 8 cases (24%).

Preoperative irradiation with fast neutrons is recommended
in order to manage the patients suffering from malignant melanoma.
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2.6. Osteosarcoma

In the beginning of study, the aim was placed on estimation
of the effect of fast neutrons on normal tissue and osteosarcoma
with the doses equivalent to TDF 120. However, the efforts have
not been rewarded by the fact that the late effect of the skin
was severe than the reaction expected before. The necrosis of
the irradiated tumor tissues were common in the histological
specimens.

The second series of the trials was opened 1979 with the
doses equivalent to TDF 100 and was closed 1981.

In the third series, initiated 1982, preservation of the
function was decided for the main purpose of the study and the
doses were reduced again to equivalent to TDF 80 for making sure
reconstruction of the leg, where the bone involved was replaced
by an artificial one (Fig. 1).

POLICY OF FAST NEUTRON THERAPY FOR
OSTEOSARCOMA

Phase of Study

Doses
Equivalent to
TDF

Infusion of Drugs

I (1975-1979) 11(1979-1981)

120< 100

111(1981-)

80

(+) (+) (-)

E f f e c t of NECROSIS DEGENERATION
Treatment / \ / \ ,

Skin Reaction 3-4 2~-3 1 -2

FIG. 1.

There were 54 patients suffering from osteosarcoma treated
with fast neutrons between 1975 and 1984. Cumulative five year
survival rate evaluated in 47 cases, excluding 7 patients received
palliative treatment only, was 67%, which was markedly contrasted
with the rate of 19% for 18 patients received photon beam
irradiation.

The treatment for preservation of the leg was applied to 29
patients, 5 of whom received amputation due to marked soft tissue
damage. There were no local recurrence and the patients, excluding
4 expired, were surviving 5-96 months.

In the 3rd series, 15 patients were involved and 13 of whom
were surviving without disease.

Necrosis of the skin and soft tissue developed in 4 of 8
patients (50%) who received 90 - 130 Gy of photon beams and was
seen in 2 of 12 patients (17%), who were treated with fast neutrons.
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Prior to surgery, chemotherapy was prescribed for the patients
through the regional arteries. When the disease was advanced,
general administration of the drugs was designed in addition to
the local infusion.

Adjuvant chemotherapy was continued during 18 - 24 months
after surgical procedures.

The results suggest that fast neutrons contribute not only
to improve local control rate of osteosarcoma, but also to make
sure the modality for use in order to preserve the function of the
extremities.

2.7. Carcinoma of the Urinary Bladder

Preoperative irradiation with fast neutrons was designed to
17 patients who were suffering from carcinoma of the urinary
bladder, stage c. The effects were evaluated with reduction of
the tumor volume using cystogram and with histological finding.
As to the tumor volume, the reduction over 50% was observed in
3 of 6 cases (50%) who received fast neutron therapy and in 1
of 7 cases (12.5%) with photon beam irradiation.

Histological evidence shows that marked effect was observed
in 12 of 15 (80%) for fast neutron series and in 12 of 17 (71%)
for photon beam series.

Although the preliminary results seemed to be optimistic,
further studies have to be required to confirm the effect of fast
neutrons on preoperative irradiation for carcinoma of the
urinary bladder.

3. PROTON THERAPY

Superficial cancers were selected for the clinical trials
because the beams were able to penetrate within 36mm of the tissue
due to low energy of the protons. Since the cyclotron was using
for various purposes, i.e. fast neutron therapy, production of
short lived radioisotopes and the other fundamental experiments,
the beam was prescribed for clinical trials on every Friday morning,
so that 40 Gy of protons was delivered with 4 fractions in 4 weeks
as the standard schedule.

The clinical trials were performed with the two dimmentional
spot beam scanning system for protons, digitally controlled by
a minicomputer. This system has made it possible to achieve a
irradiation field of any irregular shape and intensity distribution,
and to correct fluctation in the beam intensity!).

There were 29 patients who were treated with 70 MeV protons
at NIRS between November 1979 and December 1984, 11 of whom
perticipated for proton therapy only and the others received
boost irradiation of protons following either photon beam or fast
neutron therapy.

Table 6 shows the list of the patients treated with proton
only and indicates that local failure was seen in 2 patients,
one of whom was suffering from an advanced synovial sarcoma of
the thigh recurred after surgery and the other, 7 year old boy,
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Table 6 Result of Treatment with Protons (70 MeV)

NIRS (1979-1984;

Case Number Age Sex Target

54359

54486

56297

53697

53972

55011

55243

53775

54180

54598

54340

62 Male Skin Cancer

59 Female "

79 " "

80 Male Fibrosarcoma (Node)

26 " " (Rec.)

7 " Leyomiosarcoma

7 " Synovial Sarcoma

70 Female Breast Cancer (Rec.)

54 " " ( " )

65 " " ( " )

53 " Thyroid Ca. (Rec. )

Dose
(Gy/f/days)

40/4/22

30/3/15

32/4/29

40/4/22

30/3/21

20/2/8

30/3/8

26/2/8

26/2/8

40/5/36

24/3f/15

Effect
Tumor

CR

CR

CR

CR

CR

PR

PR

CR

CR

CR

CR

Skin*

3

2

2

3

4**

2

2

3

3

3

3-4**

* Reaction score: 2-Erythema, 3-Dry desquamation, 4-Ulcer
** Recurrent cancer after radiotherapy
CR: Complete regression, PR: Partial regression

received salvage surgery for the residual leiomyosarcoma of the
back. Complications were observed in 2 patients, both of whom
were suffering from the tumors grown after radical photon beam
irradiation.

In the treatment of boost irradiation, the protons were
delivered to the target volume, where a 40 Gy of photon beams has
been irradiated and the total doses were equivalent to TDF 75-160.
The results show that, in 14 of 19 cases, the tumors have been
controlled without severe complications.

The results indicate that, when protons were used, late reaction
of the normal tissues would be reduced, which compared with photon
beam irradiation and that the tumors have been sufficiently
controlled by the spot beam scanning system with proton beams.

4. DISCUSSION

The first clinical trials with fast neutrons at the NIRS have
been performed,between 1970 and 1975. The patients suffering from
radioresistant cancers, superficially involved, were perticipated
for this clinical trials, tre'ating with 2.8 MeV d-Be neutrons
obtained by a van de Graaff generator.
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The preliminary results indicated that malignant melanoma
would be more effectively managed by the use of high LET radiations
compared with photon beam treatments).

The second series of the clinical trials was initiated on
November 1975 with 30 MeV d-Be neutrons, which were produced by a
medical cyclotron introduced at the NIRS according to the decision
of the Japan Atomic Energy Committee.

The machine introduced has been designed to have the dose
distributions equivalent to &®Co gamma rays.

In Japanese experience, the radioresistant tumors, such as
osteosarcoma and malignant melanoma, have been selected to evaluate
the fact that whether the merit of fast neutrons are able to
compensate the late effect of the normal tissues following irradi-
ation or not.

The results showed that RBE of fast neutrons relative to
x-rays was 5 for osteosarcoma and that local control rate of the
osteosarcoma found to be improved in fast neutron therapy series
compared with photon beam irradiationS). Another experiences
indicated also that local control of the tumors would be enhanced
in fast neutron therapy under an acceptable reaction of the normal
tissues, when the irradiations have been performed with the
moderate and small size of the target volume.

Clinical results with 70 MeV protons suggested that radiation
damage of the normal tissues has been reduced by use of charged
particles, especially in use of the spot beam scanning system.

From the clinical trials at the NIRS, it is concluded that,
when the charged particles with the features of high LET
radiations, local control rates of the tumors, arising especially
from the sites close to the vital structures and indicating to
fast neutrons, will be further improved due to sufficient dose
distributions of the beam.

5. CONCLUSIONS

Clinical results with fast neutrons and protons performed
at the NIRS indicated that fast neutrons have a share in the
routine radiation therapy, especially in the radioresistant
cancers as well as well differentiated squamous cell carcinoma
and adenocarcinoma and that protons will offer improvement of
the therapeutic ratio due to the reduction of radiation damage.

Charged particles with both sufficient dose distributions
and the features of high LET will be introduced in future based
on the results of the clinical trials.
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THE AMSTERDAM FAST NEUTRON THERAPY PROJECT -
A JUSTIFICATION

J.J. BATTERMANN, B.J. MIJNHEER
The Netherlands Cancer Institute,
Amsterdam, Netherlands

Abstract

In the period from February 1975 through September 1981 a total of 435
patients received radiotherapy with the 1 4 MeV d+T neutron generator,
hospital based in the Netherlands Cancer Institute (the Antoni van
Leeuwenhoek Hospital). Preliminary data on clinical results were published
during the past few years. In this paper a justification is given of the
programme.
The results can be summarized as :
1. The neutron generator fulfilled the criteria for clinical use, i.e. it

12 -1was reliable and had the requiced minimal output of 10 neutrons s
However, the dose distribution was more comparable with a 250 kV X-ray
machine than with a modern accelerator.

2. A number of physical parameters of importance for clinical neutron
dosimetry have been determined for our therapy unit. These data,as well
as the results of dosimetry intercomparisons in which our institute
participated, contributed in the drafting of a European protocol for
clinical neutron dosimetry.

3. Pilot studies were carried out on different tumour sites, including
head and neck, brain, pelvis, soft tissue and pulmonary métastases. In
many patients local tumour control was seen, however, often concomitant
with severe complications, especially in deep seated tumours.

4. Randomized clinical trials were carried out for head and neck tumours
(in collaboration with some other European centres) and for inoperable
bladder and rectal tumours. No significant difference was observed in
local tumour control or late morbidity between photon and neutron
irradiation for the head and neck tumours. Also the results for pelvic
tumours failed to demonstrate an advantage for neutron therapy. In this
study two neutron arms were used with different dose schedules. As
could be expected a higher local control rate was noticed for the
higher neutron dose group, but concomitant with a higher complication
rate.
From our experience we have to conclude that treatment with our fast
neutron treatment facility did not result in a benefit over photon
irradiation. It seemed that the differential effect between tumour and
normal tissues is smaller with fast neutrons than with photons.

INTRODUCTION.

Since the introduction of high energy photon beams from linear electron
accelerators, betatrons and microtrons, the survival rates for many types of
cancer .were improved considerably. However, for many other types the
prognosis remained poor, either because of a high percentage of distant
métastases or because of failure to control the local tumour. Distant tumour
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spread is not influenced by better radiation possibilities for the primary
tumour, as most métastases are already present at the moment of first

(9)treatment. Still, failure of loca.1 tumour control remains the cause of
death in about ^0% of cancer patients. Furthermore, patients often
suffer from a local recurrence, which is in general not suitable for other
treatments.

Failure of conventional radiotherapy is due to tumour volume and
relative radioresistance. As still many patients are presented with extended
tumours that are relatively radio-resistant, from a radiobiological point of
view high LET radiation seems to have the best prospects of raising the
local cure rate. This is due to a lower OER, a lower capacity for repair of
sublethal damage and less variability in response between different phases
of the cell cicle after high LET radiation, relative to low LET

(2)radiation.
At the Netherlands Cancer Institute a fast neutron therapy project was

initiated in 1972, aiming at the following points:
1. to test a d+T fast neutron therapy facility, suitable for routine patient

treatment, according to the physical and technical criteria of that
moment

2. to compare physical and biological properties of neutron and photon
beams

3. to study the effects in tumours and normal tissues in man
^. to carry out clinical trials.

Already for many years radiobiological research had been carried out at
the Radiobiological Institute of TNO, Rijswijk, and data on experimental

' and human tumours led to the conclusion that fast neutrons could
be of advantage in the treatment of human cancers. Furthermore, Philips
Medical Systems in Best, had developed a sealed-off d+T neutron generator
that could be used for patient treatment.
The results of the first clinical trial on the application of fast neutrons
in advanced tumours of the head and neck, carried out by Catterall et al at

(12)the Hammersmith Hospital provided a further stimulus to start the
investigation of the clinical applicability of fast neutrons.

The available technical and radiobiological know-how, combined with
clinical experience and scientific interest in the clinical application of
fast neutrons, resulted in the Amsterdam fast neutron therapy project.

In 1975 a 1H MeV sealed-off d+T neutron generator was installed in the
Antoni van Leeuwenhoek Hospital, providing an isocentric beam with a
penetration somewhat less than that. of a cobalt-60 source.
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In this paper our experience over a period of 6 years is summarized.
All patient groups are reviewed with a minimum follow-up of 3 years.

MATERIAL AND METHODS.

The d+T sealed-off neutron generator, mounted in a Brown-Boveri
betatron gantry, was installed in a routine treatment room in the hospital

1 2in 1975. An output of 10 neutrons per second was considered as a minimum
for routine patient treatment. With a source-to-skin distance of 80 cm an

1 ? -1output of 10 ns provided a dose rate at 10 cm depth in a water phantom of
about M cGy min . The lifetime of the neutron tubes in general was
approximately 100 hours, while replacement took only a few hours and did
not interrupt the routine treatment schedules. As a result of the relatively

2low energy of the neutron beam the 50£ isodose curve for a 9 x 11 cm
collimator was found at a depth of 9.5 cm. The gamma contribution in the
beam varied between 10 and 20%, depending on field sizes and depth. In this
paper all doses are expressed as total dose (neutron dose plus gamma dose).

In the period from 1975 through 1981 a total number of 435 patients was
irradiated with fast neutrons. The majority of these patients received only
neutron therapy. The standard photon treatment policies were adapted for
neutron therapy : all patients were irradiated five times per week, but with
an overall time of four weeks.

Many patients were treated in pilot studies, however, also two
randomized clinical trials were performed: one for patients with inoperable
tumours from bladder and rectum, the other for patients with extended
carcinomas in the head and neck region.

For our pilot studies only patients with extended tumours were chosen,
often inoperable and thought to be resistant to photon irradiation. In Table
1_ the tumour sites and number of patients treated with fast neutrons are
mentioned.

In the head and neck region the pilot study included 65 patients, all
irradiated for locally advanced squamous cell carcinoma. As a routine, the
first cervical lymph nodes were included in the treatment fields, and if
these nodes were involved the whole ,neck was irradiated. The total dose
varied between 18 Gy and 21 Gy. If necessary, the fields were reduced after
12 Gy to reduce the dose to the spinal cord and an additional 10 to 20 Gy

67



TABLE 1.

PATIENTS TREATED WITH FAST NEUTRONS.

*tumour site number of patients

Head and Neck tumours 85 (20)
Salivary gland tumours 32
Gliomas grade 3 and 4 22
Rectal tumours 97 (30)
Bladder tumours T._. 73 (30)4 o
Gynaecological tumours 12
Soft tissue sarcomas 40* *Miscellaneous 74

Total 435 (80)

*The number in brackets indicates the number of
patients treated with neutrons in randomized clinical
trials.

**The miscellaneous group includes different tumour
sites, but also patients with an insufficient
neutron radiation dose or patients with a boost of
neutrons after unsuccessful photon irradiation.

was administered by electrons to the area overlying the spinal cord. The
localization of the primary tumours is listed in Table 2.

Furthermore 32 patients were irradiated for inoperable salivary gland
tumours. The majority of this group were parotid gland tumours, but there
were five patients with a tumour of the minor glands. As these tumours are
relatively superficially located, in most cases a treatment plan with two or
three (wedged) beams was used (Figure 1). The total dose varied between 15
and 22 Gy.
Astrocytomas grade 3 and 4 are considered suitable for particle beam therapy
by many centres because of the poor prognosis of surgery alone or surgery
combined with supervoltage X-ray therapy. Furthermore these tumours are
relatively frequent, do not metastasize, are relatively simple to irradiate
and are considered to have a high percentage of hypoxic cells. As the data

(15)of Catterall showed a high complication rate when neutrons alone were
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TABLE 2.

HEAD AND NECK TUMOURS
TREATED FROM 1974 THROUGH 1981

Total number treated
inadequate dose
no follow-up

Total number analysed
Tumour site :

Oral cavity
Oropharynx
Larynx
Hypopharynx
Neck nodes only
Miscellaneous

65
6
2

57

21
11
9
9
2
5

Positive nodes 28

Figure 1 : Treatment of a salivary gland tumour with three
equally weighted beams (field size 9 cm x 11 cm at
80 cm and source-isocentre-distance of 95 cm).

used, we have tried to improve the results by a combination of photon
irradiation to the whole brain followed by a neutron boost. In the period
November 1975 through November 1978 22 patients were treated following this
protocol. A dose of 30 Gy photons was given in 17 daily fractions followed
by a neutron boost of 12.5 Gy in 18 daily fractions.
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As the prognosis for patients with inoperable tumours in the pelvis
(bladder, rectum and female genithal) is very poor, an attempt was made to
treat these deep seated tumours with our fast neutron beam. A total of 75
patients was irradiated on the pelvis during the pilot study. In another 20
patients the total dose delivered was insufficient (boost only or treatment
course not finished), in none of these patients complete tumour regression
was observed. Many of the patients were irradiated with two opposed fields,
leading to dose inhomogeneities of more than 20% in some patients as a
result of the poor penetration of our neutron beam. During the pilot phase
of the project it became clear that the actual dose delivered was
approximately higher than originally intended. This was caused by improved
knowledge of some physical parameters in dosimetric measurements . The
actual tumour dose varied between 18 Gy and 22 Gy. The high dose and the
poor physical properties of the neutron beam were likely to result in
unacceptable complications. With the introduction of a six field technique
(Fig. ^) these dose inhomogeneities could be reduced and overdoses on normal
tissues avoided. Forty patients had inoperable adenocarcinomas of the

(b)

Figure 2 : Comparison of a two and six field radiation
planning for-an extended tumour of the bladder.
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rectum, either primary or recurrent. Twenty-three patients were irradiated
for inoperable (TV ) transitional cell carcinomas of the bladder and twelve
patients were treated for inoperable gynaecological tumours.

Also soft tissue and osteogenic sarcomas were considered suitable for
treatment with fast neutrons. Twenty-two patients were irradiated for an
inoperable soft tissue tumour and 18 for an osteogenic sarcoma. The
distribution according to tumour site is given in Table 3- In most patients
the tumour volume was extremely large, making the patient unsuitable for
surgery.

TABLE 3.

SOFT TISSUE AND OSTEOGENIC SARCOMAS
TREATED FROM 1974 THROUGH 1981.

Tumour site
soft tissue osteogenic sa

chest 1 3
extremities 8 6
pelvis 10 6
head and neck 2 3
penis 1

Apart from these groups of patients also neutron irradiation was given
on miscellaneous tumour sites such as pancreas, lung, stomach, kidney,
prostate. The number of patients irradiated, however, is insufficient for
further analysis.

In 1978 a randomized clinical trial was initiated for patients with
inoperable tumours from bladder and rectum. Since the pilot study resulted(inin an unacceptable complication rate it was decided to use two neutron
dosages. This concept was discussed elsewhere. So, patients received
either photon irradiation with a dose of 50 Gy in 20 fractions over 4 weeks
or a dose of 1 6 Gy neutrons or a dose of 18 Gy neutrons in the same
fractionation schedule as for photons. Of a total of 94 patients, 9 were not
further analyzed because they received an inadequate dose (all nine patients
died within a few weeks). The break-down per trial arm and'tumour location
is given in Table 4.
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TABLE 4.

TRIAL PELVIC TUMOURS
TREATED FROM MAY 1978 THROUGH AUGUST 1981

Photons Neutrons
16 Gy 18 Gy

Total treated 34 30 30
Inadequate dose 3 2 4
Total analysed 31 28 26

Bladder 5 11 12
Rectum 17 6 6
Recurrent tumour 9 11 8

A second trial was carried out for patients wi th squamous cell
carcinoma in the head and neck region. Excluded were tumours arising in

tumour sites such as paranasal sinuses, nasopharynx and early stages of
tumours in the tongue and larynx. This trial was done in colllaboration wi th
the centres in Edinburgh and Essen. From our inst i tute 33 patients were
entered. The photon dose was 70 Gy in 35 fractions in 7 weeks; the neutron
dose 18 Gy in 20 fractions in 4 weeks. The break-down according to tumour
site is given in Table 5. Positive nodes were found in 13 of 20 neutron
treated patients and 9 of 13 photon treated patients. The details of this
trial and the combined results of the three centres are publ ished

(17)separately.

TABLE 5.

TRIAL HEAD AND NECK TUMOURS
TREATED FROM MARCH 1978 THROUGH SEPTEMBER 1980

Neutrons Photons

Total analysed 20 13
Tumour site :

oral cavity 2 3
oropharynx 7 4
larynx 1 1
hypopharynx 10 5

Positive nodes 13 9
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RESULTS.

As the criteria for selection of patients for neutron therapy included
in principle only patients with less than a 10% chance of cure with
conventional treatment, almost all patients had extensive tumours and often
were also in a concomitant poor general health. Of ^35 patients treated with
fast neutrons, only 6 are still alive at this moment.

In the head and neck group 57 patients were analyzed. All patients
died; the median survival was 12 months. In many cases the tumour regression
was faster than seen after conventional photon irradiation. However, we have
to keep in mind that the neutron doses were given in ^ weeks and most
photon regimes have an overall time of 6 to 7 weeks. Complete regression at
2 months from the start of irradiation was found in 38 of 57 patients, but
persisting local control was achieved in only 26. Severe complications were
noticed in 7 patients; the break-down per tumour site is given in Table 6.
Myelopathy was seen in three patients, all treated for a tumour in the
hypopharynx. The wide penumbra of the d+T beam, in part, will be related to
this complication. The same holds for a patient with brain damage after
irradiation for a nasopharynx tumour. Two patients had complications of the
larynx after treatment for laryngeal cancer. Whether this is related to the
air volume in the larynx and subsequent higher dose in this area is
uncertain as this complication was not noticed in hypopharynx cancers.

TABLE 6.

HEAD AND NECK TUMOURS
TREATED FROM 1974 THROUGH 1981

Total number analysed 57

Results according to tumour site
number persisting compli-

local control cations

Oral cavity 21 4 1
Oropharynx 11 7
Larynx 9 4 2
Hypopharynx 9 6 3
Neck nodes only 2 1
Miscellaneous 5 1 1
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Finally, one patient died of aspiration pneumonia caused by severe fibrosis
of the subcutaneous tissues after treatment for an advanced tumour of the
floor of the mouth.

Patients with cancers of the salivary glands did rather well, both in
survival (median survival 22 months) and in local control. Complete
regression at 2 months was noticed in 25 out of 32 patients and persisting
local control was found in 21. Two patients are still alive after 36 and 29
months respectively; serious complications were seen in 4 patients; however,
all these patients had been treated for recurrent tumour after photon
irradiation.

For patients treated for astro,cytomas with a combination of photons and
neutrons as a boost the prognosis remained poor. Twenty-one out of 22
patients died with a median survival of 12 months. One patient survived 3.6
years, but showed mental and physical retardation.

Most complications were found in patients irradiated on the pelvis for
inoperable bladder, rectal and gynaecological cancers. In most patients the
early radiation reactions were less than expected after an equivalent photon
dose. The serious reactions appeared 6 to 10 months after neutron
irradiation. As mentioned before, they were due to a large inhomogeneity in
dose distribution if only two parallel ports were used. In 33 out of 75
patients irradiated severe complications were seen and often the cause of
death. Persisting local control (often confirmed at autopsy) was found in 26
of 54 patients with a minimum follow-up of 6 months.

The results of the neutron therapy on soft tissue and osteogenic
sarcomas were disappointing. Complete regression at 2 months was achieved in
only 10 out of 40 patients, while another 3 had a recurrence. The median
survival for this group of patients was 11.2 months. Serious complications
were observed in 8 patients, the majority of these complications occurred
after irradiation in the abdomen. Although two patients are still alive,(72
and 48 months, respectively), both have residual tumour (one
haemangiocytoma, the other a chondrosarcoma). The results according to
histology are given in Table 7.

From the group of miscellaneous tumours no relevant data were obtained.
Of 5 patients irradiated for a Pancoast tumour with a dose of 19 Gy good
relief of pain was achieved in 3, but all patients died with local tumour.
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TABLE 7.

SOFT TISSUE AND OSTEOGENIC SARCOMAS

TREATED FROM 1 9 7 4 THROUGH 1981.

Results according to histology.
number persisting compli-

local control cations

chondro sa 10 - 2
osteo sa 8 - 1
chordoma 4 2 2
fibro s a 4 1
synovio sa 2 1
angio s a 3 2
m . f . h . 3 - 1
miscellaneous 6 1 2

total 40 1) 7 8

two patients died during radiation period.

The results of the trial for inoperable bladder and rectal cancer are
summarized in Table 8. With a six f ie ld technique, used in all neutron

TABLE 8.

TRIAL PELVIC TUMOURS
TREATED FROM MAY 1978 THROUGH AUGUST 1981.

Photons Neutrons
16 G y 1 8 Gy

Total analysed 31 28 26
Complete regression

at 3 months 1 9 16
Recurrence 1 7 6
Severe complications 1 2 6
Alive 1
Actuarial survival

after 6 months 73% 67% 85%
after 12 months 47% 43% 39%
after 24 months 21% 0% 8%
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treated patients, still 23% complications were found in the high dose group
and 1% in the low dose group. In general these complications occurred later
than those in the pilot study and also were less severe (fatal in two
patients). A significant longer survival was found for the photon irradiated
patients. However, in this group a relatively high number of patients was
treated for rectal cancer.

The data of the combined head and neck trial are published elsewhere
(17) . In Table 9 a summary is given .of the data obtained in our centre. The
results are not significantly different for both treatment arms. Still, the
survival is longer after photon irradiation (29% versus 15% at 2 years).

/ 4 Q \

Also, in contrast to others , the persisting control in positive nodes
was better after photon irradiation.

TABLE 9.

TRIAL HEAD AND NECK TUMOURS

TREATED FROM MARCH 1978 THROUGH SEPTEMBER 1980.

Neutrons Photons

Complete regression
after 2 months 12 8
Recurrence 7 4
Persisting local control

primary 13/20 4 / 1 3
nodes 3/13 6/9

Alive, NED 1 2
Actuarial survival

6 months 50% 1 0 0 %
after 12 months 35% 58%

24 months 15% 29%
Severe complications 1 1

DISCUSSION.

The Amsterdam fast neutron project has been successful in all four
aspects that were aimed at :
1. The Philips 14 MeV d+T neutron generator was a reliable source for

fast neutrons and could be used clinically. However, the output of
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12 -110 neutron s , in 1972 considered suitable for patient treatment, was
too low for routine treatments. Also the beam characteristics were
insufficient to make this machine comparable with modern megavoltage
photon machines. This was also understood by the Philips Company and so
the production of sealed-off neutron tubes for clinical purposes was
stopped at the end of our programma.

2. Physical and biological properties of neutron beams were studied
extensively with this generator as well as with the neutron generator at
the Radiobiological Institute, TNO. A number of physical parameters of
importance for clinical neutron dosimetry have been determined for these

(23 24 35)beams. ' ' Dosimetry intercomparisons were carried out between our
(22 34)centre and several other centres in Europe. ' These efforts resulted

( 12)in the drafting of a European protocol for neutron dosimetry.
3. The effects of neutron irradiation in tumours and normal tissues in man

were investigated in several pilot studies as described in this and other
(3,4,5,6,7)papers.

4. Clinical trials have been carried out for head and neck tumours in
( 17)collaboration with Edinburgh and Essen and for pelvic tumours.

Nevertheless the clinical results obtained were disappointing, due to
the fact that the differential effect between normal tissues and tumour
tissues is smaller after neutron then after photon irradiation.
The conclusions from Robert Stone , in his Janeway lecture (1948) still
are valid for our data, notwithstanding the fact that radiobiological
studies have provided a deeper and broader knowledge of normal tissue
reactions after neutron (and photon) irradiation.
For radioresistant tumours an increase in local cure rate was accompanied by
an unacceptable complication rate as could be demonstrated by the not
significantly different dose effect curves for pelvic irradiation , see
Fi£_._3. For radiosensitive tumours and for other tumours that can be
irradiated by small radiation volumes photon irradiation still will give the
best results. It is not surprising in this respect, that many of the good
results obtained in different centres are for combined protocols, using

/ i Q of\ 01 o A o o ̂neutron irradiation combined with photon irradiation. ' ' ' '
Of course we have to realize, as was often stated by Catterall ,

that the neutron beams mainly used for this clinical investigation (and the
d+T machine in particular) have beam characteristics more comparable to 250
kV orthovoltage X-ray machines than to high energy electron accelerators.
But in our experience for pelvic tumours a more homogeneous dose
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Figure 3 : Dose effect curves for local tumour control and
complications (skin and intestine) after neutron

(6)and photon irradiation.

distribution still resulted in an unacceptable number of complications in
the higher dose arm of the trial. Furthermore many patients died before
these complications became manifest. In some particular patients fatal
complications even were seen 3 years after irradiation. For tumours of the
head and neck our neutron beam could provide a rather homogeneous dose
distribution over the target area. It is therefore unlikely that with a
better penetrating neutron beam better results would have been obtained. The
number of complications might, however, be reduced due to a reduced dose to
tissues at risk outside the target area (e.g. spinal cord) -and the decreased

(25)chance of a hot spot.
The selection of patients might have played an important role in the

results obtained thusfar. In a mixed bag of tumours good results obtained
for some tumours might be easily outweighted by poor results in a larger
number of tumours. Selection criteria are still not very well described. In

( Q*\

our own experience with the irradiation of pulmonary métastases it was
found that slowly growing tumours, in general, have a higher RBE than fast
growing tumours. However, it is seldom possible to evaluate the growth rate
of a primary tumour. As a significant relation was found between tumour
grading and volume doubling time for the tumours studied, this critérium
might be useful for the selection of patients. So, the well differentiated
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and slowly growing cancers will be candidate for neutron therapy. As a
matter of fact, as this very moment, concensus is obtained for extended
tumours of the salivary glands, soft tissues, prostate and for melanomas to

(32)be treated by fast neutrons. Many of these tumours are slowly growing
and well differentiated. So, it remains worthwhile to investigate the role
of neutron therapy in well conducted trials for these tumour sites, using
high energy cyclotrons that can provide neutron beams as versitale as those
of high energy linear accelerators.
It is clear already that fast neutron sources, apart from the costs, never
will replace the megavoltage photon equipment. Only for a small proportion
of all cancers radiotherapy with fast neutrons, produced by high energy
cyclotrons, might find a place.
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RECENT ADVANCES IN NEUTRON CAPTURE THERAPY (NCT)*

R.G. FAIRCHILD
Medical Department,
Brookhaven National Laboratory,
Upton, New York,
United States of America

Abstract
Current achievements and prospective trends in developing neutron

capture therapy with regard to synthesizing tumour-affinic compounds
for transporting B to tumours, quality of neutron beams and the
therapeutic gain, were discussed.

1. Desirable Characteristics for Radiation Therapy

According to cancer statistics, mortality is ̂ 50% when averaged over all

cancers. Thus depsite the combined attack of surgery,_chemotherapy and

radiotherapy, there is abundant room for impovement, including treatment of pri-

mary site tumors.

Conventional radiotherapy suffers from an inability to deliver a dose suf-

ficient to insure prevention of regrowth. This is in part a consequence of the

fact that the treatment volume must be expanded to include regions which might

contain malignant extensions of growth; delivered dose is then limited to the

tolerance of normal tissue within the treatment volume. Cancer therapy is based

on the hope that as normal tissues are carefully irradiated with exposures up to

but not exceeding their tolerance, curative levels will be achieved in tumor.

Regions exist in the treatement volume where tumor and normal tissue doses are

the same; nevertheless an advantage, or therapeutic gain (TG), is thought to

exist as a result of differential repair and/or repopulation rates. The failure

of radiotherapy attests to the fact that these conditions may only occasionally

obtain. Additional problems are of course encountered when remote metastatic

disease remains undetected and untreated.

* This work was supported by the U.S. Department of Energy under contract
DE-AC02-76CH00016.
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In principle, it would be desirable to direct cytotoxic agents to cancer

cells via specific physiological pathways. Biomolecules targeted to tumors

could be tagged with radioactive isotopes emitting short-range particles (ß , Ct,

ß , Auger cascades) which would limit dose to these cells. Consequently, tumor

dose would no longer be limited to the tolerance level of surrounding tissues,

and in addition, remote raetastatic sites would be targeted automatically. The

treatment of well-differentiated thyroid carcinoma with 1-131 is a good example

of this. A tumorcidal dose is given, while restricting normal tissues to less

than 2% of that given to tumor. Another possible example is the treatment of

melanotic melanoma with S-35-labeled thiouracil (TU). Following the experimen-

tal findings that TU was taken up selectively in growing melanoma (1), studies

have shown that dose rate of -̂ 60 rads per hour would be obtained in murine

melanoma and that complete tumor regression followed the administration of such

doses (2) .

The above two examples may however be unique, as in practice it is found

that essential normal cell pools such as bone marrow and intestinal epithelium

usually compete for cytotoxic materials with an effectiveness equal to or

greater than that of tumor. The result is that toxic levels are reached in nor-

mal tissues before lethal amounts can be delivered to tumor. The situation is

further complicated by the fact that molar concentrations of therapeutic agents
4 6 .are usually 10 -10 times those required for diagnosis, so that physiological

pathways can easily be saturated before useful amounts of agent are delivered.

Utilization of a two-component therapeutic modality such as is employed

with NCT has the advantage that B is stable and thus not inherently toxic.

Competing uptake of boronated compounds in cell pools such as bone marrow and

gut does not limit therapy so long as these tissues are excluded from the treat-

ment volume. In principle, multiple sites may be treated as long as normal tis-

sues with high boron content are protected from the activating neutron beam.

Since products from the B(n,a) Li reaction have ranges limited to <f\ cell diam-

eter, conditions ideal for radiotherapy can be obtained, assuming that cancer

cells can be selectively targeted with therapeutic amounts of boron. In addi-
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tion, the highly ionizing particles have advantages commonly accorded to high

LET radiation (i.e., little or no repair, greater effectiveness against hypoxic

cells, and a constant radiosensitivity throughout the cell cycle.

2. Past and Current Clinical Trials of NCT
In view of the potentially optimum conditions available for radiotherapy

with NCT, it is not surprising that great interest has been shown in trying to

realize these benefits. Initial clinical trails in the period from 1951-1961

were unsuccessful due to radiation nearosis in normal brain tissues, resulting

from boron concentrations in blood which were higher than that in tumor. Also,

viable tumor was found at depth due to rapid attenuation of the incident thermal

neutron beam (3). More recent clinical studies in Japan which were started in

1968 by Dr. Hatanaka have shown better results, with an evident increase in aver-

age survival of patients with brain tumors, relative to conventional treatment

(4). These encouraging findings are due in part to a "2nd generation" compound

Na B H SH which shows an improved tumor/blood concentration ratio of ̂ 1.5 (4).

As described below, "3rd generation" compounds have been shown to have a

significantly increased physiological selectivity for tumor, relative to

Na B HjjSH. It is anticipated that when such compounds are used in conjunction

with the increased tissue penetration of epithermal neutron beams, marked in-

crease in therapeutic efficacy should be obtained.

3. New Compounds for Boron Transport to Tumor

From the vast array of diagnostic tests available, it is clear that numer-

ous biomolecules show an affinity for tumor, for one reason or another. Only a

few of these show a selectivity and concentration robust enough to be useful for

therapy. The various classes of compounds which have shown some evidence of

being useful for NCT are summarized briefly below:

3.1 Steroids

A number of groups have synthesized boronated steriods (5). However,

to date no data has been presented indicating that it will be possible to de-

liver boron concentrations adequate for therapy. (With currently available neu-

tron beams a concentration of >_15pg B/g would be needed; see below.)
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3.2 Antibodies
The use of boronated antibodies is a potentially powerful method be-

cause of its general applicability. A number of reports have shown that suffi-

cient boron can be attached to antibodies (<^ 1000 B atoms/antibody ; réf. 5).

More recently, preliminary data have indicated that such conjugate retain their

biological activity and selectivity in vitro (22). Significant difficulties may

however be encountered in uniformly targeting antigen sites with sufficient num-

bers of these large conjugates in vivo.

3.3 Liposomes

The possibility of directing potentially cytotoxic agents via

liposomes conjugated with monoclonal antibodies (MABs) has been investigated

with some indication of success (10). Preliminary studies have shown that boron

can be incorporated in liposomes. Depending upon the liposome diameter, it

should be impossible to direct therapeutic amounts of boron to tumor while

addressing only a few of the ̂ 10 available antigen sites per cell (11).

3.4 Nucleosides

Schinazi et al. have synthesized a boronated analog of thymidine

(DBDU) (réf. 6), which is evidently incorporated in DNA (7). It has been

estimated that a 5% substantiation (DBDU for Tyd) would be adequate for NCT (8).

Studies are now underway to see if an incorporation of 5% or more can be

attained.

3.5 Melanin Affinic Agents (Chlorpromazine; Thiouracil).

The pigment melanin in melanotic melanoma provides a physiological

handle that should be useful for NCT (1). It is known that the N-substituted

phenothiazines such as chloropromazine (CPZ) as well as a "false precursor" in

the biosynthetic pathway of melanin, thiourcil (TU), are bound to melanin. Nu-

merous efforts are underway to synthesize a boronated analog of these two mole-

cules (5,9); it is anticipated that this facet of NCT will eventually find clini-

cal application.
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3.6 Porphyrins

The potential carrying capacity of porphyrins for boron is higher

than that of any of the other compounds under investigation. In addition, it ap-

pears to be taken up equally well by all tumors, and therefore may have broader

applicability than, say, the melanin-affinie agents. Thus boronated porphyrins

may represent one of the most direct approaches to providing adequate amounts of

boron for NCT. Preliminary data obtained by some investigators have

demonstrated the evident feasibility of this method (13,14).

3 . 7 Amino Acids

Various boronated amino acids are being synthesized and tested by in-

vestigators in Europe, Japan and the U.S. (5). In particular, we have found the

p-borono-phenylalanine as initially reported by Mishima (9) to have a selective

accumulation in murine melanoma, with a concomitant clearance from normal

tissues. Following single i.p. injections, absolute concentrations of^30yg

B per gram tumor can be obtained, with a tumor/blood concentration ratio of

v/^10. Use of the L-form of this compound has allowed background boron concentra-

tion to be reduced by a factor of ̂  2 (réf. 15). The above distribution should

make this compound clinically useful.

3-8 USÂ zA
Recent studies have indicated that the dimer N a . B ^ . H ^ ^ S has greater

biological activity than the monomer N a _ B , ^ R , i S H , . Multi-day infusions with os-

motic pumps have provided a tumor uptake of up to ^25 p g B per gram, with

tumor/blood ratios of ^6. Various measurements show little or no accumulation

in normal brain, making this form of sulfhydryl boron hydride a prime candidate

for use in the treatment of glioblastoma.

While a number of compounds listed aboved appear to have promise as

vehicles for boron transport, the latter two (the L-form of p-borono-

phenylalanine and the dimer N a , B - , H _ „ S „ ) , have demonstrated tumor and normal tis-

sue distributions in mice which should provide therapeutic gains significantly

in excess of those which are available with current conventional techniques.
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4. Therapeutic Gain

From the above discussions, it is apparent that with at least two of the

compounds under investigation, parameters are approaching those values

considered desirable for radiation therapy. As noted previously, this is a

two-component system in which a stable isotope ( B) is physiologically targeted

to tumor, and then activated with an external neutron beam. The second compo-

nent is not without its own inherent toxicity, due to Y~rays generated by the

H(n,y)D reaction, and protons from the N(n,p) C reaction; additional

adventitious radiations (fast neutrons andy-rays) may accompany the incident

beam in the form of contaminating radiations. Thus the boron dose to tumor must

of necessity be superimposed upon a "background" dose delivered unavoidably to

both tumor and normal tissues. While clinical trials of NCT have to date used

a thermal beam, there is a consensus that future trials in the U.S. will include

use of an epithermal neutrons. The latter will be employed in order to circum-

vent problems associated with the use of incident thermal neutrons', which are

attenuated rapidly. Dosimetric aspects of thermal and epithermal beam have been

reviewed in the context of the various parameters involved (i.e., boron concen-

tration and tumor/normal tissue concentration ratio ( B ratio), tumor depth,

thermal neutron flux density and biological effect of the various mixed field

components). Results are summarized in terms of the minimum B concentration

required (Table 1; from réf. 8)).
Absolute B concentrations and tumor/normal tissue ratios are listed in

Table 2 for Na_B H^SH (currently being used in clinical trials) and the two

Table 1. Minimum B concentration (Ug ^B per gram tumor)

10_____________________B Ratio_______________________
____Without repair______ ______With repair__________

Beam__________3________10 °°________3___________10_____°°
Thermal not possible 36 17 not possible 28 13
Epithermal 16 15 14 17 16 16
2-keV 2.8 -1.9 1.7 1.4 0.94 0.83
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most promising compounds described in section 3 (Na/B-AH^j^ and p-borono-

phenylalanine) . From these data it is clear that for the latter 2 compounds:

a) absolute concentrations of B are adequate for therapy, and

b) boron has been cleared from blood (as well as normal brain).

Thus it is apparent that two of the prime requisites for successful NCT have

been achieved.

Thermal beams are currently available, as well as a broad spectrum

"epithermal" neutron beam obtained by filtering out thermal neutrons with a Cd

filter, and transmitting the remaining "slowing down" or 1 /E spectrum (8). Ther-

mal beams would be particulary advantageous for surface lesions, but their rapid

attenuation in tissue limits their applicability at depth. The increased pene-

tration of epithermal beams would, in conjunction with the improved compounds

shown in Table 2, enable treatment of brain tumors at any depth through the use

of bilateral irradiation. The therapeutic (TG) gain has been calculated

Table 2. Compounds for neutron capture theapy**

Compound

Na „ B H SI2 12 11

Ha2B12HnSI

(Dimer)

p-borono
phenyl-
alanine

Test
System

1 Humans

l Mouse*

? Mouse*

Mouse*

Tumor
(W R B/g)

25

12t

24t

33

Administration

intra-aterial
infusion

i.p. infusion

i.p. infusion

i.p. (single
dose)

Time
Post Start
Hours

2-3

^ 200

s 200

3

Concentration
T/Blood T/Brain

1.1

1.4 4.4

6 5

10 17

Ratios
T/Muscle

4

*Harding Passey Tumor in BALB/c mice
T Average of a number of experiments
**Reference 4, 15, 16

assuming a B concentration in tumor of 35 Ug/g and a tumor/normal tissue ( B)

ratio = 10. Results are given in Fig. 1; a TG of 2 is obtained at all depths >2

cm. Depth dose distributions and RBE's etc. used in obtaining the TG are

described in réf. 8.
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Significant further gains should be accessible via development of essen-

tially monoenergetic band-pass filtered beams which transmit neutrons in the

epithermal neutron energy region (̂ 0.5 to 10,000 eV), but restrict the fast neu-

trons which produce an undesirable dose to normal tissues from hydrogen recoils.

The TG for a 2 keV scandian filtered beam is given in Fig. 2. As in Fig. 1,
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dose distributions and RBEs were the same as those in réf. 8. Because of the

reduced dose from fast neutron produced H recoils, the TG approaches 4. The

lack of high LET contaminating radiations in band-pass filtered beams also
allows the possibility of reducing normal tissue damage from low LET radiations

through fractionation. Thus the possibility exists that the TG of -^4 would be

doubled (see réf. 8).

While pure band-pass filtered beams have been produced at low intensities

CrlO n/cm -sec; réf. 18), similarly pure beams of intensities sufficient for
o 9NCT CrlO n/cm -sec) have yet to be constructed (5). A number of efforts are

now underway to provide such a beam at currently existing reactor facilities (5,

20, 23, 24).

5. Dose-Rates from Pass-Band Filtered Beams

While dose distribution from pass-band filtered beams offer real

advantages, the latter will be inconsequential if dose rates are inadequate.

The parameter of most importance is the peak thermal neutron flux density

generated at depth in tissue by the incident epithermal neutron beam. Two mea-

surements have been reported for this quantity, and they are summarized in Table

3 (refs. 19 and 20). Based on these data it would seem reasonable to assume

that there is an approximate one-to-one correspondence between the intensity of

Table 3. Thermal neutron flux densities (^th^ from total epithermal neutron
beam densities (

Reactor *TOT <Pth
« O * 7Source 4>(E) n/cm -sec n/cm -sec n/cm -sec

Brookhaven E > 10 keV = 0.3xl010 = 0.3xl010 l.SxlO10 l.lxlO10 0.6
Medical
Research
Reactor E < 10 keV =• 1.5xl010
(5 MW)

Georgia* E > 30 keV = 0.27xl07 7.1xl07 2.5xl08 3.5
Research
Reactor E < 30 keV = 6.9xl07
(5 MW)

*Fast flux measured at 100 cm from Biological Shield Face; Peak Thermal flux
in a phantom measured at 45 cm from the biological shield face.
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the incident beam, and the peak thermal neutron flux density generated at depth

in a head-sized phantom. Using depth-dose distributions, evaluated for an

assumed "pure" pass-band filtered beam (see Fig. 3; from Ref. 8), it is then pos-

sible to obtain an estimate of dose rates possible. The peak thermal neutron

EFFECTIVE DOSE RATE
2 keV BEAM

TOTAL DOSE (NO BORON)

6 8 IO
DEPTH (cm)

FIG. 3.

10 2flu* density producing the curves in Fig. 3 was 1.1 x 10 n/cm -sec. Calcula-

tions have been made which show that the epithermal flux density expected from

the MRR patient port using an iron filter (9 inches Fe, 6 inches Al, 3.75 inches
8 2S) and the full core as a source, is 4.4 x 10 n/cm -sec at 3 MW (réf. 21).

(The latter power is the highest at which continuous operation is currently

possible.) The dose rates in Fig. 3 would then have to be lowered by a factor
of 25. This would produce dose rates in tumor and normal tissues as summarized

in Table 4 (single beam, depth of 4 cm), based on a B concentration of 35 pg
10B/g in tumor and a B ratio (T/normal tissue) of 10. The effective dose rate
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Table 4. Dose rates from a "pure" band-pass filtered beam (depth of 4 cm,
from a single beam), based on an incident epithermal neutron flux
density of 4.4 x 10â (réf. 8, 21).

TOTAL DOSE RATE

Tumor with 35 Mg 10B/g Normal tissue with 3.5 }Jg 10B/g

25 rads x RBE/min 7 rads xs RBE/min

of ̂ 25 (rads x RBE), would produce 1,500 (rads x RBE) per hour to tumor, which

would be clearly adequate for therapy. Since normal tissue tolerance for a sin-

gle dose is ̂  2000 rads x RBE, irradiation times would have to be <_ 6 hours, dur-

ing which tumor would receive <_ 7500 rads x RBE. It may well be that

radiobiological and physiological considerations would argue for 2-5 separate

fraction.

6. Summary
The development of new boronated compounds showing physiological binding to

tumor allows clearance of B from normal tissue, and thus the requirements for

successful NCT have hopefully been met. Therapeutic gains should now exist

which significantly exceed those possible with conventional radiotherapy. The

availability of such compounds should stimulate the development of band-pass

filtered beams of sufficient purity and intensity to be employed for NCT.
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PARTICLE THERAPY: SOME RETROSPECTIVE OBSERVATIONS

M.R. RAJU
Los Alamos National Laboratory,
Los Alamos, New Mexico,
United States of America

Abstract

Development of the particle therapy (neutron capture, fast neutron,
proton, pion and heavy ion therapy) in the USA was reviewed.

Introduction
Particle radiotherapy has a long history. During this long period,

while particle therapy was waiting for proper facilities and ways to
implement them, conventional radiotherapy was making steady progress.
Particle therapy provides an opportunity for creative work because of its
interdisciplinary nature; physicists, biologists, and therapists work at
the edge of their competence, which appears to be an important
consideration for creativity according to Dr. David Perkins from Harvard.
This opportunity also compounds the problems arising from basic human
nature. Like any other human endeavor, particle therapy also suffered
somewhat from inadequacies of human nature. I should like to share some of
my thoughts regarding the development of the particle therapy in the United
States, and how the progress of particle therapy was impeded by basic
problems of human nature. Also, I should like to point out along the way
some possible lessons particle therapy can offer. It is my hope that some
of the lessons from particle therapy experience may be applicable to
interdisciplinary research in general. These comments should not be
construed in any personal way.

Neutron Capture Therapy
Neutron-capture therapy was proposed by Locher in 1936 a few years

after the discovery of the neutron. This is an imaginative paper. The first
medically dedicated reactor for neutron capture therapy was built at
Brookhaven National Laboratory during the late 1940s. Subsequently, a
treament area at the M.I.T. reactor in Cambridge, Massachusetts was built.
I have had the opportunity to work in this field. In 1962 I participated
in the last treatment with neutron capture therapy of a patient at

97



Massachusetts General Hospital. The emotions were rather high. The
neurosurgeons felt they were under pressure to save the lives of
glioblastoma patients. As a young physicist, attracted by the appealing
prospect of the principles of physics curing a cancer patient, I was very
excited — perhaps naively. The memory of this patient treatment is still
fresh in my mind. This patient wanted to speak to all of us before she was
anesthetized. She said, and I quote, "I may not make it but I sincerely
hope that what you learn from my treatment will help to save other lives."
I wish we could maintain the same attitude in our daily pursuits of life.
As she was a young patient and capable of tolerating the morbidity of the
treatment, we felt that she was an ideal case. She died in a few days
after the treatment.

In those days, the U.S. Atomic Energy Commission funded clinical
programs associated with radiation. The AEC decided to discontinue patient
treatment in the year 1963 because of negative resutls. Naturally the
feelings of researchers in the field were hurt, and it is clear that they
could not take the negative results well, as Dr. Stone did for fast
neutrons. Also, by the time neutron-capture therapy was clinically tried,
conventional radiotherapy was making step-by-step progress in general —
in the precision of dose delivery, better knowledge of normal tissue
tolerance, improvements of tissue tolerance with fractionation, and better
depth penetration by using cobalt-60 gamma rays. The corresponding lack of
precision in effective dose, normal tissue tolerance, and single-shot
treatment in neutron-capture therapy did not convince radiotherapists that
this method was the one to use. In spite of this general negative
attitude, the interest in neutron-capture therapy is still alive as
evidenced by several presentations in this meeting. There is an urgent
need to take advantage of all the developments in biology and radiotherapy
before we can expect significant improvements in neutron capture therapy.

Fast-Neutron Therapy
When fast neutron therapy was conducted by Stone and his associates

during late 1930s, the depth dose distribution was comparable to
kilovoltage X-rays used at that time (megavoltage X-rays or cobalt 60
gamma rays were not available). Considering the complexities in using
high-LET particles in radiotherapy that we are beginning to understand and
recognizing the fact that none of the radiobiological' techniques that we
use today were available at that time, we owe a debt of gratitude to Dr.
Stone and his associates for their courageous and pioneering work. It is
very difficult to argue with any of their findings even today. In those
early days, curiosity and the courage to accept results even if
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disappointing were rather praiseworthy. I wish we could say the same
today. I am afraid that so-called practical and financial considerations
and the basic human desire for fame and success are making it more
difficult to maintain the objectivity that is required in pursuing new
methods of treatment.

Some of the experiences of fast neutron therapy are applicable to other
high-LET particles (pions and heavy ions). I should like to show you, with
the help of a few quotes, the sequence of some of the conclusions reached
by the neutron investigators.

1. "The relative biological effectiveness of neutrons compared to roentgen
rays is greater for late than it is for early effects." Stone (1948)

2. "Observations up to five years after treatment have failed to show any
sign of increased late reactions after neutrons." Bewley et al. (1967)

3. "As a result of the present review of the experience with fast neutron
therapy, there is no reason to change the conclusion reached before." Stone
et al. (1965)

4. "The accumulation of sublethal injury with increasing dose (x-rays)
assumes more importance in the killing of target cells for late effects
than it does in the stem cells of acutely responding tissues." Withers et
al. (1980). This explains higher RBE for slowly proliferating tissues
compared to rapidly proliferating tissues.

5. "In general, it can be said that the RBE for well-differentiated tumors
will be higher than for poorly-differentiated lesions." Batterman et al.
(1981).

Dr. Stone's conclusion regarding late effects for neutrons was debated
for some time and it appears that it is now generally accepted.
Nonproliterating cells, whether from tumors or normal tissues, have higher
RBE values for neutrons. Prof. Breur and Batterman's studies on human
tumors added a new dimension to the field of high LET-radiotherapy. We
need to be more selective, and we need to develop methods to identify
tumors appropriate for high-LET treaments.

In addition to the early experience of fast-neutron treatments by Stone
and his coworkers, we now have nearly 20 years of experience of using fast
neutrons in several centers around the world. Nearly 10,000 patients have
been treated and no dramatic improvements have been observed; however,
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neutrons have been found to be effective in some selected subgroups of
tumors such as salivary gland tumors, soft-tissue sarcomas, and prostate
tumors.

In earlier trials in the U.S.A., cyclotrons located in physics
laboratories (often far away from hospitals) were used. Although the
disadvantage is obvious, the advantages were that the operation of the
machines was reliable and physicists and engineers were available whenever
needed. Fast-neutron therapy in the U.S.A. is now entering a new phase in
which three cyclotrons with isocentric. beam capability were installed in
hospitals. After several years of effort, the machines are now in
operation and patient treatments are in progress. There is considerable
research effort to develop predictors of tumor response to fast neutrons in
select patients.

Proton Therapy
In an imaginative paper in 1946 Dr. Robert Wilson proposed protons for

radiotherapy. An accelerator capable of accelerating protons to energies
with ranges of interest to radiotherapy was under construction at that time
in Berkeley, and became known as the 184" cyclotron and this was the period
of kilovoltage X-ray radiotherapy. Because of E. O. Lawrence's interest in
the biomédical area, the cyclotron was used for biomédical research;
however, by the time Prof. Tobias and his associates conducted pioneering
experiments in 'dosimetry and radiobiology, physicists had modified the
cyclotron so that protons of higher energies could be accelerated. This
development made the cyclotron unsuitable for proton radiotherapy.
However, the work at Berkeley continued with a helium ion beam — mainly
for pituitary treatments. Proton radiotherapy was pioneered at Uppsala
during the 1960's by Dr. Borje Larsson and his associates. Because of the
limited availability of beam time, higher doses per fraction and shorter
overall times were used. Although higher doses per fraction are known to
produce severe late effects compared to the treatments with lower doses per
fraction, the clinical results were not discouraging. This could be due to
superior dose localization. The accelerator at Uppsala has been upgraded
and patient treatments are expected to start again in 1986.

During the 1960's the Harvard cyclotron group (W.M. Preston and A.M.
Koehler), in collaboration with Dr. Kjellberg from Massachusetts General
Hospital, pioneered the development of proton Bragg-peak therapy for
pituitary disorders, such as acromegaly, Cushings disease and arteriovenous
malformations in the brain, and their success indicates that this may be
the treatment of choice for such disorders. During the 1970's Koehler and
Constable pioneered the treatment for choroidal melanoma, which now appears
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like the treatment of choice. The Swiss group at Villigen is also using
proton beams for the treatment of choroidal melanoma. The Berkeley group
is using this technique using helium ions.

The practical advantage of proton beams in radiotherapy is that the
clinical experience of raegavoltage radiation is directly applicable to
large-field proton radiotherapy using conventional fractionation schemes.
Such a program has been in progress since the 1970's at the Massachusetts
General Hospital by Dr. Suit and his associates and in the USSR. Also,
patient treatments using a vertical beam of 250 MeV protons were started at
the University of Tsukuba, Japan. The results from MGH indicate that
proton beams may have a definite place in large-field radiotherapy for the
treatment of tumors located near vital structures. For example, impressive
results were obtained with protons for the treatment of chordomas and
chondrosarcomas close to the base of the brain or spinal cord. Also,
interesting results were obtained for the boost treatment of the prostate
and tumors in the head and neck region. Experience demonstrates that about
10% higher doses can be delivered to the following sites without exceeding
tolerance limits: prostate, head and neck, rectal, retroperitoneal,
mediastinal, and total lymphoid volumes. Although dose localization is an
important factor in radiotherapy, proton beams (in spite of their better
localization characteristics compared to pions and heavy ions) did not get
the necessary attention in the U.S.A. because of overemphasis on the
importance of high-LET radiation (neutrons, pions, and heavy ions).

Pions and Heavy Ions
Preliminary work on dosimetry and radiobiology using very low intensity

pion beams (~ 5-30 rads/hr) was conducted during the 1960s at Berkeley and
CERN (Geneva). Preliminary work using very low energy heavy-ion beams (< 1
mm range) was conducted at Yale and Berkeley. This work led to their
potential application for radiotherapy.

The 1960s and 1970s had not been a good funding period for high-energy
physics and the construction of new accelerators. Several accelerator
physicists and engineers took considerable interest in building pion and
heavy ion facilities for cancer treatment. A good number of physicists and
engineers (especially at the managerial level) lost interest in particle
therapy programs soon after they learned how slowly progresss is made in
biology and medicine, suggesting the need to have real interest in biology
to make progress in the interdisciplinary area.

The Berkeley group obtained funds for coupling a superhilac with a
bevatron to accelerate heavy ions to energies adequate for therapy
(BEVALAC). A special biomédical beam line and laboratory was built at Los
Alamos (LAMPF). Subsequently, biomédical laboratories were also built at
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pion facilities in Vancouver, Canada, and Villigen, Switzerland. During
the early 1970s, large sums of money were committed by the U.S. National
Cancer Institute for particle therapy, and the arguments of one particle vs
another faded away. New researchers were attracted to this field some of
whom with the expectation of better prospects for fame and fortune. It
took many painful years for the new mix of people to learn to work together
in this discipline. Partly because of the pressures from funding agencies,
the emphasis was shifted to patient treatments before there was adequate
knowledge of the tolerance of normal tissues for pions and heavy ions was
gained. It appears that we did not quite heed the earlier warnings of
Stone with the fast neutrons. Dr. Stone concluded that the range of doses
of neutrons required to control the tumor within acceptable limits of
normal tissues was rather small. This conclusion necessitates careful and
relevant normal tissue studies before using high-LET particles. Thinking
that pions and heavy ions might be particles of choice, design studies for
building medically dedicated pions and heavy ion facilities were conducted
rather prematurely. While the clinical results for pions and heavy ions
are inconclusive they helped to arrive at the near optimal doses that need
to be used for patient treatments. We have gained experience with proton
beams that helps us understand what further gains to expect from improved
dose localization, and with neutrons that leads us to expect further gains
in selective types of tumors because of high-LET; this experience may
provide some clues regarding the selective use of pions and heavy ions in
radiotherapy.

Prior to the clinical use of particles, the particle enthusiasts,
perhaps somewhat naively, tried to explain why conventional radiotherapy
failed and how the particles are going to overcome these limitations. Now
looking back, it is apparent how well conventional radiotherapy works and
how difficult it is to demonstrate futher improvements. Also we are
finding out how difficult it is to find optimum doses that need to be used
so as to minimize the recurrences and still be within acceptable tolerance
limits of normal tissues. Now that the naive expectations of breakthroughs
in radiotherapy by using particles have settled down, we can expect natural
development leading to specific applications of particles.

Finally, I would like to say a few words regarding the possible
benefits to the third world countries as IAEA programs are designed with
that in mind. I feel that, while it is necessary to share our experiences
of particles with research- oriented radiotherapists in the developing
countries, this does not help in improving the cancer treatment. However,
it is of paramount importance to make the facilities and know-how of
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successful conventional radiotherapy using cobalt-60 gamma therapy machines
and radiation implant sources available as much as possible to the
developing countries of the world.

Acknowledgements

This work was supported by grant CA37269 awarded by the U.S. National
Cancer Institute and the U.S. Dept. of Energy. I wish to express my
appreciation to Drs. M. Schillaci; A. J. van der Kogel, and Mrs. S.
Carpenter for their suggestions to improve this manuscript.

Bibliography

Books

J. F. Fowler (1981). Nuclear Particles in Cancer Treatment, Medical
Physics Handbooks 8, Adam Hilger Ltd. Bristol.

M. Catterall and D. Bewley (1979). Fast Neutrons in the Treatment of
Cancer. Academic Press, London.

M. R. Raju, (1980). Heavy Particle Radiotherapy. Academic Press, New
York.

Proceedings of Conferences

"Heavy Charged Particles in Research and Medicine." (Eds. E.A. Blakely and
M.S. Eddington), Radiation Research 104, Supplement 8 (1985).

Proceedings of the EORTC - Heavy Particles Therapy. Group Meeting Held at
Munich, Germany, Sept. 22, 1984. (Eds. A. Breit, G. Burger, E. Scherer, A.
Wambersie) Strahlentherapie 161, No. 12, December (1985).

103



SUMMARY REPORT

I. INTRODUCTION

A. Scientific background

In the years 1950-1960 the introduction of cobalt-60 and high energy
electron accelerators, as well as more accurate dosimetry, significantly
improved the efficiency of radiation therapy in general. The clinical
benefit for a majority of patients was immediately apparent as far as
tumour control and complications are concerned. However, the curative
possibilities of so-called conventional radiation (photons, electrons)
seem to have been exhausted. The main reason for this is the so-called
phenomenon of radioresistance of tumours to the tolerated doses of conven-
tional radiation. This phenomenon is known to be caused mainly by hypoxic
tumour cells, the high probability of repair of sub-lethal damages, and
the high dependency of the results of conventional irradiation on the cell cycle.

Compared to photons, high LET radiation (neutrons, protons, heavy ions and
pi-mesons (pions)) reduces the differences in radio-sensitivity related to
(1) the type of cell, (2) the stage of the cells in the mitotic cycle, and
(3) the degree of oxygénation. While the third factor is always an advantage,
the first and second factors could be either an advantage or a disadvantage,
depending on the tumour and the critical normal tissues. Therefore, high LET
radiation might help to overcome the disadvantages of conventional radiation,
but before it can facilitate the use of new treatment modalities it needs to
be properly explored at both the experimental and clinical levels.

B. Scientific scope and programme goals

A co-ordinated research programme (CRP) was planned to provide a forum
to discuss recent radiobiological and clinical findings after application of
fast neutrons, heavy ions, protons and neutron capture radiation. The final
goal of the Agency CRP was to determine the possibility of high LET radiation
in cancer treatment, so as to minimize damage to normal tissues and to
maximize irradiation of tumour cells.

C. Objectives of co-ordinated research programme (CRP)

Areas of emphasis of the programme included exchange of current research
information among the participants on:
- RBE (relative biological effectiveness) values;
- Potential advantages and disadvantages of high LET radiation compared with

each other and with conventional radiation, where possible;
- Results of clinical application and ideas for future techniques for high
LET radiotherapy.

II. RESULTS OF INVESTIGATIONS

The results of the investigations under the Agency CRP were evaluated in
the light of common achievements in this particular field of radiation therapy
for cancer. Four main trends in the development of high LET radiotherapy
were discussed.
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(l) Fast neutron beam therapy

This was found to be the most common non-conventional technique as far as
the number of centres, the number of patients, and the fol low-up were concerned.
As,a matter of fact, since 1970 more than 20 centres have performed neutron
therapy and approximately 10 000 patients have been treated so far.

Neutron therapy has evolved during the past 15 years. The first patient
series were treated with "low" energy cyclotrons with poor physical character-
istics. The (d,T) generators gave the illusion of providing reliable, flexible,
compact, hospital-based neutron sources, but experience proved that high energy
cyclotrons are required for routine neutron therapy. Most of the (d,T) medical
generators have now been dismantled, and high energy cyclotrons are now in use
or being installed in Europe, in the United States and in Japan.

As far as the clinical results are concerned, one has to realize that the
present opinion of the participants is based to a large extent on patient
series treated under sub-optimal conditions. Nevertheless, the available
clinical results allow evaluation of the possibilities and also the limitations
of fast neutrons and other high LET radiation. It is unlikely that neutron
therapy will replace high-energy photons for the majority of patients. However,
most of the available data indicate a significant benefit of fast neutrons for
tumour sites such as:
- locally-extended salivary gland tumours;
- locally-extended prostatic adenocarcinomas;
- soft tissue sarcomas (especially slowly-growing and well-differentiated);
- inoperable melanomas;
- locally-extended head and neck tumours with fixed lymph nodes.
The percentage of patients who could benefit from fast neutron therapy could be
estimated to be about 10-20%. This is comparable to the percentage of patients
treated with "special" techniques such as electron beam therapy, intracavitary
or interstitial therapy.

The selection of the patients who could benefit from fast neutron therapy
is very critical. In fact, improper selection of patients could lead to results
inferior to the conventional radiotherapy. To a certain extent, this
explains some of the contradictory results reported by some centres.

(2) Protons

The Bragg ionization characteristics combined with the sharply-defined
range of lighter charged particles are particularly attractive in order to
confine the high dose region precisely to the target volume and also to
minimize dose to the normal tissues. This permits the irradiation of
tumours located near critical organs with better physical selectivity.
The radiobiological and clinical experiences indicate that the biological
effects of proton beams are similar to 250 kVp X-rays. Hence, the clinical
experience of X-rays can be applied directly to proton radiotherapy.

The clinical experience with proton beams has already demonstrated their
usefulness for the treatment of small target volumes as in pituitary adenomas,
arteriovenous malformations in the brain and choroidal melanoma. Proton beams
were also found to be of value alone or in combinations with X-ray treatment
of larger tumours located near vital structures.
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(3) Heavy ions and pions

Radiobiologically heavy ions such as neon and argon ions share the poten-
tial advantages of East neutrons in the treatment of a certain specific type
of tumour as mentioned above. In addition, heavy ions have dose localization
characteristics similar but slightly inferior to protons. Hence, heavy ions
may have potential advantages for the treatment of those tumours that are
found to be suitable for fast neutron treatment and are located near vital
structures.

Pions in principle have properties that are attractive for radiotherapy
because of their capture properties towards the end of their range, in addition
to Bragg ionization characteristics. The LET of pions is higher than for
protons but considerably lower than for neutrons. Also, pions being lighter
particles, the sharpness of their dose localization is not as good as for
protons but considerably better than for neutrons.

Heavy ions and pions are still under clinical investigation. Because of
the technical complexity and cost in using such beams only a few centres in the
world are involved in these studies. Although these programmes are of consider-
able scientific interest to other radiotherapy programmes, they are still in an
experimental stage with limited experience. However, already now, protons,
pions and heavy ion programmes have helped to develop sophisticated three-
dimensional treatment planning that is beginning to improve the quality of
treatment planning for conventional X-ray therapy.

(4) Thermal neutron capture therapy

While the use of particle beams in general aims at improving the physical
selectivity at the tissue level, thermal neutron capture therapy introduces
selectivity at the cellular level.

The well-known approach, for example in the treatment of glioblastoma, is
based on the selective concentration of boron compounds in tumour cells
relative to the normal cerebral cells as a result of breakdown of the blood-
brain barrier (a passive mechanism). At present the experimental treatment of
melanoma is being carried out successfully based on a new approach dealing with
the selective accumulation of a boron compound (10B DOPA analog) which has a
specific affinity via the biosynthetic pathway of melanogenesis. Also,
boronated analogs of monoclonal antibodies are being developed as a
common approach for many types of malignant tumours.

III. CONCLUSIONS

The non-conventional modalities discussed during the meeting did not
prove, in general, to be superior to the conventional techniques. Hence,
it is not likety that these new modalities will replace the conventional
techniques for the treatment of the majority of patients. However, results
reported indicated that these new modalities would bring a significant
benefit for some selected patients.

The high LET programmes have already produced useful information
for radiation therapy and cancer therapy in general, and have specifically
highlighted some radiobiological problems (e.g. dissociation between early
and late radiation effects).
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. The high LET therapy centres are now in a position to provide useful
information and have achieved positive results for the treatment of certain
types of cancers.

The participants expressed their appreciation for the IAEA support of
the investigations under the CRP, in helping the exchange of information
between fast neutron, neutron capture, proton beam, and heavy ions therapy
centres. According to the unanimous opinion of the participants, further
Agency support of investigations on advanced techniques of high LET radiation
therapy would be very valuable both for developing and developed countries.
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