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Introduction

Application of new types of ionizing radiations is today one of the
most promizing approaches for improving the efficiency of
radiotherapy. However, there are still controversies concerning
the conclusions which can be drawn from the available clinical
results with fast neutrons, and thus concerning the future of high-
LET radiation in cancer therapy. This in turn raises
controversies about the priority level which should be given to
rather large and costly investments, such as those implied in
heavy-particle therapy programs.

When discussing the place of non-conventional ionizing
radiations, one has to distinguish :

- particle beams which only improve the physical selectivity of the
irradiation, i.e. the dose distribution (e.g. proton beams or
helium ion beams);

- high-LET radiations which produce different types of biological
effects, and which aim at improving the differential effect
between tumour and normal tissues (e.g. : fast neutrons);

. the two approaches can be combined and one could seek after a
high physical selectivity with high-LET radiation {e.g.: heavy
ions).

Improvement of the ﬁhysical selectivity with proton and helium ion
heams

Historically, the major improvement in the efficiency of radiation
therapy was the replacement of conventional X-rays (200 kV X-
rays) by high-energy photons or electrons. The clinical benefit
was rapidly evident for all, or for the majority of the patients. This
illustrates the importance of the physical selectivity in radiation
therapy.

We are now close to make a further step : the introduction of proton
beams. The characteristics of the proton beams make them
superior to high-energy photons from the point of view of the
physical selectivity. On the other hand, no advantage has to be
expected from the biological point of view : for the high energy
required to the protens in external irradiation, we stay in the field
of low-LET radiations. For the present discussion, we can assume
that helium ion beams are similar to proton beams.

The clinical berefit of proton beams has been demonstrated for
several well selected tumour types or sites for which a physical
selectivity is essential. The best example is the uveal melanoma,
which has been treated since 1974 by proton beams at the Harvard
cyclotron [ 1].

The high physical selectivity of the praton {and helium ion) beams
can be exploited for other localisations : radioresistant tumours
close to critical organs such as chordomas or chondrosarcomas of
the base of the skull, paraspinal tumours, and meningiomas (Suit
in| 181 Castroin{ 19 ]).

There is an increasing number of projects which aim at treating
with protons many other tumour types, and larger proportions of
patients. One of the most impressive is the Loma Linda project at
Los Angeles. Once all treatment rooms will be fully operational,
the centre is expected to have a capacity of 1 000 new proton beam
patients per year [ 14 1. This kind of project really aims at
systematically substituting proton to photon beams; it rajses a least
3 types of problems :
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b to what extent will the clinical benefit justify the increased cost
and efforts involved,;

2) such program will imply, in a more or less near future, a
redefinition of the radiotherapy network, and a progressive
replacement of several small photon therapy units (or
departments) by huge proton therapy facilities;

3) finally, the benefit of the high physical selectivity of the proton
beams will be fully exploited only to the extent that the accuracy
in patient-beam positioning and in dosimetry would reach the
same level as with photons. The proton beam generators should
also be as reliable as the modern linear accelerators.

1t is at present the task of the teams who have access to high-energy
cyclotrons to provide a clear, and quick, response to that problem.
It would be indeed a significant improvement to be able to deliver
high-doses (60-70 Gy) to bronchus or cesophagus tumours, or to treat
a Hodgkin patient, with a (nearly) full sparing of the spinal cord.

The differential effect and the potential advantage of fast neutrons
and high-LET radintions

1.Radiebiglegical.data

Historically, fast neutrons were introduced in therapy because of
the existence of hypoxic cells and the reduction in OER when
increasing LET. However, high-LET radiations exhibit other
differences in their biological properties, when compared to Tow-
LET radiations:

. a reduction in the differences in radiosensitivity from cell line to
cell line (i.e. "intrinsic radiosensitivity”) [ 21. On the other
hand, Fertil et al. [ 7 l.comparing the responses of & cell lines to X-
rays and neutrons, observed a modification in their relative
radiosensitivities (i.e. a given cell line more resistant to X-rays
could be more sensitive to neutrons another cell line).

. a reduction in the differences in radiosensitivily related to the
position of the cell in the mitotic cycle [ 5 1.

- less repair phenomena (in general), and as a consequence less
difference between the responses of the cell populations to
fractionated irradiation.

From the above arguments, it can be concluded that all cell
populations, in all conditions, tend to respond in a more similar
way when exposed to neutrons compared to photons. From that point
of view, a reduction in OER can be considered as a particular
aspect of a more general phencmenon, ie. a reduced difference in
radiosensitivity between cell populations [ 171

Two practical consequences can be derived from the above
radiobiclogical considerations :

1. The i ; ion. An absence of (or & wrong)
selection of the patients could worsen the clinical results and
lead to erroneous conclusions about the value of fast neutrons.
This could maybe explain a least some of the reporied
discrepancies in clinical results,

2 The need for a hieh physical selectivity with high-LET
radiations, which proceeds from the reduced differences in
radiosensitivity. When large differences in radicsensitivity
are observed between the cancer and normal cell populations, a
poor physical selectivity is of limited consequence. In typical
cases, such as seminomas or lymphomas, the dose prescribed to
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the target volume is below the tolerance dose, and irradiation of
a few additional em3 of normal tissue would be of little clinical
importance (in chemotherapy, there is obviously no physical
selectivity at all, and the potential therapeuctic gain depends
only on a biologieal selectivily). By contrast, when the
differences in radiosensitivity are reduced with very high-LET
radiation, the therapeutic efficiency mainly rests on a high

3

level of physical selectivity; sparing a few cm® of normal

tissues then becomes of real importance.

In addition, with low-LET radiations, where repair phenomena
play an important role, differences in repair capacity between the
normal and cancer cell populations can be exploited by selecting
appropriate fractionation regimen. This possibility is reduced
with high-LET radiations since repair phenomena are in general
smaller. Consequently, from a radiobiological point of view, high-
LET radiations then appear to be a treatment modality with limited
possibility of enhancing an eventual differential effect by
selecting the optimum fraction sizes.

2.Clinical . data

Fast neutrons therapy is applied today routinely in more than 17
centres throughout the world [ 13 ]. Locally extended salivary
gland tumours are the first type of tumours for which the
superiorily of fast neutrens was recognized. A survey of the results
of the non-randemized clinical studies as well as the results of the
RTOG/MRC prospective randomized trial overwhelmingly
support the contention that fast neutrons offer a significant
advance in the treatment of inoperable and unresectable primary
or recurrent malignant salivary gland tumours [ 8] [ 15 ]

Remarkably good results have also been reported with neutron
therapy for locally extended tumours of the paranasal sinuses In
the series treated at the Hammersmith Hospital, 86 % (37/43) of the
patients showed complete remission and relief of symptons was
noticed in all cases [ 6 1. The value of fast neutrens, for tumours in
the head and neck area, is questioned { 8.

Fer soft tissue sarcomas, the results reported from the different
centres indicate an overall local control rate after neutron therapy
of 53 % for inoperable tumours, which is higher than the 38 %
control rate currently observed after low-LET radiation for
similar patients series. For primary bone tumours and
differentinted chondrosarcomas, better results have also been
observed after neutron therapy compared to the current photon
therapy results ( reviewed in [ 10 Jand [ 18 1.

Prostatic adenocarcinomas, having in general a long doubling
time, should be a good indication for neutron therapy taking into
account the available radiobiclogical data [ 3 ). Excellent results
were achieved in Hamburg, Louvain-la-Neuve and Chiba (11 ]
[15 i. The most convincing data are the result of a randemized
trial, inititated by the RTOG, on locally advanced (C,D1)
adenocarcinemas of the prostatic gland | 12 |. The local control rate
was 77 % for patients treated with mixed schedule (55 patients) and
only 31 % for patients receiving photons alone (36 patients) (P <
0.01}. Actuarial survival rates at 8 years ("determinental”
survivals, i e adjusted by exclusion of intercurrent deaths) were
82 % and 54 % respectively (P=0.02). The RTOG is now performing
another randomized trial comparing neutrons only to
conventional photon treatment.

The value of fast neutrons has been assessed in other tumour types
or sites but no definitive conclusions can be drawn yet; some of the
resulls are promizing 13 THG L B Tuct, the peneral conchusion
which emerges from the review of the clinical results 15 in
agreement with whal could be expected fram the rudichiological
data : replacement of X-rays by neutrons - or more generally  of
low-LET by high-LET radiation - brings a benefit for some types of
tumours and, on the contrary, a loss for other tumours. The
tumours for which fast neutrons were found to be superior to
conventional X-rays are, in general, slowly growing and wel
differentiated.

[ contrast, negative results have been obtained for brain tumours
1131

As far as the proportion of patients, switable for neutren therapy is
concerned, figures ranging from 10 to 20 % have been suggested.
They correspond to the percentages of radiotherapy patients for
which neutrons were shown to be superior than conventional X-
rays. These percentages are probably at the lower limit since they
were often obtained with low energy cyclotrons and poor physical
selectivity. It is likely that with high-energy, hospital based
modern cyclotrons, neutron therapy will be found to be useful for a
larger proportion of patients. In addition, neutrons could extend
the field of the indications of radiation therapy by allowing to
envisage the treatment of groups of tumours “traditionally”
censidered to be radicresistant (e adenocarcinomas).

The rationale for heavy ion therapy

The heavy-ions combine the advantage of a high physical
selectivity with the potential advantage of high-LET radiation for
the treament of some tumour types. As far as the physical
selectivity is concerned, heavy ions are similar to protons or
helium ions. Heavy ion beams have even a smaller penumbra, but
it is questionable whether this could he of clinical relevance. More
important is the fact that, with heavy ions, the higher RBE at the
level of the spread out Bragg peak further improves the advantage
of the dose distribution. As far as the high-LET advantage s
concerned, the LET at the level of the spread out Bragg peak
depends on the type of particle, and on the width of the spread out
Bragg peak. These factors then also influence the RBE, OER, etc...
From the radiotherapy point of view, the use of heavy ion beams is
justified by 3 sets of arguments [ 16 ] :
1i the radichiological and clinical data mdicating that for the
treatment of some tumours types and/or sites, high-LET
radiations could be superior to low-LET radiations;

&

y the fact that a high physical selectivity is even more important
with high- than with low-LET radiations, due to a general
reduction in the difference of radiosensitivity between cell
populations ;

-

) the encouraging results reported from Berkeley, which are an
additiona! argument, although they were obtained on a limited,
selected, proup of patients {4

Only a few heavy-ion therapy facilities are planned in the world :
the facility at the NIRS in Japan which is under construction, the
LIBRA project in the USA, and in Europe the GSI project in
Darmstadt-FRG and the EULIMA project. Due to their high cost
and complexily, an international cooperation is necessary in



order to ensure the appropriate patient recruitment and a rapid
exchange or information. Patient recruitment should aim in
principle :

- at selecting for heavy ions tumour types or sites for which there is

evidence that better results could normally be expected than with
conventional treatments;

- at initiating randomized trials designed to answer specific

questions of great relevance in radiobiology and/or therapy.
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HIGH ENERGY MEDICAL ACCELERATORS

P. MANDRILLON

Laboratoire du Cyclotron, Centre Antoine Lacassagne
227 Avenue de la Lanterne, 06200 Nice, France

Abstract : The treatment of tumours wilh charged particles, : Folte, e
ranging from protons to “light ions” (Carbon, Oxygen, Neon), has many
advantages, but up to now has been little used because of the absence of
facilities. After the successful pioneering work carried out with acceler-
ators built for physics research, machines dedicated to this new radio-
therapy are planned or already in construction. These high energy med-
ical accelerators are presented in this paper.
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Introduction

[t was Robert Wilson in 1946 at Harvard [1] who reahsed that
protons of a given energy travel in almost straight lines, all with
roughly equal range and that this property could lead to a new radio- Y FOA
therapeutic tool for targeting deep seated tumours while preserving the 1l IR A S SN S8 TSNS T S S
surrounding healthy tissues. Almost 45 years later, the first hospital ; N b
based dedicated proton accelerator is preparing to treat 1000 patients EHERGT K
per year. This machine which is installed at the Loma Linda Univer-
sity Medical Center, was designed and fabricated at Fermilab, where
Robert Wilson was director from 1967 to 1978. In this sense a loop has
been completed.

Fig 1 Range of ions in water as o function
of kinetic cnergy

The use of charged particles has three major advantages over
the photon or electron beams which are used for conventional radie- / .
therapy : N ‘

- first, a physical selectivity : in contrast o x-rays and electrons o }
the beam does not spread sideways inside the body and has a very well W i
defined range (cf Fig 1 and Fig 2) for a given energy. This is true for ‘
protons and even better for heavier ions. e

- secondly, the so called Bragg curve : the jonization increases as ‘
the particles slows down giving a greater dose at depth than on the sur- 1 '
face. Fig 2 shows the relative dose as a function of depth in tissue for !
different types of classical radiation compared to a light ion (Neon)

- thirdly. heavier ions ranging from Carbon up to Argon, produce Y
a high ijonization density, known in the trade as high LET. The so
called RBE (Relative Biological Efficiency [2]) increases and the OER
{Oxygen Enhancement Ratic [2] decreases). This latter effect is a serious Fig 2. Depth dose distzbution for dilferen
limiting factor in radiotherapy of large tumours which are poorly radiation
vascularised and whose cells are less oxygenated and therefore less
sensitive to radiations. These two factors which magnify the effect of S S Sl B e A E s IR E R R A
the Bragg peak are shown on Fig 3 which presents typical variations or
RBE and OER and characteristic LET bands for several charged particle
beams. Hence a modification of quality of the radiation received by the
patient becomes possible. ; N N b

TSR o

These biological and physical advantages of high-cnergy ) ’ N
charged particle beams in cancer therapy have been established over a a N
number of years in a series of biomedica) experiments and clinical trials i / \‘\ \
carried out in institutions whose accelerators were designed for nuclear ’ - \ .
physics research : Berkeley and Harvard in the United States, Uppsala ) -
in Sweden, Dubna and Moscow in the USSR, Tsukuba and Chiba in A N
Japan, PSI in Switzerland. The total number of patients treated in 35 : .
years is about 9000 throughout the world.

Following theses good results, physicians are now asking for
dedicated facilities which include not only a specific accelerator bul
also sophisticated beam delivery systems in order to ftreat a large
number of patients, Several projects, both for protons and light ions, SRR
the United States, Japan and plans in Europe will be discussed in this [ . L .

United States, Japan and in Euraps © GISCUES Fig 30 RBL and OER as a lunction of LI

> .
paper for several sons



Medical constraints

The main requirements for a new radiotherapy facility are as
follows :

1- Installed in a large hospital in order to get an adequate
supply of medical and scientific staff for developing high technical
level diagnosis and treatment systems.

2- Accelerator highly reliable and ecasy to operate.

3- Beam delivery system permitting to scan the beam over the
tumour volume.

4- Avoiding to move the patient, i.e. possibility to use different
directions for the beam : horizontal and vertical beams, either above or
below the couch. An isocentric gantry is suitable if the maximum beam
rigidity makes this requirement realistic (possible for protons, massive
for ions..).

5- Maximum range in tissues : 25 cm. This fixes the maximum
energy for the beam ; 200 MeV for protons and several hundred MeV per
nucleon for the ions.

6- Maximum dose rate at the tumour : 5 Gray/minute in a 2 litre
volume. This fixes the beam intensity (cf. Table 3)

7- Maximum irradiated field : 30 x 30 cmZ2.

8- Possibility to check the treatment plans by PET verification
of the irradiated volume.

The accelerator

Imposing a range in tissue of 25 cm, the maximum kinetic energy
and magnetic rigidity of proton and fully stripped ion beams are given in
Table 1. From these figures it is clear that the proton machines and
light ions machines will be quite different in size and cost. Two kinds of
accelerators are feasible and the choice is not simple because these
machines lic in the overlap of large isochronous cyclotrons and small
synchrotrons.

Table 1
Protons | Carbon | Oxygen | Neon
Energy (MeV/nucleon) 200 380 430 520
Bp (T.m.) 215 6,16 6,62 742

Isochronous cyclotrons

A fixed frequency isochronous cyclotron, giving a fixed energy for
accelerating ions at a given harmonic number of the radiofrequency, is
certainly the simplest accelerator to operate. A simple Programmable
Log:we Controller is enough to tune and control such an accelerator.

Neutrontherapy machines

This simplicity and the ability to accelerate large intensity has
made the medium energy cyclotron the working horse of high enérgy
fast neutron therapy programmes. Fast neutrons are classified as high
LET particles because of the high ionization density of the recoil
protons giving biological advantages over the conventional radiations
for radioresistant tumours with the drawback of poor localisation. In
order to get the required flux, a proton beam is accelerated up to 50-65
MeV onto a thick beryllium target. A high intensity is requested (15
microamps) and therefore several isochronous cyclotrons have been
designed for neutrontherapy. Fig 4 shows the 65 MeV proton isochronous
cyclotron designed and installed in Nice. Use has been made of H-
acceleration to facilitate the extraction system, avoiding a cumbersome,
power consuming and difficult to construct extraction channel [3]. A
compact superconducting cyclotron (K100) rotating around the paticot
has been constructed by H.G. Blosser [4] and is being installed in the
Harper Hospital in Detroit (USA). The 40 Mev deuteron maximum
energy orbit of this cyclotron has a radius of only 30 cm.

Jontherapy machines

For the higher energies requested for protons and light ions
therapy, the design of the machine becomes more difficult. For protons
the use of superconducting coils for the magnetic field is an open question
and recently twd interesting designs have been proposed : 1BA [5] has
chosen a high field design (2.15 Tesla on the extraction radius) produced
by conventional coils (cf. Fig. 5) and a compact superconducting
synchrocycloton has been proposed by H. G. Blosser {6](cf Fig 6).

S5
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MEDICYC cyclotron installed in Nice

Big 5 Tace TUYCLONE 2307 propesed
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Fig 6 : 250 MeV  Superconducting  Synchrocyclotron
proposed by H.G. Blosser, rotating around the
patient.
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Nevertheless for light ion acceleration the high magnetic ficld
requirced is in favor of a superconducting solution.

Preliminary studics of the EULIMA project {7] concentrated on a
superconducting separated-sector cyclotron accelerating fully stripped
light ions axially injected from a high voltage platform located on the
vertical axis of the machine. The magnet consists of four lightly
spiraled scctors spanning  35° that are driven into saturation by a
common cylindrical superconducting coil. The accelerating system
comprises of two spiraled cavities located inside the vacuum chamber,
The layout of the machine is shown in Fig 7 and the major parameters
are given in Table 2,

Table 2

Particte frequency 17.4 Mhz

Max. energy fully stripped light ions 430 MeV /nucleon
Number of magnet sectors 4

Iron weight per sector 155 tons

Secter gap S0 mm

Sector angular width 35°

Average sector spiral Ar/m
Sector height 4.80 m
Sector maximum radius 220m
Coil internal radius 231m
Coil external radius 261m
Coil current density 2850 A/cm?2
Number of RF cavities 2

RF frequency 69.6 Mhz
RF harmonic number 4

RF peak voltage at extraction 250 kV

RF peak voltage at injection 125 kV

Details of this machine are described in several papers
presented at this conference [8].

The corrmon feature of all these high energy cyclotrons is the
fixed energy. Hence scanning of the beam in depth is necessary to reduce
the energy by using a degrader. Extensive calculations of the effect on
the beam quality of such systems are then necessary to assess the
performances of such systems {9].

Synchrotrons

The Tatle 3 presents for the same particles as Table 2, the

required minimum current to give 5 Gray over a volume 20x 20 x 5 em?3 for
different jons in one minute.

Table 3
Proton Carbon Oxygen Neon
Intensity (pps) | 2 x1010 109 7x 108 5x10%

These intensities are of course within the reach of a classical
synchrotron and several projects have been proposed.

Protontherapy machines

Fig 8 presents the first high energy medical facility based in a
large hospital located on the Loma Linda University campus in southern
California. This facility houses a proton synchrotron giving a variable
energy from 70 Mev up to 250 MeV. Three treatment rooms with
isocentric gantries and one room with a fixed horizontal beam are
presently being installed {10},

The zero gradient synchrotron has eight 45 degree dipole
magnets arranged to have four straight sections providing space for
injection, acceleration and extraction systems. The 30 KeV proton beam
from the duoplasmatron system is injected into a 2 MeV-RFQ operating
at 425 Mhz. A debuncher reduces the momentum spread form 1% to 03 %
at injection. Acceleration to 250 MeV is made via simple ferrite loaded
RF cavity operating on the first harmonic. The beam is extracted from
the synchrotron by using half-integral resonance. The cycle time is 2,4 or
8 seconds and the extraction time is variable from 0.4 sec to 10 sec. The
design intensity is 101! protons/sec. This design is a result of a
collaboration between the Loma Linda University Medical Centre, the
Fermi National Laboratory and the Science Applications International
Corporation (SAIC) Company.
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Fig 7 Top view of the EULIMA superconducting
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Fig 8 The Loma Linda facilay
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Fig 9 The Tsukuba layout

Following the pioneering work at the Particle Radiation
Medical Science Centre (PARMS) of the University of Tsukuba which
started to treat patients with a 250 MeV proton beam provided from the
degraded beam of the 500 Mev booster synchrotron of KEK, a dedicated
230 MeV  proton facility [11] will be build next to the conventional
radiotherapy department at the University Hospital. Fig 9 shows the
proposed facility which has two treatment rooms, the first will be
equipped with three beams : one horizontal beam and two vertical
beams for upper and lower directions. The second room with two vertical
beams in opposite directions. The synchrotron is a 6 superperiods
machine accelerating 5 MeV protons from an injection up to 230 MeV in
0.5 sec. The main parameters of this machine are summarized in Table 4.



Table 4
Encrgy range 5-230 MeV
Circumference 349 m
Structure DOFB
6 Bending magnets Binax=t-5T

12 Q-poles magnets Gipax=6.0 T/m

lon source Multicusp H-

5 MeV Tandem

f=0.88 - 5.11 Mhz

V=450-300 Volis

up to 1, half-integer resonance
slow ejection

Injection energy
Acceleration

Ejection spill

Light ions therapy machines

Following the stimulative results of the BEVALAC rescarch
and clinical trials with ions {12}, the HIMAC project proceeds along a 10
year strategy for cancer treatment launched in Japan in 1983 The
National Institute of Radiological Sciences (NIRS) in Chiba started in
1987 the construction of a facility for radiotherapy with ions up to Ar.
Based on a two ring large synchrotron, the completion of the facility is
foreseen for 1993 and will be the first ion-therapy facility in the world
{13). Three irradiation rooms will be constructed : one, equipped with a
horizental and vertical beams. and two rooms with a single beam
direction (horizontal and vertical). Extra rooms will be available for
radiobiology, secondary beams experiments and general purpose
rescarch, The main parameters of this accelerators complex are given in
Table 5.

Table §

Encrgy range 100-800 Mevm

Injection energy
Acceleration

Ejection spill

Average diameter 41 m
Structure FODO
12 Bending magnets Bpax=153T
24 Q-poles magnels Giax=7.0T/m
Ton source PIG + ECR

6 McV/n Alvarez linac
{=1.0-75 Mhz

V=6KV

0.4 s, 1/3 integer resonance

slow ejection

Following similar ideas of other light-ion radiotherapy
facilities, a synchrotren solution has been also studied for EULIMA. The
beam energy interval from 100 to 450 MeV/n was considered,
corresponding to the magnetic rigidity of 6.8 Tm, which is very similar
to LEAR at CERN. The circumference of the EULIMA synchrotron is
estimated at about 60 m, and the machine could be designed in a form of
aring or a racetrack, depending on the site conditions and the design of
insertion devices. In Table 6, the preliminary parameters of this design
are given, and its possible Jayout is depicted in Fig 12.

Table 6

Energy range 100-450 MeV/n

Circumferenge
Structure
8 Bending magnets
18 Q-poles magnels
lon source
Injection energy
Acceleration

Ejection spill

60 m

FODO

Binax=12T

Gnax=10. T/m

ECR

2-5 MeV/n (RFQ or linac)
{=0.5 - 4 Mhz

V=10KV

0.5 - s, 173 integer resonance

ultra slow cjection

This basic cesign could be refined to include better monitoring of
the extracled beam, and beam storage and cooling facility with a
higher repetition rate injector. Hence, modulation of the beam intensity
and programming of dose across the irradiation volume, as well as
storage of rachoactive beams could become possible.
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Emphasis has been put on dedicated full time facilities to
medical treatment but significant par time therapy programs are also
planned at G81 in Darmstadt using the SIS synchrotron which
accelerates light ions up to 2 GeV/nucleon. In order to use this
accelerator complex in an efficient way for radiotherapy |, it is proposed
[14} to add a dedicated injector for light ions (3 MeV/nucleon) and to
instatl a separated arca for patient  treatment.
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Fig 13 GSI accelerator complex with the medical
injector and the radiotherapy facility

It is very well known that the radiotherapy with light ions
was started in LBL using the BEVALAC part time (1/3 therapy, 2/3
physics) and they now have 15 years of experience on which to base the
next step which will be a dedicated medical accelerator to replace the
Bevatron when it shuts down in the mid 1990's [15]. The design
paramelters of this machine are presented in Table 7.

Table 7
Range 3 an
Beams From proton to neon
Intensities 5 x 1011 /sec for proton, helium
4 x 109/sec for carbon, neon

Fig 14 shows the proposed layout which uses as much of the
present BEVALAC infrastructure as possible, hence a large
circumference {120m) syrchrotron.

Frox local - njector Existing shiciding

N
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/
/
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I e
Extracuien  channel i 2 5 Hl 16m
Fig 14 ©  The proposed LBL Heavy Medical Accelerator

to replace the Bevalron

Synchrotron versus Cyclotron

have presented designs for cyclotrons and synchrotrons but it is
difficult to choose between the two because the energy requested by the
physicians is high for a cyclotron and somewhat low for a synchrotron
the cyclotron needs a large magnet which requires a superconducting
coeil, particularly for light ions. On the other band with o small
synchrotron it is hard to reach the desired intensity due to space charge
limitation at injection, particularly for protons. The cyclotron gives a
continuous beam of fixed energy with plenty of intensity to spare ; the
synchrotron beam is pulsed, variable cnergy. All these characteristics
have implications for the beam delivery system and treatment planning
[9]. Some important features that may influence the final choice of the
facility are presented in Table 8.

Table 8
Cyclotron Synchrotron
Energy variation degrader machine adjustable

Beam Intensity High (CW mode) Low (Pulsed mode)

Injection energy 0.01-0.t MeV/n 1-5 MeV/n
Typical diameter
ions 8m 18m
protons 3m 6m

Operation simple PLC control
Beam delivery systemy Raster and Pixel

computer controls
Raster

Conclusion

The development of sophisticated diagnosis methods (CT-scans,
MRI, PET cameras), together with the high level of accelerator
technology are now in favor of the development of new radiotherapeutic
tools using protons and ions. In the next five years the Loma Linda proton
facility will have treated a large number of patients and the HIMAC
accelerator complex will start treatment with high LET particles, ncw
medical experience with this type of radiations will be available.
Several other projects both for protons and ions will probably be funded.
Hence the applications of accelerators in radiotherapy will continue to
be a major spin-off of high energy research technology outside big
science, and a challenge for accelerator engineering.
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Recommendations for reporting external radiotherapy
with photons and electrons were published by the ICRU in 1978 [ 6 }.
These recommendations are being updated [14 | . They are
applicable to a large extent to fast neutron therapy. However, with
neutrons, an additional problem is raised by the need for
specifying the radiation quality. As a matter of fact, with the low
LET radiations currently used in radiation therapy (i.e. cobalt-60
v rays, photon and electron beams from a few MeV up to about 50
MeV), the RBE does not vary with energy neither differs between
photons and electrons significantly in clinical terms. Therefore,
the absorbed dose (and the time factors) are generally sufficient to
predict the radiobiclogical and clinical effects.

In contrast, with the fast neutron beams currently used in
therapy, the RBE of the neutrons, relative to cobalt-60 ¥ rays, is
significantly different from unity and varies with neutron
energy. It depends on dose, biological system and criterion, dose
rate, environmental conditions (such as oxygenation), etec. From
a practical point of view, this raises three types of problems :

. the comparison of a neutron beam of a given energy with a
reutron beam of a different energy,
- the comparison of a given neutron beam with photons;

- potential change of neutron energy spectra within the patient.

1. Comparison between neutron beams of different energy spectra

As the biological effectiveness of a given neutron beam
depends on energy, any exchange of clinical information from
one neutron therapy centre to another one requires to take account
of the difference in radiation quality. ldeally, a single conversion
factor between the two neutron energy spectra and related RBE
values could be used.

RBE determinations were performed using different
biological systems and criteria and involving most of the neutron
beams actually used for clinical applications. The results of
systematic REBE determinations as a function of neutron energy,
as well as those of intercomparisons performed at different
neutron therapy centres have been recently reviewed [11[31

It is desirable and seems reasonable to use a single
conversion factor to take into account the RBE differences between
any two neutron beams, provided that the differences between the
two energy spectra are not too large. This is fulfilled if only the
high-energy neutron beams recently introduced in therapy are
compared. The conversion factor could be called Clinical Neutron
Intercomparison Factor (CNIF) [ 18 J. The use of the CNIF concept
should be restricted to the field of neutron therapy, when comparing
or transferring clinical information from one centre to another
one.

One of the remaining problems is the single parameter
specification of the neutron energy spectrum. Since the spectra of
the neutron beams produced by protons and deuterons on beryllium
{and by the (d,T) generators) are different in shape, the indication
of the energy of the incident particles is not adequate. On the other
hand, it is not always possible to measure the entire neutron
energy spectrum ; the "mean” neutron energy is then difficult to
evaluate. As a practical approach, the penetration of the beam,
measured in well defined conditions, can be proposed as a first
indication of the neutron beam quality (e.g. half value thickness,
or HVT, derived from depth dose measurements, in a water
phantom, for a 10 x 10 ¢m? field size, and normalized for an

infinite SSD). The measurements should be made e.g. between 5
and 15 cm or between 10 and 20 cm in depth depending on the beam
energy and on the clinical situation, This information is easy to
obtain and depth dose curves are, in any case, required for the
therapeutic applications,

An alternative approach is based on the measurement of
microdesimetric spectra with small tissue equivalent proportional
counters, These spectra provide & particular description of the
secondary radiation components resulting from neutron
interactions and are closely related to the LET spectra of these
secondary charged particles at least for the neutron energies of
relevance in therapy. As the biological properties of neutrons are
directly correlated to the types and energy spectra of the secondary
radiation, it appears to be consequent to base the derivation of an
adequate biological weighting or conversion factor on measured
microdosimetric spectra.

In addition to this fundamental consideration, the
microdosimetric approach has a number of practical advantages.
The measurements can be made within phantoms and free in air
under irradiation conditions identical to those used in actual
therapy, clinical dosimetry and possibly related radiation biology.
The measured spectra implicitly take into account the influence of
any irradiation parameters such as field size, target thickness
and beam filtration on radiation quality. The measured spectra
include both the neutron and the photon components. The
achievable precision in the measurements is a good as for any
method in clinical neutron dosimetry. It appears feasible that
simplified measuring procedures using dedicated
microelectronics, similar to those achieved for radiation
protection, can be developed enabling routine application of this
method.

The microdosimetric spectra themseives are very
complex and there is the necessity to evaluate a single radiation
quality parameter from these spectra. Recently, an approach has
been suggested [ 8 ) [ 11 J( 16 }{ 16 ] based on a systematic
microdosimetric measurement intercomparison at all European
centres under the auspices of the "Heavy Particle Therapy Group”
of the EQORTC (European Organization for Research on Treatment
of Cancer) and systematic biologicval intercomparisons [ 1], at
most of these centres. By using the microdosimetric spectra and
the RBE ratic determined for the same neutron beams, an
empirical weighting function was derived applying a suitable
numerical unfolding procedure. It was shown that this procedure
can be used to evaluate a single parameter specification for
radiation quality which provides estimates for RBE ratios for any
two neutron therapy beams with an accuracy at a level as required
in therapy (better than 3.5 % [ 9 ]. This statement is restricted to the
range of neutron energies relevant to neutron therapy and, at
present, to the biological systems and endpoints used in the
analysis [ 10 1 [ 11 J. More systematic biological data on early and
late effects are urgently required.

The proposed microdesimetric approach fulfills the
requirements for clinical applications, in particular, with regard
to the achievable accuracy. In fact, the accuracy achievable in
individual radiobiclogical experiments in general, and at
absorbed dose levels corresponding to the current doses per fraction
in particular, is low if compared to the accuracy requirements in
¢clinical  neutron dosimetry. Systematic combined
microdesimetric and radiobiological analysis provides
constraints and thus improves the confidence in RBE ratios. If
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reliable biological weighting functions are established only
microdosimetric measurements are required which are much less
time consuming and less expensive than full scale radiobiological
experiments,

2. Comparison between neutron and photon beams

In several situations in neutron therapy there is a need to
convert the neutron absorbed doses into the "equivalent” photon
absorbed doses, e.g.:

- when defining the neutron therapy arm equivalent to the photon
control arm during the preparation of a therapeutic protocol
{using the clinical experience accumulated with photons);

when combining neutron and photon absorbed doses in.mixed
schedule irradiation.

The conversion factor should be, in principle, the RBE of
neutrons relative to photons, but the difficulty arises from the fact
that the RBE varies within large intervals with the dose per
fraction and the biological effect or system. Therefore, it would
be an oversimplification to use a single conversion factor to take
into account the RBE differences between neutrons and photons.
However, in some clinical situations, a single conversion factor
has to be selected and thus the concept of Clinica! Neutron Potency
Factor (CNPF) was introduced [ 13 J. The CNPF can be defined as
an "average” or “overall” RBE of a given neutron beam (relative
to photons) for indesirable late effects in normal tissues, and for a
standart fractionation scheme (i.e. 2 Gy per fractien for photons).
The expression "clinical RBE" has been used by some authors for
the same concept.

Similarly as the CNIF concept, the use of the CNPF should
be restricted to clinical neutron therapy since both are probably of
very limited radiobiological significance. The CNIF concept
assumes in particular the same RBE value for all the late effects in
normal tissues (which possibly is related to connective tissue
injury). This essumption seems reasonable in practice provided
that its limitations are kept in mind (and if the late tolerance of the
central nervous system, for which a higher RBE has been
ohserved, 1s excluded).

The CNPF, as defined above, can be deduced from
radiobiological experiments. However, in clinical practice, the
g imply obtained by
dividing the photon dose which would be delivered in a similar
situation by the CNPF. Firstly, a correction has to be applied when
the adopted fractionation schemes, for photons and neutrons, are
different from the reference fractionation scheme (see below : gy
and nCrr. Secondly, when preseribing the neutron dose, the
therapist has to take into account the difference in physical
selectivity between the photon and neutron irradiations, which
could influence , to a large extent, the clinical tolerance especially
with "low-energy” cyclotrons (see below : gpnsy) With the
introduction of high-energy cyclotrons, this factor will come closer
and closer to unity. The beam penetrations are improving and
beam arrangements will be chosen to be more and more similar
for neutrons and photons.,

T g ot 1be n

Another approach would consist in defining the CNPF as
the ratio of the total doses in the planning volume, which could be
tolerated with photons and neutrons, respectively. For example, if
for & given tumour type and site, the clinically "tolerable” dose
with photon irradiation is 70 Gy and with neutron irradiation is 25
Gy, the CNPF would be 2.8,

This second approach implies some clinical judgement
and experience, and it does not imply as above the same RBE value
for the late tolerance of all normal tissues since this factor is
included in the “"general clinical’ tolerance. However, this
second approach has a great disadvantage due to the fact that the

clinical tolerance strongly depends on the physical dose
distribution (especially with low energy cyclotrons, e.g. skin
ulcerations, subcutaneous fibrosis, etc.). The CNPF would then
vary, even in a given centre, with the tumour depth and
localization, the size of the target volume and alsc the beam
arrangement. This would make any intercomparison and
exchange of information between centres very difficult. The
second approach to define the CNPF can therefore not be followed.

The CNPF values for different centres are, of course,
correlated with the corresponding CNIF value. For example, if
centres 1 and 2 are compared, one has :

(CNPFy)
——— = ONIF},,
(CNPFy)

The use of the CNPF concept is illustrated as foliows for
two practical situations :
a) Preparation of @ new therapeutic protocol comparing neutrons to
photons
The ratio of the prescribed doses at the planning velume
in the photon and neutron arms, is given by the expression
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where :

- {CNPF has been defined above;

- yCrr is the efficiency of the actual fractination scheme for photons
relative to the reference (2 Gy per fraction) fractionation scheme
&Crr will not be discussed here, nor the use of the NSD concept to
evaluate 4Cfy). It can be assumed that +Ctr is similar for most of
the late effects;

- nCfr has the similar meaning as ¥Cir, but for neutrons. Its value

is probably close to unity in many situations;

gn/y takes into  account the differences in the irradiation

geometry or physical selectivity for neutrons and photons, and

their influence on the late clinical tolerance .

by Computation and display of the dose distribution in mixed
(neutrons + photons) schedule trradiation

In mixed schedule irradiations, at some point of the
treatment planning procedures, combination of photon and
neutron doses (or isodoses) becomes necessary, in order to check if
the chosen beam arrangement and beam weighting adequately
covers the planning volume, as well as to identify the normal
tissues at risk.

Simple addition of the neutron and photon doses is
meaningless and a biological weighting factor has to be
introduced : the CNPF can also be used for that purpose, and the
neutron doses multiplied by the CNPF have to be added to the photon
doses [ 12 ].

However, for safety, in a second step, the photon
"equivalent” dose to the normal tissues at risk should be evaluated
using the RBE values actually measured for these tissues and for
the planned doses per fraction. The photon "equivalent” doses
calculated in this way should then be compared to the accepted
photon schedules. This is particularly true when irradiation
involves the CNS taking into account the risk of late damage.



INscussion and conclusion

An important goal to achieve for improved exchange of
clinical information is that the therapeutic irradiations be reported
in an uniform way in the different neutron therapy centres.

Therefore, simple relevant quantities, which can be directly
and easily measured, should be recommended for reporting. The first
guantity actually measured is the total absorbed dose, and some
consensus and uniformity has been achieved and guaranteed
through existing protocols for the measurement of this quantity [ 7 ]

An additional problem, specific to neutron therapy, is due to
the fact that the radiation quality has to be specified. As a matter of
fact, the neutron energy significantly influences the biclogical effect.

Microdosimetry appears at present to be the most
promising approach to describe the radiation quality, at the point of
interest, in & complete and relevant way. Specification of the
neutron and gamma components only today appears to be a poor
and insufficient description of the radiation quality.

For reporting a therapeutic irradiation with fast neutron
beams, following recommendations can be proposed :

1) the description of the tumour, target and planning volume(s}, in
the same way as recommended for photon therapy;

2) the specification of the absorbed dose at the "ICRU point”, as well
as the maximum and the minimum dose within the planning
volume, as recommended also for photon therapy. Absorbed dose
at other clinically relevant points (within the target volume or in
normal tissues) could be added when required by the clinical
situations;

3) the fractionazion and overall time (more generally, a complete
description of the dose/time relationship) as recommended for
photon therapy;

4 in addition to what is recommended for photon therapy, the
quality of the neutron beam has to be specified using the following
parameters :

- energy of the incident particles and nuclear reaction;

- HV'T determined in well defined reference conditions;

- microdosimetric characteristics of the beams, as complete
as possible, at several relevant points.

5; to facilitate the interpretation of the protocols, the adopted CNPF
{and eventually CNIF) has to be added.

Lastly, it is, in principle, possible to derive from the above
quantities several weighted quantities, such as, for example, the

‘effective dose"{ 21 [ 4} {5 ][ 15 ). They can be used, and be helpful,

for several types of clinical studies. However, these derived
guantities, which always imply some biological weighting factors
fand thus assumptions) can be used in addition too, but ghould not
replace the more straightforward quantities recommended above for
reporting.
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This paper describes the 62MeV proton therapy beam
at the MRC Cyclotron Unit at the Clatterbridge
Hospital. The characteristics of the beam are
reported in terms of range, beam penumbra, the
variation in output with field area, and beam
shaping.

Introduction

The 62MeV proton beam produced by the Scanditronix
MC60 cyclotron at the Clatterbridge Hospital has
beer used in the treatment of eye tumours (ocular
melanoma) since June 1989, and to date a total of
73 patients have been treated. The beam line is
shown in figure 1 and consists of a double
scattering f2il system incorporating a central
stopper, parallel plate ionisation chambers, range
shifter and beam modulator together with anti-
scatter collimators. The scattering foil system is
used to provide uniform beam profiles over an area
of 30mm in diameter. The foils are made of
tungsten and are separated by a distance of 330mm.
The first foil is 0.017mm thick and the second
0.027mm thick and the central stopper has a 3.05mm
radius. These parameters were calculated using the
method described by Gottschalk (1986). The overall
length of the beam line is 1.8m and the distance
from the final collimator to the isocentre is 7Omm.
Both range shifters and veam modulators are
constructed from Perspex (Lucite). The range
shifters define the maximum peretration of the beam
for a given patient treatment. The modulaters are
stepped vanes which rotate in the beam to produce a
uniform dose distribution across the target volume
from the proton Bragg peak (Koehler et al 1975).

The purpeose of this paper is to Teport the
characteristics of this beam line in terms of
range, beam penumbra, the variation of cutput with
field area and beam shaping.

Range

The beam lire was designed to minimise energy
losses in order to treat all possible sites within
the eye. The advantage of this system over a
single foil system is illustrated ir table 1. The
distance of the double foil system is measured from
the first foil to the point of measurement. In the
case of the single foil this distance was increased
until the flatness of the two beam lines was
comparable. The depth of penetration is measured
to the distal 90% isodose line using a small
silicon -photo-diode (type BPW34). It can be seen
that the double foil system gives an extra 1.4mm
of range conpared with the single foil. The
maximum bean range required so far has beer 28.7mm
of eye tissue compared with a final measured
maximum range for the beam line of 30.4%0.2mm.

The maximum required range is in good agreement
with the value of 28.6mm (eye tissue) for 99% of
the patients treated at the Harvard cyclotron
{Goitein et al 1983).

Beam Penumbra

It order to achieve maximum range the modulator and
range shilter were placed H00p. from the final
collimator to maximise the length of the beam line
in vacuum. Measurements of beam penumbra have been
made in a water phantom using a small diode (BAS11)
and a three dimensional scanner. For the current
position the penumbra measured between 90% and l0%
isodose lines varied from 2.3%*0.lmm to 3.6%0.lmm

as the effective thickness of Perspex (i.e.
thickness of range shifter + } thickness of
modulator) was increased from 7.5 to 23.8mm. 1f,
however, the modulator and range shifter were
placed further upstream, that is just after the
scattering foils then the penumbra was virtually
independert of the thickrness of Perspex and
measured 1.9%0.2mm. In crder to achieve this
positior the amount of beam line in vacuum wasg
shortened and consequently the maximum rarge was
reduced to 29.7%*0.2mm. This would stiil be
adequate to treat all patients seen to date. The
jmprovement in penumbra can easily be understood

in terms of geometrical considerations. An
improved penumbra would reduce the required safety
margin. This latter quantity is calculated as the
90% - 50% penumbra + 1.5mm to allow for microscopic
spread of disease and positioning error.

Variation in Qutput with Field Area

Tre treatment of ocular melanora incorperates the
use of irreguiar shaped collimators, each milled
from a design produced by the planning program
(Coitein & Miller 1983}, Calibration of the beam
is normally carried out using a 25mm diameter
collimator and a O.lcc thimble ionisation chamber
{Far West Techrology type I1C-18). The variation -n
output with field size was investigated using a
small diode and a selection of patient collimators.
The output was normalised to the 25mm collimator
and the results shown in figure 2 both for a
modulated and unmodulated (full energy) beam. The
modulated beam is the normal condition and the
variation with field area is 1% for a
representative range of patient collimators,
therefore ro output corrections are made to the
chamber calibration. A nmuch larger variation was
seen in the case of the urmodulated beam Irndicating
that the scattering out of the beam is much more
dominart in this case.

Beam Shaping

The planning program incorporates the facility for
shaping the beam with the use of aluminium wedges .
These are placed 40mm downstream from the
collimator to minimise perturbations of the beam
relative to the target volume (Egger private
communication). Figure 3 shows a set of isodose
curves measured in a water phantom for a wedge
with a nominal angle of 25" in eye tissue and

-

compares with a measured angle ol 22 .



Output factor modulated beam
1 A
10+~~~ === — - - - = — - = = A
4 A 4
A
.99 A A
98 | o« o
| -
~ unmodulated beam
.97 .
1 7
.96 h /
0 ‘ 100 200 300 400 500

Area of patient collimator mm-

Figure 2: The variaticn of output in terms of dose with

respect to collimator area ( modulated beam, unmodulated beam)

ISODOSES OF A WEDGED FIELD

-15 -10 -5 0 5 10 15 mm

10% isodose
50% isodose
90% isodose

+

Figure 3: The isodose dsitriution for a fileld
half covered by an aluminium wedge giving an
effective wedge anle of 22 in eye tissue

S13



S14
Conclusions

The current neam line design has been able Lo treat
all cases of coular melanoma that have been
presented to date. Improvemerts in the perumbra can
be made with an acceptable loss of penetration. It
has also been shown that there is a negligible
variation of output with field area and that shaping
of the beam can be adequately achieved by the use of
aluninium wedges.
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Table 1

A comparison of single and double tungsten foil
scattering systems for a 62 MeV proton beam

Conditi Distance Flatness Depth in Eye Tissue
ondition (mm)  {90%/50%) ()
No foil -— -- 31.0
+0.4
Single W foil 2200 931 29.3
(0.15mm) 0.4
Double W foil 1500 9l 1 30.7
(0.044mm) +0.4

=~ Proton beam from cyclotron

111 PROTON
THERAPY
BEAM LINE

Turgsten scattering foils <

Central stopper —

Vacuum window —
Parallgl-plat A\ I i
c%ambers(‘ {0
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: Anti-scatter collimators
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i _— X-ray film holder
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Figure 1: The proton therapy beam line at
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AVERAGE IONIZATION ENERGY, w, FOR 65 MEV PROTONS IN NITROGEN

J.M. Denis, 1. Slypen, L. Tilquin, J.-P. Meulders
Université Catholique de Louvain, Institut de Physique Nucléaire,
Chemin du Cyclotron, 2, B-1348 Louvain-la-Neuve, Belgium

Abstract : An important parameter for the dosimetry of fast
proton beam used in radiotherapeutic applications is Wp, the average
energy required to produce an ion pair in gas. This paper presents
preluminary results obtained in nitrogen with the 65 MeV proton
beam of Louvain-la-Neuve's cyclotron. The experimental method
and the first residts are presented and discussed.

In uction

An increasing number of radiotherapeutic facilities use
proton beams with energies ranging from the 60-85 MeV region
(ocular melanoma - superficial tumors) up to the 150-200 MeV
region (treatment of deep lying tumors). An accurate dosimetry
with ionization chambers requires the knowledge of the w value for
different gases, the average energy needed 1o produce an ion pair.
At present, almost no value exists between a few MeV and 150 MeV
(Table 1). A measurement of w in nitrogen has been initiated at the
Louvain-la-Neuve's cyclotron and preliminary results obtained at 65
MeV are reported.

Table 1 : Experimental values for wp in nitrogen (Ep> 1 MeV).

Experimental method

The layout of the experiment is shown on Figure 1 and is
similar to the one described in ref. 4. The proton beam goes
through a long ionization chamber where the total charge is
recorded. The differential w value is expressed by

e £
W(EI) = Np 6 EAE
where : Np : the number of protons passing through the chamber

 the total number of ion pairs produced in the gas

: the ratio of the length of the collecting electrode to

T el

the total length of the gas volume in the chamber
AE : the energy loss of the transmitted protons.

Measurement of Q

The charge Q produced by the protons traversing the gas
volume is collected by a parallel plate ionization chamber situated in
a cylindrical gas cell (23 cm in diameter and 117.5 cm in length).
The effective collecting area is 84 cm x 9 cm and the plate separation
is 6 cm. The collecting plate is surrounded by a grounded guard
ring ; its length, 12 cm, has been calculated with a computer code
ELENS, which draws equipotential lines for different chamber
configurations.

The proton beam is focused in a 2 mm diameter collimator,
followed by a 10 mm collimator. After optimization of the beam
conditions with a graphite Faraday cup, put in the position of the
ionization chamber, the beam is reduced to a few fA (10-15 A).
Beam intensity and collected current are recorded with a Keithley
617 electrometer. Under those conditions, an excellent saturation
curve can be measured and an amplification of 25000 of the initial
electric charges is obtained at a pressure of 1 atm nitrogen.

figere | @ Ceneral layout of the experiment
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Measurement of Nj,

The exact knowledge of the protons number passing
through the chamber is crucial in this experiment : the protons
entering the chamber should travel through all the length of the
chamber. With this respect, great care has been paid to avoid
material in the beam axis, which could be responsible for multiple
scattering. Only two mylar foils (125 um thick) are located in front
of the ionization chamber. The proton number N, is recorded by a
4 mm thick NE 102 plastic scintillator placed at the end of the
chamber. The monitor of the experiment is a U-shaped NE 102
scintillator, situated between the first and the second collimator.

The transmission of the protons has been regularly checked
by putting the 4 mm NE 102 detector in front and at the back of the
jonization chamber : more than 99 % are obtained for gas pressures
ranging from 0.5 atm to 2 atm.

Measurement of AE

The energy loss of the protons, AE, is determined by recoil
of the Bragg peak measured by a semi-conductor immersed in a
water phantom (10 x 10x 20 cm3). The detector is a Si crystal (3.5
x 2.5 x 0.5 mm?) located at a depth of 60 pm from the front of the
detector embedded in an epoxy resin. The Figure 2 shows the recoil
of the Bragg peak at different gas pressure. A precision of 2 % in
the AE measurement can be obtained. As an alternative method, a
Nal detector can be used. The protons produce a narrow peak with
a FWHM of 1.5 %.

figurg 2 ¢
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measurements of the energy loss (AE) in nitrogen gas

Results

The results obtained in two separate runs are given in
Table 2. The good reproducibility of the experimental method is
proved by a comparison of the w values. A Monte-Carlo code is in

progress for the correction of the & rays losses. This correction is
based on the procedure proposed by Lauleinen and Bichsell6l.
Moreover, it is assumed that knock-on processes contribute for half
of the total energy losses (Attix[7l). On the other hand, the
correction for lack of compensation at the entrance and the exit of
the collecting volume must be evaluated and will be checked by
experiment.

Table 2 : w values in Ny and air.*

Pressure w (uncorrected)

(atm.) (e V/ion pair)

N2
0.5 390.06 £ 1.01
3901 +1.07
1. 37.99 + 0.67
3831+ 0.85
1.5 37.86 + 0.69
3790+ 0.76
2. 3774+ 1.29

Alr
1 36.93 £ 0.86
37.08 £ 0.93

The value of w in air at 1 atm is also shown in Table 2.

The mtio%p%g%l = 1.031 is in agreement with the result obtained
p

at 70 MeV by Hiraoka and al.18]. These measurements will be
expanded to other gases and 1o other energies.

* Note added in proof
The corrected w values presented at the oral contribution need
further confirmation.
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Microdosimetric Measurements on
the Clatterbridge Proton Therapy
Beam
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Abstract

The interpretation of RBE studies relating to pro-
ton. neutron and ion beams can be alded by a kuowl-
edge of the distribution in LET (or hneal energy)
of the incident and recoil particles, In order to
provide such information for the Clatterbridge pro-
ton therapy beam, a programme of microdosimet-
ric weasurements 1s currently under way. Prelimg
nary measurements using a conunercial single-wire
proportional counter have been followed by the de
sign and vse of a planar microcosimetric detector
Detatls of the planar detector design are presented
here, together with some measurements made with
it, and comparisons with equivalent measurements
made with a silicon diode dosimeter.

1 Introduction

[t 15 well kzown that charged particles exhibit a dose with depth
profile which sharply rises towards the end of the particle track.
It is also of course possibile to focus charged particle beams, and
these factors, together with the steep slope of the distal edge,
combine to allow a much more localised dose to be delivered
than 1s possible with neutrons. For these reasons protons have
been exploited for therapy purposes at many centres®.

At Clatterbridge, proton therapy began last year using the
62 MeV proton beam and concentrating, because of the rela-
tively low penetration of the beamn. on tumors of the eye. To
this date 73 patients have been treated at this centre and o ran-
domised trial of this form of treatment against others 1s about
to begin.

Microdosimetry has been applied to charged particle beamns
by many other groups!?=° ]
These detectors are alimost always
rives fzom the need for an isotropic response to partic
dent in any direction and is typical of neutron microdos
applications.  For proton therapy the incident beam is uni
directional and hence we feel that for certain types of mea-
surements & planar detector is more appropriate. This will be
primarily for beams whicl are narrower than the detector en-
trance window, as discussed below,

spherieal, & fact which de-
i

2 Initial Measurements.

An initial set of measurements was performed with a standard
Far West Technology LET SW1 filled to 2um1 pressure with
methave based tissue-equivalent gas. These were designed to
give us an introduction to the general area of proton micro
dosirmetry and revealed a few problems.

The first of these was the simple one of detector positioning
which is imiporzant for narrow beams crossing a spherical cavity,
and the second related to the level of noise in the detector which
was too high to allow adequate measurement of the full energy
{62Me V) beam.

We wwere particularly interested in the shape of the v.dly)

! generally using “wall-less” detectors®.
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terbridpe hea with the spherica

curves above the proton edge. Events here must originate in
proton reactions with the detector wall materials. Figure 1
shows a typical y.d(y) distribution for a depth equivalent to
about 15mm of perspex measured with the Far West detector
Even with this walled counter there are not significant numbers
of events above the proton edee, from which we conclude that
the proton energy at Clatterbridge is too low to produce the
sort of high LET events seen in experiments on the Harvard
{160MeV) proton beam” This observation does not however
preclude the presence of events below the proton edge (140
keV /pm) which are due to particles other than primary pro-

tons. These will mostly consist of delta rays and scattered
protons produced in the wall, the impoct of whicl: are ditficult
to assess without further measurements.

In conclusion to this section we note that our preliminary
experinents geve no reason to suggest that o wall-less conntor
design was necessary for the work that we intended to do on
the Clatterbridge beam.

3 Detector Design and Testing

The gencral outlive of our detector s shown in figure 2 It
cousists of five 20um parallel wires Smm apart to give a total
active width of roughly 20mm. The outer pair of wires act as
guards to delimit the colecting region with the central wire
acting as an arode. It was onginally thought that multiple
anodes would be required to give o uaifor collection efficiency
across the full active region and hiercee the inclusion of an extra
pair of wires. This seems not to be the case although further
experituents to test the detector are under way.

»
To GAg LuLiT

— rEs

2l
Himriwiart |

. o
BT SR 2 ]
. - A
Coniid e i, - "
# “ve e Yo IHErE
‘i
e £ A
o [ . .
Tl IYLAR : . A'/,/.vw Wis
b ion B
Fraluncy

Figure 2: A schiematic of the planar detector con-
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The variation in collection efficiency across the detector face
was tested at Clatterbridge using a 2mm collimated heam at 3
lateral positions across the detector, and the results are showr
in table 1. Normalisation is taken from the integrated beam
current falling ou the beam central stopper. The d(y) distribu-
tions measured at cach lateral displacement were identical,

Lateral Displacement | Relative dose recorded
(m) {arbitrary units)
0 23.77=0.5
2 25.1940.5
| 4 24.67:£0.5

Table 1: Detector uniformity measurement

The maximum collimator diameter used so far in owr the
apy beam measurements is Smm and so the primary beam al-
ways crosses the detector near its centre and distortions in the
detector response due to non-uniform collection will be min-
imised.

A comparison of the performance of our detector with the
commercial one, is shown in figure 3 for a 2mm collimator size.
In both cases, these were obtained with +900V on the central
anode and used methane based TEG at a pressure of T0mbar for
the planar detector and 160mbar for the spherical, to simulate
2pun of tissue. Measurements were made simultaneously at two
amplifier gain settings and combined off-line to give the data
presented here. Throughout this paper, different “depths” in
perspex are simulated with a perspex wheel which has steps to
mive variable thicknesses on rotation,

10 1 T T T T T T
R spherical detector
E -~ planar detector
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Figure 3: Comparison of the y.d(y) distributions
measured at the Bragg peak with two detectors.

The measuremcnts shown in figure 3 were made on the
Bragg peak (see below) and are quite similar. The differences
between these two curves are believed to be due to differences in
the detector characteristics (primarily resolution), rather than
different nnmbers of wall events in each case.

4 Therapy Beam Measurements

4.1 Relative Dose Measurements

As an integral check of our detector performance we have con-
structed depth/dose profiles for different collimator sizes to
compare with those obtained with the Clatterbridge silicon
diode dosimeter. This is a 4mm by 4mm by 50um Farnell
BPW34 silicon diode used for dosimetry purposes in the way
reported in the literature®. Normalisation is once again taken
from the beam central stopper integrated current. A compar-
ison of the two detectors for a collimator diameter of 2mm is
shown in figure 4. When correction is made for the layer of
material which overlays the diode, the peak and distal edge fall
at approximately the same depth for both detectors to within

0.1mm. According to the literature’ the depth at 90% of the
distal edge corresponds to 0.990 of the usually quoted range
value for the energy concerned. This gives a range of the Clat-
terbridge beam in perspex of 27.33mm which agrees well with
standard tables.!?
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Figure 4: Dose with depth curve for a 2mm collima-

tor diameter as measured with a silicon dinde and

the planar microdosimetric detector,

This observation bes been verified by further measurenients
with a parallel plate ionisation chiamber similar to the one de-
scribed in reference 11.

The difference in the plateau height in figure 4 is, we be-
lieve. explained by the presence of proton scattering in the col-
limator or the modulating perspex wheel. The diode is much
smaller than our microdosimeter, being roughly 4mm by 4mm
and Lience it would deteet a smaller seattered compouent. This
was tested by repeating the diode experiment with it positioned
close to the rotating wheel rather than {as above) at a fixed dis-
tance from the collunator. A different profile again is obtained
as shown by the dashed line in figure 4 and we conclude from
these experiments that there is a diverging scattered proton
component emerging from the collimator/wheel and that eacl
detector detects an amount which varies with the solid angle
that it subtends at the collimator.

We have noted with both microdosimeter and diode mea-
surements. a change in the peak to slateau ratio with coliina
tor size. The trends that we observe are in agreement with
caleulations reported in the literature'? although the absolute
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Figure 5: Dose with depth curve measured with

the planar microdosimetric detector for 2 and Smm

collimator diameters.



differences seen by us are much smaller than those reported in
reference 12, Figure 5 shows our results for 2 and 5 mm i
ameter collimators. The differences between our mezsureiments
ard the publisked data are probably due to differences in the
basic paraieters deseribing each situation. Clearly the detec
tor size and position modelled will be miperrant, as will such
bennr parnnieters as cnergy spread and anguaa divergence, Ay
present we are developing a Monte Carlo code with whicl we
shall repeat the sort of caleulations reparted in reforenee 12,
using parameters relating to our experiments and the Clister
bridge beamn transport system.

4.2  y.d(y) Measurements

Initial measurenients have concentrated on small collimator di
ameters because of the need to avoid high count-rates in the
detector. The y.d(y) distributions obtained for a 2mum digmeter
collimator at four different depths in perspex are shown in fig-
ure §. These curves show clearly the reduced noise-level in the
planar detector (measurements go down Lo 0.3keV /). Ta
ble 2 shows the change in Fyand §,'° with depth in a perspex
phantom for different positions. The quoted errors consider
orly statistical counting uncertainties,

As expeeted, the most rapid changes in Fyoccur in the last
few nun of the proton tracks. Also in table 2 is the vyvalue
for a #*Na gamma source, measured with a standard spherical
neutron microdesimeter at a simulated diameter of 2um. This
can be takew as typical of fast gamma spectra such as " Co and
it can be seen that the F,for the Clatterbridge proton beam
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Figure € v.d{y) distributions at three depths in
perspex measured with the planar microdosimetric

desector,

Position Depth in Perspex v, Ty ;
[approx.) (mm) (keV/ym) | (keV/um)
PLATEAU 4.58 22740.0027] 4.75=0.02 |
PLATEAU 19.82 3.89+0.003 | 5.79+0.01 }
PROXIMAL 26.29 10.8040.01 | 14.4140.03 |
PEAK 27.03 17.7640.02 26&21&0.05[
50%% DISTAL 27.35 25.6740.04 | 38.6540.1 r
5% DISTAL 27.70 291402 | 53.2405 |
“Na : 0.5340.001 | 1.92+0.01 |

Table 2: Dose parameters

ranges from a value which is roughly twice that for fast gamnmas,
to a value which is roughly 23 times.

[t should be expected that, as reported in the literature!.
this change in 7,will be accompanied by a change in RBE with
depth in phantom,
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5  Summary and Conclusions

We hiave built and tested a plana: iderodosingetric et fon
measwements on the Clatrerbridge proton therapy beany. The
dezector has heen nsed to measure depth/Zedose profiles that are
consistent with those measured with the Clatterbridge silicon
chode. The y.d(v) spectra measured at different depths 1o per-
spex show clearly the wide range of lineal encrgies that can be
produced with this sort of beam, aud provides exXClting possi-
bilities for radiobiological studies using this bean

[t is worth noting that the experiments that we have per-
formed so far have used collimation to give proton beaws which
are much smaller in diameter than tiie detectors used. This
was done primarily to reduce the count-rate i the detector,
but with the beam passing through the cavity it means that
delta-ray events are nos detected separately from proton events.
We canrvot therefore use our mensurements so far to infor the
real d(y) distribution that will be seen in bulk tissne from this
Deann; hovever, experinients to dnvessigate deltae oy olloeis are
planned,
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TISSUE-EQUIVALENT CALORIMETER DEVELOPPED AT LMRI
FOR THE MEASUREMENT OF ABSORBED DOSE.

J.Daures,
LMRI

Abstract

A Tissue-Equivalent calorimeter, made of
Shonka Al50 plastic has been constructed. The
measurements in neutron beams from cyclotrons
have shown that the total absorbed dose to
A150 can be determined with an uncertainty
(one standard deviation) close to 0.6 %,
instead of more than 1.5 % for ionization
chambers.

Former experiments with a similar
calorimeter in heavy charged particle beams
have proven the feasibility and the great
interest of such a measurement.

At request, our laboratory is capable to
perform in-situ absorbed dose measurement with
this stardard calorimeter, in medical neutron
or heavy charged particle beams, thus enabling
the calibration of the user’'s reference
dosemeter.

Introduction

The calorimetric method is very attractive
because it is the more direct way to reach the
absorbed dose, the reference quantity of
interest in radiotherapy.

The absorbed dose [1] is defined as the
quotient of dE by dm,
energy imparted by ionizing radiation to
matter of mass m.

where dE is the mean

b - dE (1)
~ dm

The special name for the unit of absorbed
dose is gray {( Gy ) and

1 Gy = 1 Jkg-1

The calorimeter measures directly the
energy converted into heat under irradiation,
and before construction, the mass of the
sensitive element is accurately measured.

Unfortunately the Tissue-Equivalent
material used, the Al50 plastic, presents a
heat defect, because part of the energy is not
converted into heat but employed in
endoenergetic chemical reactions.It depends
then upon a calorific vield rcal-

J.P.Simoen, A.Ostrowsky.
CEN SACLAY BP 21 91190 GIF SUR YVETTE

FRANCE.

Fortunately this dimenssionless calorific
yield is close to 1 (0.96). It was measured
for several particles and energies with a
standard deviation of 0.5 % [2].

Oon the other hand, ionometry envolves
secondary processes which require the
knowledge of the average energy expended to
produce an ion pair. Moreover ionization
chambers are not homogeneous and stopping
power ratios are needed. Whith a calorimeter
the sensitive element is identical to the
surrounding medium and so stopping power
corrections are avoided.

In table 1 the uncertainties for one
standard deviation are given.

Standard deviation
of absorbed dose to Al50 / %

Neutrons | Heavy
Charged-Particles
Calorimetry 0.6 0.6
Ionometry >1.5 >2.1
Table 1 Calorimetric and ionometric

uncertainties.

The standard deviation for calorimetry is
relative to our instrument. The main
uncertainty is due to the calorific yield.

For iconometry the standard deviation is
derived from the European {3] or US protocols
[2%.

The standard deviation for calorimery is
much lower than for ionometry and justifies
technical efforts.

Principle
The sensitive element, the core, of mass
m, is thermally insulated from the surrounding
by means of vacuum gaps. So the mean absorbed

dose is related to the heat quantity Q by the
simple equation:

e 2

D - .
m Tcal

Where Q depends on the temperature
increase AT by the relation:

Q=m.cp . AT (3)



But because of too high uncertainties on
the specific heat cp and on the correction for
residual heat transfers, a relative method is
employed for the heat measurement.

This method consists in an electrical
calibration of the calorimeter. By Joule
effect a known calorific energy Qec is
dissipated in the core, giving a reading Rec
proportional to the thermistor resistance
variation, thus to the temperature rise.

The electrical calibration factor is given
by the following equation:

Qec

Fec = —= 4
ec oo (4)

So that for each reading R resulting from
irradiation, the calorific energy is

determined by

Q = Fer . R (5)
The mean absorbed dose in the core is
therefore in practice given by the equation

Fec . R 1

m 'cal

D = (6)

For obtaining the quantity of interest,
which is the absorbed dose D at the reference
point in the homogenecus medium, corrections
for vacuum gaps, impurities and absorbed dose
gradients must be applied, i.e.:

D =D . ky ki . kg (7)
Due to carefull design and contruction of
the calorimeter, these corrections are only of

some per mil.

But calorimetry is a delicate technique.
Its sensitivity is less than one millikelvin
per gray. The thermal stability during
electrical calibration or irradiation has to
be kept at the level of ten microkelvins.

Nevertheless, in radiotherapy beams, dose
rates are sufficiently high to allow
measurements with a repetability close to one
per mil.

The LMRI calorimeter

A schematic presentation of our new TE-
standard calorimeter is shown in figure 1.
can see the three main parts, thermally
insulated one from another and from the
surrounding medium:

- the central core,
element, (¢=16mm, t=3mm),

~ the jacket, whose temperature is
maintained very close to the core's one by a
feed-back thermal control,

- the shield, which is regulated at a
constant temperature.

One

which is the sensitive
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Figure 1 : The LMRI TE calorimeter

Twenty-six thermistors of very small mass
( around 0.5 mg ) are embeded in the
calorimeter. They are used for heat
measurement and for dissipation of heat during
electrical calibration and for thermal
regulation.

The main device of the associated
measuring chain is a Wheatstone bridge. What
is actually plotted is the bridge dc voltage,
as a function of time. The reading L is, in
fact, the relative variation of the thermistor
resistance.

A typical plot of a calorimetric run is
given in figure 2

L

U/uv

] L} /
4 /
] /
1 Ly Ly /
OL””' '”%””””'1‘0” """" 1“‘” ”[’Z'C” AR
t/min
Figure 2 : plot of a calorimetric run

From the slopes Lg, Lj, L2, the ohm-volt
calibration of the bridge is obtained. From
the slopes L2, L3, L4, the reading Rec or R is
determined.

The absorbed dose is then calculated from
equations 4-7
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Applications

This calorimeter constitutes the French
National Standard for absorbed dose
measurements in neutron beams. Several
measurements have been performed in cycloton
neutron beams with standard deviations close
to 0.6 % [4,5,6].

This standard instrument is well suited
for measurements in protons or heavy charged-
particule beams [2], whith the same level of
accuracy. So, as for neutrons, it permits:

- direct calibrations of therapy
dosimeters in user's beams,

- determination of the product of the mean
energy expended in the gas per ion pair
formed, by the wall-to-gas stopping power
ratio.
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ELEMENTAL SYNTHESIS OF REAL TISSUE MICRODOSIMETRIC RESPONSES TO HIGH ENERGY

NEUTRONS:

PRINCIPLES AND LIMITATIONS

M.C. Scott, A. de Aro, S. Green, G.C. Taylor

Medical Physics Group, School of Physics and Space Research, University of Birmingham,
Birmingham BIS 2TT, UK.

Abstract

The factors which could limit the elemental synthesis
of real tissue microdosimetric responses are discussed and
a determination of the response due to oxygen from 15.5
MeV neutrons is described.

Introduction

Neutron microdosimetric measurements  attempt 1o
reproduce the charged particle energy deposition in 2
small volume of tissue (typically 1-2 pm) by sampling
that cbtained in a much larger gas-filled cavity
surrounded by tissue equivalent material.  Unfortunately,
however, it is not possible to synthesize a wall material
having the same proportions of the major elements
(GHN and O) as real tissue, the latter containing
significantly more oxygen, and proportionately less carbon,
than, for example, the widely used "tissue equivalent”
AlL50 plastic.  Since the cross sections for neutron induced
charged particle production wvary strongly both  with
neutron energy (particularly above 15 MeV or so) and the
elemental isotopes concerned, the microdosimetric response
of real tissue differs significantly from that of tissue
equivalent materials. These differences at 15 MeV were
shown by Caswell and Coyne [1] to be ~ 15% in integral
quantities iike yp (the dose averaged lineal energy
deposition), bur at energies of interest in current neutron
therapy (up tc 65 MeV or so) data uncertainties make
estimation of the resulting microdosimetric differences
between real and simulated dssue very difficult to
quantify.

In order to overcome this problem we proposed [2]
that the microdosimetric distributions be determined on an
elemental basis, eg. for C, H, O and N separately, so that
the response for any particular tissue tvpe could be
synthesised’, i.e. constructed from that of its constituent
elements. In order to do so we proposed to construct
counters differing only in the element of interest, and
hence to find the response for that element by a
difference technique.  Thus, the response of hydrogen
alone would be determined from counters made of
polythene (CH,) and carbon; an example of the
microdosimetric response of such detectors to the p(62)Be
Clatterbridge beam and the resulting hydrogen-only
spectrum is shown in Fig. 1

In this paper we consider in more detail the
principles and limitations of the technique proposed.

Underlying principles

For the elemental synthesis approach to give an exact
prediction of the real tissue response the shape of the
microdosimetric response due to each element has to be
identical  both in  the detectors involved In  its
determination and in real ussue, that is, the shape of the
elemental response must be independent of the matrix in
which 1t is incorporated.  The subtraction or synthesis
procedures can then be performed using simple scaling
factors for differences in, for example, elemental density.
There are three factors which determine whether or not
this eriterion s satsfied, namely

YY) i/ \

b i/ . S e

\ \
A 4 ¥

B —
i P mn 1Y N N 100

Fig. 1 Response of CH, and C cownters to the p(62)
Be newron  beam ar  Claiterbridge, and the

resulting microdosimetric response for H only.

(a) differences between the neutron spectrum incident in
real tissue and in the different detectors involved,

(b) differences in charged particle stopping powers for
the matrices involved, and

{c) microdosimetric events produced by the filling gas.

We shall present a preliminary examination of the

importance of each in turn.

(a) Neutron spectrum perturbation

When a neutron beam is incident on any body the
resulting spatial dependence of the neutron spectrum in
the body depends on the neutron scattering and absorption
properties of the constituent elements and their
distribution. If we then introduce a local inhomogeneity

into the body the neutron spectrum will be perturbed,

both in the inhomogeneity and in the surrounding
medium.  The magnitude and spatial extent of this
perturbation depends wupon how much the neutron

interaction properties of the inhomogeneity differ from
those of the surrounding medium. At the same time, we
note that it will be the neutron spectrum in the
immediate vicinity of the detector cavity which will
determine the response to heavy ion, alpha particle and
low energy proton events, whereas the high enmergy proton
component will be generated through a much larger
volume of the detector. Thus, the spatial dependence of
the neutron flux within the counter could be important.
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In order to estimate the importance of this detector
perturbation we used the Monte Carlo code MCNP (3] to
calculate the neutron flux in a central cavity in polythene,
carbon and AIS0 plastic counters having 3em thick walls
and irradiated with 15.5 MeV neutrons. These spectra are
shown in Fig. 2, where they are compared with that in
muscle.  From this we see that there are differences
~ 10% n the 155 MeV neutron flux per incident neutron
at the cavity. At the low energy end the differences are
larger; however, calculations using narrower energy
intervals show that this difference is in very low energy
neutrons (<X 100 keV). The differences calculated using
NESTLES [4] in microdosimetric response for polythene
(which showed the largest effect) is shown in Fig. 3,
where we see that the shapes of the alpha particle and
heavy ion components (arising from high energy neutrons)
are 1dentical, but that there are differences in the proton
response. In Fig. 4 we see the corresponding figure for
carbon where the differences are negligible. Note that if
measurements are made in a body phantom (normally
containing water as a tissue equivalent medium) then the
polythene will give the least perturbation and carbon the
most.
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Calculated microdosimetric response of a CH
detector exposed o 15.5. MeV newtrons with anc

withow perturbation.

Fig. 3.

these differences will limit the accuracy of
approach, but the magnitude of the
determined for in-phantom
most  relevance to  neulron

Overall.
the  svnthesis
limitation  remains 1o be
measurements, ie. those of
therapy.
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Calcwlated microdosimetric responses of a carbon
detector exposed to 15.5. MeV newirons with and

withow! perturbation.

Fig. 4.

(b) Stopping power effects

The shape of the microdosimetric response from a
given element will be affected by the energy dependence
of the stopping power for each of the charged particle
types involved. Thus, in order for the elemental
synthesis approach to work the stopping powers of the
different media involved have to have the same shape,
noting that differences in magnitude can be accommodated
using a linear scaling factor. The energy dependence of
the ratios of the stopping powers for protons and alpha
particles in polythene and carbon are shown in Fig. 5
where we see that the ratios are constant above a few
MeV, and that the maximum difference (~ 15%) occurs
around the Bragg peak energies. Within the limitations
imposed at low energies it is therefore possible to scale
spectra for stopping power differences, as has been done
when measuring elemental kerma factors [5].

\ FROTONS
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Energy (MeV)

Fig. 3. Energy dependcnl s[()pping power rallos for

protons and alpha particles in CH, and C.
(¢) Gas_events

Our own Monte Carlo code [6] has been used to
calculate the gas events in different counters, an example
of which is shown in Fig. 6, where we see that events
produced in the filling gas contribute 1o  the
microdosimetric response above 100 keV um~' or so, and
contribute typically 20% of the events. However, the
fractions clearly depend on the gas, the gas pressure and
on the wall materials. A combination of computation and
experiment will be used to correct for this. Because the
proportion of gas events is generally small, errors arising
from these corrections should also be small, and less than
other uncertainties (7}
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Experimental determination of the microdosimetric
response of oxygen at 15.5 MeV

We have already noted the use of CH, and carbon
counters to determine the elemental  microdosimetric
response of hydrogen (see Fig. 1).

Using the pencil grid technique described elsewhere
to provide a conducting cathode [2] we have built a
cylindrical, 14 cm thick walled Al,0, counter with a
central, spherical, cavity, and used this in conjunction with
a 16 mm walled Al counter to determine the response of
oxygen alone to 15.5 MeV neutrons. The spectrum from
each detector is shown in Fig. 7 whilst the resulting
oxygen—only response is shown in Fig. 8, where it is
compared to that for a carbon counter. Interestingly we
see that the shapes of the carbon and oxygen responses
are similar.
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Fig. 7. Y.D(Y) spectrum  for Al and AL,

microdosimeters exposed to 15.5 MeV neutrons.
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Fig. 8 Microdosimetric response of oxygen and carbon

to 15.5 MeV neuwrons.

We have examined the factors which affect the
accuracy of our proposed elemental sythensis approach for
determining real tissuc microdosimetric responses. Of
these, detector perturbation is  likely to provide the
greatest  uncertainty. However, how the resulting
uncertainties compare 1o with arising from the use ol
tissue equivalent plastic remains to be determined, the
first step being to examine the importance of  detector
periurnation o im=-phantom  measurements, e the
measurement of greatest clinical interest.
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VERIFICATION OF NEUTRON DOSE DISTRIBUTION OBTAINED
BY IRREGULAR SHAPED FIELDS AND MOVING BEAM THERAPY

K.H. Hbver, B.M. Hesse,
Deutsches Krebsforschungszentrum

Abstrg

Monoenergetic 14 MeV d-1 ncutrons beams as used in
the German Cancer Research Center suffer from some
severe disadvantages, wich would not be accepted in mo-
dern x-ray equipment. To overcome some of thesc
shortcommings we improved the dose distribution by:

1. weigted moving beam therapy
2. irregular shaped field sizes
3. multiple arc therapy

Mecasurements ol relative dose  distributions for these
tcchniques have been performed by the so called
"Transfer Mcthod®, This is a combination of activating
large aluminium foils and contact radiography.

Introduction

The neutron therapy f{acility in use [for radiation
treatment at the German Cancer Rescarch Center in
Heidelberg is based on a high power d-t closed system
neutron generator . Monoencrgetic 14.1 MeV ncutrons
arc produced by the cxothermic deuteron-triton fusion
rcaction:

2H + 31 -%He + 0 +17.6 MeV

There i1s some evidence [rom clinical and radiobiological
results that critena like

-dose distribution per se
-ratio of treatment to target
volume

-homogeneity of dose over the
target volume

are more important in therapy with ncutrons than with
photons. Furthcron the sieze of the treatment volume
secms 1o be a critical issue. It has been the aim of our
investigations to improve the potential of our 14 MeV d-t
neutron generator by more claborate treatment
techniques. From the above mentioned techniques,
WMBT is now routinely used. In opposite to this
irregular shaped fields and small field siezes for multiple
arc therapy are in the experimental phase.

B. Rhein, W.J. Lorenz
6900 Heidelberg

Dosimetry

The use of calibrated A-150 plastic tissue equivalent
(TE) ionization chambers with TE gas [lilling is
recommended as dose measuring instrument by the
neutron therapy groups. With these relative large tissue
equivalent ionization chambers normaly used in ncutron
dosimetry it is often not possible to measure dose
distributions  obtained by  sophisticated  (rcatment
techniques. In photon therapy film densitomctry often is
used to overcome these difficultics. In neutron fields
films cannot be used directly due to the high sensitivity
1o photons. However if neutron spectra and cross
scclions are known, then the fluence can bhe measured
from the disintegration rate of radioisotopes originaling
from a neutron induced reaction and from this the
Kerma can be caleulated. For the determination of
relative  dose distribution we activated plates of
aluminium and measured the activity distribution by
contact radiography with low dose films.

If pure aluminium is irradiated with fast neutrons the
following reactions take place:

27 A1(n,p)2 Mg; 27 Al(n,)24Na; 27 Al(n, 7)28Al;

Table 1 shows some of the calculated quantities, beside
the cross-sections also the correction factors relative 1o
A-150 are given in the table. Al-28 has a half life of 2,3
minutes, so that after an appropiate waiting time there is
no stgnilicant activity.

Tab.1: Cross-sections and Correction-Factors
relative to A-150 Plastic
2TA1(n,a)2Na 2Ta1(n,p)?7Hg
Depth
] Correction [ Correction
[10’27 cm2] Factors (10'27 cm? ) Factors
5 om G0.2 1.0 61.2 1.0
10 om B5.9 0.97 60.6 1.4
20 cm 81.3 0.94 59,7 1.01
off Axis 55,0 0.80 4t 1.93




Weigted moving beam therapy(WMBT)

Essentially "WMBT" is based on controlling the gantry
position and the angular speed of the gantry continously
to deliver a prescribed dose per angle and to correct for
unstable output. This technique presents both, the
opportunity to fit the treated volume closely to the
tumor volume and to realize a more homogeneous dose
over the target volume. As a consequence the use of
WMBT allows a higher dose to be concentrated in the
target volume, while sparing the surrounding normal
tissue, Figure 1 shows the measured dose distribution in
a phantom obtained by WMBT.

// (/ 1/
Yol

Al

\\\\‘,‘

fig. 1 WMBT
Isodoses: 90; 80; 50; 30; 20 %
Arc: -90° to 90°
Weighted-Angle: +20° to +40°
Weighting-Factor: 2

—

"WMBT" is used routinely al our 14 MeV d-t therapy
lacility to treat patients with recurrent coforectal cancer
(see ligure 2)

lig.2 showing isodose contures for "WMBT" irradiation
of a recurrent colorectal adenocarcinoma
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Irregular shaped field sizes

The differences between the response of whole tumors
and parts of normal organs are reduced with high LET-
radiation, so there is an increased need to achieve a high
target to non target dose ratio. The technique of
trradiation  with irregular  fields is becomming
increasingly important.

We use shielding blocks from tungsten to reduce the
dose in organs of risk and to match the dose distribution
to the target volume. A thickness of 10 cm tungsten is
need, to reduce the dose due to leakage neutrons to less
than 20%. to investigate this technique in general we
used a manual multi-leal collimator wich enables us to
do irregular field shaping in a more complex way.
Figures 3 and 4 show neutron dose distributions
obtained by secondary shielding with the multi leafed
tungsten collimator. Measurments have been performed
by the transfer method in a water phantom.

cm

fig. 3 Isodoses: 90; 80; 50; 30; 20 %
TSD = 100 ¢m
Depth = 0cm
Pgo.20 = 6 mm
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fig. 4 Isodoses: 90; 80; 50; 30; 20 %
TSD = 100 cm
Depth = Ocm
Pgo.20 = 6,5 mm

Multiple-arc therapy

Multiple non coplanar arc irradiation is a well known
method [or single high dose treatment in the brain
(radiosurgery ). It was our aim to investigate whether
from the dosc distributional point of view this technique
can also be used for neutrons. For our investigations we
used 24cm thick tungsten inserts with circular field
siezes of 10mm 1o 35mm. Dosc measurements have
heen performed in a lissue equivalent head phan-
tom.The [igures 5,6 and 7 show dose distributions in the
axial, frontal and saggital cross-sections obtained by a
number of 9 semicircular irradiations {arc= 160 degree),
cach followed by a movement of the treatment table of
22,5 degree.
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fig.5,60,7 Isodoses: 80; 70, 50; 30; 20
field size: 25 mm
arc: 160 degree

‘ number of arcs: 9

Conclusion

Due to radiobiological properties there is an increased
need to improve physical selectivity when using high
LET-radiations. The techniques presented allow the
therapists to increase the ratio of target absorbed dose
to non target dose. This will in certain cases probably
reduce the complication rate. The obtained complex
dose distribution can easily be measured by the
Transefer method.
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Sensitivity of cultured human carcinoma cells to
very high LET particle irradiation : no correlation to
low LET radioresponse.

i.Flente, M,Scho\zz, M.Wannenmacher

Deptof Radiclogy, Univ.of Heidelberg, and Sect. of
Radichiology GSI, Darmstadt? + FRG

flesponse to Low-LET irradiation is determined by a
complex interaction of primary lesions (presumably
DMA-stranc breaks) and repair/misrepair-processes (8).
This leads 1o the typcal shouldered dose response in
mammazlian cells systems, which can be well descrited
by a lirear quadratic term. Different cell lines vary
especialy in their shoulder characteristics, whicn is
thought to rellect differing capacities in accumulating
(andt repainng) sublethal damage (2). Recovery is
decreasing with increasing LET (1), as the number of
direct effects and unrepairable lesions gets larger.

In the biclogical pilot phase of the heavy ion clinical
project  at Heidelberg/  Darmstadt  we  started
expenments comparing sensitivity parameters  of
estaslished in vitro cefl lines for Low-LET 6C)Co-rays and
134 MeV Argon particles of the Unilac at the GSI in
Darmstadt

MATERIALS AND METHODS

The human  tumor cell lines (caski, mri-188, hela :
cervix-carcinoma lines, Ix-i ;lung, widr : colon; Courtesy
Tumorbank German Cancer Research Foundation) are
manly  recently established and of low passage
number. T-1 (human kidney) and V-79 (hamster
Iibroblasts) are in regular passage at the GSI. Plating
elfciency ranged between about 11% (MRI-186) and
80% (V79)in monolayer culture. The cell cycle time
(BcUrg Method) is between 11 (V-79)and 26 (MRI-186)
hours

Celis are cultured in 50 mi cell culture flasks (Falcon) in
ME Dulbecco Medium (Biochrom),FCS 15% and
Glutamin (Serva)

at a CO, concentration of 5.5%.

Irradiation was carried out at a %9Co-Gammatron

(240 ¢Gy/min)

anct at the UNILAC for heavy particle experiments at

ambient temperature  The setup for heavy particle irra-
diation has been described before (6).

Cell survival measurements: For particle irradiation
cells are trypsinized and centerplated in petri dishes 24
hr before treatment at a concentration of 105 cells per
dish to guarantee hcmogeneity. For exposure to the
particle beam, the samples are stored in a magazine
and lifted mechanically for a controlled time into the
beam path. Dose is monitored on line, Alter exposure,
the cells are harvested by trypsinization, counted and
dilvted and plated in triplicate into Falcon-TC-flasks
accordirg to expected survival 1o give a colony number
ol about 50 to 100 colonies / flask. Cells are incubated

S29

for 10 to 12 days to allow for progression delay at kigher
doses and colonies are stained with cristaviolet.
Aggregates of more than 50 cells are scored as
colonies. Survival curves are fitted using expconential
least square regression.(Fig 1)

A more simple procedure can be used for tCo-irradia-
tion. The ceils are plated in triplicate irto TC-flasks at
appropriate cell numbers 12 to 24 hours befors
trealment. At the time of treatment a point O cortrol is
fixed for multiplicity correction .

After 10 to 12 days colories are counted Survival
curves are fitted using the lirear quadratic aigorithm.

EXPERIMENTAL SUHEME
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DNA-ploidy : ceis are removed from petridishes by
EOTA/ Trypsin. Trypsin action s stopped with FCS
15%. Cells are fixed with ethanol 70% at 49 C for 30 min.
Single cell suspensions are prepared ULy drawing
through 27g needles.

Analysis of DNA-Distributions is done using DNA-stai-
ning by RNAse/ Propidium lodde (60ug/ml) and a
FACScan (Becton Dickinson) or  Hoechst 33258 and a
PHYWE ICP 22.

Relalive DNA content {DNA-index) of the respective G-
peaks was determined in comparison to penpheral
human blood lymphocytes for the human lines and
mouse spleen cells for V-79 cel's.

Results
Fig.2a + b shows the typical shouldered dose response

of the different cell-lines to Low-LET ®9Co irradiation.
Considerable differences are observed. For a single
dose exposure survival at 2 Gy ranges between 0.73 (V-
79)and 0.42 (MRI-186) . Linear quadratic fitting gves al-
pha/beta Quotients between 22.4 (MRI-186) and 5.8 Gy
(WiDr). Dy, varies between 1.47 (Mri-186) and 2.05 Gy
(Caski). These data are consistent for human
carcinomas cell lines (3).
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Dose in Gray

irradiation cf these cell-lines with Argon (13.4 MeV) par-
ticles) give z purely linear logarithmic dose response
relat onship far clonogenic survival at fluences between
0.5 10 7 x 10% particles /ocm? At the energy used this
means exposure of the cell monolayer to the Bragg
peak of the particle path at an LET of around 950 keVv/
ard a statstcal probability of ore hit/nucleus at a
fiuency of about 0.5 to 1.3 x 10% /em?. Dose is given as
particle fluence per area to allow better for the rather
discrete dose depaosition of heavy particles with a linear
correlation between fluence and absorbed volume dose
measured in Gray. Sensitivity is expressed in Cross
sections . Cross sections are derived from the D, and
measure the probability for a certain biological effect, for
instance inactivation of clonogenicity. They are given as
an area and can be related to a target size.

Dose resporse curves after argon irradiation for three
cell lines are shown in Fig.3. Also with high LET-particle
irradiation differences in sensitivity are seen between the
cell lines studied Variation in cross sections ranged
between 50 (least sensitve, V-79) and 90 u? (T-1)
To compare Low- and Migh-LET sensitivity ¢f the cell
lines regression analysis was done. There was no
convincing relationship between sensitivity to Argon
134 MeVv and parameters of the Jow-LET dose
respCNse Curve

Argen 15 Mev / u

colony survival

0.C01 + -+ + t -
o 2 4 6 8

partictes / sqcm x 10

Inactivation cross section (Argon} <-> survival at 2 Gy
(G(JCO)
R-value :C.48

Inactivation cross section (Argon) <-> Dy, (*%Ca)
R-value :0.02

Imactivation cross section (Argon) <-> /B quotient
(EOCO)
R-value :0.23

Inactivation cross section (Argon) <-> DNA-index
(Flowcytometry)
R-value :0.98

However a close correlation between sensitvily to argen
irradiation and relative DNA-content of the cell-lines was
observed. With increasing DNA- content (ploidy) there
was an increase in sensitivity to heavy particle
irrachation.



Discussion

The cell-lines used show a considerable variation in
sensitivity to low-Let irradiation and thereby represent
the range regularly observed in radiobiology (3). The
differences  in  dose resporse are attributed ‘o
differences in repair capacity (9).

Also with Argon irradiation considerable differences in
sensitivity were seen between the cell lines with a maxi-
mal dose maodifcation factor for inactivation cross
section of 1.9 tetween the least and most sensitive
lines. Clearly this does not relate to repair. as the dose
respense for heavy particles is purely linear logarithmic
for all lines implying no detectable impact of repair. This
is supported by studies on split dose recovery (4).
Correspendingly, there was no correlation between
Low-LET and High-LET sensitivity.

Howaver, we cculd establish a close positive correlation
of sensitivity 10 Argon ions with DNA-Index. DNA-Index
is the relative measure of stemline DNA-content and
ploidy, respectively.

This is .n contrast to Low-LET response, where an in-
crease in ploidy confers a decrease in radiosensitivity.
This was explained by an increase in gene copies,
which could compensate circumscribed chromosomal
damage (5,7).The contrary findings for heavy particle
iraciaticrs stress  the  importance  of geometric
parameters.  The dose distribution is  highly
mhomegenous under a microdosimetric view due 1o the
‘grainy” nature of panticles, however the inactivation
probability of the traverse of a single particle through a
cell rucleus is between 0.5 and 1 considering Poisson
statistics and the nuclear size distribution of the cell
population. This makes target area (reflected in DNA-
index) the major parameter of influence for sensitivity to
heavy particles in the energy range studied up to now at
tie Unilac. Further studies using the high beam of SIS
~il estanhsh whether this phenomenon holds true alsc
in for higher energ'es and lower LET's. This certainly
would be of interest in clinical treatment of aneuploid
tumors.
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PATTERNS OF CELL DEATH AND ABORTIVE COLONY FORMATION IN TWO PRIMATE
CELL LINES IRRADIATED WITH NEUTRONS, y RAYS A?D THEIR COMBINATIONS.

By John Calkins , Mohammed Kunhi', Nazma Hannan

"Department of Biomedical Physics and Department

and William Greer
of Biomedical Statistics and Scientific Computing,

King Faisal Specialist Hospital and Research Centre, P.0. Box 3354, Rivadh 11211, Saudi Arabia

ABSTRACT
The ability of gamma irradiation to reduce
the lethality of selected doses of neutron
exposures has been reported in a previous

publication [1]. There are alternative
explanations of how the reactivation of neutron
killed «cells may be achieved. If gamma

irracdiation recruits mnon-dividing cells into the
population at risk then combinations of neutron
and  gamma exposures could improve the apparent

survival over neutron exposures alone. Analysis
of the patterns of abortive colony formation in
unirradiated populations and with various

combinations of neutron and gamma irradiations
suggest that the gamma action is through an
improved repair of neutron killed cells in accord
with the previously proposed damage-induced-repair
(T repair).
INTRODUCTION

While some mammalian cell 1lines produce a
colony of «cells for almost each single cell
plated, this 1is the exception rather than the
rule. Cells given radiation doses which prevent
indefinite reproductive survival often divide a
few times before ceasing division [2] and thus
form what are termed "abortive colonies". The
incidence of abortive colonies with wvarious number
of cells per clone has been investigated in both
irradiated and «control cells. It has been
observed that certain radiation doses lead to more
surviving colonies than were observed with
unirradiated control cells 3], The number and
nature of abortive colonies following irradition
with neutrons, gamma rays and combinations which
lead to the "reactivation" of non- colony forming
cells has algo been observed [1].

METHODS

Culture, irradiation and assay

The details of culture, irradiation, and
counting of surviving colonies were as described

in Calkins et al [1]. In brief, we studied two
primate cell lines, Vero a monkey line and T 407 a
human line. Log phase cells were trypsinized for

seeding the experimental flasks, irradiated (with
fast neutrons or Co vy rays) in suspension and
plated at 1000 cells per T75 flask with 3
replicate flasks at all radiation doses and 6
flasks for unirradiation controls. The cultures
had been in continuous logarithmic growth for many
months before the experiment and the plating
efficiency (PE) was relatively stable.

For colony forming ability, using a
dissecting microscope, one observer scores an
entire experiment for survival (clone of > 50
cells), marking each colony as it is counted.
Then, for abortive colony assay, also using a

dissecting microscope, the flasks previously
classified for colony formation are counted for
abortive colonies by different individuals. The

minicolonies are counted by cell number marking
each minicolony by color code as it is counted.
In many cases it is evident that the plated cell
and its progeny underwent a precise number of
divisions producing colonies of 2,4,8 etc. cells,
but more often it is evident that daughter cells
may undergo slightly variable numbers of divisions
producing minicolonies of 14-24 cells rather than
precisely 16 cells. Clones have been classfied by
number of divisions; considering the wvariability
of division in daughter cells in abortive colonies
the groupings indicated in Table 1 have been made.

Table 1
Cells per 1 2-3 4-6 7-12 13-24 25-29 >50
Clone
Average Q0 1 2 3 & 5 >
Divisions

SUTVIVOTS

Analysis and Data Presentation

In all cases, dilutions of cell suspensions
were made to supply 1000 cells per flask.
Statistical fluctuation will occasionally produce
more than 1000 clones per flask which leads to a
negative mnumber of ‘"missing” clones which is
difficult to represent. Two presentations were
used: 1) linear scale bar graphs of the numbers
of clones in each category and 2) logarithmic
scale bar graphs of the number of clones in each
category which provides a "spectrum" of the clone
distribution. While it is much easier to see that
a small gamma ray exposure has increased the
average survival and reduced the number of missing
clones in the linear plot, the logarithmic plot
provide a clearer view of the behaviour of each of
the abortive colony categories which is the
central focus of this paper.

RESULTS
Unirradiated Coutrol Cell Responses

The two lines we have investigated differ
regarding abortive colonies in control cultures.
The Vero line control flasks shows miniclones
which added to the surviving colonies usually
equal = 950 cells, with only about 5% missing.
The observations are compatible with no lysis of
plated cells: the 5% unaccounted clones could have
been confluent single cells or minicolonies (too
close te other colonies to be resolved) plus
variations in the number of cells incculated.

In the 1-407 line there were relatively few
abortive clones at the standard time for scoring
the flasks. Most of the non-surviving I 407 cells
had evidently lysed prior to scoring and only =&
small percent < 102 of the non-surviving
unirradiated cells formed persisting abortive
colonies at the time of scoring while the Verc
cells plated were essentially all accounted for in
survivors and minicolonies.

v irradiated cell response
In the Vero line (data not shown) doses up

to the "step" level increase survival, increase

slightly the number of clones in mest of the

e

cious categories of abortive division ard,
reduce the "missing” category. Progressing to
doses above the step, survival falls steadily with
increasing dose and the missing category rising
correspondingly. Only at 5-6 Gy is there a
progressive reduction of the 4 and 5 division
abortive colonies while the 0-3 groups still
contain more clones than the unirradiated control
flasks. The gamma response of the cell T 407 line
is shown in twe panels (Fig. 1), the first shoewing
doses up to the "step"” '3} and the second panel
illustrates the effect of doses above the "steps”.
The 1 407 line (Fig 1) shows the same trends as
the Vero line. Survival and abortive colonies
increase up to the step dose level; above the
step, survival falls and the missing cells rise
but abortive colonies in the 0-3 category increa
with dose. Only the highest dose (6.9 Gy) reduces:
the 5 division category from the step value. Even
at the highest doses there are many more abortive
colonies in all categories than in the
unirradiated controls.
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FIG. 1.  THE LOGARITHM OF THE NUMBER OF
CLONES OF I 407 AS A FUNCTION OF AVERAGE
NUMBER OF DIVISIONS AND GAMMA DOSE IN cGy.
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"STEP" IN THE LOWER PANNEL.
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Neutron Response

The effects of neutron irradiation on
abortive colony formation (Fig 2) differs somewhat
in the two cell lines; it is also quite distinct
from the patterns observed after the low LET (¥)
exposure . In both lines there is no distinct
transition in response such as was noted at the
"step” in the v response.

The Verc line shows a simple progression of
response; a decrease in survivors and large clones
is compersated by increases in missing and small
clones. Clones in the 5 division category and
survivors (>5) show a progressive reduction with
dose; clones in the 2-4 categories rise in numbers
at low doses but then progressively fall with
increasing dose; the mising, 0, and 1 division
categories increase progressively with dose. The
I 407 response to neutrons is similar to the Vero
for survivors and for the missing 0 and 1 division
categories (survivors falling compensated by
progressive increases in the missing 0 and 1
categories). Exposure to neutron doses from 0.6-
1.8 Cy «causes a small increase in clones in
categories 2-3 over control levels, an increase
which remairs approximately constant regardless of
dose.
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FIG. 2. THE LOGARITHM OF THE CLONES AS A
FUNCTION OF AVERAGE NUMBER OF DIVISIONS

AND NEUTRON DOSE IN ¢Gy FOR THE TWQ CELL
LINES.

Response to Neutron - vy Combinations

Gamma reactivation of neutron killed Vero
cells (data not shown) is evident in these
experiments and in many other experiments not
reported here; however combinations of neutron
plus gamma exposures do not improve survival in
all combinations. Cells treated with neutron
doses of 0.3 Gy are in general the most likely to
be reactivated; cells exposed to neutron doses of
0.6 Gy are more likely to show enhanced killing
with added v exposure, At neutron doses where
survival was improved (0.3 and 1.8 Gy N) the
number of abortive colonies tended to be
increased; when neutron and gamma combinations
reduced survival (1.2 Gy N) the overall rnumber of
abortive colonies was reduced.

In the 1 407 line small gamma doses were
more uniformly effective in improving the survival
ir neutron exposed cultures (Figure 3). In all
cases the addition of gamma to neutron exposure
ircreased the abortive colonies over the numbers
seen with neutron alone (data not shown). Aside
from the relative effectiveness, the trend of the
response to neutron-gamma combinations was nmuch
the same in the two cell lines.
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FIG. 3. THE SURVIVING FRACTION (RELATIVE TO
UNIRRADIATED CONTROL  CULTURES) AS A
FUNCTION OF COMBINED NEUTRON AND GAMMA
DOSES IN ¢Gy FROM A TYPICAL I 407 EXPERIMENT.

DISCUSSION

It is evident that the responses of these
two cell lires are very complex. The cell lines
differ in significant details of response even in
unirradiated control cultures with non-surviving
Vero clones tending to form minicolonies while I
407 showing early lysis of non-survivors. However,
there are clear similarities of responses to
radiation in the two lines. In both lines
certain vy doses can increase the survival of
unirradiated cells, This improvement 1in survival
comes at the net expense of what would seem to be
the least viable cells, i.e., those that lyse
before scoring. Neutron irradiation tends to
reduce survival by increasing early lysis. The "«
reactivation” of neutron killed cells increases
survival by reducing early lysis in both lines; ¥
exposure also tends to increase the number of
abortive colonies (data not shown).

It must be emphasized that the trends ncted
here, although reproducible, occur at specific and
critical dose levels. There are changes in the
pattern of response; above 1-2 Gy v rays produce
early lysis as neutrons do beginning at the lowest
dose (0.3 Gy). The observations mnoted here in
general fit a pattern suggested by Calkins in 1967
[4] of induced repair where the character of
response abruptly changes as the threshold of
repair induction is crossed. To adequately
understand radiation response, the thresholds for
repair induction must be recognized along with the
nature of the mechanisms of repair of DNA damage.
Lethal but repairable damage can arise from
radiation but also seems to develop in cell
cultures in the natural course of subculturing of
established lines, thus leading to the capacity of
small (presumably repair inducing) doses of
irradiation to improve the PE of irradiated cells
over unirradiated cultures [3]. Radiation should
be recognized as a complex and mixed agent
sometimes beneficial, in other circumstances very

harmful. The patterns of abortive colony
formation noted above are clearly different from
our original expectations. A working hypothesis

is proposed below which rationalizes many of the
puzzling observations reported here.

Although a large and continual loss of
reproductive cells 1is typical of tumors, cell
cultures with a small growth fraction (low PE) are
not widely used for radiobiological research. The
disappearance of 50-80% of our cells from the
growing population is too high and regular to
believe that the missing cells arise from eratic
radem injuries particularly when 1t appears that
many of the missing cells can be returned to the
proliferating population by a treatment with low
levels of ionizing radiation [3]

We postulate that low deses of vy radiation
can return cells which would die and lyse {1 407)
or fail to divide (Vero), into the wviable
population. This is attributed to some form of
induced repair, and the induced repair is able to
correct damage inflicted by neutrons thus leading
to "reactivation" of neutron killed cells, The
reactivaved population arises from the lesst
viable (lysing or non dividing cells) and not from
the abortive colony formers. In fact in both cell
lines the pumber of abortive colonies is increased
not decreased by the gamma reactivation (induced
vepair). Since induced repair is a threshcld
phenomena, full comprehension and control of
neutron therapy will require understanding of the
nature and location of thresholds for inducing
repair processes.
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ABSTRACT

The LET distribution of neutron therapy beam
produced by KFSH cyclotron (Cs-30) was measured
using a low-pressure tissue-equivalent (Rossi)
proportional counter. The measurements were made
in air and at various depths and lateral distances
in a water phanton. Using published RBE-LET
relationships for 3 levels of survival,
predictions of the effective RBE variation of our
beam with depth and near the beam edges were made.
It was observed that the effective RBE at the B0
survival level was about 3.5, a value
approximating the therapeutic value used and in
good agreement with some biological measurements
using this neutron source.

INTRODUCTION

Fast neutron radiotherapy became available at
the King Faisal Specialist Hospital and Research
Centre in 1984, a p,n, neutron facility, and was
previously described by Barral et al.[l]. Fast
neutron therapy has advantages over conventional
photon or electron radiation in the treatment of
certain types of tumors such as salivary gland
tumors, prostate tumors, soft tissue sarcomas, and
others [2]. Dosimetry for clinical neutron
therapy requires the specification of absorbed
dese and the Relative Biological Effectiveness
(RBE) which is related to the radiation quality of
the beam used. The absorbed dose alone is not
sufficient for the description and understanding
of radiation quality because it reflects the
average energy deposited in tissue, whereas
biological effectiveness is due to the spectrum of
local energy deposition in small, sensitive sites
such as a cell or its subcomponents. Energy
depositiorn in such a small volume may show
considerable statistical fluctuation, which must
be accounted for by an as yet undefined theory
relating radiation quality to biological action.
Therefore, the spatial distributions of absorbed
dose and of radiation quality with tissue depth
and with lateral distance from the beam axis are
relevant factors in fast neutron therapy.

The RBE of the beam just outside the edge of
the field is a most important observation since
field edges are often placed to protect critical
organs and since the field edge is not perfectly
sharp, there may be significant dosage 1-2 cm from
the beam edge, and the RBE at the beam edge could,
due to neutron scattering, be significantly higher
than in the geometrical field. Also, a precise
description of the spatial distribution of
radiation quality (LET spectrum) is the first step
which can then be combined with published data on
RBE vs. LET to give an estimation of the spatial
variation of RBE within the treatment volume,
eventually leading to a proper biclogically based
theory of neutron therapy.

A tissue equivalent proportional counter was
used to determine the LET distribution of
collimated neutron therapy beam. The measurements
were performed in air and in water phantom to
determine microdosimetric spectra at different
depths on the axis and near the neutron beam
edges. RBE-LET relationships for 1%, 10% and 80%
survival combined with the microdosimetric spectra
were used to compute the spatial wvariation of
effective RBE in the water phantom (and in air
outside thke phantom).

EXPERIMENTAL METHODS

The therapeutic neutron beam was produced by
bombardment of a beryllium target with 26 MeV
protons produced by the Cs-30 cyclotron of KFSH; a
lithiated polyethylene filter 4 cm thick, was used
which “hardened” the neutron beam to an average
energy of 11 MeV. The water phantom (water in an
open lucite cube) had dimensions of 40.0 cm x 40.0
cm with 20 cm deep water was placed at 120.0 cm
distance from the target, roughly simulating a
head & neck patient. The field size at the
surface of the phantom was 10.0 cm x 10.0 cm. A
spherical tissue equivalent proportional counter
(Far-West Technology) with an inside diameter of
1.27 em (0.5 in.) filled with a tissue equivalent
gas-mixture of 28.8% COZ' 2.75% N2 and 67 .54% CHA
at a pressure of 5.63 cm Hg was used to simulate a
tissue sphere of a diameter of 1 um. {3].

The proportional counter was calibrated with
an internal 244 Cm source, alpha energy 5.60 MeV,
and average stopping power of 81.7 KeV um’ in
tissue [4]. The electronics of the measurement
system was composed of several ORTEC modules,
including a 126 Preamplifier, 472 spectroscopic

amplifier, and 2048 channel MCA. The energy
deposition spectra for each spatial position
constituted four subspectra measured with
different gains. Following the procedure
described in ICRU Report No. 36 on Microdosimetry
[5]. The gains were chosen so that any two

neighboring spectra had sufficient overlapping
Tegion that they could be matched to give the
spectrum over a wide range.

Analytical Methods
The analysis of data was done by a computer
code called MICDOSE wusing similar algorithm as
used by W.H. Grant et al.[6] and H. Heintz, et
al.[7) in computer codes ANALET and FEVENT,
respectively. The main steps of this code are the
calculation of even size distribution [P(Y], afrer
joining at the different subspectra. The relative
dose distribution D (Y) and the dose weighted
distribution YD(Y) .vs. ¥, where Y is the lineal
energy in KeV um’ was derived from the P(Y)
distribution and normalized to have integral dose
equal to unity. The MICDOSE code also calculates
the Relative Biological Effectiveness RBEs for
each point by using the values of RBE extracted
from the three survival curves (1, 10, 80%)[8] and
the values of YD(Y) distribution.
RESULTS
The microdosimetric spectra of the neutron
therapy beam were measured on the central axis at
four depths: 0.5, 5, 10 and 15 em in our water

phantom. Also, the spectra were measured at four
lateral distances: 5, 6, 7 and 9 em for each
depth. Similar measurements were done at one

distance from the target in free air for the
purpose of comparison,

Fig. 1 represents the variation of YD(Y) vs. ¥
along the beam axis for different depths in the

water phantom. While there is a large reduction
of intensity over this range, the changes in LET
spectrum are quite small. A small decrease in

YD(Y) with depth is observed in the high energy
(~10 KeV/u proton region of the spectra, while the
low energy proton (50 -100 KeV/u) component falls
more {(i.e, the beam hardens with depth) .
Corresponding to the beam hardening, the a
component (100 - 500 KeV/u) also increases.
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MICRODOSIMETRIC SPECTRA MEASURED IN THE BEAM
AXIS IN WATER PHANTOM FOR DIFFERENT DEPTHS

Fig. 2 represents YD(Y) vs. Y variation at the
different distances off beam axis for .5 cm depth
in the water phantom,. In the beam, the same
phenomena is observed as in Fig. 1, but outside
the beam edges, the decreases in high energy
proton region with depth becomes more important
and YD (Y) near the proton edge increases
significartly for all depths due to the relative
importance of scattered neutrons which produce
more high LET (low energy) recocil protons.

In the beam, the microdosimetric spectra for
all depths have much the same features as at the
10 cm depth with only slight variations. However,
a marked increase YD (Y) 1is observed outside of

1000

FIG. 1

the beam near the proton edge (80 KeV/u).
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FIG. 2: MICRODOSIMETRIC SPECTRA AT 0.5 CM DEPTH IN WATER
PHANTOM FOR DIFFERENT DISTANCES OFF BEAM AXIS

Fig. 3 represents a typical RBE x YD(Y) vs. ¥
on the beam axis at 0.5 cm depth in the water
phantom for 1, 10 and 80% surviwval. Also, YD(Y)
vs Y is included in the plots for comparison
purposes.

Table 1 represents the values of Yp, the mean
lineal energy dose for all spectra at the
different spatial position.

Table 2 represents the
the effective RBE for all microdosimetric spectra
at the different spatial position at the 3 chosen
survival levels.

Table 3 shows the dose rates at the points
corresponding to the location of the YD(Y) values
measured.
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TABLE 1. VARIATION OF RELATIVE BIOLOGICAL EFFECTIVENESS
FOR DIFFERENT SPATIAL POSITIONS (em)} IN WATER
PHANTOM AND IN AIR.
LAT. DIST. 0.0 5.00 .00 7.00 2.00 CELL SURVIVAL
SEPTH
350 3.5¢ 3.re 3.88 3197 BIx%
C.50 2.9 2.33 2.39 2.54 2,63 10%
1.7 1.81 1.8% 1.98 2.0% 1%
359 1.58 3.7 3.96 .7 BL%
5.00 2.3% 2.5 2.43 2.56 2.66 1
1.82 1.87 1.88 1.98 z.or ’ 1%
3.55 5.95 3.57 3.89 3.5 BOX
10.00 2.30 2.30 2.31 2.51 2.56 w0k
1.7 1.7% 1.79 1.94 199 1%
3.55 3,56 3.70 4.03 .09 8o%
15 .00 2.9 2.3 2.3%9 2.5% 2.65 “0%
1.77 1.8 1.8% 1.99 2.04 1%
3.54 3.5 349 4.04 %.05 BOX
AR 2.29 2.28 2.27 2.59 2.60 0%
1.78 1.78 1.77 1.98 1.99 1%

VARIATION OF DOSE MEAN LINEAL ENERGY YD [keV/um]

TABLE 2.
FOR DIFFERENT SPATIAL POSITIONS (cni)  IN WATER
PHANTOM AND IN AIR.
LAT. DIST. 0.09 5.00 6.00 7.00 9.00
DEPTH
0.50 85.1C £8.30 65.90 51.30 44.20
5.00 &7.70 73.01 61.10 51.30 «7.10
10.00 68.70 70.63 69.30 55.30 48.90
15.00 5.30 68.00 65.60 53.40 “7.70
AR 68.60 64.80 7.70 58.60 57.90
Table 3. VARIATION OF DOSE RATE WITH POSITION
LATERAL
DIBTANCE 0 5 6 7 9
(em)
DEPTH (cm)
.5 3218 +2574 L0579 .0386 0161
E] .252 L1967 .o882 .0459 0282
10 L1727 .1485% .0984 L0484 .0259
15 .108 0929 .Q702 D346 .0216




DISCUSSION

The measurement we have made are in good
accord with what might have been expected from
neutron physics. Our beam is prefiltered by a
4 cm lithiated polyethylene filter, thus removing
most of the low energy neutrons produced in the
source.  Our collumnation system does not generate
a large scattered neutron component. It is
evident (Fig. 1} that there is some but minor
beam hardening as the beam penetrates tissue. Our
beam procduces two high LET components which when
folded with the corresponding RBE wvalues are
approximately equal (note the two equal peaks in
figure 3 corresponding to LETs of ~80 and 150
KeV/u). These two peaks arise from the low energy
neutron produced recoil protons and the high
energy neutron produced, n, a reactions in C, N
and 0. Since the modifications of the fast energy
reutrons as they penetrate tissue have opposite
effects on the two components, the net result is
that the RBE weighted effective beam remains
almost constant with depth (Table 2). This
situation would doubtless not apply to other fast
neutron therapy facilties where the two high LET
components might be quite different.

The principal concern which this study
addresses is that the structures just outside the
beam edge might receive an excessive dose through
a combination of poor definition of the beam edge
and a high RBE of radiation just outside the
nominal beam because of a large low energy recoil
proton ccmponent generated by neutrons scattered

out of the beam. This research tend to dispel
this concern. The RBE outside the geometrical
beam rises modestly (= 5-10%) because the

scattered neutron component is largely compensated
by the low level of the n, a reaction outside the
direct beam.

Our observations and approaches are clearly
consistent with current reports regarding the
clinical RBE of fast neutron beams[9]. Ve note
that we obtain a wvalue of =3.5 for our RBE
relative to Co vy rays (at 80Y% survival) and that
the value of 3.5 is quite consistent with the RBE
value we observed for transformation and killing
of C3H-10T-1/2 cells (Calkins, et al. submitted)
and for killing of two primate line cells(10].
The effective clinical RBE we use for our neutron
therapy protocol is 3.58 again consistent with our
calculated values. Nevertheless, we have no real
basis to expect that the RBE for 80% survival
would be the proper value to apply in clinical
neutron  therapy. The neutron tumor dose
increments we apply (1.55 Gy) correspond to about
10% survival and at this survival level the RBE
would be much less, only about 2.3. The
fmplication of the observation of such a high RBE
is that perhaps it is the cells and tissues that
receive lower doses incidental to the tumor
therapy that are the actual limiting factor in
neutron therapy. The results of studies of both
hamster and primate cells imply that, contrary to
many previous studies, there is an induction of
repalr which transfers response from a sensitive
type to a resistant type at a definite threshold.
Within this assumption, it is possible to use a
single RBE factor for all survival levels between
about 100% to about 20%. The single RBE factor
turns out to be 3.5 for our observations (Calkins
et al. submitted).

6]

[7]
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Introduction

The application of fast neutrens in cancer radiation therapy is
based on the expectation that there is a biological selectivity for
some tumours with regard to high-LET radiation, i.e. it is hoped
that the differential biological effectiveness for tumour control and
normal tissue complications is higher than in conventional low-
LET therapy with photons and electrons. It is common in radiation
therapy, and in radiation biology, to qualify the different types of
radiations simply as low or high-LET radiation. The related
implication that there is a simple bi-modal description of
effectiveness or radiation quality, however, does not correspond to
reality. In fact, the charged particles released by the interactions
of fast neutron with tissue nuclei have LET values ranging over
more than four orders of magnitudes. Moreover, the actual dose
distribution in LET depends critically on the neutron energy, as
does the biological effectiveness expressed as RBE. It appears
somewhat paradox that, in spite of being the basis of the underlying
rationale, high-LET radiation quality has been treated in a very
simplistic way in neutron therapy practice, for example by using a
clinical RBE values as single dose scaling factors to relate
conventicnal photon and neutron treatments.

The complexity of radiation quality specification in neutron
therapy is due to the fact that the biological effectives is dependent
on neutron energy and that there is an inherent variation of
biological sensitivity of different types of tissue and endpoints.

The neutron beams used by various therapy centres are of widely
differing energies and, corresponding by radiobiclogical
experiments have revealed considerable differences in RBE
hetween the various neutron beams [ 1172 1[3 1. Although these
biological experiments provide the necessary primary
infoermation there is no generally accepted procedure to decide on a
factor to be used to account for these differences. In addition, at
some facilities RBE variations have been observed inside
irradiated phantoms, in particular with increasing depth (4 }[5]
{6 ]. In spite of this evidence, there is no quantitative and widely
accepted specification in radiation quality used in neutron therapy
practice. The obvious discrepancy between the accuracy
requirement for absorbed dose delivery of £ 3.5 % (expressed as one
relative standard deviation,{ 71 and the lack of an adequate
method for accounting for radiation quality differences and
variations calls for an urgent practical solution of the problem
[10)(11}(12]

Criteria for radiation quality specification in neutron therapy

The requirement of high accuracy in the delivery of absorbed dose
to the target volume in radiation therapy is determined by the
steepness of the dose-response curves.for tumour contrel and
normal tissue complications [ 8 1. In photon and electron therapy,
the accuracy requirements can be met by optimization of
dosimetry, irradiation techniques and treatment procedures. In
neutron and other high-LET therapy, the difference and variations
in radiation quality should be specified with comparable accuracy.

For principal reasons a single parameter specification of
radiation quality is preferable in clinical practice. At least, if the
difference in biological effectiveness of neutrons and photons is
considered, the applicability of a single conversion factor is,
however, limited in view of the well known variations of RBE with

dose, dose per fraction, biological effect and type of tissue.
However, if the biological effectiveness of different neutron
therapy beams, i.e. neutrons within a limited energy range, are
compared & single parameter characterization appears more
promising and justified. Such a conversion factor has been given,
the name clinical neutron intercomparison factor (CNIF) [ 9 ].
This factor is expected to be adequate for comparing the biological
effectiveness between different neutron beams. The remaining
problem was to establish a method to evaluate the factor with the
required accuracy.

This paper is aimed at showing the considerable improvement
achieved in specifying radiation quality for neutron therapy by
using microdosimetric techniques and radiobiological
experiments { 111 {12 ].

The microdosimetric approach is used to derive biclogical
weighting factors for absorbed dose which fulfils the criterion of
meeting the accuracy requirements for absorbed dose. This
weighting factor is based on combined radiobiological and
microdosimetric measurements and should be used in support of
establishing CNIF values with increased reliability and will
provide the possibility to take into account RBE variations of
clinical relevance at a given facility. Another criterion to be met
by any radiation quality specification for clinical applications is
that it has to be valid for relevant biological endpoints, in
particular, for late effects in normal tissue.

Empirical biological weighting functions

Results of microdosimetric measurements at neutron therapy
facilities have been reported by many authors (for references see
{10 1011 1[12 ) They have revealed that the measured spectra
provide detailed information on the secondary radiation
components and that they are very sensitive to variations of
irradiation parameters such as primary neutron energy, field
size, position in phantom and shielding. More recently, a
systematic microdesimetric intercomparison cof all European
neutron therapy centres has been carried out under the auspices of
the EORTC [ 12 1.The biological intercomparisons of most of these
beams were performed [ 3 1. These correlated microdesimetric and
radiobiological investigation was used to derive a biological
weighting function r(y) in dependence of the microdosimetric
quantity lineal energy, y. With the only assumption of the
existence of a correlation between the RBE of a given neutron beam
and the shape of the microdosimetric dose distribution, the
function r(y) was obtained by a numerical optimization procedure,
so that the integral R :

R:fr(y).d(y).dy

reproduces the RBE ratios between any of the investigated beams
and one neutron beam chosen as a reference. Such a procedure is
well known in other applications and has been used to evaluate
empirically biological weighting functions [ 13 1(14 . Assuming
an initial guess function for r(y), the parameters of the function
r(y) are optimised by successive iterations in order to match the
calculated parameter R and the experimental RBE ratio for each
the investigated neutron beam. The biological results available
and used in the analysis were growth inhibition in Vicia faba and
early effects in mice. The resulting functions r(y) have shapes



similar to that of the well known RBE-LET relationships [ 10][ 11]
{ 12 ]. However, in detail, they depend on the biological system and
the dose level. A comprehensive statistical analysis of the result
showed that for the RBE values and microdosimetric data
available, the overall uncertainty of R is less 3 % (¢ 1 standard
deviation within the neutron energy range relevant to therapy)

(1ijliz]

The empirical procedure proposed for the determination of the
biological weighting function therefore meets the above given
accuracy requirement and thus enables the determination of CNIF
with sufficiently good accuracy. However, it has to be kept in
mind, that the results obtained to date are restricted to the given
biological endpoints, to the dose levels available for the analysis
and to the neutron energy range of the therapy beams used.
Combined microdosimetric and radiobiological experiments with
endpoints and dose levels of clinical relevance are urgently
required to reduce the restrictions of the applicability of the
procedure.

Concluding remarks

The briefly described empirical procedure and the obtained results
have shown that radiation quality specification for clinical
purposes meeting the accuracy requirements is possible. In the
future the evaluation of biological weighting functions has to be
extended to other, clinically relevant endpoints. It is suggested
that this microdesimetric approach is taken account of when new
radiobiological experiments are being designed.

It should also be emphasized that the microdosimetric
investigations of neutron therapy beams have achieved a number
of improvements for the concept of therapy. First of all, the results
document very clearly that the separation of photon and neutron
dose components is only one, and a relatively small one at that, of
the problems of radiation quality specification and that the offered
microdosimetric alternative is much more comprehensive. The
method has been shown to be able to account for small differences
and variations of radiation quality for example with penetration
in phantom. The achievable high accuracy for R, the
microdosimetric parameter to estimate the biological effectiveness
of & neutron beam with a given energy relative to that of a neutron
reference beam,. provides severe constraints for the experimental
RBE values and thus contributes towards reducing the confidence
limits.

The method must be recommended also to radiation therapy with
other particles such as protons and, in particular, heavy ions. The
experience gained with neutron therapy suggests strongly that the
principle of combining dedicated radiobiological experiments with
microdosimetric measurements is applied to heavy particle
therapy from the beginning. There is, however, a need to modify
suitably the experimental method with regard to complex size and
possibly simulated diameter.

Finally, it should be mentioned that in radiation protection
dosimetry, simple dedicated microdosimetric instruments have
become available. It is possible to develop corresponding
instrumentration for therapy applications in order to facilitate the
still laborious microdosimetric method and make it accessible to
routine use.
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The early and late effects of fractionated cdoses
of fast neutrons (42MeV,,,. ) were studied in the skin,
lung, kidney and rectum of the pig. These results were

compared with those for photon irradiation and RBE
values calculated. The RBE for danmage to dermal
tissue, expressed as necrosis after 10-20 weeks, was
greater than that for early molsht desquamation, but

only for total doses gilven as ~2Gy/fraction of X rays.
For dermal and subcutanecus tissue atrophy, sccred from
26-104 weeks, the variation in RBE values with X ray
dose/fraction did not differ significantly with the
observation period. These RBE values were similar to
those for dermal necrosis, although values tended to

decrease with Increasing latency for doses of
~2Gy/fraction. Results for the lung showed no

significant variation 1in RBE for early and late
effects. In the rectum, however, a significant

difference was ncted, with BBE values of 2.0 and >3.0
for acute and late effects, respectively, for photon
doses of 5-8Cy/fraction. Very severe late effects were
seen for doses that were initially well tolerated. For
late radiaticn damage to the skin, lung and kidney, the
RBE was ~3.0 for X ray doses of ~2Gy/fraction.

Introduction

Fast neutrons were first used in radiotherapy in
the United States nearly 50 years ago, but the late
effects resulting from such treatments were so severe
that the initial trial was curtailed [1]. With the
realisation that the BBE increased with decreasing
dose/fraction it appeared that the severe late normal
tissue complications previously reported [1] could have
been due to the use of toc high a dose. The radio-
biclogical findings and the favourable clinical results
of Catteral et al. [2] resulted in a revived interest
in the c¢linical use of fast neutrons. However, *the
increased risk of late normal tissue morbidity still
appeared to be a major limitation in the use cf fast
neutrons [3-5]. This could reflect difficulties in
obtaining an adequate dose-distritution with the first
generation of neutron beams although it should bte notfed
that late morbidity was still a problem with neutrons
produced by higher energy cyclotrons [€].

This paper r-views the results of an extensive
experimental study designed to determine the RBE for
higher energy neutrons (H2MeV o .. } specifically for
early and late effects on the normal tissues of the plg
[7-31. These studies were carried out using the
Variable Energy Cyclotron (VEC) at the Atomic Energy
Research Establishment (AERE) Harwell. This produced
fast neutrens with an average energy of 14MeV, similar
to that of the new hospital based high energy cyclotron
(62MeVp+Be) at the Clatterbridge Hospital, Merseyside,
UK. Both early and late effects of fractionated doses
of fast neutrons were studied in the skin, lung, kidney
and rectum and <compared with those after photon
frradlation. RBE wvalues were calculated. A large
animal model allcwed the i{rradiation of tissue volumes
and hence dose distributions comparable with those
fourd clinically,

Materials and Methods

Female plgs of the Large White strain were used.
The animals were brought in tc the animal house when
12~weeks~old (20-25kg) and allowed an acclirmatization
period of at least 2 weeks before any experimental
procedures were undertaken. A1l procedures wWere
carried out under anaesthesia using a 2% halothane,
~70% oxygen and ~30% nitrous oxide gas mixture.

Irradiations and the assessment of damage

[1] Skin: Prior to irradiation 16em x Yem fields were
‘marked by tattooing with India 1ink on the left and
right flank of each pig. For X drradiations (250kV
X rays, HVL 1.4mm Cu; FSD 50cm; dose rate ~69cGy/min)
2-4 fields on the left flank, separated by U4cm, were
irradiated. Fields cn the contralateral flank acted as
controls; the exit doses (<8%) have not been shown to
produce any late radlation-induced changes in tre skin.
For irradiations with fast neutrons only 2 fields were
marked out on the left flank of each plg, separated
from each other by 12cm. A single control site was
marked 1n the centre of the right flank, positioned
between the irradiated flelds on the left flark. The
exlt dose was ~30% of the applied dose after neutron
irradiation. The characteristics of the neutrcn beam
have been detalled previously [10]. Neutrons were
produced by the bombardment of a 2mm thick, gold-
backed, beryllium target witk U2MeV deuterons (SSD
150cm; dose rate ~54cGy/min), Full skin build-up was
provided by 10mm of tissue equivalent materilal, taped
to the skin surface.

Irradiations with X rays were with either a single

dose or fractionated doses given as 6 or 14F/18 days,
and 6, 14 or 30F/39 days. Fast neutrons were also

given as a single dose or as & or 12F/18 days, and 6,
12 or 30F/39 days.

Pigs were penned Individually Indoors and the sxin
sites scored weekly by at least 4 observers for 16-20
weeks after irradfatlion. Skin reactions were assessed
in terms of the severity of erythema and presence or
absence of moist desquamation or dermal necrcsis [7].
Zso-effect doses for the early epithelial response and
subsequent  dermal reaction to each ractionation
schedule were derived by establishing, at each dose
level, the incidence of moist desquamation and dermal
necrosis, Dose-effect curves were fitted by probit
analysis and ED., values (*SE) calculated.

At regular intervals from 26 to 104 weeks after
irradiation the degree of late radiation-induced damage
to the cutaneous and subcutaneous tissue was assessed
by comparing the lengths of the long axis of the
irradiated skin fields with those of a comparable field
on the opposite flank of the same pig. The ratio of
the lengths of the irradiated/control sites represented

the "relative field length". Measurements taken at
26-52 weeks and 65-104 weeks were converted into
quantal data, At each dose level and for each



fractionation regime the proportion of skin flelds
showing a ‘'relative fleld length' of <0.9, <0.875,
<0.85 or <C.825 was assessed. These data were used to
caloulate EDgy values ( +SE) for these 4 different
levels of effect,

[11] Lung: Prior to irradiation the position of the
fuily ventilated basal lobe of the left lung was deter-
mined fluoroscopically and included iIn a 10cm x 2Ccm
triangular shased ffeld tattooed on the overlying skin,
This field was irradiated with efther single or
fractionated doses of X rays and fast neutrons. The
irradiation schedules were the same as those outlined
for the skin.

tests were performed pricr to
13-week intervals for up to 104
weeks after irradfation. FEach animal was tested twice
on each occasfon using a '?%Xe washout technique [G].
Changes 1in the gas exchange capacity of the Irradiated
lung were compared with that of the contralateral
unirradiated lung. The results from these lung
function tests were converted into quantal data on the
basis of the percentage of lung function tests showing
a #15% impairment in function in the irradiated lung
compared with the unirradiated lung in the same animal.
EDs¢ values ( *SE) were determined for the early
pneumonitic (13-26 weeks) and for the late fibrotic
{39-104 weeks) phases of damage after irradlation.

Lung function
irradiation and at

Ji1i] Kidney: Prior to irradiatlion the position of
both kidneys was determined by intravenous pyelography
and the right kidney inecluded in an 8cm x 12cm field
vattoced on the overlylng skin. In each animal this
field was dirradiated witn either X rays or fast
neutrons. Doses were glven as a single dose, as 6 and
12F/18 days, or 6, "2 or 30F/39 days of fast neutrons,
and as a single dose, as 6 and 14F/18 days, cr as 6,
12, 14 and 30F/39 days for X rays.

Before irradiation and at intervals of 4-10L weeks
after irradiation renal functicn was assessed by reno-
graphy [113. This allowed the determinaticn of a
functional index (FI). The FI, expressed as a
percentage, 13 defined as the ratio of the uptake
functicn for -73T-hippuran of the irradiated kidney to
that of the contralateral unirradiated kidney 1n the
same animal. Irradiated kidneys for which the FI was
$30% were defined as havirg neo significant function.
RBE values were calculated based on the maximum dose at
which functior was still observed, the minimum dose at
which no function was observed, and an intermediate
"iso-effect dose" between these two effect levels.

[iv] BRectum: A 10cm length of the rectum of the pig
was irradiated with either single doses or fractionated
doses involving one fraction/week i.e. 6F/5 weeks of
fast neutrons or °®%Co ¥ rays. The latter schedule
avcided severe acute damage, the weekly infterlraction
interval allowing regeneration of the mucosal
epithelium. Acute damage was assessed by the reduction
in crypt cellularity counted in histological sectlons
from rectal biopsies taken serially from individual
pigs 1-10 days after irradiation. lLate damage was
determined on the basis of severe morbidity.

Results

[1] Skin: Following X {irradiation a significant
increase in the 1soc-effect dose for moilst desquamation
was seen when the fraction number increased from 65-1Y4
given over 18 or 39 days (p <0.0005). The slight
decrease 1in Iso-effect for X ray doses given in 30F
compared with 14F/39 days (Fig. 1) was not significant.
No significant effect of fraction number was seen
following neutron Irradiation. However, a significant
time factor was noted, the Increase In irradiation time
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from 18-39 days being assoclated with an ~20% increment
In total dose.

A log-log plot of the EDs; values for dermal
necrosis versus fraction number is shown in Fig. 2. A
good linear correlation was obtalned between 1-30
fractions for X rays, and between 6-30 fractions for
fast neutrons. Increasing the i1irradiation time had
little effect; moreover, fracticnation of the fast
neutron dose has little effect on the ED:: values for
doses given In 2€ fractions. The variation ir the RBE
of fast neutrons, with respect to the X ray dose/s
fraction, is shown in Flg., 3. For moist desquamation,
the RBE increased with decreasing dose/fraction down to
~5Gy/fracrion; with dose/fractions of 565Gy the RBE
showed nc further change. This suggested an upper
limit to the RBE for moist desquamation of ~2.75. 1In
contrast, the RBE for later dermal necrosis appeared to
inerease linearly for dose/fractions down to ~2Gy
X rays when the RBE was ~3. ’
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Fig. 1. Log-log plot of ED.; values (2 3E) for moist
desquamation in pilg skin against the number of
fractions of X rays (® ,0) or fast neutrons
(@,9). Fractionated irradiation was given in

18 (e,®) cr 39 (@, days. (Redrawn from [7]).
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Fig. 2. Log-lcg plot of ED.. values (=SE) for late
dermal necrosis in pig skin against the number
of fractions of X rays or fast neutrons. For
key see Fig. 1. [Redrawn from [7]).
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Fig. 3. Log-log plot of the RBE (=SE) for early moist
desquamation (®) and late dermal necrosis (0)
in pig skin as a function of X ray
fraction. (Redrawn from [7]).
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A log-log plot of BBE against X ray dose/fraction
for later cutaneous and subcataneous skin damage Is
shown In Fig., 4. A good linear correlation was
obtained for the time perlods of 26-52 weeks and 65-10U
weeks after 1rradiation when the data for 6F/39 days
were excluded; the low RBE wvalues for the latter
reflected the higher thar anticipated ED;y values for
changes in "relative field length"” follcwing neutron
irradiation. Fig. 4 also includes the plot for dermal
necrosis, and indicates little variation in BBE with
X ray dose/fractlon over the observation period 10-104
weeks after Irradiaticn. Howaver, the RBL showed a
tendency to decrease with increasing latency for X ray
doses/fracticn of ~20y.
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Fig. 4. Log-log plot showing the variation in RBE with
X ray dose/fractiorn for changes in "relative
field length" at 26-52 weeks (®); 65-104 weeks
(©); and for dermal necrosis after 10-20 weeks
¢-+-. (Redrawn form [81).

i1] Lurng: There was no significant difference in the
relationship between RBE and X ray dose/fraction for
both early and late radiation damage to the lung (Fig.
5. Tne RBE for fast neutrons decreased with
increasing fraction size. For the combined data the
relationship was adequately described by a strafght
line witn a slope of -0.52 © 0.1, For X ray doses/
fraction of ~ 2Gy, the RBE, 1like that for late skin
damage, was ~3.0.
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Fig. 5. Log-log plot of the RBE (t8SE) against X ray
dose/fraction for both early (13-26 weeks
t,0,5) and late effects (39-104 weeksw®,¢,a) in

plg lung. Fractionated irradiation was glven
in 18 (¢, ) or 39 days (a,2). {Redrawn from
(91,

1] Kidney: There was no marked effect of frac-

tionation or overall treatment time after fast neutron
frradiation. The changes in 3BE with X ray dose/
fraction are shown in Fig. 6. Due to the low 1so-
effect dose for 12F of X rays glven in 18 as compared
with 39 days the BRBE depended on the overall

irradiation time. The increase in RBE with decreasing
cose/fraction was most marked for irradiations given in
39 days as compared with those given in 18 days; the
slopes of the llnear regresslon lines were -0.68 * 0.0
and -0.25, respectively,

1 T T T T
1 2 L& 6 810
X-ray Dose/Fraction (Gy)
Fig. 6. Log-lcg plcts of the REBE for renal damage
against X ray dese/fraction. Fractionated

irradiation was given in 18 (®) or 39 days (&),

[iv] Rectum: A
reduction 1in the
between

comparison of the dose-related
cellularity of the rectal mucosa

1-10 days after Irradiation with single doses
of "'CoY rays and fast neutrons suggested a RBE of ~2.0
for photon doses of 5-10Gy. No late reactions were
seen in the animals up to 104 weeks after irradiation.
In marked contrast, severe late damage, consisting of
severe rectal and pelvic oedema/fibrosis, was  seen
followlng fast neutron irradiation with 6 weekly
fractions of 3 and Ud4Gy; acute rectal changes were
minimal representing conly a transient reduction in
crypt length., Animals nhad to be killed between 60-184
days after irradiaticn due to severe morbidity.
Irradiation with 6 fractions of & and 8Gy of ""Co Y rays
produced only a slight narrowing of +he rectal lumen
after 39 weeks, and there were no deaths related to
rectal complications. Based on these results a RBE of
»3.0 was estimated for late rectal damage.

Discussion and Conclusions

Studies in pig skin after irradiation with either
X rays or fast neutrons have indicated a higher RBE for
late dermal necrosils than for early eplthelial damage,
but only when total doses were given as ~2Gy/fraction

X rays. This result helps to explain some of the
disagreements that have been voiced on the basis of
results from clinical trials with Ffast neutrons
[12,13]. Duncan et al. [13]) reported an increased
incldence of late effects in skin and subcutaneous
tissues for comparable ‘tumour control ir patients

treated for squamous cell carcincma. Photon doses cof
55Gy were compared with 15.5Gy of fast neutrons, both
given as 20 fractions/U weeks i.e. a dose of 2.75Gy/
fraction of photons. In contrast, treatment with 12
fractions/4 weeks with fast neutrons showed a close
correlation between early and late effects on the skin
and subcutaneous tissues [12]. A similar conclusion
was reached based on the results of the present studies
in pig skin when the two 12 fraction schedules were
compared. Moreover, for 12 fractlions/18 days there
appeared to be significant sparing of late damage after
fast neutron irradiation compared with that seen after
X rays [7], suggesting that a few large dose fractions
given 1n a short time period may be optinal for fast
neutron therapy.

Assessments of derral and subcutaneous damage at
26-104 weeks after irradiation produced similar RBE
values to those for dermal necrosis after 10-20 weeks.
Fowever, the RBE values for fast neutrons did tend to



decrease sligntly with increasing latency for ¥ ray
doses of ~20y/sfraction.

For X ray doses given as ~2Cy/fraction the RBE for
fast neutrons for dermal injury was ~3.0. With
increasing fractiorn size the RBE values for the lurg
and kidney declined more than those for dermal and
subcutaneous tissues. For doses given as ~5Gy/fractic
X rays the RBE values for these 'late organ’ responss
were lower than that for acute epithelial camage (2.75)
to plg skin, further supporting the use of a few
fractions in a short overall treatment time for fast
neutron therapy.

In the case of pelvic irradiation the RBE for late
rectal injury was significantly greater than that for
early damage *.e. >3.0 compared with 2.0 for doses of
6-8Gy/fractisn X rays. Very severe late effects
consisting of severe rectal and pelvic oedema with
fibrosls were seen after neutron irradiation, despite
these doses being well tolzsrated in the acute phase of
injury. Cliniecal evidence for severe morbidity
following pelvic irradiation has been reported
previcusly [4,5] after {irradiation with lower energy
neutrons. Thus the previcusly reported morbldity of
fast neutron therapy would appear to represent a true
difference in blological effect and not simply an
artifact due to poor dose distribution from lower
energy neutrens [5]. The limited blood supply to the
pelvis may result in the area being particularly prone
to radiation-induced wvascular damage with resultant

ischaemia, loss of tissue and fibrosis [14]. An
increased physical dose for neutrons to tissue with a
high fat content may alsc play a role 7157, The

precise mechanisms involved remain unclear, but in view
of the current results and the earlier clinical
findings the use of fast neutrons in the treatment of
pelvic tumcurs should be attempted only with extreme
cautionr,
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THE TENTH YEAR OF THE ORLEANS NEUTRONTHERAPY FACILITY
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2. CERI-CNRS, 3A, rue de la Férollerie, 45071 ORLEANS Cedex 2 (Fr)

20 September 1890 will be the tenth birthday of the
first neutron beam at the Orleans neutrontherapy facility.

20 January 1991 will be the tenth birthday of the first
tregtment.

Up to 1989, 1004 patients have been treated with fast

neutrons according to three different protocols: mixed
schedule, neutrons boost, neutrons only.
Distribution of patients is reported on table 1.
‘Tumour location Number of patients ]‘
1
High grade astrocytomas 219
Uterine cervix 146
Bronchus carcinomas 116
Rectum 113
llead and Neck 137
Sarcomas 91
Prostate 48
Bladder 28
Others + metastasis 106
Total 1004
Table 1 : Distribution of patients treated at the
Orleans neutrontherapy facility from 1983
to 1689.
Pilot studies have been initiated and managed with

parisian centers : neutrons boost for rectum carcinomas and
for bronchus carcinomas, neutrons boost and concentrated
irradiations for high grade astrocytomas.

For other tumor types or locations, protocols are derived
from the current international practice (1).

Clinical results are in general good agreement with
published ¢ata but the actual trend is to increase the proportion
of neutron dese for mixed schedule and boost.

1990 is a tenth birthday for the technical staff of the
neutron facility and this work shortly reports some technical
data of clinical relevance.

From 1981 to 1989 treatment plannings became more
and more sophisticated but basic data for dosimetry and
radiobiology have not been modified.

Table 2 reports some physical and technical steps.

1980 : -~ DOSIMETRY with ionization
LECNEU protocol.

~ RELATIVE BIOLOGICAL EFFICIENCY (2).

- MICRODOSIMETRY.

1982 ¢ ~ IRREGULAR IRRADIATION FIELDS (3;.
-~ NEUTRON SPECTRUM with activation detectors (4).

chambers according to

1983 : -~ SEMI-THICK BERYLLIUM TARGET : optimisation
of the target/filter thicknesses (5).
- INHOMOGENEITIES depth dose distributions for
lung inhomogeneities.
-~ A150 CALORIMETER : direct calibration in the Orleans
neutron beam of chambers in term of absorbed dose {6.
1985 = ~ FLATTENING FILTERS, COMPENSATORS.
1986 : ~ RADIOBIOLOGICAL INTERCOMPARISON (7).
~ EORTC MICRODOSIMETRIC INTERCOMPARISON (8).
1987 : — RADIOPROTECTION with TE proportional counters ().
1989 : - New 3D) TREATMENT PLANNING SYSTEM with CT

scan data (Theratronics).

Table 2 : Physical and technical steps at the Orleans Neutrontherapy
T Facility.

The optimum target and hydrogenous filter thicknesses
for dose rate and depth dose were derived from the results
in table 3.

AE FILTER THICKNESS DOSE Dmax/2

(MeV) (em)d (9] (cm)
34 1 1C0

4 73 11.0

€0 1.3

82 11.3

4 &1 12.0

& 52 12.2

11.8 7 &9 1 11.4

4 53 12.2

4 45 12.4

B.S 1 56 11.8

4 43 12.3

6 37 12.5

Table 3 : pi34)+Be neutron beam : dose rate and penetration

as a function of targe thickness and beam

filtration.

The uncerlined data are related to the original

thick target and the semithick one now in use.

Column :

i~ Prcton erergy lost in the target.

2~ Total hydrogeneous filter thickness (10 min
perpex for Lhght simulation and addit.onal
polyethylene filter).

3~ Relative dose at Umax per unit proton charge,
normalized for the thick target with the mini-
mun [ilter thickness.

4~ Depth of Dmax,? lor & 1tom x 10exn
S50 135 om,

s ficid e

The main physical characteristics of the p(34)+Be(15.8;
Orleans clinical neutron beam arc listed in table 4 (10L

£50 149
Cose rate at Dmax 0.27
Depth cf Dmax/2 in water {em) 12.8
Build~up: 0.9 Dmax Cem) 0.2
Dmax 0.7
D( /D(r‘ ):-Zcm % 5.2
9 e -10 cm 7.0
8U%~20% penumbra width,
=-10 c¢m in water (eml} 1.9

Tabie 4 : Physical characteristics of 2 10 o x 10 ¢m reference field
for the filtered neutron beam pll4)-Bell5.8)

As far as treatment planning is concerned, irregular
fields are routinely planned since 1982 with no limitations
for the field shapes up to 19cm x 19cm (3). Dose attenuation
through the 20cm thick iron blocks is more than 97 % for
a narrow beam.

Combinations of the different heavy collimator devices
and basic filtrations routinely used do not significantly affect
the beam quality. So conclusions were derived from the
dosimetric data and the many microdosimetric spectre on
axis and off axis for several configurations partly reported
in (8).

Calculations of dose distributions are
with a Theraplan-Theratronics computer.

performed



Yhen necessary, compensator [ilters are designed
to optimise dose distribution : so [ilters are routlinely uscd
in the place of wedge and bolus since 1989.

Fields are daily confirmed with ordinary therapy
verification filrs (10).

Radiation hazards around the collimators and the
treatment-room were reported elsewhere (8-11): the low
level of induced activity is mainly due to the medium neutron
energy.

The cyclotron and the neutrontherapy facility have
been running since 10 years without large technical
breakdowns.

During tke four last years only two treatment days
were cancelled but without madification of the overall
treatment time for any patient.

This aspect can be pointed out asg conclusion from
the runring Orleans experience. Nevertheless, in this short
special paper, it would be necessary to repeat that such
special therapies should be considered by clinicians, physicists
and technicians like classical therapies and conducted in
the same way.
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THE ORLEANS EXPERIENCE IN TREATMENT OF SOFT TISSUE SARCOMAS WITH FAST NEUTRONS
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Centre Hospitalier Régional, Service de Radiothérapie, B.P. 6709, 45067 ORLEANS (Fr)

Since 1981, 63 patients with soft tissue sarcomas
have been treated at the Orleans Neutrontherapy Facility.
Results were evaluated in 1989.

23 Patients had to be excluded : 8 were lost of follow-
up immediatly after treatment and 15, referred for palliative
treatment, received inadequate doses.

19 patients have been referred for neutrontherapy
after a first series of X-Rays. 13 were treated using a photon-
neutron mixed schedule regimen and 8 patients have been
treated with neutrons.

The patient distribution according to
given on table 1.

histology is

Histology Number

Fibrohistiocytosarcoma
Fibrosarcoma
Liposarcoma
Leiomyosarcoma
Synoviosarcoma
Rhabdomyasarcoma
Chordoma

Miscellaneous

N B O

TOTAL 40

i
'
T
1
1
1
'
[
'
i
1
1
'
'
'

: Patient distribution accor-
ding to histology.

Concerning the 40 evaluable patients, the sex ratio
is balanced and the mid age is 47 years. The mid follow-
up is 42 months (range from 12 to 94 months). 28 patients
had trunk or abdominal locations (respectively 11 and 17),
11 had a limb tumor and one had a very advanced tumor
of oral cavity. 11 patients had complete surgical resection,
12 had incomplete resection and 17 had inoperable tumors.

Immediate local control was observed in 32 patients.
8 relapsed from 10 to 22 months after treatment, 3 of them
profited by surgical or brachytherapy salvage.

Table 2 gives the local control rate according to
surgical procedure. Results for local control are summarized
on Figure 1.

: Local status : Persistent ' Recurrence ' Persistent
. » local control : : disease
v Surgical act ' ' . i
¥ T T ]
+ Complete 1 v ' '
+ resecticn v 9 {82 %) .2 .- .
v n = 11 ' 1 ' f
L L o S (= = e - - r
v Incomplete ' f o f '
v resection o9 (75 %) v 3 ¢ - f
rono= 12 ' ' ' '
e e e e - e e e e = [ e e e .
Gross tumour '
or inoperible 6 (35 %) 3 8
\
|

v ' '
1 ' [
«on o= 17 '

] ' '

* 1 surgical salvage, 1 brachytherapy salvage
** 1 surgical salvage, 1 relapse out of field Timits

Table 2 : Local control according to surgical procedure

At the time of evaluation, 22 patients were alive
without evidence of disease with a mid follow~up of 30 months.
7 out of the 18 deceased patients were locally controlled.

As far as complications are concerned, side effects
were not evaluable in 14 patients, 9 because of local control,

3 because of an additional treatment (2 surgery, 1
brachytherapy). For the last 2 patients, the only information
was that they were locally free of disease,
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20 1
1 2 3 4 (years)
Gross tumour (17)
_____ Incomplete resection (12)
eeeew-. Complete resection (11)
Figure 1 : Local control {Kaplan Meyer method)

After surgical act, 86 % of patient were alive with nc evident
disease.

When gross tumour was present, only 30 % of patients
were alive and disease free. For the small number of analysed
patients, there was no evidence of difference in local control
according to the neutron dose proportion.

Institutions Number of patients” Local centrol (%)

Essen + Heidelberg 1983 €0 a1 (52 %)
Hammersmith, 1387 4] 26 (42 1)
Hamburg, 1987 45 27 {60 %}
TAMVEC, 1580 29 i8 (62 %)
Fermilaboratory, 1984 26 13 {50 %)
Seattle, 1936 21 15 (8T
Leuvain-La-Neuve, 1982 19 4 (21 %)
Orleans, 1990 17 6 (35 %)
Amsterdam, 1961 13 8 (61 %)
NIRS, 1979 12 7 (58 %)
Edinburg, 1986 12 5 (42 %)
MANTA, 1980 10 4 (40 %)
Overall 314 164 (52 %)

* Patients treated de novo or for gross disease after surgery are
included but not patients treated postoperatively for miscroscopic
residual disease or for limited macrcscopic resicual disease.

** Two-year actuarial data,

Mocified from Wambersie (193C)

Table 3 : Review of the local control, rates for soft tissue sarcomas
treated definitively with neutrontherapy.
For non operated patients, the local control rate

as the results reported by Louvain-La-Neuve and Manta
is generally worse than the other published results (table 3)
(1). 1t must be partly explained by the high proportion of



very large tumours: 75 % of ours patients had tumour size
larger than 10 cm (table 4).

—

v Tumor size 1 1 !
1 diameter 1 8-10¢m o+ 11 - 28 cm !
« local control 4/ 4 v 2 /13 f
‘ 1} ' 1

Table 4 : local control according to tumor size.

At the present time we intend to select patients with
medium sized tumor for a whole treatment with neutrons
only.

Reference :

1. Wambersie A., Fast neutron therapy at the end of 1988 -
a survey of the clinical data. Strahlenther. Onkol., 1686,
pp. 32~60 (Nr 1}, 1990.
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NEUTRONTHERAPY WITH p(65) + Be NEUTRONS AT THE UCL
CYCLOTRON OF LOUVAIN-LA-NEUVE

F. RICHARD, J. GUEULETTE, J P. MEULDERS, P. PIHET, S VYNCKIER and

André WAMBERSIE

Université Catholique de Louvain, Unité de Radiothérapie, Neutron- et Curiethérapie,
Cliniques Universitaires St-Lue, 1200-Brussels (Belgium)

1.Introduction

The neutrontherapy programme ai Louvain-la-Neuve is carried out
with the cyclotron "CYCLONE" of the Université Catholique de
Louvain designed for physics experiments (163, The cyclotron is
located in the University Campus at the Physics Institute at 25km
from the Clinigues Universitaires in Brussels.

The iscchronous variable-energy cyclotron manufactured by CSF
(France) accelerates different types of charged particles. Deuterons
can be accelerated at energies ranging from 13 to 50 MeV and
protons can be accelerated up to about 90 MeV. Beside medical
applications, it is used for research in physics and chemistry as well

for isotope proeduction,

2 Description of the facility

The treatment room and related medical facilities are located one
level below the main leve! of the cyclotron This permits the use of a
vertical therapeutic neutron beam by bending the deuteron or the
preton beam.

Up to end of 1981, neutron beams used for therapeutic applications
were praduced by bombarding a i0mm thick Beryllium target with
50 MeV deuterons (16}, This Beryllium target was mounted in a
7mm thick brass support, cooled with water. The maximum
available deuteron energy at Cyclone {50 MeV) was selected.
In a second stage, from 1982 up to now, neutron beams produced by
bombarding a thicker (17mm) Beryllium target with 65 MeV protons
were usec¢ (10). This change was made in order to improve the

physical selectivity cf the irradiation.

However to improve the p(65)+Be beam quality some modifications
have been perfermed (9). Neutron spectra produced by protons on
Beryllium differ in shape from those produced by deuterons , the
former having 2 parts: a high energy extending almost to the energy
of the incident protons and an intensive low energy component. A
filtration with an hydrogeneous material such as polythene is then
necessary t¢ attenuate this lowenergy component.

The choise of the adequate filter, is always a compromise between
an increase n depth dose and a reduction in the dose rate: at

Louvain-la-Neuve, a Zcm thick polythene filter was selected.

Finally, in the prospect of initiating proton beam therapy (protons
can be accelerated at CYCLONE up to about 90 MeV), the use of
neutron beams produced by the same particles would be more
practical if neutrontherapy and protontherapy would be performed
during the same session .

The collimation system consists of a fixed shielding and a series of
interchangeable inserts (16). The shiclding itself consists of a
proximal part ("a precollimator’) and a distal part in which the
different inserts can be fitted and rotated along their vertical axis.
The distal part is conical and consists of a steel mould filled with a
mixture (50%) of epoxy and borax.

The precollimator, 50cm steel, which determines the largest
available field (25ecmx25cm) contains two independent transmission
ionization chambers used as monitors and located abeut 25cm below
the target.

The interchangeable inserts are cylindrical in shape; their height is
80cm and their external diameter 40cm. The proximal part (50cm) is
a mixture of iron and epoxy and the distal part (30cm) is a mixture
(50%) of horax and epoxy, which ensures an efficient definition of
the beam. A set of 12 inserts is available with field sizes ranging
from 6cmx8cm to 16cmx20cm (at a TSD cf 157cm.). The field sizes
can be modified -6% to +13% by varying the TSD from 147cm to
177¢m. Due to their weight, positioning of the inserts requires an

electro-hydraulic device.

3.Charateristics of the beams

The physical selectivity which can be reached with 50 MeV neutron
beams in slighly better than that obtained, in usual conditions, with
60 Co (10). For example, for a 10cmx10cm field at a TSD of 157em,
the 50% absorbed dose, on the axis, is obtained at 13.6cm in depth.
Irregular shaped fields are frequently used by inserting iron or
better tungstene shielding blocks (12cm thick) (3} (4). These blocks
are used to protect critical normal tissues. They are positicned on &
perspex table just above the patient. The interposition of this
perspex table {of 5mm thick required to support the heavy shielding
blocks) destroys nearly completely the skin sparing.

This fact could be clearly noticed clinically (more heavy skin
reactions), and was confirmed by measurements performed with a

parallel plate ionization chamber..



For 50 MeV neutron beams skin sparing can be recovered completely
{or even improved) by inserting 2mm lead beneath the perspex of the
table; the surface dose than decreases down to 43%.

Improvement of skin sparing (surface dose: 41%) is observed by
closing the collimator aperture with a 2 mm lead shield, which

abscrbs the charged particles produced inside the collimator.

4.Activation problems:

Production of neutron beams from protons on Beryllium raises some
activation problems (9). It has been observed that after several
treatments with p(65)+Be neutrons, activation in the treatment
room raised by a factor 2 if compared with activation levels after
di50)+Be treatments. In the beam axis, a significantly increase of
activation irradiation was observed. Measurements indicated that
this was mainly due to activation of the brass support of the Be
target.A mechanical system, supporting two targets was then
constructed in such a way that after each treatment, the irradiated
target is automatically remover out of the beam line. A new target
configuration was used since 1982.

A 17mm thick Beryllium target was used to raise the dose rate.
Carbon was chosen as backing material to lower the gamma
component and to reduce the low-energy component in the neutron
spectra. The neutron beam was filtered with a hydrogeneous

naterial to further eliminate this low-energy component.

The 17mm Beryllium target together with the 10mm Be target are
inserted in a movable brass support which allows the production of
neutrans either by 66 MeV protons or by 50 MeV deuterons. The
design of the new target assembly offers the possibility of

transmitting the accelerated protons directly

5 Radiobiology:

Different types of RBE determinations were performed: they were a
part of the pretherapeutic radiobiclogical program carried out at
Louvain-La-Neuve.

The RBE varies, within large limits, as a function of the dose per
fraction and the biological effect. For example, the RBE for the late
tolerance of the central nervous system is particulary high.
Relations between RBE and dose per fraction for early intestinal
tolerance in mice were measured. Barly intestinal tolerance was
assessed from LD5D after selective abdominal irradiation. RBE
increases with decreasing dose per {raction but reaches a plateau
valte of 2,6 when the gamma dose per fraction becomes smaller than
about 3 Gy

Different RBE values were observed depending on biological system.
For all the systems, RBE increases when decreasing dose.

The variation of neutron RBE as a function of energy was
determined for different neutron beams.

An increasing RBE with decreasing neutron energy of the beam was

observed.
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6 Clinical results

I'rom the radiobiological data available, one could expect that
hypoxie, slowly prowing and well differentiaied tumours would be a
good indication for fast neutrontherapy..
It is now well recognized that the main indications for
neutrontherapy are

1-  Salivary gland tumours

2. Some head and neck tumours

3- Malignant melanomas

4. Soft tissue sarcomas

5-  Prostatic adenocarcinomas

From March 1978 to December 1989, a total number of 15

patients were treated at Louvain-La-Neuve (Table I’

A. Prostatic adenocarcinomas

From october 1979 to December 1988, 159 patients were treated for
prostatic adenocarcinomas : 33 stage A, 12 stage B, 62stage C and
32stage D(B)Y

The present analysis, performed in March 1989, includes 62 patients
with stage C, having a minimum follow-up of one year

In 34 patients , the tumour was present at the moment of
neutrentherapy and in 28 patients, the trealment was started after
TURP. The local control rate reaches 985 at one year, 95% at two
years 82 % at three years and B3% at 4 years

The survival rate reaches 93% at one year, 82% at two years and
66,5 at three

years and B7% at 4 years.

B. S¢ft tissue sarcomas:

Hundred evaluable patients with locally advanced soft tissue
sarcomas were treated from March 1978 to March 1987 (6). They
were analyzed in September 1987, The minimum follow-up was 6
months,

Excluding 22 intra-abdominal and 3 intrathoracic localizations, 7§
patients are analyzed.

In & first group of 47 patients treated after radical surgery, a
persistent lecal control was achieved in 91.5%.

In a second group of 28 patients with "gross’ tumour present al the
time of neutrontherapy, the local contro! was observed inonly 15%.
Survival rate is nearly independent on the presence or not of "gross”
tumour at the time of neutron therapy (70% and 68% in the first
and second group respectively).

Severe complications were observed in 12 cases {16%)

A correlation between complication rate and field size was observed.

The large field sizes reflect generally the large initial tumour extent.
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7 About the near future:
In cctober 1983, the therapeutic irradiations were stopped for 6
months in order to allow the construction of a second treatment
room and the extension of the medical buildings. A new controt desk
has been developped including a dedicated HPE6B computer. New
momtoring systems have been developped and are now used for
routine treatments.
The second treatment room is located at the same level and is
adjacent to the first one. This room will be equipped with a
horizontal beam and will be operational for 65 MeV neutrons in
1989.
Two 43% bending magnets bring the proton beam the main
Cyclotron level down to the level of the treatment room.
Combination of a fixed vertical beam and of a fixed horizontal beam
was preferred te ao isocenteic mounting.The vertical beam will be
equipped with a variable multileaf collimator while the herizontal
beam will be used with a set of interchangeable inserts.
The multileal variable collimator designed by Dr. BRAHME is now
under construction in our workshop in Louvain-La-Neuve. Of course,
the lenght of the leaves had to be increased and adapted to the 65
MeV neutron beams.
Proton beam therapy is foreseen in the second irradiation room with
the horizontal beam: 90 MeV protons are available. The Bragg Peak
was measured at 6cm in depth in phantom.This preton beam
appears to be suitable to treat choroidal melanomas, some cerebral
lesiens in children as well as some superficial tumours of the head

and neck area
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PROSTATIC ADENOCARCINOMA (Stage A,B and C) TREATED BY
NEUTRON THERAPY AT UCL LOUVAIN-LA-NEUVE

F RICHARD, L. RENARD AND A WAMBERSIE

Université Catholique de Louvain, Unité de Radiothérapie, Neutron-et
Curiethérapie, Cliniques Universitaires St-Luc,
1200-Brussels (Belgium)

From March 1978 to December 1988, 1047 patients were treated at
the UCL Cyclotron of Louvain-la-Neuve.

Due to the high energy neutrons available (d(50)+Be neutrons up to
1982 and lateron p(65)+Be neutrons), a special effort has been made
to treat deep seated tumours, mainly gynaecological tumours and
prostatic adenocarcinomas (Table 1) (1,2)

Among the 192 patients, with prostatic tumours, referred to
neutrontherapy, 159 completed their treatment.

A combination of p {65)+Be neutrons and 18 MV X rays was used.
The RTOG protocol designed for locally advanced tumours (C and
D) was followed but 3 neutron fractions and 2 photon fractions are
given per week (2 Gy photon equivalent per session). (3)

A total dose of 50 Gy photon equivalent was delivered to a target
volume encompassing the prostate and the pelvic nodes, with a hoost
of 16 Gy "photon equivalent” limited to the prostatic area.

A clinical RBE of 3 was chosen for d(50) + Be neutrons and 2.8 for
(p(B5)+Be neutrons,

Sixty two patients were treated for stage C disease. Due to the
excellent tumour response and tolerance observed for these locally
extended tumours, some patients with more limited tumours where
also referred to neutron therapy (33 stage A and 32 stage B patients).
In addition, 32 stage D patients where treated.

Only the result obtained for the 62 patients with stage C disease are
analyzed in the present paper. The tumour was present (biopsy only}
in 34 cases and a trans-urethral resection of prostate {T.U.R.P) was
performed in 28 cases.

The local recurrence rates and survivals are presented in table II
{follow-up 1-5 vears).

The clinically observed recurrences, as well as the positive biopsies
inpatients with no clinical evidence of local recurrence, are scored
local failure.

At 2 years (n=39), 32 patients were alive and NED; 4 patients died
with metastases but no local recurrence, 2 patients died with local
recurrence and metastases and 1 patient died from intercurrent
disease.

At 3 years (n=27), 15 patients were alive and NED. Three patients
had a persisting positive biopsy but no clinical evolution. Six patients
died with metastases but no local recurrence, 2 patients died with
local recurrence and metastases and 1 patient died from intercurrent
disease (Table I11).

At 4 years (n=21), 9 patients were alive and NED; 1 patient was alive
with a positive biopsy but no clinical evidence of evolution, 2 patients
were alive with metastases but no local recurrence. Six patients died
with metastases but no local recurrence, 2 patients died with local
recurrence and metastases and 1 patient died from intercurrent
disease.

Early and late tolerance was excellent and, in general, the patients
could keep a normal social (and professional) life.

No severe complication was observed in the 62 patients treated for
stage C. Only one severe complication (urethral structure and
necrosis of the prostatic area) was observed in one patient, with stage
A of prostatic acenocarcinoma treated with radiation after multiple
TURP.

These data confirm the promising results of the pilot study by Franke
(4,5) and the conclusions of the randomized trial initiated by the
RTOG and reported by Russel (3).
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RESULTS OF COMBINED PHOTON-NEUTRON-
RADIOTHERAPY FOR SOFT TISSUE SARCOMAS

J.Romahn], R, Englcnharll, B. ijmigl, K.}LH()verz,
M. Wannenmacher

1Deparlmem of Cliuical Radiology (Radiotherapy),
University of Heidelberg
“German Cancer Research Center, Heidelberg

Introductlon

Soft tissue sarcomas are locally aggressive tumors, that
are capable of nvasive and destructive growth and distant
metastases. Frequency and onset of metastases depends
on histopathological classification and more at all on hi-
stopathological grading (1).

Soft tissue sarcomas are relatively rare tumors, comparad
with carcinomas and other neoplastus, They account for
about 1% of all cancers, but for 27 of ail cancer deaths
(1). Sarcomas are more often found in clder people, but
there do not exist a predominant age group.
Embryologically they are of mesodermal and neurnecto-
dermal origin, and they can show the wholc spectrum of
differentiation. Furtbermore ditferent types of differen-
tiation can be find in one tumor and so there are existing
a large number of diffcrent pathological subgrougps.

The classification system of the World Health Organiza-
tion (WHQ) is based on 16 different tumer categories,
but in about 10-154% a classification is nol possible, so that
these tumors are classified as "uncertain histological type”
).

Clinical cxperiences show that histopathological classifi-
cation do not play the major role in estimating tumor ma-
lignancy. Malignancy is determinated in a grading system
by assessment of different listopathological features as:
cellwlarity, pleomorphism, mitosis frequency, necrosis, in-

filtration and invasiv tumorgrowth (2). This procedure is
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relative subjective, but it is the best tool to cstimate the
tumor progaosis and it helps to find the best treatment for
the individual patieat.

Different grading systems are uscd, three level systems as
well as four level systems (3,4). The lifetable results are
not very different, but different grading systems inake
communication among oncologist o difficult, because es-
pecially “Grade I sarcoma” does not altways mean the
sanie.

Because of the tact, that different types of malignancy can
be find in one tumor, needle aspiration techniques have to
fail in evaluation of malignancy. So incisional biopsy is the
appropriate technigue.

The major problem in treatment of soft tissue sarcoma is
to gain local control to primary tumor, The (reatment of
choice is surgery. Surgical treatment differs from hospital
to hospital, depending on the surgeons and their experi-
ence in treating saft tissue sarcomas. Recurrences are
possible after each surgical teatrment, but Enncking
pointed out, that recurrence rate depends on the possibi-
lity to achieve radical resection margios ().

In spite to that fact, in the last few years experienced sw-
geous prefer limb salvage methods. This is the reason why

radiotherapy had become more frequent in that period.

Materinl and Methodes

In our collective we found a spectrum of surgical interven-
tions raunging trom local incision to muscle compartuent
resection. Since 1986 we treated 45 patients with soft tis-
suc sarcoma. Distribution of sex and average age do not
differ from litcratur. 35 patients had only locoregional
tumors, the remaining 10 palicnis had both, local discase

and distant metastases at the bepinning of radiotherapy.



554

In spite of the importance of a correer histopathological
grading 50% of our patients remained unclassified.

40 patients underwent prior surgery. most of the paticnts
several times. Only 5 patients pot primary radiotherapy,
because of inoperable tumorsituation or patients consti-
tution.

31 of these patients underwent radiotherapy according to
our mixed beam schedule {rom 1/86 to 6/89. A photon or
glectron therapy of 40 Gy in conventional fractionation
was [ollowed by a neutron boast with a medium neutron
dose of 8.3 Gy. Neutrons were delivered with the 14 MeV
DT-generator at the German Cancer Research Center,
three times per week with u single total dose of 1 Gy. So

we delivered a photonaquivalent dose of up 10 70 Gy.

Results

It was obvious that the intervalls between the surgical
loterventions became shorter and shorter [rom recurrence
to recurrence. That was the reason to compare the last
recurrence free interval before irradiation to that after
radiotherapy. Medium  recurrence tfree interval after
radiotherapy was 2.2 years, Before radiotherapy the me-
dium recurrence free interval lasted only 1.6 years. So on-
set of recurrence after radiation seemed to be prolonged.
31 patients treated with the mixed beam schedule, and 24
of them are still alive. The results of aur patient group is
shown in wable 1.

Local recurrence was seen more often in the ¥ 1 group,
may be due to a worse grade of malignancy m these tu-
mors,

Medium survival is now 3.5 years with a median of 3.1
years. This means, that in our collective 507 now have a

recurrence free survival of more than 3 years.

Tab. L:
M(l Ml
Number of patients: 31 24 7
Survival 24 21 3
Death 7 34
Cause of death:
Local recurrence 4 1 3
Metastases 3 2 1
Conclusion

The evaluation trom Cantin and Mc.Neer (6) demon-
strates that more than 309% of all {ocal recurrences oceur
during the first 3 years. Our patients now have a median
follow up of more than 3 vears. That means, we are al-
lowed to bope, that only 2 or 3 patients will get turther lo-
cal recurrences. Longer follow up period will make swre,
wether this estimation was true or not,

Surgery still is the first mainstay in any treatment ap-
proach to achieve local control of soft tissue sarcoma. But
in all recurrent sarcoma as well as in all those patients
without a complete (RO) resection (limb sparing, inope-
rable tumor situation) radiotherapy is neccessary to reach
the resudts of radical surgery.

We see an indication for radiation therapy with fast neu-
trous especially in all those patients with low grade sar-
coma, becauvse of the low proliferation rate of these tu-

mors and the hiph LET effect of ncutron beams.
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REVIEW OF MEDICAL TREATMENT WITH HLAVY CHARGED PARTICLE BEAMS
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Abstract

Particie beams including both neutrons and
charged particies have been studied in a number of
medical facilities in several countries during the past
2 decades. Only in recent years have beam delivery
techniques, treatment planring and c'inical utilization
of these bears tegun to be optimized. heutrons do not
nave a dose lccalization advantage when compared tc
stancard iray therapy, but do offer some high LET
logical advartages for certain types. Charged
particles have cistinct dose distrivution advantages
leading to a hicher ratic of dose in the tumor compared
to adjacent ncrmal structures. This improvement of the
therapeutic ratio has led to higher lccal control rates
anc prolorgatior of survival for a number of tumors
adjacent to critical structures such as the brair and
spinal cord. Heavy charged particies offer additional
biological advantages to their physical dose
localizatior parametaers. Promise of improved cortrol
of unresectable, slowly proliferatirg tumors such &s
those arisirg in bone, soft tissue, prostate ard
salivary gland has been seen in preliminary studies.
Further research in ¢ptimization of therapy techniques
witn heavy charged particles is warranted to maximize
the pozential benefit of the use ¢f heavy charged
particles in medical therapy.

Introduction

With the acvent of improved diagnostic
techniques for turmer localization, including
corputerized tomography (C7), magnetic rescnance
imaging (MRi), and positron emission tomography (PET),
and reliable Tinear accelerators for hospital use,
Tocal and regional control of unresectable neoplasms
has steadily increased. However, even with modern
megavoltage radiotherapy. ard multimodality treatwent,
including irvadiation, chemotherapy and surgery, some
human tumors remain resistant to therapy. Often their
treatment by standard radiation technigues would
require unacceptably high doses to nearby normal
structures with loss of structural integrity or
‘unction., Heavy charged particle radictherapy is
almost unigue in value where unresectable tumors lie in
or near zritical structures and may be the only
treatment which can be successfully accomplished with
preservation of quality of life.

Lsing heavy icn beams, significant advartages
accrue ir safely delivering nigh deses of radiation to
turors aajacent to the eye, brain,-cranial nerves,
spinal cord, heart, esophagus, kidrey, intestine,
siadder, and other vital structures.

This ability to deliver a lethal tumor dose
while maintaining the dose to nearby critical
structures at safe levels is a hallmark of heavy
charged particie treatment, which we have termed
dose-localization *herapy. When this treatment is
dore with protons or helium ions, the physical
dose-localizaticn advantage is paramount [3,4,6].
with heavier iors such as carbon or neon, the
bivlogical advartages of high LET energy deposition are
also present. Evidence has been gathered both from
laboratory experiments and preliminary human t-ials
that the hich LET component of heavy ion treatment is
effective irn cestroying some tumors which are
radioresistant to standard low LET Xray treatment

[2,5,10,11,16,18]. The raticnale for the use of heavy
charged particles in the treatment of human cancers is
therefore based on:

1. Tre precise delivery of radiation dose to
tre tumor with a sigrnificantly lower dese to
surrounding normal tissues.

2. The depos®tion of bielogically more
effective high LET radiation, affercing a
higher chance of tumor destructior.

Qver the past several decades, research studies
in the use of these heavy charged particles have beer
uncertaken at the University of California Lawrence
Rerkeley Laboratory. In the early 1970s with the
availability ¢f the Bevatrcon for biology and medicine,
a series of pretherapeutic studies were begun on the
biophysical effects of heavy ion beams of irterest ir
the treatment of human cancers [1,2,18,197. The
effects on cells, tissues and tumors relative to heavy
ions were studied extensively in the Tlaboratory as
support for the human ciinical research trial which
egan it 1975,

The goals of the clinical researchk trial are:

1. To develop the best methods fcr clinical
use of heavy ions in the treatment ¢f human
cancers.

2. To demonstrate the ¢linfcal effectiveness
of these beams for various human tumors.

fAoout 1200 patients Fave been treated starting
with helium ions in 1975% and progressing to heavier
fons such as carbon, nzon, silicon and argon. However,
extensive availability of neon ions for Phase I-1I
studies did not occur until 1981.(Table 1).

Carrers prospective trials underway at LBl
inciude:

1. Randomized Phase [11 trialcf helium ions
versus 1125 olaque therapy for uveal melanoma.
2. Randomized Phase 11 dose searching study
for head and neck chordoma/chondrosarcoma.

3. Randomized Phase Il trial for carcinoma of
the prostate {necn vs megavoltage Xray).

4, Randomized Phase II trial of helium versus
neon for sarcoma, base of skull tumors, unusual
histology.

5. Randomized Phase [l dose searching study
for glioblastoma of the brain.

Helium lons

The hallmark of dose localization therapy with
protons and helium ions is <the superb dose distribution
zvailable secondary to the physical parameters of thase
beams. A high level of control can be achieved for
unresectable tumors in critical locations because the
tumor dose can be increased by 20-40% over that



Table 1

Patients treated at LBL

1975 - 1989
Helium Only 616
Helium + Xray 157
Neon Only 86
Neon + Qther 282
Utrer Heavy lons 29

TOTALS
possible wita low LET Xray therapy.
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Clinical trials with protons or helium ions
have shown excellent tumor control results in a number
of tumor sites {3,4,7,15,26] in the skull, orbit,
nasopharynx, paranasal sinuses, and for soft tissue and
bony tumors -n cther parts of the body. We have now
treated about 40 patients with the helium ion beam for
tumors of the paranasal sinuses and nasopharynx
invadirg the base of skull, paraaortic lymphatic
metastases, or unresectable soft tissue tumors in tre
retroperitoneum or pelvis. In these selected patients,
long term local control rates of approximately £0% have
been achieved.

We nave alsc treated 123 patients with helium
charged particle irradiation for chordoma,
cnondrosarcoma, or meningiome of the skull base or
juxtaspinal area after partial surgical excision.
Overall contraol of tumor in the irradiated volume was
cbtained in 78 of 123 patients (63%), with tumor
control rates greater than 80% ir patients with small
tumors (less than 20 cc). The median followup in 86
Tiving patients is 34 months and in all 123 patierts is
31 months, renge 4-153 months. Crude Tocal control
rates are highest in meningioma (84%) followed by
crondrosarcoma (65%) and chordoma [60%). The actuarial
survival caiculated by the Kaplan-Meier methed is 68%
at 5 years and 53% at 9 years post treatment.

The results of treatment in 328 patients with
localized melenoma arising in the cnoroid lining of the
eye wers also excellent [8,12,13,14]. A local tumor
cantrol rate ¢ 979 with foilowup from 3 to 139 months
(median: 48 ror:zhs) was achieveg. Nine of 328
patients with lccal failure of initial helium ion
treatment received further treatment with enucleation
(5 pts), reirradiation {3 pts) or laser therapy {1 p2).
Tumor control was excellent at a1l studied dose levels
of 5000-8000 centiGray equivalent.

Overall, 85% of patients have avoided the
neec for enucleation of their eyes and a significant
nunber have keot useful vision. O(f 291 patients who
had pretreatment visual acuity of 20/400 or better,
145 (50%) retained useful post treatment vision of
20/400 or better {Table 2). The actuarial survival is
80% at 5 years, because about Z0% of patients have
developed distant metastases, a rate which is the same
when using surgical removel of the eye as local
treatment for the tumor in the eye. Risk factors for
the development of metastatic disease cutside the eye
have been studied and we hope to develop adjuvant
treatment for patients at high risk for metastases.
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We are curvently carrvying out a randomized
trial to better define the role of helium 1ons versus
125 lodine plaque *therapy in the treatment of melanoma
of the eyes. One hundred sixty patients have been
entered in this Phase [I1 study which will help to
define which lesions are best treated with charged
particles and which might be well treated by plague
therapy. We also envision the future use of proton or
helium beams to treat other tumors of the eyes such as
retinoblastora ir infants in crder to prevent the need
for enucleation.

For more than 100 patients with esophageal,
pancreatic, gastric and biljary tract tumors, helium
ion therapy was well tolerated but produced only a
modest improvement in Tocal control and little impact
on survival [9]; these results might be improved in the
future with dynamic conformal charged particle therapy
where higher tumor doses might be possible.

Limitations cn beam availability at UCLBL have
not permitted that ail possible tumor sites for proton
or helium ion therapy be tried as yet. Collaborative
studies with the Massachusetts General Hospital-Harvard
Cyclotron Department of Radiaticn Medicine, the Proton
Treatment Facility at Loma Linda Medical School, the
Natignal Institute of Radiological Sciences of Japan,
and the Uriversity of Peidelberg-GSI, Darmstadt, West
Germany are planned or underway to increase the
numbers of patients entered in clinicai research triale
[i7].

Heavier Tons

For high LET ions such as carborn, neon or
silicon, sigrificant biclegic potential is added to the
physical dose attributes of charged particles. These
ions are more effective in destroying hypoxic tumors
ard can overcome some of the normal repair mecharisms
of radiation damage. With the use of their
advantaceous dose distributions, the major radiaticm
damcage is largely confined to the tumor volume rather
than nearby normal tissues. Preliminary studies have
been done with neon fons at LBL with oromising results
in several sites especially in “umors of bone and sof:
tissue with slow growth rates. Cther potentially
valuable jons such as carbon or silicon have been
tested orly sparingly because of Timited beam
availability. Although patient numbers are relatively
small because of the need for proceeding slowly 1o
assure patient safety, and the advanced nature of the
neoplasms, we have accrued 239 patients in the
preliminary neon icn research trial [10_.

For Yocaily advanced tumors of <he salivary
gland, prostate gland, bone and soft tissue, biliary
tract, nasal cavity, nasopharynx and paranasal sinuys,
there are ‘ocal control rates which range from 40-90%
(Table 3. These tumors are often not completely
resectable and tend to be resistant to standard
radictherapy, probably because of their ability tc
repair lTow LET radiation damage. We believe these
results are promising in comparison to results with
standard Xray therapy ard are currently carrying out
additiona) prospective trials to further define the
role of high LET charged particle radiotherapy in the
treatment of cancer.

Other advanced tumors such as those arising in
tne pancreas, stomach or esophagus did not fare so well
although the results were at least equal to standard
radiation modalities. This is felt to be due to the
proximity of intestine which limited the dose, even
using heavy ions, and the radioresistance of these
tumors., It is planned to restudy these tumors in the
future with the scanned beam delivery techniques and
with radiosensitizing drugs to try to augment the



S68

Table

o
[

Results in Heljum Ion Radiotherapy
Lawrence Berkeley Laboratory
1975 - 1988

Tumor Median

Treated Pts Local Control Followup

Chordama 123 78/123 (63%) 31 mos

Chondrosarcoma {4-153 mos)

Meningioma

Qther Tumors 38 25738 (65%) 25 mos

(Skull, sinuses, (2-133 nos)

soft tissue)

Uveal Melanoma 328 319/328 {97%) 46 mos

(3-146 mos)

effect of heavy ion irradiation on these tumors.

We also continue to search for reasons to
explain why some tumors are susceptible to high LET
charged particle therapy. We believe the ability to
deliver higher local doses with charged particles is
part of the explanation, but there are important
biolcgical reasons which require further elucidation.
Since some tuwors are resistant to standard
radictherapy, effective osredictive assays are needed
which would determine in advance if an individual's
tumor was more susceptible to high LET charged particle
radiotherapy than other modalities of treatment. Such
techniques as pretherapy sampling of an individual
tumor to determine its growth characteristics or
radiation sensitivity would enable improved selection
of patients “or high LET therapy and could lead to
treatment teilored to an individual patient.

Optimization of beam delivery and treatment
techniques including three-dimensional dynamic
conformal particle therapy will permit jmproved
irradiation of irregular tumors. Such & scanning beam
technique ic now being developed at UCLBL and should
lead to further advances in tumor centrol. Coupled
with improved treatment delivery, improvements in
therapy planning will include better techniques to
localize the tumor, cptimization ¢ 3-dimensioral
radiation treatment planning, refining techniques for
transfer of data from one imaging modality tc another
such as from MR] scans or PET scans, integration of
PET scanning into radiation treatment planning and
improved systers for monitoring patient positional
stability during the treatment.

One of the unigque attributes of heavy charged
particles is the possibility to utilize a small beam
of radioactive particles such as 19 Neon to be injected
into the tumor just prior to treatment. This
radioactive beam emits positrons which can be measurec
outside the body by their Xray emission. Thus the
stopping area of the charged particles can be
accurately imaged and matched to the previously
determined tumor volume. This technique was developed
at UCLBL and has been successfully demonstrated in
both animal and human studies. 1t has great potential
as a clinical tool to independently verify the
accuracy of treatment planning and delivery.

[t has been estimated that 5-10% of patients
treated with curative radiotherapy could benefit from
heavy charged particle treatment, either with Tight
ions such as protons or helium icns or heavier ions
such as caroon. With approximately 200,000 cancer
patients treated definitively with radiotherapy per
year in tne United States, this suggests that as many

as 10,000 patients per year could benefit from charged
particle therapy.

As a national need for 4-6 such centers might
exist in the United States, we propose continuation of
tne heavy charged particle radiatior oncology program
in the form of a Biomedical Heavy Ion Center at LBL for
contirued studies in heavy ion medicine and biology.
Using the existing space, shielding, and local injector,
a strong-focused synchrotron could be realized for less
than the cost of a proton center alone at a new
off-site facility. This would provide both proton and
heavy ion research capabilities with an in-place,
experienced team of physicians, physicists, biologists,
biophysicists, accelerator engireers, computer
scientists and other personnel. Such a center would ve
hospital-optimized and benefit from the nighly
sophisticated medical resources in this area. In
acdition to medical studies, important biclogical and
physical research could alsc be accomplished such as
studies of effects of cosmic particles which would be
encountered in manned space flights.

Similar proposed heavy ion facilities at NIRS,
Japan, GSi-Heidelberg, Sermany and/or EULIMA {Europezan
Community) weuld be vital for continued study ¢ heavy
jon medicine. A comprehensive program, benefiting from
pxpertise in such fields as medicine, bioagy,
hiophysics, accelerator physics and engineering,
radiation chemistry, genetics, computer science and
biostatistics is needed. Only throughmultidisciplinary
research can we determine the most effective use of
heavy ions ir medicine and biology.

Summary

1. Protons and helium ions are highly
effective in irradiation cf many
locally advarced, unresectable tumors
adjacent tc critical structures.

2. High LET ions such as carborn or
neon ions have important biclogical
properties in addition to dcse
localization parameters which may
make them more effective in treating
some human tumors.

3. A new Biomedical Heavy lon Center
is proposed at UCLBL to continue the
biophysical and clinical studies in
heavy ion medicine.
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Table 3

Phase I-II Neon lon Trial

Site Neon

Results

Results with
Standard Therapy
UCSF

Glioblastoma

Med Survival-13.7 mos

Brain (n=13 pts)

Nasopharynx, Loc Con-16/24 (67%)

Paranasal Sinus Med Follow=18 mos
{4-85 mos)

Salivary Gland Loc Con-11/14 (79%)
Med Follow=13 mos
(5-91 mos)

Prostate Loc Con-12/13 (92%)
Med Follow=28 mos
(11-60 mos)

Sarcoma Loc Con-21/36 (58%)
Med Follow=15 mos
(3-76 mos)

Pancreas, Stomach, Loc Con-10/78 (15%)

3iliary Tract

Loc Con = Local contrcl
of radiotherapy. Med Survival

Appendix
Befinitions
of chemical

Heavy lon - Electrically charged nuclei

elements. Tne term "Heavy" is somewhat arbitrary but
it typically ‘mplies an jon heavier than protons or
helium.

LET - Linear thergy Transfer refers to the rate at

which energy i35 deposited as it passes through tissue.
It does this by ionizing {stripping electrons from) the
atoms that it encounters. LET depends on the type of
radiation and its energy. In genera., the more

massive the pa-~ticle and the greater its charge, the
higher its LET. Xrays, protons and helium ions are
characterized by low LET whereas carbon, neon and
silicon ions are examples of high LET radiations.

RBE - Relative Biological Effectiveness is a term that
compares the effects of different types of radiation,
generally with the standar being Xrays. Radiatjors
that have high _ET also have high RBE for effects orn
human tissues or tumors.

Heavy Charged Particles - These particles are tne
electrically charged nuclei of chemical elements.
may range in mess from light elements Tike hydrogan
(protons) or helium to nuclei many times heavier like
carbon, necn, silicon or ircn,

They

Treatment Planning - Process of using tumor imaging
studies such as (T {computer tomographic scans) and a
powerful comouter to map out the vadiation dose
distribution in the body. Such plans are optimized to
finc the best way to irradiate a patient's tumor.

MRI - Magnetic Resonance Imaging scanning makes use of
magnetic fields to image structures within the body.

PET - Positron Emission Tonography scanring images
radiation produced by certain trace radiochemicals

injected into the body and gives both an anatomical and

Med Survival-8 mos

in irradiated ares.
= Actuarial medial survival (Kaplan-Mejer method).

Med Survival-9-12 mos

Loc Cen-21%

Loc Con-28%
Loc Con-60%
Loc Con-28%

Loc Con-20%

Med Follow = Median fcllowup from time

physiologica’ picture of the imaged organs.
Megavoltage Irradiation - (Low LET) Irradiation
produced generally by linear accelerators for hospital
use in treating human tumors, in ranges from 4-20 MeV.
These are usually Xrays but electron beam therapy in
similar energy ranges may be employed for relatively
superficial treatment.
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HEAVY-CHARGED-PARTICLE RADIOSURGERY FOR INTRACANIAL VASCULAR DISORDERS

CLINICAL RESULTS OF 350 PATIENTS
J 1. Fabrikant,” R P. Levy,* G K. Steinberg,* G.D. Silverberg,* K.A. Frankel,™ M H. Phillips,* . T. Lyman®

*Donner Laboraiory and Donner Pavilion, Lawrence Berkeley Laboratory, University of Californiu, Berkeley, Caitfornia 94720 und
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Abstract: Under multi-institutional approved protocols, we have
treated over 375 patients with inoperable intracranial arteriovenous
malformations with stereotactic charged-particle (helium ions) Bragg peak
radiosurgery at Lawrence Berkeley Laboralory, We have had a long-term
dose-scarching clinical trial protocol in place with two university centers
and have followed more than 230 patients for more than 2 y. Doses ranged
initially from 45 to 35 GyE, and now doses of 25, 20,15 and, under
special circumstances, 10 GyE, depending on a number of factors, arc
being evaluated. This represents a rclatively homogencous dose
distribution with the 90% isodose to the periphery of the lesion.  For
complete radiation-induced obliteration, there is a relationship of dose and
volume primarily, and location secondarily. When the entire anterial phase
of the AVM has been included in the radiosurgical ficld. the rates for
complete obliteration 3 ¥ post-treatment are: 90-95% for volumes <4 em?;
90-95% for volumes >4 ¢m? and <14 em3: 60-70% for volumes > 14
em3. The total obliteration rate for all volumes up 10 60 em3 s
approximately 80-85%. Results on relationships between dose, AVM
obliteration, and complications are presented.

Introduction

The potential for Bragg ionizalion peak irrudiation with heavy-ion
beams as a method for producing discrete focal and lamellar lesions in the
brain is derived from two clinical obscrvations: (2) heavy-ion radiosurgery
avoids the morbidity and monality associated with extensive neurosurgical
procedures; and (b) alternative mcthods, such as cryosurgery,
electrothermal surgery and X-rays, provide poor spatial definition and lack
of rcliability in confining the reaction of the brain 10 injury [1}. At
Lawrence Berkeley Laboratory we have developed stereotactic heavy-
charged-particle Bragg peak radiosurgery f{or trcatment of surgically-
inaccessible intracranial arteriovenous malformations |1,2,3]. Narrow
beams of accelerated heavy-charged panticles are directed stereotuclically to
defined intracranial targets. The precision of our teatment planning and
beam delivery system assures mmproved dose localization and dose
distribution of the Bragg ionization peak throughout the arteriovenous
malformation, generally with little or no neurovascular or parenchymal
injury to adjacent vital brain structures. We have thus [ar treated over 375
patients with intracranial arteriovenous malformations, 50 of whom are
children 18 years or younger, initially at the 184-inch Synchrocyclotron
and currently at the Bevatron. Based on cvaluation using cercbral
angiography, computerized tomography and magnelic resonance imaging,
and position emission tomography and radioisotope scanning of selected
patients, together with extensive clinical neurologic followup, it appears
that stereotactic heavy-charged-particle Bragp peak radiosurgery obliterates
high-flow intracranial aneriovenous malformations and protects against
funther intraparenchymal brain hemorrhage with reduced morbidity and no
treatment-associated mortality. The current procedure still has two major
disadvantages: the prolonged latent period and relatively low but finite
incidence of neurologic sequelae. Considerable research is required before
it can offer the possibility of complete recovery in all patients. At present
we congsider the procedure only for selected patients with intracranial
arieriovenous malformations in whom the polential surgical risk is
considered unacceptably high, and paticnt sclection is constrained by
specifically defined patient protocols.

Mett

The 165 MeV/amu helium-ion beam-line configuration for stereotactic
cerebral irradiation with the Bragg ionization peak at the Lawrence
Berkeley Laboratory Bevatron has been reliably tested [4). In the standard
configuration the helium-ion beam line has a range of about 15.0 ¢m to the
Bragg peak, with very sharply delimited lateral and distal borders. This
range is decreased 1o the desired value by the insertion of a computer-
controlled water-column absorber in the beam path. For clinical
applications the charged-particie beam can be shaped 1o conform to the
configuration of the arteriovenous malformation and to any diameter from
less than 6 mm to over 60 mm. Physical dose measurements indicate an
unmodified Bragg peak-to-plateau ratio of about 5. The maximum dose in
the Bragg peak within the brain is approximately three or more times
greater than the plateau or entrance dose at the skin; there is vintually no
exit dose. The beam is modulated to adapt 1o a variety of radiosurgical
conditions; the modified Bragg ionization curve and its transverse profile
for stereotactic radiosurgery of an intracranial arteriovenous malformation
will vary depending on the depth and Jocation of the lesion within the
brain.

The 80% Bragg peak width along the unmodulated beam path is less
than 3 mm, but can be spread out to any desired width (o approximately 50
mm or more using specially-designed water-absorber modulation. The
nuclear charge and mass of the helium ton are larger than those of the
proton; therefore, the multiple scattering and the range straggling with the
helium ion are less for the same range in tissues, resulting in a sharper
beam for stereotactic radiosurgery (4] The primary advantage of narrow
beams of heavy-charged particles in radiosurgical treatment deep within the
brain is the ability to confine the dose to a discrete volume of tissue. The
improved physical dose distributions are made possible by the relatively
small amount of multiple scattering and range straggling and by the rapid
fall-off of dose with depth beyond the end of the Bragg peak. These same
physical characteristics require a stringently accurate assessment of, and
compensation for, inhomogencitics in the tissue in order te accomplish
precision radiosurgery with focal charged-particle beams.

The aim of the radiosurgical procedure for treatment of arteriovenous
malformations is to usc a focal charged-particle beam to irradiate the main
arterial feeders and abnormal shunting vessels of the mal{ormation proper
and to include, as completely as possible, the whole cluster of pathologic
shunting vasculalure within the radiagion ficld {1,3]. The entire
compartment of this vascular unit raust be included in the target volume,
and an optimal therapeutic situation is present when the entire
arnteriovenous malformation can be covered by a sufticient and uniform
radiation dose. We now know that the biologic basis for this change
involves deterministic radiation mjury to the vascular endathelial cells and
their supporting biochemical architecture, repair, intimal proliferation,
media degeneration and thrombosis.

Treatment Planning

Treaiment planning for stereotactic heavy-charged-particle
radiosurgery for intracranial vascular disorders integrates anatomic and
physical information from the stereotactic cerebral angiogram, stercotactic
CT scans, and magnetic resonance images for cach individual paticnt using
computerized treatment-planning calculations for isodose contour
display[3.4]. The data arc used for three-dimensional target conlouring
and conversion o relative stopping power values, for improved dose
distribution and dose localization. Mulliple-entry angles and beam ports
are chosen and contoured apertures and compensators are {abricaled 1o
confine the high-dose Bragg ionization peak o the contoured target of the
arteriovenous malformation while protecting adjacent critical structures i
the brain. Head immobilization is achicved with the stercotactic
thermoplastic mask fixed in the stercotactic frame which arce integral
components of the system's patient-posilioning apparatus, the hrradiation
Stereotactic Apparatus for Humans. The medical cave at the Bevatron and
the stereotactic positioning system are designed so that the helium-ion
beam path is coincident with the stercotactically-detenmined isocenter of the
patient-positioning apparatus [1,2,3}.

The dose to the central axis of the arteriovenous mallommation, the
aperture shape and size, tissue-equivalent compensators, the number of
beam ports, the beam angles for delivery and the range and modutation of
the Bragg peak all determine the isodose contour conligurations.
Currently, total doses up to 25 GyE, applying an RBE of 1.3 for the
helium-ion spread Bragg peuk, are delivered to treaument volumes ranging
from 100 mm3 10 70,000 mm3. In the initial stages of our dose-searching
protocols, doses of 35 10 45 GyE werc used. Since vascular obliteration
occurred in the lower dose levels of cach protocol group, we lowered the
doses delivered incrementally. At present, we have found that the optimal
dose inducing obliteration of the arteriovenous malformation with the
smallest risk of ncurologic sequelae depends on a number of factors and
appears to lie in the range of 15 to 25 GyE using the helium-ion Bragg
ionization peak {5,6]. Dose selection depends on size, shape and location
of the anteriovenous mal formation within the brain and a number of other
factors including the volume of normal brain that must be traversed by the
plateau portion of the charged-particle beam.  The average treatment
volume for most patients ranges from 1,500 mm? 10 16,000 mm3. Most
often treatment occurs through 3 (¢ 5 entry portals, most frequently 4
noncoplanar beams, and is delivercd daily in 1 or 2 days, depending on the
treatment volume {e.g., in 1 day if the volume is 4,000 mm3 or less) and
the volume of normal brain tissuc traversed by the beam. The dose to the
critical normal brain structures adjacent (o the aneriovenous malfcrmation
is considerably less than the dosc to the target volume because fall-off to
10% of the central dose occurs within 4 1o 6 mm, and is within 2 to 3 mm
along the lateral margins of the beam.
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Figs. 1 and 2 are examples of the isodose contours for stereotactic
heavy-charged-particle Bragg-peak radiosurgery in patients with
arteriovenous malformations of the brain, defined by the inner region of
white dots. In Fig. I the arteriovenous malformation is in the brain stem
and the helium ion beam was collimated by an 8 mm circular aperture;
treatment was carricd out using four coplanar ports in one day 10 a volume
of 250 mm3 within the brain stem 1o a dose of 45 GyE. In Fig. 2 the
anteriovenous malformation is in the deep white matter, the cortex, and the
central nuclei of the left cerebral hemisphere; seven noncoplanar ports
were used and a dose of 25 GyE was delivered to a volume of 54,000
mm3 in2 days.

Fig. 1. Stercotactic helium-ion Bragg peak radiosurgery in a 38 ycar old
patient with an arteriovenous malformation of the brain stem (defined by the
inner ring of white dots). Isodose contours are shown superimposed on a central
CT scan. The helium-ion beam was collimated by an 8 mm circular aperiure.
Treatment was performed using four coplanar ports in 1 day 10 a volume of 250
mm?3 within the brain stem; the dose was 45 GyE,

Fig. 2. Stereotactic helium-ion Bragg peak radiosurgery treaiment plan for a
large left temporal and deep central arteriovenous malformation in a 39 year old
man. The helium-ion beam was collimated by 61 x 50 mm and 55 x 42 mm
individually-shaped brass and cerrobend aperiures; 25 GyE was delivered to the
lesion (defined by the inner ring of white dots) using seven noncoplanar ports in
2 days to a volume of 54,000 mm?3. The 90% contour borders precisely on the
periphery of the lesion. There is a rapid dose fall-off to the 70% level, and the
10% isodose contour completely spares and protects the contralateral hemisphere.

linical Results

The clinical objectives of the radiosurgical procedure are Lo achieve
changes in the intraccrebral hemodynamic condition, resulting in (a)
reduction or climination of subarachnoid or intraparenchymal brain
hemorrhages with their associated morbidity and mortality, (b) decrease in
progressive or fixed neurologic deficits, (¢) lower frequency of seizures,
and (d) fewer subjective complaints, including frequency and intensity of
headaches {1,6]. Nearly all patients have received clinical and
neuroradiologic followup evaluations frequently since treatment; about
two-thirds of the patients have had 60 months followup review, and
extended review to 9 years has now been done on a regular basis where
feasible. Preliminary observations in all patients, both adults and children,
thus far treated indicate that the clinical objectives are being achieved in the
majority of patients. The first 230 patients have been evaluated clinically
1o mid-1989; about 85-90% of the paticms have excellent or good
neurologic clinical grade, about 5% of the patients have poor neurologic
clinical grade, and 5% had progression of discase and died, or dicd as a
result of unrelated intercurrent illness.

In our Lawrence Berkeley Laboratory-Stanford University Medical
Center patient series, we examined 101 consccutive patients to 72 months
of follow-up. The Drake clinical grade at last followup is shown in Table
1 [6]. Seizures improved in 63% of patients, hcadaches in 68% and
neurologic deficit in 27%. Progressive neurologic deficit stabilized in
55%. Outcome was excellent in $8% and good in 36% of patients [6].

Table 1
Clinical Grade at Last Follow-up in 101 Patlents

Presenting
Clinfeal Excellent Good Poor Dead
Grade
Excellent 53 (78%) 12 {18%) 2 (3%} 1 (17%)
68
Good 5 (17%) 21 (72%) 2 (7%) 1 { 4%)
29
Foor 1 (25%) 3 (75%)
4
All Grades
101 58 (57%) 34 (34%) 4 (4%} 5 5%)

Cerebral angiography illustrates changes in cercbral vessels at inlervals
following stereotactic radiosurgery. Hemodynamic changes are
manifested by a decrease in blood flow through the pathologic cluster of
vessels and a decrease in size of the feeding arterics, shunts and draining
veins., Anatomic changes include progressive decrease in the size of the
arteriovenous malformation until stabilization or total disappearance of the
lesion occurs. The hemodynamic changes occur successively and are
usually observed before the anatomic changes. Neuroradiologic followup
to the end of 1989 indicate overall that for complete angiograpic
obliteration 3 years after treatment the oblileration rates arc : 90-95% for
volumes <4 cm3, 90-95% for volumes >4 ¢m3 and gl4cm3. and 60-70%
for volumes >14 cm3; for all volumes up to 70 em3 it has been
approximately 80-85% after 3 years [6.7]. Our Lawrence Berkeley
Laboratory-Stanford University clinical scries showed an overall complele
malformation obliteration rate of 29% at 1 ycar, 70% al 2 years, and 929
at 3 years following helium-ion irradiation. (Table 2) [6]. The rate and
cxtent of arnteriovenous malformation obliteralion appear to be threshold
phenomena directly related to treatment volume and dose. Malformations
smaller than 4 cm? (2 c¢m diameter) thrombosed more rapidly and more
completely (94% complete obliteration at 2 years, 100% at 3 years) than
larger lesions. Intermediate-sized malformations had an obliteration rate of
75% at 2 years and 95% at 3 years, whilc the larger lesions (3.7 cm
diamcter) had an obliteration rate of 39% at 2 years and 70% at 3 years.

Table 2
Stereotactic Radlosurgery Results at 3 Yr (230 Patlents)

AVM Volume (cm3) % of Patients Obliteration Rate

<4 49% 90-95%
>4 and <14 33% 90-95%
>14 18% 60-70%
All Volumes 100% 80-85%

Occlusion occurred most completely in the high-dose (30 10 45 GyE;
group of patients. In our Lawrence Berkeley Laboratory-Stanford
University series, this also occurred in the intermediate dosc group; 24 1o
28 GyE proved to be quite effective (Table 3). Following complcte
obliteration we have not seen subsequent angiographic reappearance of the
malformation, even when prior embolization was performed.

Table 3
Complete AVM Obliteration ve. Treatment Dose

Dose (GyE)* 1yr 2 yr 3yr
11.5 - 20 4/18 {22%) 6/10 (60%) 6/6 (100%)
24 - 28 5723 [22%) 17723 (74%) 19/21 [90%)
30 - 45 9/16 {66%)" 16/18 (89%)* 18/19 [95%)
*p= 0057 **p=0.008 +RBE = 1.3

Fig. 3 illustrates the cerebral ang:ograms of a palicnt with recurrent
scizures and progressive motor and sensory changes due to a steal
phenomenon resulting from a deep right cerebral (frontal-temporal)
arteriovenous malformation. Cerebral angiograms (upper) demonstrate the
size, shape and location of the high-volume, high-flow malformation and
the feeding vessels arising from branches of the middle cerebral artery.
The anterior cerebral artery and its branches de not fill. Cerebral
angiograms (lower) 1 year after stercotactic helium-ion Bragg peak
radiosurgery (dose 35 GyE), demonstrate complete obliteration of the



arteriovenous malformation with redistribution of the normal cerebral
blood flow. There is now filling of the anterior and posterior cerebral
arieries and their branches and this is associated with a reversal of the steal
syndrome.

Fig. 3. A 39 year-old woman with a right frontal-temporal arteriovenous
malformation (volume 3,700 mm3), Upper: Cerebral angiograms show the
size, shape and iocation of the malformations and its feeding vessels originaling
from the right middle cerebral artery and associated with a severe vascular sieal
phenomenon. Lower: Cerebral angiograms | year after helium-ion Bragg peak
radiosurgery (dose 35 GyE) demonsirate complete obliteration of the
malformation. The patient remains neurologically intact 7 years afier treatment.
There has been complete reversal of the vascular steal syndrome and return of
noemal regional cercbral flow patterns.
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Fig. 4. Dose profiles for carbon-ion beams at the Bevatron suitable for
radiosurgery of intracranial targets (range approximately 15.0 ecm) and for
radiotherapy of deep body targets (range approximately 25.0 cm). See text.

Complications

From the followup available we can conclude that by stereotactic
heavy-charged-particle Bragg peak irradiation of the feeding ancerics and
shunts, total and irreversible angiographic obliteration of decp
arteriovenous malformations is possible in a large number of patients, and
protection against rehemorrhage with reduced morbidity and mortality
occurs in over 80% of patients. The rate of moderate and serious
complications combined is approximately 15-17%, but this is confined
almost completely to the high-dose treatment group (30 to 45 GyE) in the
initial stages of the dose-scarching protocol. In the most recent analysces,
no complications appear to occur at doscs less than 20 GyE [6].
However, even at these rates, the cure rates are relatively high in this high-
risk patient population, and the serious complications encountered may be
congidered acceptable in view of the potential for spontancous intracranial
bleeding and profound ncurologic sequelae, morbidity and mortality,
associated with the natural history of this discase in untreated patients
[1.3,5.6,7}.

Future Dirgctions

Based on parameters derived from measured Bragg curves of protons
{Harvard cyclotron), and helium, carbon and neon (Bevatron), for the
particles and energics considered with increasing particle charge, the peak
height reaches a maximum with carbon and then decreases, the Bragg peak
width narrows, the distal fall-off gets steeper, and the exit dose increases
(Table 4) {4,8]. The helium-ion beam is superior to a proton beam
because of the higher peak-to-plateau ratio, more rapid dose fall-off and
smaller beam deflection and suffers only in the modest exit dose. With the
improved dose localization and dose distribution characteristics afforded
by heavier-ion beams we will investigate the biologic and physical
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characteristics and the relationships of helium and carbon-ion beams for
stereotactic radiosurgery. Utilizing various ions, and total doses, we will
define the optimal conditions and parameters for siereotactic heavy-ion
Bragg peak radiosurgery for focal disorders in the brain, including
intracranial arteriovenous malformations and tumors, while achieving
improved protection of normal brain structures.

Table 4
Heavy Charged-Particle Beams for Stereotactic Radiosurgery

Parameters Derived from Measured Bragg Curves

Characteristic Protons Helium Carbon Neon
Energy (MeV/u) 160 150 308 429
90% dose range {mm) 149.0 141.0 1595 155 5
Peak-plateau ratio 3.6 5.1 5.15 4.6
0% peak width 6.0 27 1.5 1.2
Ihstal fall-off [%/mm) 20 43 60O 75
Exit dose (9 De 0.0 0 -1 8 - B -3l

At the Lawrence Berkeley Laboratory Bevatron accelerator high-
encrgy particle beams of carbon and neon are available for biomedical
research [4,8]. Of these beams, carbon has panicularly good potential in
stereotactic radiosurgery with the Bragg peak (Figure 4), and the physical
characteristics of carbon beams lend themselves to 3-dimensional
conformal treatment planning for radiosurgery. There are three general
properties of this beam that are important; First, the carbon beam has less
scattering and straggling than protons and helium ions by a factor of about
1.6 (helium) or 3.4 (protons) (6]. Conscquently, the Bragg curves
obtainable have greater peak-to-plateau ratios and can be aimed more
accurately without affecting adjacent structures. Sccond, near the peak of
the Bragg curve the dose of the carbon beam is much greater than at the
plateau, perhaps by a factor of 5. Combined with an dose-equivalent of
about 2.5 to 3 in the Bragg peak, the peak-to-plateau RBE ratio is
significantly greater than comparable helium beams [4]. Therefore, if the
peak is stopped in the target volume of the brain, relatively greater effects
can be reached in the lesion with less dose; the adjacent critical structures
of the brain will be better protected from radiation effects. Third, it is
possible to localize the stopping points of the beam inside the head by the
use of a radioactive carbon beam. This will make it feasible to stop the
beam precisely at the appropriate depth within the brain [1]

It is our belief that heavy-ion beams. such as carbon, combined with
beam raster scanning will allow improved dose distribution and dose
delivery of localized irradiation in the central nervous system. It can be
expecled that many of the large intracranial arteriovenous malformations,
small lesions, such as pituitary microadcnomas, brain stem gliomas,
isolated brain metastases and similar intracranial disorders can now be
approached successfully. Furthermore, localization of very discrete focal
lesions can be achieved in vital brain centers to treat centain diseases, such
as Parkinson’s discase, or for the control of pain and for such conditions
as brain-stem cryptic arteriovenous malformations in children.
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Abstract: Charged-particle beams manifest advantageous proper-
ties for stereotactic radiosurgery of the brain. The beamns have Bragg
ionization peaks at depth in tissues, finite range and are readily col-
limated to any desired cross-sectional size and shape by metal aper-
tures.  Since 1954, 840 patients at Lawrence Berkelev Laboratory
(LBL) have been treated with stereotactic charged-particle radio-
surgery of the pituitary gland for various localized and svstemic dis-
orders, This report discusses the clinical and endocrinologic results
in that patient series. The optimal choice of dose and fractionation
schedules must be determined for the treatment of different intracra-
nial disorders, in order to improve the cure rate and to minimize
potential adverse sequelae.

Introduction

Since 1954, nearly 6,000 neurosurgical patients world-wide have
been treated with sterectactic charged-particle radiosurgery of the
brain for various localized and systemic disorders [7]. Therapeutic
efficacy has been clearly demonstrated for selected disorders, e.g., pi-
tuitary adenomas and intracranial arteriovenous malformations [6,7].
The first therapeutic clinical trial using accelerated heavy-charged
particles in humans was performed by Lawrence, Tobias and their
colleagues at Lawrence Berkeley Laboratory (LBL) for the treatment
of endocrine and metabolic disorders of the pituitary gland, and as
suppressive therapy for adenchypophyseal hormone-responsive car-
cinomas (e g., breast and prostate cancer) and diabetic retinopathy
[2,3,6]. Since then, stereotactically-directed focal charged-particle
irradiation has been used at LBL to treat 840 patients to destroy tu-
mor growth and /or suppress pituitary function; this includes patients
with acromegaly, Cushing’s disease, Nelson's syndrome, prolactin-
secreting adencras, chromophobe adencmas, metastatic breast car-
cinema and diabetic retinopathy (Table 1} [7]. The initial 30 patients
were treated with plateau proton beams. Subsequently, almost all of
these patients were treated with plateau helium-1on irradiation, al-
though selected patients with larger tumor volumes and more recent
patients received Bragg peak helium-ion irradiation. In acromegaly,
Cushing’s disease, Nelson’s syndrome and prolactin-secreting tumors,
the therapeutic goal in the 443 patients treated has been to destroy
or inhibit the growth of the pituitary tumor and control hormonal
hypersecretion, while preserving a functional rim of tissue with nor
mal hormone-secreting capacity, and minimizing neurologic injury
{3.4]. An additional group of 34 patients was treated for nonsecret-
ing chromophobe adenomas [3". In the earlier years of the pituitary

Table 1
CHARGED-PARTICLE RADIOSURGERY OF
THE PITUITARY GLAND AT UCB-LBL [a)

1954 to Present

Disorder Patients Treated
Pituitary Tumors (total) 475
Acromegaly 318
Cushing's Disease 83
Nelson's Syndrome 17
Prolactin-secreting 23
Nonfunctioning Adenomas 34
Pituitary Suppression (total) 365
Diabetic Retinopathy 169
Breast Cancer 183
Prostate Cancer 3
Ophihalmopathy 3
Other 7
Total 840

[a] UCB-LBL: University of California at
Berkeley - Lawrence Berkeiey Laboratory

!This research was supported by the Office of Health and Environmental Re-
search, 1.8, Department of Energy Contract DE-AC03-765F00098.

irradiation program at LBL, many patients with various hormaone-
responsive disorders underwent stereotactic helium-ion irradiation,
in order to effect hormonal suppression of the disease by induction
of hypopituitarism /2]. This mcluded 183 patients with metastatic
breast carcinoma and 169 patients with diabetic retinopathy, as well
as selected patients with prostatic carcinoma and other hormone-
responsive malignancies (7]

Methods

Physical Properties of Charged-Particle Beams

Beams of accelerated-charged particles have several physical prop-
erties that can be exploited to place a high dose of radiation prefer-
entially within the boundaries of a deeply-located intracranial target
volume [6,7]. These include: (1) a well-defined range that can be
modulated so that the beam stops at the distal edge of the target, re-
sulting in little or no exit dose beyond the Bragg ionization peak; [2)
an initial platean region of low dose as the beam penetrates through
matter, followed by a region of high dose (the Bragg peak) at the end
of the range of the beamn and deep within the tissue, which can be
adjusted to conform to the length of the target, so that the entrance
dose can be kept to a minimum; and (3) very sharp lateral edges
that can readily be made to conform to the projected cross-sectional
contour of the target, so that little or no dose is absorbed by the
adjacent normal tissues.

Radiosurgery

Plateau Region: When accelerated-charged-particle beams of suf-
ficiently high energy, and hence greater depth of penetration, are
available, radiosurgery can be performed with the plateau portions of
the narrow beams, using several intersecting coplanar or noncoplanar
arcs or multiple discrete stereotactically-directed intersecting beams.
In this configuration, through-and-through irradiation techniques are
emploved, so that the plateau ionization regions pass through the en-
tire brain [11]. The high-dose regions attained with the plateau irra-
diation technique are usually as sharply-delineated as those attained
with the Bragg peak technique (see below); differences tend to be rel-
atively minor for small target volumes (e.g., pituitary gland). With
this technique, consideration of the tissue inhomogeneity normally
encountered in the head is not important, but accurate stereotactic
localization of the intracranial target volume and precise isocentric
technique are essential. Stereotactic plateau-beam radiosurgery has
been employed at LBL for irradiation of the pituitary gland since
1954 (7,11].

A beam delivery system was developed at the LBL 184-inch Syn-
chrocyclotron using 230 MeV /amu heliumn jons in the plateau ion-
ization region, which provided precise dose-localization and dose-
distribution. Patient immobilization was accomplished by the in-
tegrated stereotactic mask and frame and an isocentric stereotactic
apparatus (ISAH), and assured precision of dose-localization within
0.1 to 0.3 mm [9]; continuous and discontinucus rotation about the
isocenter was achieved in two of three orthogonal planes. The op-
timal treatment procedure ensured that the optic chiasm, hypotha-
lamus, and outer portions of the sphenoid sinus received less than
10% of the central-axis pituitary dose [11]. Until the introduction
of high-resolution CT scanning and currently, MRI scanning, it was

necessary to define the precise location of the pituitary gland, op-
tic chiasm, nerves and tracts, and the adnexae of the cavernous and
sphenoid sinuses with pneumoencephalography and polytomography.

Treatment was delivered in 6 to 8 fractions over 2 to 3 wk in
the first few years of the program, and in 3 or 4 fractions over 5 d
subsequently. The dose was necessarily high in order to overcorne the
radioresistance of the pituitary gland. However, the dose to adjacent
cranial nerves and temporal lobes was considered to be a limiting
factor rather than dose to the pituitary gland; the medial aspect of
the temporal Jobe received 36 Gy during longer courses of therapy,




and 30 Gy to the same region during shorter courses of treatment.
As the dose fell off rapidly from the central axis, the dose to the
periphery of larger pituitary targets (e.g., acromegalic tumors) was
considerably less than the peripheral dose to smaller targets (e.g.,
Cushing’s disease)

Br Peax: Each charged-particle beam can be directed stereo
[acﬁc%%’”tgi-)]a(‘e individually-shaped three-dimensional high-dose
regions precisely within the brain by adjusting the range, by spread-
ing the Bragg peak, by introducing tissue-equivalent compensators,
and by using an appropriately-shaped aperture [6,7]. Several entry
angles and coplanar and/or noncoplanar beam ports are directed
sterestactically so that the high-dose regions of the individual beams
intersect within the target volume. This technique provides consid-
erable flexibility of choice of beam direction for multipert stereo-
tactic treatment planning for 3-dimensional conformal therapy, with
a much lower dose to immediately-adjacent and intervening normal
brain tissues, and complete protection of the largest proportion of the
normal brain tissues. For helium, the relative biologic effectiveness
(RBE) in the Bragg ionization peak is assumed to be approximately
1.3, based on in vitro and in vivo studies {1].

For Bragg peak pituitary irradiation, the beam delivery systern
described above has been modified using 165 MeV /amu helium-ion
beams at the LBL Bevatron, by means of range adjustment, tissue
compensation, and spreading of the Bragg peak. The tumor and its
relationships to adjacent neural structures are defined on stereotactic
MRI scans, and the radiosurgical target is delineated. The radiosur-
gical treatment plan is designed in order to place higher dose in the
tumor mass lying within the sella and lower dose in any tumor mass
extending into extrasellar tissues. A detailed description of treat-
ment planning for pituitary radiosurgery using the Bragg peak of
the helium-ion beam is the subject of a separate report in this sym-
posiumi.

Hesults

Acromegaly

Stereotactic helium-ion beam irradiation has proven to be very
effective as the treatment of acromegaly. Maximum dose to the pi
tuitary tumor in 318 patients treated ranged fro:n 30 to 50 Gy, most
often delivered in 4 fractions over & d. Marked clinical and bio-
chemical improvement was observed in mast patients within the first
vear, even before a significant fall in serum growth hormone level
was noted. A dramatic and sustained decrease in hormone secretion
was observed in most patients; the mean growth hormone level de-
creased nearly 70% within 1 y, and continued to decrease thereafter
(Figure 1). Normal levels were sustained during more than 10 y of
follow-up. Comparable results were observed in 65 patients who were
irradiated with helium ions because of residual or recurrent metabolic
abnormalities persisting after surgical hypophysectomy. Most of the
treatment failures after helium-ion irradiation apparently resulted
from inaccurate assessment of extrasellar tumor extension [3,4,8].
Cushing’s Disease

Cushing’s disease has been treated successfully by stereotactic
helium-ion irradiation in 83 patients (aged 17-78 y) [3,4). Mean
basal cortisol levels and dexamethasone suppression testing returned
to normal valuss within 1 y after treatment, and remained normal
during more than 10 y of follow-up. Doses to the pituitary gland
ranged from 30 to 150 Gy, most often delivered in 3 or 4 daily frac-
tions. All 5 teenage patients were cured by doses of 60 to 120 Gy
without inducing hypopituitarism or neurologic sequelae; however, 9
of 59 older patients subsequently underwent bilateral adrenalectomy
or surgical hypophysectomy due to relapse or failure to respond to
treatment. Of the 9 treatment failures, 7 occurred in the earlier
group of 22 patients treated with 60 to 150 Gy in 6 alternate-day
fractions; when the same doses were given in 3 or 4 daily fractions,
40 of 42 patients were successfully treated '8]. The marked improve-
ment in response with reduced fractionation in this group of patients
has helped provide the clinical rationale for single-fraction treatment
with stereotactically-directed beams of heavy-charged particles.

Nelson’s Syndrome

Helium-ion beam treatment has been used in 17 patients with
Nelson’s syndrome. Treatment dose and fractionation were compa-
rable to that in the Cushing’s disease group, i.e., 50 to 150 Gy in

4 fractions. Six patients had had prior pituitary surgery, but had
persistent tumor or elevated serum ACTH levels. All patients exhib-
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Figure 1 Changes in plasma human growth hormone {HGH] Jev
els in 234 patients with acromegaly ane or maore vears after stereo
Ltactic helium-ion (230 MeV/u) plateau radiosurgery at the Univer-
sity of California at Berkeley - Lawrence Berkeley Laboratory 184
inch Synchreeyelotron. At the top of the graph are the numbers of
patients used to calculate the median plasma levels for each time
interval following radiosurgery. Fourteen patients did not have pre
radiosurgery HGH measurements, but their HGH levels determoned
4 to 18 vears after radiosurgery are comparable with thase of the
other 220 patients. Excluded from this series were 63 patients who
had undergone prior pitwitary surgery and 5 patients whose prera
diosurgery growth hormone levels were less than & ng/ml. The 20
patients in the series who subsequently underwent pituitary surgery
or additional pituitary irradiation were included until the time of the
second procedure. (From J. H. Lawrence , “Heavy particle irradi-
ation of intracranial lesions,” in R. H. Wilkins and S. §. Rengachary
(eds): Neurosurgery. New York. McGraw-Hill, 1985, pp. 1113-1132 )

ited marked decrease in ACTH levels, but rarely to normal levels.
However, all but cne patient had radiologic evidence of local tumor
control [3,4]. One patient who had presented with invasive tumor
had progressive suprasellar extension following irradiation; this pa-
tient died postoperatively after transfrontal decompression.

Prolactin-Secreting Tumors

In 23 patients with prolactin-secreting pitaitary tumors, serum
prolactin levels were successfully reduced in most patients following
helium-jon irradiation. Of 20 patients followed 1 y after irradia-
tion, 19 had a marked fall in prolactin level (12 to normal levels)
{3,8]. Treatment dose and fractionation were comparable to that in
the Cushing’s disease and Nelson's syndrome groups, i.e., 50 to 150
Gy in 4 fractions. Helium-ion irradiation was the sole treatment
in 17 patients; the remaining patients were irradiated after surgi-
cal hypophysectomy had failed to provide complete or permanent
improverment.

Complications of Pituitary-Tumor Radinsurgery

Variable degrees of hypopituitarism developed as sequelae of at-
tempts at subtotal destruction of pituitary function in about a third
of the patients, although endocrine deficiencies were rapidly corrected
in most patients with appropriate hormonal replacement therapy.
Diabetes insipidus has not been observed in any pituitary patients
treated with helium-ion irradiation {8’

Complications in 318 acromegalic patients treated with helium-ion
irradiation were relatively few and limited almost exclusively to those
patients who had received prior photon treatment. Of 7 patients who
had previously undergone unsuccessful photon irradiation, 3 patients
subsequently developed focal and readily-controlled seizures due to
limited temporal lobe necrosis; 3 patients developed mild or transient
extraocular palsies; 2 patients had partial field deficits. Thereafter,
previously irradiated patients were excluded from the protocol [10].
Temporal lobe injury, but no cranial nerve dysfunction, occurred in
only 2 of 283 patients treated solely with plateau helium-ion irra-
diation; both were cases treated in the initial series, and who had
received higher radiation doses than were used in later years [8].
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Neurologic sequelae of stereotactic radiosurgical treatment have
been infrequent in the Cushing’s disease group of patients. One
patient developed asymptomatic visual field deficits 18 mon after
treatment.  Two patients developed rapid progression of ACTH
secreting pituitary adencmas (i.e., Nelson's syndrome) following bi-
lateral adrenalectomy that had been performed after helium irradi-
ation failed to control the tumor growth adequately. Two patients
developed transient partial third nerve palsies 6 tc 7 y after helium
ion treatment (8],

Hormone-Dependent Metastatic Carcinoma

Between 1954-1972, stereotactically-directed proton (initial 26 pa
tients) or helium-ion beams (157 cases) were used at LBL for pitu
itary ablation in 183 patients with metastatic hreast carcinoma. Pa-
tients received 180 to 320 Gy stereotactic plateau helium-ion beam
irradiation to the pituitary gland, in order to control the malignant
spread of carcinoma by effecting hormonal suppression through in-
duction of hypepituitarism [2]. Treatment resulted in a 95% decrease
in pituitary cellularity with connective tissue replacement within a
few months. At lower doses, the magnitude of cellular loss was de-
pendent on the dose to the periphery of the gland 11}, Many pa-
tients experienced long-term remissions. Eight cases of focal radi-
ation necresis (including asymptomatic necrosis found at autopsy)
limited to the adjacent portion of the temporal lobe occurred; all
were from an earlier treatment group of patients entered in a duse-
searching protocol who had received higher doses to suppress pitu-
itary function as rapidly as possible [10]. Clinical manifestations of
temnporal lobe injury and transient 3rd, 4th, and 6th cranial nerve
involvement occurred in only 4 of these patients.

Diabetic Retinopathy

Between 18581969, 169 patients with proliferative diabetic retino-
pathy received plateau helium-ion focal pitwitary irradiation. Tlus
was done to follow the effects of pituitary ablation on diabetic retino-
pathy and to control the effects of insulin- and growth hormone-
dependent retinal proliferative angiogenesis which could resnlt in
progressive blindness. The first 30 patients were treated with 160
to 320 Gy delivered over 11 days to effect total pituitary ablation;
the subsequent 139 patients underwent subtotal pituitary ablation
with 80 to 150 Gy delivered over 11 days. Most patients had a 15-
50% decrease in insulin requirements; this result occurred sooner in
patients receiving higher doses, but ultimately both patient groups
had comparable insulin requirements. Fasting growth hormone lev-
els and reserves were lowered within several months after irradiation.
Moderate to good vision was preserved in at least one eye in 59 of
114 patients at 5 vears after pituitary irracdiation (J.H. Lawrence,
unpublished). Of 169 patients treated, 69 patients (41%) ultimately
required thyroid replacement and 46 patients (27%) required adrenal
replacement. There were 4 deaths from complications of hypopitu

itarism. Focal temporal lobe injury was limited to an early group of

patients that had received at least 230 Gy in order to effect rapid
pituitary ablation in advanced disease; 4 patients in this high-dose

group developed extraocular palsies. Neurologic injury was rare in

those patients receiving doses less than 230 Gy (J.H. Lawrence, un-
publlehed\

Autopsies were performed on 15 patients who had been treated
with plateau helium-ion irradiation of the pituitary {12. Ten of these
patients had been treated for progressive diabetic retinopathy with
average doses of 116 Gy delivered in 6 fractions. All patients demon-
strated progressive pituitary fibrosis. Five patients with eosinophilic
adenomas received an average of 58 Gy in 6 fractions. These adeno-
mas developed cystic cavitation, suggesting greater radiosensitivity
of the tumor than the surrounding normal anterior pituitary gland,
which in turn proved to be more radiosensitive than the posterior
pituitary gland. However, no radiation changes were found in the
surrounding brain or cranial nerves, demonstrating that the accel-
erated heavy-charged-particle plateau beams created a sharply de-
lineated focal pituitary lesion without injury to the adjacent critical
brain structures.

Discussion and Conclusions

Stereotactic heavy-charged-particle helium-ion radiosurgery of the
pituitary gland has proven to be a highly effective method of treat-
ment for a variety of endocrine and metabolic hormone-dependent
conditions, alone or in combination with surgical hypophysectomy.

Since 1954, 84() patients have received sterectactically-directed fo-
cal platean or Bragg peak helium-ion pituitary irradiation at LBIL
to suppress pituitary function andjor control tumor growth; this
includes patients with acromegaly, Cushing’s disease, Nelson’s syn-
drome, prolactin-secreting adenomas, metastatic breast carcincma
and dlabetm retinopathy. In the great nm_]nrltv of patients with pitu-
itary tumors, this method has resulted in reliable control of neoplastic

growth and suppression of hypersecretion, while generally preserving
a rim of functional pituitary tissue. Variable degrees of hypopitu

itarism resulted in a number of cases, but such endocrine deficiencres
and associated metabolic dysfunction were readily corrected with ap-
propriate hormone supplemental therapy.

Clinical protocols for stereotactic helium-ion Bragg peak radio-
surgery for pituitary microadenomas and recurrences following sur-
gery are in progress at LBL, in order to make use of the uniquely
advantageous dose-distribution and dose-localization properties in-
herent in the Bragg ionization peak. Improved anatomic resolution
now possible with multiplanar MRI and C7T scanning has made pos-
sible better localization of pituitary mi
neural structures, and more accurate ass
mor extension. These recent neuroradiclogic advances should result
in improved cure and control rates for pituitary tumors and related
intracranial disorders, decreased treatment sequelae, and a decrease
in the number of treatment failures previously found to have resulted
from inaccurate assessment of tumaor extension

sadenomas and adjacent
ment of extrasellar tu-
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Abstract

Detectors used in beam delivery systems for controlling and
monitoring heavy charged-particle beams for clinical use have special
requirements place on their response time, size, spatial resolution and
reliability. A 30 cm by 30 em transmission, ionization detector with
0.5 cm spatial resolution is now being developed for use with a raster
scanning beam delivery system being built. The electronics for this
system requires the development of a specially designed integrated
circuit.

In ion

The treatment of humans with radiation requires real-time
monitoring of the radiation. The accurate delivery of the prescribed
dose is essential to affect the desired cure and to prevent the
deleterious consequences of an overdose of radiation. The fact that
humans are being exposed to the radiation and that the radiation has
the potential to harm, as well as help, makes the design and
construction of monitoring systems and detectors different from their
traditional usage in physics. Dynamic beam delivery systems in
particular require such active monitoring systems.12

Detector systems for radiotherapy and radiosurgery have three
main functions: 1) the measurement of the dose being delivered to the
patient in real time, so that the radiation can be terminated at the
appropriate amount, 2) the measurement of the spatial distribution of
the radiation delivered to insure the patient prescription is satisfied,
and 3) the monitoring of the radiation delivery for the control of the
radiation transport system. Monitoring the spatial distribution of
dose is particularly important because the radiation must be modified
as it comes from the source before being used clinically. The heavy
charged-particle beams from the accelerator undergo range changes,
spatial deflection. and nuclear interactions before reaching the patient.
For beam transport purposes the monitoring must be independent of
these modifications to facilitate beam line tuning and to minimize
mistakes introduced from changes in the beamline setup.

General Philosophy

Our experience with treatments at the Biomed facility at the
Bevalac has lead us to several principals in the design and operating
of detectors for clinical use. The first is that the detector system
should be independent of the rest of the beam transport and beam
delivery system. No @ priori assumptions should be made as to
what the other systems are doing. The detector system should work
at all times with a response time sufficient to provide monitoring
systems and human operators information on the radiation’s status.

Second, the system must be reliable and safe. An accepiable
fault rate can only be achieved by having redundant systems. Three
independent systems for monitoring the dose and terminating the
radiation are advisable; each system independently able to terminated
the treatment. While this moderately increases the likelihood of a
system not working properly and hence preventing a treatment, it is
safer than a system with fewer monitors. If a system fails to work
properly and the fault is not detected, there can be one of two
consequences. The working systems will prevent an overdose or the
broken system will terminated the treatment o soon. The latter can
be corrected in subsequent treatments after the problem has been
solved. Three systems makes assessing which system isn’t working
easier.

An additional method for assuring a systems reliability and
safety is a method of checking the detectors without the use of
radiation. The detector, its electronics, the dosimetry system and the
entire treatment systermn can be tested with this simulation capability.
The pre-treatment testing of new software and hardware saves time
and effort in debugging and increases confidence in the treatment
system's performance.

Third, the detector should detect a quantity directly proportional
The direct
measurement of dose in the patient can not be easily done so that an
indirect method must be used. To maintain a strict proportionality
between the monitoring detector and the delivered dose, a fixed
geometry relating the measured to the delivered dose is necessary. A
calibration can then be made of detector response with dose delivered

to the dose, the fundamental quantity of interest.

to a phantom setup identical to the actual treatment conditions. To
achieve a proportionality close to unity, a simple relationship between
the two is desired. Placing a detector as near the patient and as far
downstream of beam modifying devices as possible helps insure that
what is being measured is what the patient is receiving.

These considerations have lead us to the development of large-
area, transmission ionization detectors that are segmented into many
smaller, independent-areas.  Dose distributions, distribution
centroids and second moments can be measured in real time and
displayed for the operator convenience or monitored via hardware
and/or software. These detectors, used with known gases and
known ionization volumes, can measure dose via the ionization
produced by the radiation traversing the detector. This dose can be
related to dose delivered to tissue via the relative stopping power ratio
of tissue to gas. Since the monitor detectors can not be located in the
tumor volume, as mentioned a further calibration is needed of the
monitor detectors in terms of dose delivered to the tumor. A
comparison between a calibrated reference detector, placed at the
isocenter inside a phantom, and the monitor detector provides this
conversion factor.
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To specify the requirements of the dose measuring device, the
range of dose to be measured must be known. For most clinical
purposes this is between 1.0 milliGy and 10 Gy - a range of five
orders of magnitude. A further complication is the time structure of
the radiation. High dose rates produce high currents which must be
integrable by the clectronics. Currents lasting a few milliseconds as
large as 10 pA can be produced by the high frequency components in
the time structure of the radiation extracted from the accelerator.

The minimum current produced in clinical systems is on the
order of a few pA. Small volume detectors, short duration radiation
pulses, or short integration times are sources of such currents. In
these cases the signal to be measured must be distinguishable from
noise in the system. For this reason charge integration is the
preferred method because only low frequency noise is a significant
noise source; otherwise, the noise signal is integrated out by the
integrator. For systems currently used a noise level of a fraction of a
pA are obtainable. This noise level presents no real problem during
patient treatments where the typical currents are in the nanoampere to
microampere range.

A further constraint on the design of detector systems are their
size and spatial resolution. An area to be monitored as large as 30 cm
by 30 ¢m is clinically useful with a spatial resolution on the order of &
centimeter or less. Some applications such as measuring the
penumbras of dose delivered near critical structures require a few
millimeter resolution over 10 centimeter distances. This can be
achieved with segmentation of the detector'’s collection foil. Large
numbers of independent electronic channels are then required to
maintain the independence of each element. Finally detector systems
placed near the patient must be as unobtrusive as possible so that the
valuable space near the patient is preserved for other beam-maodifying
devices.

The required response times of a detector system is dominated
not by the detector response, but by the method of terminating the
radiation. Response times less than a fraction of a second are
necessary for passive scatiering system to achieve the desired dose
accuracy. With active beam-delivery systems millisecond response
times are required for dose monitoring and termination in the case of
a delivery-systern failure. A failure in the beam extracting system of
the accelerator that results in an instantaneous high beam current
should be detected by other means than an ionization chamber which
is susceptible to saturation. Secondary emission monitors are best
suited for this purpose.

For ionization detectors the choice of gas is governed by the
needed absolute accuracy of the system. The energy to make an ion
pair, W value, are well known for only a few gases. The density,
W factor and relative stopping power of the gas in part determine the
ionization produced by the beam of radiation. The foil separation
determines the radiation’s pathlength thru the detector and hence the
amount of charge produced. Nitrogen at atmospheric pressure and
temperature is used because of its well known W value.3

The foil separation in all the detectors at the Bevalac have been
standardized to 1 c¢m for ease of construction.
separated by 1 cm and placed at a relative high potential with respect
to one another might be expected to bow from the mutual force
between them. Calculations show that this force is negligible and, in

Large area foils

practice, no bowing is observed. Since one of the foils is placed at a
high voltage, careful electrical separation of it from nearby grounded
structures is required. A gap of 0.3 cm between the high voltage foil
and grounded surfaces is typically used in our chambers. A second
detail of foil design is the extension of a grounded region around the
active collection region. This grounded region insures a uniform
electric field in the region where charge is being measured. ¢ The
produced ionization is not distorted by skewed electric field lines it
follows migrating to the collection foil. A nominal extension of 2 cm
is adequate for most foil geometries.

Since the chambers operate in a transmission mode, as little
material in the beam path minimizes the detector's impact on the
radiation. Kapton foils on the order of 25 um thick can be used to
make a practical detector ~ 200 pm thick. Gold plating of the foils to
a thickness of~ 0.5 mg/cm? creates a conducting surface. With
printed circuit board techniques a desired pattern can be etched for
collecting the ionization charge. Several kinds of collection patterns
have been made for different purposes. Figure | shows a detector
used to measure onedimensional dose distributions with fine spatial
resolution.

Figure 1 shows an ionization chamber that is segmented into 144
individual elements. Each element is 2 mm by 1 cm in area.

Special Features An important development in the construction of
such multisegmented ionization chambers has been a method for
extracting the signals from each element.” This has been done by
moving the signal leads from the collection side of the foil to its
backside. There are three advantages to doing this. 1) A great deal
of area is gained to layout the signal leads. 2) Collection no longer
occurs on the leads themselves since they are away from any electric
field. 3) The entire collection area can be used for construction of
well defined collection electrodes in symmetric patterns. By using
printed-circuit board techniques the signals can also be easily
connected to the electronics via edge connectors and cabling .
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The most successful means of integrating the charge from an
ionization collection element has been the recycling integrator or
charge 1o pulse converter.®® Their major advantages are their large
dynamic range, exceptional linearity and excellent noise immunity. A
simple integrator designed for use at the highest current levels suffers
at low current levels; the small output signal is difficult to
discriminate from noise and is difficult to digitize with sufficient
resolution. A variable ranging system, another alternative, has two
problems; the proper range must be sclected before the measurement
is made and the selection must be correct. Too coarse a resolution
results in a dose measurement inaccuracy; too fine a resolution leads
to saturation of the electronics and a wrong dose measurement.
Limititations; Recycling integrators also have limititatons. The
noise in the system determines the smallest charge measurable.
Above some input current the recycling integrator will saturate. As
saturation is approached a maximum output frequency is maintained
and unaccounted charge is stored until the recycling integrator can
catch up, with some penalty in linearity. At saturation the input will
no longer appear as a virtual ground and the charge measured will be
incorrect.
Bias: A small, fixed current input to each channel to offset unknown
biases also checks that each channel is operating. A background
subtraction eliminates any effect of this bias on the true charge
measurement.
Integrated Circuit The largest obstacle to multiple channel systems is
their cost. Toward the goal of reducing this cost, an integrated circuit
is being developed with 16 channels per chip. The chip will have
selectable charge quanta of 1, 10 and 100 pC per output pulse. The
dynamic range will cover from 0.1 to 107 hertz. A 24 bit scaler and a
preset scalar will be build into the integrated circuit along with a
saturation detection circuit. A calibration bus will allow the
individual calibration of each of the channels on a chip. A built in
bias circuit will automatically adjust the input to maintain a fixed
positive output to account for any unknown biases in the system.

Conclusion

A 3600 elernent {onization chamber is being developed along
with a special integrated circuit to measure in real-time the doses
delivered with the raster scanning beam delivery svstem. This
system will allow independent monitoring of the radiation during a
patient treatment along with beam's characteristics. Measurement of
two dimensional dose distributions will be possible with a clinically
useful spatial resolutiorn.
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Abstract

A spot scanning technique has been developed using a pro-
ton beam at the Paul Scherrer Institute (PSI) cyclotron. The
depth-dose curves and lateral dose fall-off were measured and
were used as input to a computer modelling program that cal-
culates the dose distribution in a volume of water. Beam scan-
ning parameters-speed and order of beam spot deposition-from
the PSI method determined the position of the beamspot as a
Respiration motion was modelled using a

Beamspot size and position, number of

function of time.

sinusoidal function.
fractions, order of scanning, respiraticn amplitude, respiration
frequency, and direction of respiration were systematically var-
ied. The dose homogeneity was determined by calculating the
standard deviation (rms) of the resulting dose distribution and
the maximum variation from the mean dose. The results of the
calculations provide insight into the maximum tolerable patient
motion, and are being used to improve the design of the entire

beam delivery system.
Introduction

harged particles, such as protons and heavier ions, have
better dose lccalization characteristics than photons. Past and
current facilities have used charged particle beams that have
been broadened by scattering to achieve uniform dose distribu-
tion across the beam profile and use collimators to restrict the
beam to the target volume. Dose uniformity in the direction of
beam propagation is achieved by “stacking” successive Bragg
peaks of incrementally decreasing range. Recently, there has
been much interest in the use of narrow beams of charged par-
ticles that are magnetically steered. Such scanning methods of-
fer the ability to truly optimize the dose localization within the
tumor volume, as well as offering a flexible and rapidly repro-
grammed beam delivery system. Magnetic scanning can easily
be implemented in the beam optics of an isocentric beam trans-
port system, zermitting the design of the gantry to be reduced
to dimensions similar to those used in conventional therapy.
One of the major objections to using scanned beams has
been the difficulty in achieving a uniform 3-dimensional dose.
When broad, scattered fields are used, the dose at any point
within the volume relative to some reference point is fixed.
Variations in dose rate apply uniformly throughout the vol-
ume, and the incident beam has a well-defined profile. When
using scanned beams, the dose at any point is independent of
the dose at any other point. The first requirement, therefore,
is a reliable and accurate dose monitoring and delivery system.

Scanning systems also must contend with the possibility
that between the times of application of dose at two positions
the tissue may move as a result of patient respiration or motion.
This can result in two adjacent beams overlapping to produce
a “hot” spot, or in two adjacent beams being widely separated
so that there is a “cold” spot between them. This problem can
be reduced by using large beams that have gradual dose fall-off,
with the tradeoff being that the resolution of dose localization
is reduced, Small, sharp beams can conform the dose precisely
to the target volume, but are sensitive to patient motion. At
PSI, we are seeking to find a suitable compromise between the
two extremes that is clinically relevant and useful. Using ex-
perimentally measured beam profiles, we have performed com-
puter simulations in order to assess the critical parameters and
their effect on the dose homogeneity when respiratory motion
is present.

Methods and Materials

Beam Scanning
A detailed description of the PSI spot scanning method

has been presented earlier in this conference [8]. A 600 MeV
proton beam is degraded to 214 MeV and reanalyzed. A kicker
magnet turns the beam “on™ and “off” by steering it through a
narrow aperture or into a beamstop. A sweeper magnet steers
the beam in the X direction {(along the body axis). The beam
passes through two ionization chambers which monitor the total
dose and the position, respectively. A range shifter consisting of
0.46 em water-equivalent plastic sheets which can be inserted
into the beam moves the Brage peak in the Z direction. A
patient transporter moves the patient to provide the third axis
of spot positioning.

The dose is delivered in a series of discrete spots, each
placed 0.5 cm apart,
in the X direction. Then a range shifter plate is inserted and

The spot is scanned sequentially first

the spot is moved in the Z direction, and the X axis is scanned
again. This continues until the plane is scanned. Then the
patient transporter moves the patient up 0.5 cm and the next
plane is scanned. This sequence is continued until the entire
volume is scanned. One can also irradiate every second or third
spot along one or more axes (definition of rescanning multiplic-
ity along that axis) and then rescan the volume a number of
times to fill in the missing spots in an attempt to randomize
the tissue motion relative to the spot placement and achieve a
more uniform dose distribution. To the extent that the width
of the spot is larger than the effective step size between spots
used with a particular multiplicity, the dose applied on a single



rescanning cyele should be quite homogeneons. In this limit,
multiplicity rescanning and fractionation {complete rescanning)
should Lave similar effects.

Coniputer Model

A representative dose volume of 1 liter (10 x 10 x 10 cm)
was used for calculations. In the absence of motion, beamspot
separations of 0.5 cm (X), 0.5 em (Y), and 0.46 cm (Z) were
used. The points at which the dose was caleulated were typi-
cally separated by 0.5 cm in all three directions. That this was
a sutficiently fine spacing was checked by performing caleula-
tions with spacings down to 0.2 em. The measured Bragg peak
and the width of the Gaussian beam were stored in lookup ta-
bles and were used to determine the dose do surrounding dose
grid points Yor each position of the beamspor.

Respiration was simulated using a sinusoidal function:
A.sin(2nT/T, + 8). The direction of motion, A, was either
X, Y, or Z. The position of each beamspot was caleulated by
coordinating the respiratory motion with the time dependent
position of the beamspot, as defined by the beamspot velocities
(v, = 500 cm/see, v, = 25 cimfsec, and v, = 2 cm/sec) plus the
reaction time of the system for turning off the beam. Multi-
ple fractions were simulated by repeating the caleulations with
a random initial phase. The phase was considered constant
throughout a single fraction.

Aunalysis of the 3-dimensional dose distribution was per-
formed either graphically or analytically. The RMS dose uni-
formity was defined as the standard deviation of the dose within
a volumie that excluded the dose fall-off at the borders of the
scanned volume. The maximum deviation of the dose relative

to the mean dose was also calculated.

Results and Discussion

The dose uniformity in the absence of motion is 1% due
to the small ripple resulting from the narrowness of the Bragg
peak in the Z direction. Perpendicular to the beam propagation
direction, the dose is very uniform. At a depth of 23.7 em, the
lateral dose fall-off is 1.48 cm from 90% 1o 10%. At the end of
the range of 28.7 cm. the dose fall-off in the distal direction is
0.67 cm from 90% to 10%.

Motion due to respiration introduces a number of variables
that can affect dose homogeneity: (a) respiraticn amplitude,
A, (b) respiration period, Ty, (c) respiration axis, 4., (d) num-
ber of fractions, F, and (e} multiplicity, M. The effects of these
are complicated by the interaction between the time-dependent
deposition of dose at each spot and the motion of the irradiated
volune. Such an interaction was manifested in the pronounced
ariation in the RMS dose homogeneity from caleulation to
calculation when the motion was along the slowest axis (Y) of
antly less when the

beam scanning. The variability was signific
motion was in the Z direction, and was negligible when along
the X {fastest) axis.

The motion of an organ due to respiration strongly depends
on the location of the organ and the forcefulness of the respira-
tion and can range from 0 to 5 or 6 em. Traditionally, consid
ration of the blurring effects on the edges of the dose distri-
bution because of respiration has been included in the marking
of a margin about the tumor when defining the tumor volume.
Oliara and colleagues [7] quote a value of 2 em when the tumor

S71

1s close to the diaphragm. It seems reasonable to limit the spot
scanning technique to those cases where the size of the beam
spot is not smaller than the motion of the target volume.

The possibility of synchronizing the radiation with respi-
ration was explored by Ohara for photons and was found to
confer a marked benefit. The same idea can be applied to
the spot scanning technique, and its implementation would be
very simple since the irradiation control system is already part
of the technique. We have rot included synchrovization in our
simulation since we ave exploring the worst possible cases.

The dose uniformity was the worst for motion along the
Y axis, since the beam scanning velocity in this direction was
comparable to the respiration velocity. Scanning along X pro
ceeds virtually instantaneously with respect to respiration mo
tion and was the least sensitive to respiration. Scanning in 2
Is intermediate in speed and effect with regards to respiration.
Fig. 7 illustrates the effect on the RAS dose homogeneity as a
function of A, for motion along the X, Y, and Z axes.

To assess the effect of the size of the beam. the Gaussian
width was doubled with respect to the values plotted in Fig. 1.
The lateral dose fall-off from 90% to 10% increased to 3.2 cm.
I the absence of motion, dose uniformity was approximately
equal to that with the narrower beam. For F = 1. M = 1.1,1,
T, = 5 scc,and 4, = Y, the dose uniformity was 3% for A,
Tem, and 4% for 4, = 2 em.

Fractionation had a considerable effect on the dose unifor-
mity in all cases, as shown in Fig. 2. The standard deviation
of the dose decreased approximately proportional to the square
root of the number of fractions, as did the maximum deviation
from the mean dose. Regardless of the direction of the mo-
tion, the RMS dose uniformity was less than 4% for 15 or more
fractions. Increasing the multiplicity also lowered the standard
deviation and maximum deviation of the dose, although not
as much as the fractionation did. This may be caused by the
fact that fractionation is a statistical averaging of the motion
about every beamspot, whereas the rescanning with increasing
multiplicity does so only to the extent that the dose from a
beamspot overlaps the location of adjacent beamspots.

The interaction between respiration period and the multi-
plicity was difficult to predict. In general, no appreciable effect
on the dose uniformity was seen when the respiration period
was varied between 1 and 10 sec (60 to 6 breaths/min). In-
creasing the multiplicity had the general effect of improving
the dose uniformity.

Kanai and colleagues [3.4] also demonstrated a scanning
systern with protons that achieved very good dose uniformity.
They used a collimator to produce a beamn that was square
in cross-section with very sharp edges. References [3] and (4]
do not deal with motion of the patient, but given the sharp
beamspot they used. their systemn would most probably be very
sensitive to patient motion. Levin and colleagues [5] calculated
that a proton scanning system would not be practical because of
the extreme sensitivity of the dose uniformity to patient motion
or beamspot misplacement. However, their calculations utilized
beamspots with very sharp dose fall-off at the edges,

These results, when added to those presented in this paper,
demonstrate the importance of (a) the dose fall-off at the edges
of the beam and (b) the importance of statistically averag
ing spatial fluctuations in the dose. Very sharp beams provide
good conformation at the edges of the target volume but can
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Figure 1: RMS dose homogeneity (100 x standard deviation
/ mean dose) as a function of respiration amplitude, 4,, for
motion along the X, Y, and Z axes. It would not be practical
to use spot scanping with the given beam size when respiration

motion was greater than approximately 1 cm.

not tolerate much motion. Broader, Gaussian, beams are much
more robust but sacrifice the sharpness at the tumor borders.
The addition of a small multileaf collimator {covering the swept
beam) and the use of ridge filters could cure this problem with-
out giving up the main advantages of the spot scan method, i.e.
complete automation on a compact gantry system. The dose
uniformity is significantly enhanced, as expected, by rescan-
ning the volume many times. In addition. it appears that the
direction of respiration motion ard the direction of the slowest
direction of spot scanning is an important factor in reducing
dose inhomogencity. Dose homogeneity, however. is not the
only factor to be considered. Respiration synchronization is

the only method that results in improvement at the edge of the

field as well.

The results of our caleulations need to be interpreted in
light of current practice and theory regarding the required uni
formity of dose in radiotherapy. Recent articles have addressed
the issue of precision and aceuracy in radiotherapy [1,6]. These
articles, and the ICRU Report 24, recommend an accuracy of
approximately 5%. It is also stated [6] that in practice the
dose uncertainty is approximately 4% with photons and 6-8%
with neutrons at a specified point, and that the uncertainty a
other points within the target volume will be higher. The carly
results of cur experimental work and computer simulations pro
vide confidence that such standards can be met using the spot
scanning method. They are also providing an important input

into the design process so that decisions as to the use of colli-
maters, respiration synchronization. and other components can
be made that will result in a clinically useful system.
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Figure 2: RMS dose uniformity plotted as a function of number
of fractions for three different values of respiration amplitude,
4, The solid lines are plots of the dose uniformity at F=1
divided by the square root of the number of fractions.
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EULIMA BEAM DELIVERY
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Abstract

The stopping light ion beam must be scanned through the tumour
in three dimensions, laterally and in range. Range changing with a fixed
energy cyclotron implies a degrader. The optimum beam condition at the
degrader is calculated, and it is shown thal the increase in phase space
by multiple scattering is acceptable. Range straggling and projectible
fragmentation are also tolerable.

In contrast to conventional radiotherapy (x-rays, cobalt) the
fight jor beam from EULIMA and similar machines can be exactly
localized, laterally to ® 1.5 mm, and in range to 5 mm. This allows the
tumour to be treated precisely by scanning in three dimensions over a
designated volume of arbitrary shape. The beam delivery system must
accomplish this reliably and safely at reasonable cost.

a) This requires lateral (x-y) deflection by a fast magnet

b) Variable range

) Variatle ex;osure time to achieve a uniform biologically effective
dose, see Fig 1.

d) Position sensitive monitors

e) Rapid switch off in case of malfuncticn

fumour oulline

_receives some dose
So slice B must get less
dose at lhe centre, more

al ths edges

Fig. 1 3D Conformal Therapy

Fig 1 shows a typical treatment plan. By adjusting the range, the
Bragg curve is placed successively at various depths. Each depth slice is
scanned in the x-v plane over the tumour cross-section at that depth;
Note that when distal slice A is treated, the centre of central slice B
will receive some dose. This must be compensated when slice B is
treated, by giving mcre dose at the edges than at the centre. Therefore in
peneral each slice eaquires a carefully computed non-uniform dose.

In any scanning system tissue movement is a problem. An
unfortunate correlation between movement and scanning period could
cause part of the system to be overdosed while other parts receive
nothing. Internal organs move cyclically in synchronisation wil‘h
breathing and heart beat. Synchronizing the beam with respiration is
one possibility [1], and the pulse could also be included, implying an
accelerator with plenty of intensity to spare and good on/off control. The
alternative is to repeat the scan many times and hope that unforescen
correlations will cancel out. Hope is a virtue, but we prefer not to depend

upon it when lives are at stake.

Lateral

neing

The scanning across the x-y plane may be either continuous
{called "raster scan™ or intermittent {called "pixel scan'),

Pixel scan

The target plane is treated at a triangular mesh of points, Fig 2,
with spacing p, and a Gaussian beam spot of standard deviation o.

o0 0e0¢ e300
® 000 00 0o
60 ¢ 0000
® 0 00 0 0 0
o8 0 0coe

dose

%

0 5 10mm

Fig. 2 Pixel Scanning

If 62 0.5 p the dose is uniform to 1.2 %. The cdge definition depends on o
and is shown in Fig 2 for 6 = 2.5 mm, p = 5 mm. This is good enough to
delineate a cross-section of arbitrary shape by choosing which pixels to
treat. The procedure would be as follows : beam off - move spot to pixel -
beam on until desired dose is reached- repeat for next pixel.

We see the following advantages for the pixel scan
- flexible shape in cach plane
- cach pixel is dosed separately giving flexible dose distribution
- no collimators
- no beam when spot is moving
- no error from magnet rise time or transient oscillations
- no error from beam intensity fluctuations
- conceptually simple computer control
- good security

An essential technical prerequisite is a means of switching the
beam on and off. With a cyclotron this can be done at low energy in the
injection line, because the particles only spend 60 us inside the machine
and the beam loading is negligible. However with a synchrotron using
resonant ejection to get a long burst it takes several milliseconds to cut
the beam; therelore a fast beam switch needs to be included in the
transport system, and this is expensive.

The time available per pixel is determined by the desired
maximum treatment time (5 mn), the number of pixels (104 for a one litre
tumour), and the number of times one scans the tumour in each session
(say 10). This gives 3 ms per pixel, to include spot settling time, on/off
swilching and treatment.
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Fig. 3 Raster Scanning

Raster scanning

With equally spaced paralled lincs, spacing p, a Gaussian spot
cf standard deviation o gives a dose uniform to 283 % if 6205 p. In
principte a cress-section of any shape can be delineated (Fig 3), but it
requires the horizontal turning peints to be correlated with vertical
position and there will be some overdose at the turning points where the
spot velocity is less. In general the intensity can be modulated by
varying the spot velocity. Note that at Berkeley the raster scan gives a
rectangular field and collimators are used to define the exact tumour
shape, so the turning points are screened.

The main advantage of the raster scan is that no on/off switch is
needed in the beam. [t requires :

- a steady beam
- precise control of scan velocity
- fast magnet response with no undesirable transients

Disadvantages are :

-probable overdose at turning points or collimator needed
- rapid beam fluctuations cannot be compensated
- faster magnet response will be needed and this means more powor.

Scanning inrange

Typically the depth required in tissue is 5 cm (min} 1o 20 ¢m
(max). {Shallower tumours could be treated by low energy proton
machines). The corresponding particle energies for carbon are 140-340,
and for oxygen 170-420 MeV /nucleon. With a synchrotron there is no
problem in varying the extraction energy. A cyclotron however has a
fixed extraction energy, so it will be necessary to reduce the energy by
passing the beam through a slab of matter (called the degrader) of
variable thickness. However the degrader has several undesirable
effects which must be analysed :

a) increase of the beam phase space by multiple scattering

b) increase of the momentum spread by energy straggling

o) fragmentation of the incoming particle, giving lighter jons of
roughly the same velocity with a longer range in the patient.

Multiple scattering

At any point along the beam axis we assume that in the
horizontal phase space defined by
N

x=(}

the distribution of particles is Gaussian, with the one standard
deviation contour defined by the ellipse

v -1
Xo ' X=1 5D

The symmetric matrix

o= [“n "12]
oz 2 )

Then specifies the beam shape and area, and is transformed according to

o = RoR (3)

where Rois the usual transport matnix (3} The overall variance of the
distribution in the 8-dircction is Vg = o95.

We consider how the matrix o is changed by a degrader of finile
thickness t, adding the cffects of multiple scattering in cach larger dt to
the effect to the drift distance dt. For drift alone

R~ [1 dt]
01
s0 applying (3)

20y ¢
do/dt = [ 12 22] @
92
For scattering alone
ddzz/df = defm = K(t) :5)
with K =200Z2/ A2 p2 2 X,, %)

for a projectile of charge Z, mass A velocity e, and momentum p in
MeV/e, in a degrader of radiation lenght Xo- Kovaries with t because p
and Parechanging. Adding (4} and (5) gives the total change in o,
do/dt = [2‘7“ ‘2 @)
Loz K
For a degrader of total thickness [, { 7) can be integrated term by
term to give at the output

Oout = Gdo + O 13)

where gy, is the matrix expected at the end of the degrader due to the
drift distance gnly and the effect of the scattering is ertirely included in

(52

with

t t t
A) = [ Kdt, b= [ Adtand C = 2[ Bt
U J ¢ (1h
Note that o is independent of the phase space of the incoming beam,
and depends only on the propertics of the degrader, plus the beam
momentum. In general the beam emittance, that is the arca of the
cilipse in phase space is

ne = avdello)

The emittance is not changed by drift distance oniy so the input
beam emittance is given by

cg“ = det{og)

In (87 we now vary the components of o4, keeping the emitance fixed, 1o
/ do PHing .
find the condition for minimum emittance £,y at the output with

scattering included. One finds for the optimur beam,

Tdo = &in/€5) G (11
where
£5? = AC- B2 12)

That is the components of the unscattered beam must be proportional to
the components of g, , with magnitudes adjusted to give the correct

determinant. Substituting in (8), one finds in this case, for the output
emittance including scattering

Cor T Cin T G (13)
In summary, if the shape of the input beam is optimized the
increase in emittance due to the degrader is £y ; this is only a function of
the degrader characteristics and adds linearly to the input emittance.

The integrals in equation (10) have been evaluated for various
materials, slowing down a beam from 20 cm range in water to 5 cm range.
The results are given in Table 1 for beamns of fully stripped carbon.



Table 1
. S17 . .
Pegrader parameters for CH2 beam slowing down from 20 cm range-in:

tissee 1o 5 om

Material P Xo e thickness em £, monmrad
Li 156 345 0.25
0 %1 150 510
Be 353 100 223

B4 0.7 71 200

araphite 188 242

Cu 14 355

ke density of the degrader is significant, as well as the
thickness in radiation lengths, and for this reason boron carbide turns out
to be the best material. (Diamond would be even better, but is not
available in the required thickness). The output emittance of 2.06 mm.
mrad (one standard deviation) for B4C is encouraging. However the one
standard deviation ellipses, in horizontal and vertical planes together,
only contain 16 % of the particles. To pass 40% of the particles we must
double the cmittancze in both plancs to 4 mm.mrad, which is comparable
to synchrotron output beams with no degrader. As the cyclotron has
plenty of intensity 1o spare we can sacrifice the rest of the beam and still
have more particles.

Qve concludes that multiple scattering in the degrader is not an
impediment fer a lightion cvelotron

Encrgy straggling
For a thin layer with a projectile of charge Z, velocity e, ina
target of charge Z, the variance V in energy increases as

dV/dt = 4nneZ?Z 120/ - 80 (14
where s the number of target atoms per cm3. Projecting to the end of
the degrader and mtegrating, the final vanance is

E 2
dE dEY2 v
V- JW{KU:M) a—_‘-} S (15)

Degrading a carbon ion beam from 20 ¢m range in waler to 5 cm range
gives dp/p = 0.5 %. If non-dispersive bends are used this should not be a
problem for the beam optics.

Quadiupoles T

Wuadiupoles

Degrader

o |

"Window-frame”

v

scanning Magnet (vertical; Scanner

“Treatinent plane
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Fragmoentastion

Itis intended to place the degrader close w the eyclotron, so that
fragments with the wrong imagnetic tpidity will be tost i the Lending
magnets. As fragments in general have the same velocity as the
incoming projectile, only those with the same 2/ A as thye projectile noed
be considered. Light fragments of the same Z/A have much smaller
dlz/dx and Tonger range. Therefore only the fragmenis produced in the
final layers of the degrader will have the same rigidity as the main
beam

Partial cross-sectons for carbon and exygen beams of 27 GeVo/noane
a beryllium targe! for deuteron production are 329 and 41T nbs
respectively [ for helinm produchon 387U and S04 nos AL Moy s e
cross-sections will be smaller. Other fragments are muach less protabile
For oxygen penctrating 10 em of beryliium one finds that d7 + 1ot
together are 1) % of the beam ; but allowing for the different dES A we
expect only about 1% of the beam to have the correct rigidity

Therefore frapmentation does net seem o be a sericus probiom
srovided that a momentum selection is made alter the degrrader
3

Beam layosnt

A preliminary drawing of the EULIMA beam delivery system is
given in Fig 4. Initially there will be one vertical and one horizontal

beam, both with scanners. Further beams can be added as indicated
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APPROACH TO BORON NEUTRCON CAPTURE THERAPY IN EUROPE.
GOALS OF A EUROPEAN COLLABORATION ON
BORON NEUTRON CAPTURE THERAPY

Detlef Gabel
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Abstract: A European Collaboration on Boron Neutron Cap-
ture Therapy has been founded in 1989. This Collaboration
wants tc create all necessary conditions to establish neutron
capture therapy as a clinical therapy in Europe. For this, two
main goals are being pursued:

1. To initiate, at the High Flux Reactor in Petten (The Nether-
jands) clincal trials of glioma and melanoma

2. To create conditions that other tumors can be treated at
this and at other sites,

In this paper, the approach towards clinical trials of gliomas
with boron neutron capture therapy is detaled. The necessary
development of an epithermal neutron beam, and the neces-
sary healthy tissue tolerance studies are discussed in view of
the particularities of the radiobiology of boron neutron capture
therapy.

intreducton_to_Boron Neutron Capture Therapy

Boron neutron capture therapy (BNCT) is based on the high
cross section of the boron-10 nuclide for thermal neutrons.
Upon capture, the boron nucleus disintegrates into highly
energetic alpha- and lithium-7 particles. One event liberates
enough energy to. in principle, kil a cell. The nuciides that
are present in the body (hydrogen, nitrogen, carbon, oxygen)
posess such low cross sectiors for thermal neutrons that al-
ready modest amourts of boron (in the order of several tens
of microgram boron per gram tissue} suffice to deliver a sub-
stantially increased dose to that tissue

BNCT was tried clinically in the United States 11 the late
1860's and early 1960's. These trials resulted in a failure,
and were consequently abandoned. In Japan, chnical trals for
glioma (Hatanaka, since 1968) [1] and melanoma (Mishima,
since 1987) [2) are being pursued. World-wide, a greatly in-
creased interest in BNCT can be observed. This interest is
based on the fact that we row know which factors led to the
failure of BNCT in the past. Pronlems were encountered with
the poor penetration of the thermal neutron beam into tissue,
a pocr differential tetween tumorcus and heallhy tissue of the
boroen compounds used, and an excessive radation dose
especially to the skin.

Better boronated tumor seekers are now available. More is
known about the radiation biclcgy of the dose components that
are encountered in BNCT. Finally, eoithermal neutron beams
are accessible that permit to treat tumors at depth.

Fcr the above-mentioned Geal 2, namely the treatment of
tumors otrer than gliomas ard melancmas, it will be necessary
to develop new and improved tumor seekers. This requires ad-
vances in boron chemistry, and an intense collaboratior of
boron chemists with, e.g., biochemists and biologists. The
development of other neutron sources. also part of Goal 2,
aims at existing research reactors and their conversion or
modification to extract sufficiently intense epithermal neutron
beams. OFf great potential usefulness are accelerator-based
neutron beams. The physical and technical feasbility is
presently under experimental evaluation

Here, emphasis will be placed on the approach (o Goal 1.
It is the aim of the European Collaboration to initiate clinical
trials of glicma by the end of 1991,

Epithermal Neutron Beams for BNCT

As mentioned above, a thermal neulron beam was used in
the past, and is being used currently, for BNCT. Thermal
neutrons (i.e. neutrons having a kinetic energy corresponcing
to room temperature, around 0.025 eV) are capable of being
captured immediately by all elements in the bcdy, and there-
fore have only a limited depth to which they can penetrate
nefare reacting. Epithermal neutrons, i.e. neutrons in the
energy range of 1 eV to 10 keV, cannol as such be caplured
efficiently by the atoms of the body. They will, however, lose
energy through collisions, and thus will eventually reduce their
energy to thermal values. In biological material, the maximum
‘hermal neutron flux occurs at around 2 cm depth, with many
neutrons penetrating much further.

Beams of epithermal neutrorns can be produced by filtration
from fission spectrum neutrors obtained from a reactor, or
spallation neutrons obtained from an accelerator, These beams,
because of incomplete filtraticn, will contain a number of fast
neutrons (i.e. neutrons with energies far above 10 xeV), and
gamma photons emerging from the reacter and produced in fi-
ter and structural materials,

Determination of the Biolegical Effects of Neutron Beams

in order for such beams to te usefu! their biclogical effect
on the tissue present n the beam must be known. The
biological effect of the beam will determine which dose can be
administered to the target volume (containing the tumor and
healthy tissue} without inducing unacceptably high damage. This
must be known before clinical trials can be embarked upon.

Two different approaches to this {and any similar) problem
can be envisaged. Cne approach would be o arrive at the
exact conditions of the clinrical triazz from known basic facts
ithe deductive approach). The aiternative approach would be
emrpirical (the inductive approach).

In principle, it would be of great reassurance if treatment of
BRNCT could rely on deduction from known principles. It would
then be necessary to identify and gquantify the different
components to e biologically effective dose ir the target, tc
quantify the biological response fo these different dose com-
ponents, and to tailor, with these data, the incident beam such
that the tumor receives a maximum dose, while healthy tissue
is not inflicted an unpermissibly high dose.

Ag will be detailed below, this appreoach s presently not
feasible in BNCT, and perhaps might never be possible.

In BNCT, there are a variety of dose components that con-
tribute to the total dose. For an epithermal neutron beam,
which would alow to treat tumors at depth und thus overcome
some of the problems encountered in the initia! clinical trials,
these dose components come from the incident beam (mainly
fast neutrons and gamma photons), and from neutron capture
reactions of the thermal neutrons generated with rnydrogen
{giving rise to a 2.2 MeV gamma photon) and nitrogen
{generating a carbon-14 fon ard a proton of an energy of
0.56 MeV available for ionization).

In addition to the doses associated with the epithermal
beam impinging on the target, there is a dose component
generated by the 9B8(n,a)’Li capture reaction wherever boron
is present in the irradiation volume.



Depth-dose profiles for the different dose components will
have shapes tike those shown in Fig. 1 for the epithermal

neutron beam of the Medical Research Reactor of the
Brookhaven National Laboratory [3).
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Fig. 1. Depth~dose profiles in a cylindrical phantom of the

epithermal beam of the Brookhaven Medical Research Reactor.
{Data adapted from [3]}

The necessary ‘nformation abaut these different dose com-
ponents would have 1o come from adequate physical dosimetry
ot the different beam components in the gifferent volume ele-
ments in the target. In conventional radiotherapy, a sum of ail
dose components, multiplied when indicated with their appro-
priate ABE values, would give a geod estimate of the actua’
expected dose in each of the volume elements of the target.

There are considerable problems to estimate the biologically
effective dose associated with the boron capture reaction.
These p-oblems cannot be solved easily, and might perhaps
elude estimaticn altogether. This arises from the fact tha! the
aloha and the lithjum particles generated in the boron capture
event have, in biological tissue, ranges that are commensurate
with the dimensions of a cell. Thus, the energy deposited in
the nucleus of a cell will depend considerably on the locaticn
of the boron capiure event in relation to the cell nucleus [4].
(The energy deposited in the nuclei of singie cells has been
termed "nit size” by Bond {5}, in order to differentiate it from
dose, which s an average quantity,” Subsequently, "hit size”
will be used tc indicate the energy deposited in a cell
nucleus.}! Calculations by Gabel for typical cells [4] have indi-
cated that the hit sizes fram this reaction might vary by almos!
a factor of 10, depending on whether the same amount of
boron is distributed uniformly throughout the tissue or whether
present only on the surface of the cells. (The iatter case
might arise when antibodies are used to carry boron.) Further~
more, because of the energy and the high LET values of the
twe particles, Po:sson statistics will result in a targe variation
of hit sizes. Anavysis of cell biological experiments [4], taking
into account the statistical variations of hit sizes, infers the ex-
istenice of a kit Size Effectiveness Function [5]. This implies
that not every cell whose nucleus receives a hit size from the
1°B8(n,a)’L: reaction, will die as a consequence. The probabil-
ity of reproductive death will increase with increasing hit size,

For these reasons, the concepis of “dose” and "RBE” can
be misleading in BNCT.
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empirical, e, inductive, ap-
followed in a given nerapy
This will be reflectes in

As a consequence, only an
proach towards BNCT can be
situation with a given compound.
treatment planning.

Treatment Planning in BNCT

In conventional radiotherapy, considerable etfort 1s devoted
tc maximize the dose to the tumor and at the same tme spare
healthy tissue. This is achieved by tailcring the beam shape
for each of several irradiation ports.

In BNCT, the approach must be different. This is due to
the fact that the incident beam s not as such of therapeutic
efficacy. Upon collision with a sufficient number of atoms, the
epithermal neutrons have reduced their energy such as to be
captured by boron (and hydrogen and nitrogen). During the
process, the initial direction of the neutrons will gradually be
lost, and consequently the edges of the beam will become dif-
fuse in comparison with conventional therapy beams. A broad
range of penetration depths will exist for these neutrons (in
marked contrast to the Bragg peak observec for accelerated
heavy particles). Therefore, not only will the beam be diffuse
laterally, but alsc vary considerably in ils dose to tissue alony
the beam axis. The hydrogen capture reaction gives rise to
long-reaching gamma photors, which in the abserce of boron
are responsible for the major fraction of the dose deposited in
tissue, and will add to the broadending of the beam.

In BNCT, the hit size to a tumaor cell is due mostly to the
nit size from boron, and thus cannot be influenced by the
shape and properties of the external beam. Treatment planning
is indeed achieved by the choice of compound, Therefore, the
properties of the beam are of greatly reduced importance, as
far as its lateral and depth profiles are concerned. This is -
lustrated in Fig. 2. In conventional radiotherapy, the hit size to
ane cell is very close, if not identical, to the hit size to its
immediate neighbors. In BNCT, each cell will receive a hit size
which is due to a very great extent oniy to the amount of
boror this very cell has accumulated.

Fhotng Eoren
Fig. 2. Schematic presentation of hil sizes to celis in a larget
from photons, compared to tit sizes from the 'WE{n )Tl
reaction. The targel wil altenuate the beam and, in the case

of a neuwlron beam, broaden . In the case of photons, !
sizes to adjacent celis will be sirmviar, if not identical. Hil sizes
to cells in BNCT wilt be dependent mostly on the boron ac-
cumuiation in each of the cells, and wiil therefore vary greatly
between one cell and its immediate neighbors.

In healthy tissue, one will have to expect that boron will be
present in different cells in different amounts. The determina-
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tion of boron concentrations averaged over as little as several
cells, not to mention weighable amounts of tissue, will not al-
low to draw conclusions for the hit size to each of the cells
present. In order for this to be predicted, the distribution of
boron in each cf these cells and their immediate neighbors
needs tc be known. There are presently no techniques to
measure this. In the tissues of an indwidual patient, this dis-
tribution  will remain unknown even if such techniques were
availab'e,

The Safety of BNCT Treatment

In order to initiate clinical trials with BNCT, as with any
other new therapy modality, it must be made plausible that tne
treatrment dees not carry an undue risk to the patient: indeed,
it must ke made sure, in the case of BNCT and in conjunc-—
tion with its earlier failure, that the risk to the patient is mini-
mai. To ensure safety is of primary concern for the initial
treatment planning; efficacy of treatment is consequently not
as important in the first steps. Therefore, the effect of tne
therapy on healthy tissue must be estimated. A thorough study
of the tolerance to the therapy of healthy tissue exposed to
the beam must thus be conducted.

Healthy tissue tolerance will be studed in degs. The dogs
will be given Naz812H1:SH (BSH) in different amounts, and
they will then be exposed to different neuctron levels. BSH is
used by Hatanaka (1] for treating gliomas, and will be used in
the initial study in Europe. From the initial studies on healtty
lissue tolerance in dogs carried out in the United States, as
well as from the dose-depth profiles of such beams in phan-
toms, the likely tissue at risk is not the skin, but tissue at a
few centimeters depth (i.e. brain tissue) (see also Fig. 1)
White matter necresis would occur with such treatment, and
this  will take several months tc develop. (In previous ex-—
perience of the late 50’s and early 60’s, skin was the most
radiosensitive orgar., This was due to both the high boron
concentration in the skin and the simultaneous use of a ther-
mal neutron beam. With beams of moderate mean energy. and
using the presently available boron compounds, skin is no
longer the dose limiting healthy tissue.)

From a knowledge of tne deose components at dfferent
depths, operational factors can be derived when this study
inciudes different levels of boron concentration and neutron
exposure. Trese factors then allow the neccessary exposure
planning.

Due to tre importance of localizaticn of boron, the maxi~
mally tolerated dose will be compound deperdent. Thus,
studies with one compound {e.g. 8SH) will not yield m...h in-
formation for the treatment using a different boren compound
{e.g. p-dihydroxyberyl phenylalanine}l, Egually, studies for one
target organ (e.g. brain tissue) canrot, even for the same
compound, be transferred easily to other treatment areas.

In arder to transfer results from this animal study to
patients, the pharmacokinetice of the boron compound needs
to be known in both. The European Coliaboration therefore has
placed great emphasis on a thorough pharmacokinetic study of
BSH in brain tumor patients.

Requirements on the Epithermal Neutron Beam

The guality of the incident neutron beam is, of course, of
great importance for the success of the treatmen!. As detailed
above, there are not only epithermal neutrons present in the
beam, but ailso unwanted components. These include fast
neutrons and gamma photons. The number of fast neutrons
relative to those of epithermal neutrons, expressed as the
mean energy of the beam, should be as low as possible. This
can be achieved by filtering away neutrons of unwanted
energy by means of suitable filter materials. Filter materials of
potential use are: aluminum, sulfur, deuterium, oxygen, titarium
There is a price to be paid for heavy filtration, in terms of
loss of intensity of the beam.

Gamma photons have to be absorbed by the use of ap-
propriate shielding material. Shielding materials include bismuth

and argon (liquid).

Extensive calculations of these different filter and shielding
materials have been carried out for the High Flux Reactor
(HFR) in Petten (The Netheriands). The first gcal was to ex-
plore which range of mean energies, beam intensities, and
gamma contaminations can be achieved. With these data at
hand, and based on the projected healthy tissue tolerance,
beam design goals were defined. These are:

Neutron fluence 2 10 n cm=? s~

Mear neutron energy S B keV

Incident gamma dose S 05 Gy / 310 n cm™2

The neutron fluence of this peam would be enough to
deliver a theraupeutic dose, in a single session, in a perod of
around one hour. Most probably, a fractonated treatment wil
be amed for. This is based on the general practice and ex-
perience in conventiona! radiotherapy, the uraveidable anu
considerable gamma comporent to the tolal dose, and the limit
to which radiation can be delvered 0o the ckull whithout nduc-
ing unwanted side effects,

A beam with the above characteristics will be achieved by
combinations of aluminum, sulfur, titanum, cadmium, and liquid
argon as filter materials. All other matenials were found to be
less useful for the beam constructon.

The filter will be installed in the HB11 beam hcle cf the
HFR, during the summer- break of 1990.

The Mext Steps

Following the installation of the beam, its physical
parameters will be carefully measured and compared with the
calculated values. Extensive dosimetry in phantoms wili be
carried cut and complemented by cell survival assays. There-
after, the above-mentioned study of healthy tissue tolerance
will begin. It is anticipated that clinical triais can start towards
the end cf 1991,
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ron neutron capture therapy (BNCT), with slow neu-

trons, is based on the large cross-section of the stab-
10

le boron isotope , B, for thermal neutron capture.

Upon capturing a neutron, the 108 nucleus is trans-
formed to a highly excited 11B compound nucleus that
promptly disintegrates into two antiparallel, highly
aqe+2

ion, with ranges of 9 and 5 micrometers res-

energetic and cell-killing fragments, one and

one 7Li+3
pectively. By more or less selective accumulation of
lOE in suitable chemical form, to levels of 10 mg/kg

or more, in or in close contact with the target cells,
the probability of target cell sterilization is signi-
ficantly increased, after therapeutic slow-neutron ir-

radiation.

ENCT was originally conceived in 19361. Part-
1y for lack of basic knowledge, partly for technical
reasons, it took half a century to introduce the idea
clinically and get it accepted on the basis of favou-
rable treatment results2 BNCT is at present used in
Japan, in cases of malignant brain tumours and skin
melanoma, using thermal neutrons from fission reactors.
Also in preparation are reactor-based facilities for
intermediate energy neutrons ("keV neutrons") that
would permit more efficient irradiation of deep-lying
targets, withcut the concern for damage to the skin
and other intervening tissuesB. The appropriate ener-
gy range is around 10 keV, in single or opposing field
BNCT. When the aim is multidirectional irradiation, as
in our programme, somewhat higher energies, say 10 -
100 keV could be used, without undue risk of damage
caused by recoiling nuclei. A rotating source would
also permit some tailoring of the neutron capture pro-
bability distributions within the brain or the body.
Taken together with the difficulties connected with
the safety of nuclear reactors in hospital environ-

ments - be it a real problem or not - the desired ver-

satility in configurating the keV neutron fields in
BNCT calls for studies of the usefulness of accelera-~
tor- produced neutrons for multidirectional intermedi-
ate energy neutron irradiation. Thus the production of
keV neutrons by spallation reactions induced by acce-
lerated protons in heavy element targets has been stu-
died as part of a Swedish~- Swiss collaborationa. The
aim is the design of a keV neutron source that could
be rotated relative to the patient. Indirectly, the
succesful operation of such a device could be a step

towards the introduction of hospital-based BNCT.

A spallation neutron source for BNCT

Various target-moderator combinations have
been tried using 72 MeV protons from the Philips Injec-
tor Cyclotron I at the Paul Scherrer Institut (PSI).
The experimental neutron spectra thus found have been
compared to and supplemented by theoretical calculati-
onss. A proposal for a prototype facility for accele-
rator-based BNCT with the high-current P31 Injector
Cyclotron II is now in prepararionh. In this proposal
the concept of a rotating proton beam hitting a ring-
shaped spallation target in the depth of a moderator
structure is introduced. In this paper, this idea is
referred to, and the biclogical and clinical implica-
tions discussed. The related programme of chemical
and biological research is also briefly reviewed. Here
we limit ourselves to problems concerned with treat-
ment of cerebral disorders, but the new concepts and
findings may help to pave the way for the use of BNCT
in cases of infiltrating necplasms, including patholo-
gical vessels, and regional metastatic disease in the
abdomen or in extremities. Whether accelerator-based
BNCT would be eventually useful against systemic dise-
ase, by whole-body keV neutron irradiation, is still

hard to say.
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When medium-energy protons are stopped in a
heavy metal target, such as tungsten, the evaporation
neutron spectrum shows a peak energy of less than 2
MeV. By proper choice of moderator material and con~
figuration, it is possible to reduce the energy of the
bulk of theses neutrons to the energy interval suitable
for BNCT with keV neutrons. The 72 MeV proton beams
available at the injecter cyelotrons are well suited
for the design study, and for the eventual biological
and clinical tests with the planned prototype neutron
source for BNCT. This was demonstrated in the first
experiments with low-current proton beams from the
Philips Injector Cyclotron I that included measure-
ments of mocerated spallation neutron spectra by time-
of-flight techniques, and the mapping of neutron cap-
ture probability distributions in a perspex phantom7.
Results of these experiments and Monte Carlo calcula-
tions show good agreement. The work shows that ther-
mal neutron fluerces suitable for BNCT in the depth
of the brain could be produced by keV neutron fields
emanating from a tungsten target bombarded with less

than 0.2 mA beams of 72 MeV protons.

Special attention has to be paid to the coo-
ling and maintenance of the spallation target, where
many kilowatts of heat will be produced. In one pos-
sible solution (Fig. 1), the horizontal proton beam
scans continuously over a ring~shaped spallation tar-
get, 50 cm in diameter, which is buried in a semi-
spherical Fe + D,0 moderator. This configuration per-
mits the neutrons to reach the patient’s head from
many directions, so as to reduce the keV neutron flux

in the skin and skull.
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Fig. 1. Layout of a possible design of a spallation
source for keV neutron therapy in cases of intra-
cerebral disease. The 72 MeV proton beam enters from

the right. Moderator: 1.05 m Fe + 8 cm Pb + 20 cm 020.

With the target-moderator geometry shown in
Fig. 1, the boron neutron capture dose has a maximmm
at a depth of 2 cm in the phantom. The depth-dose then
decreases linearly (Fig. 2). At 10 cm depth, the neu-
tron capture dose is still 40% of the peak dose. The
situation is comparable or better than the very best
neutron capture distributions that can be expected at
nuclear fission reactors, particularly since the dose
is nearly constant in any chosen plane perpendicular
to the beam axis (Fig.3). The associated dose of fast

neutrons and gamma rays is comparatively low.
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Fig. 2. Absorbed neutron doses on the axis of symmetry.

Gamma dose levels are indicated in Fig. 3.
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Fig. 3. Total dose and dose fractions in planes per-
pendicular to the axis of symmetry. Upper curves at

5 cm depth, lower curves at 10 cm depth.



Clinical aims of BNCT with keV neutrons and related

chemical and biological studies

This programme is closely connected with the
Furopean Collaboration on BNCTJ. The primary goal is
a useful BNCT for advanced malignant brain tumours and
for inoperable vascular malformations, as a supplement
to existing methods of surgery, stereotaxic radiosur—
gery, and radiotherapy. A basic philosophy is to con-
sider BNCT as an adjuvant therapy, in the context of
precise external photon or charged particle therapy.
By such a combination of modalities it should be pos-
sible to further optimize radiotherapv for maximm be-
nefit of the patient, The bulk of a primary tumour, or
the nidus of an arterio-venous malformation, where the
density of target cells is high could then be treated
with a relatively high dose, while peripheral or scat-
tered target cells in surrounding tissues could be mo-
re selectivelv attacked by the highly cell-killing

fragments of disintegrating boron nuclei.

To meet the clinical expectations, the aim of
our chemical and biological research is to develop and
test a variety of principles that would be useful for

108 to tumour cells, or to the endothelium

directing
of pathological vessels. In a number of basic scienti-
fic projects, we therefore address problems of boron
compound synthesis and cytoaffinity, boron pharmaco-
kinetics in animal models and buman subjects, as well
as the radiobiologyv of neutron capture reactions in
tumour cells , tumour models, and healthy tissues. A
main theme is the design of boron-loaded biomolecules
with specificity for the target cells. The epidermal
growth factor, EGF, conjugated with boron-loaded dex-
trane is the latest and most promising example7. FGF-
dextrane conjugates are being tested with favourable
results, in experiments on cultured human glioma cells
and in tumours transplanted into immunodeficient mice

or rats.

Awaiting the availability of heavily boron-
loaded, cell-seeking biomolecules, such as EGF or
suitable antibody fragments, the radiobiological study
is based on low-molecular weight boron compounds with
affinity for melaning. In this way ]OB could be accu-
mulated in melanotic melanoma cells that are useful
in model experiments, in vitro as well as in vivo. The
effects of neutron capture on endothelial cells are
similarly studied by use of borcnated dextrane, at
relatively high concentration, in the medium of cell

cultures or in the blood of experimental animalsg_
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ABSTRACT

The major components of an Accelerator Neutron Irradiation Facility
(ANIF), for Boron Neutron Capture Therapy (BNCT), are a radio-
frequency quadrupole (RFQ) proton accelerator, a 7Li target, and a
moderator assembly. Neutrons generated by bombarding the 7Li
target with 2.5 MeV protons are oo energetic 1o be used for BNCT,
and are moderated as they traverse the moderator assembly to the
patient. The design of the moderator assembly for an Accelerator
Epithermal Neutron frradiation Facility (AENIF) is described and
compared with the design of the moderator assembly for an
Accelerator Thermal Neutron Irradiadon Facility (ATNIF). From the
performance zvaluation of the two designs we conclude that, with
different moderator assemblies, a 30 mA 2.5 MeV RFQ proton
accelerator can be used to treat both superficial and deep lesions from
nelanomas and gliomas.

I. INTRODUCTION

Boron Neutron Capture Therapy (BNCT) is an experimental
technique for the treatment of highly malignant tumors that are
resistant to other treatment modalities. It is based upon the
10B(n,o)7Li reaction. In BNCT, B containing compounds are
administered to the patient. These delivery agents carry boron to the
tumor, where it attaches to or is incorporated within the tumor cells.
Then the tumor site is irradiated with thermal neutrons. The thermal
neutron are absorbed by the B, producing short range high LET
4He and 7Li nuclei, which selectively destroy malignant cells that
contain a sufficient amount of 1B,

Prerequisites for successful BNCT are boron containing compounds
with good tumor specificity and a suitable source of thermal
neutrons; tha: is, a source which can provide a large flux of thermal
neutrons at the tumor site, and a small dose equivalent to the
surrounding normal tissue. At the First and Second International
Conferences on BNCT, an Accelerator Neutron Irradiation Facility
(ANIF) for BNCT was proposed 11, The major components of an
ANIF are a radio-frequency quadrupole (RFQ) proton accelerator, a
7Li target, and a moderator assembly. Neutrons generated by
bombarding the 7Li target with 2.5 MeV protons are too energetic to
be used for BNCT, and are moderated as they traverse the moderator
assembly to the patient. The design of the moderator assembly for an
Accelerator Epithermal Neutron Irradiation Facility (AENIF) for the
treatment of gliomas is described and compared with the design for
an Accelerator Thermal Neutron Irradiation Facility (ATNIF) for the
treatment of superficial melanomas, The performance of the AENIF

and the ATNIF is evaluated, and the neutron fields produced by the
AENIF and the ATNIF are compared with reactor epithermal and
thermal fields for BNCT,

ll. BACKGROUND

.1 Glioblastoma and Melanoma

Boron Neutron Capture Therapy is presently being considered as a
means for treating two types of tumors: glioblastoma multiforme and
malignant melanoma. For glioblastoma multiforme, which occurs
within the brain, the source neutrons should have energies in the
range of 1 eV to 1 keV, in order to penetrate to the tumor in large
numbers, without depositing too much energy at the skin's surface.
The characteristics of the neutron sources for the treatment of
melanomas may be very different from that of glioblastoma
multiforme. For treatment of melanomas that spread superficially at
the skin level, the thermal neutron flux should be as large as
possible, and the contamination of the thermal neutron field by fast
and epithermal neutrons should be as small as possible.

1.2 Neutronic Properties for the Moderalor Assemblies
In order to treat glioblastoma and melanoma, two different moderator
assemblies are required.

For the AENIF moderator assembly, the neutronic properties which a
good moderator material should possess are (1) large ¥, the neutron
scattering cross section; (2) moderate &, the average increase in the
lethargy of a neutron per collision; and (3) small ¥;(n.y), the neutron
cross section for radiative capture. For the AENIF, a good reflector
material should have large Y, small £, and small Ta(n,y).

The neutronic properties of a good moderator material for the ATNIF
moderator assembly are similar to those of a good moderator material
for the AENIF, except that £ should be as large as possible. Also,
the neutronic properties of a good reflector material for the ATNIF
are similar to those of a good reflector material for the AENIF, except
that £ may be large (although it need not necessarily be so).

Il. MODERATOR ASSEMBLY DESIGN

1111 Figures of Merit for AENIF and ATNIF Moderator Assemblies

To assess the design of the AENIF moderator assembly, a figure of
merit (FOM) is the epithermal neutron flux (®,) at the irradiation
point in air. A second FOM is the neutron kerma to epithermal and
fast neutron fluence ratio, or average kerma factor, for a differential

volume of tissue, at the irradiation point in air. To assess the design



of the ATNIF moderator assembly, a FOM is the thermal neutron
flux (@) at the irradiation point in air. A second FOM is the Ratio of
the Thermal nzutron fluence to the epithermal neutron and Fast
neutron fluence, RTF, at the trradiation point in air.

1.2 Calculation Methods

The coupled neutron and gamma-ray transport calculations for the
AENIF and ATNIF moderator assemblies and phantoms were
performed using the three-dimensional multigroup Monte Carlo code
MORSE-CG 5],
calculations came from BUGLE-80, a coupled, 47-neutron, 20-
gamma-ray, Py, cross-section library (3. The kerma was assumed to

The multigroup cross sections used in the

equal the absorbed dose for both the neutron and gamma-ray dose for
all points within the phantom. The kerma factors used for dose
calculations also came from BUGLE-80. These kerma factors were
derived for each of the 47 neutron and 20 gamma-ray groups by
collapsing the 171-neutron, 36-gamma-ray MACKLIB-IV kerma
factor library %!, The neutron kerma factors were calculated for
tissue, and for tissue with a 9B concentration of 3 pug of 1B per
gram of tissue, which is the 1°B concentration which has been
reported for normal tissue adjacent to melanomas (S, The tissue
composition was assumed to be (CsHypO3N),,.

There are five important components of the absorbed dose in BNCT:
the absorbed dose due to '9B(n,o)’Li rteactions, three components
of the absorbed dose due to neutrons interacting with the elements in
tissue, and the absorbed dose due to gamma rays which accompany
the neutron beam as it enter the patient. The three components of the
absorbed dose. due to neutrons interacting with the elements in
tissue, are due to 'H(n,n")1H, 4N(n,p)14C, and 'H(n,y)2H
reactions. Our AENIF and ATNIF moderator assembly performance
evaluation is based upon calculations of the dose equivalent in
representative phantoms. Following Fairchild (6], in calculating the
dose equivalent from the absorbed dose, we have assumed an RBE
of 1.0 for the absorbed dose due to gamma rays, which accompany
the neutron beam or which result from 1H(n,y)2H reactions (this sum
is hereafter called the gamma ray absorbed dose); ar RBE of 2.0 for
the absorbed dose due to protons, which result from 'H{n,n')1H or
MN(n,p)!4C reactions (this sum is hereafter called the neutron
absorbed dose); and an RBE of 2.5 for the absorbed dose due to
10B(n,a) reactions (hereafter called the boron absorbed dose).

IV. RESULTS AND PERFORMANCE EVALUATION

IV.1 AENIF

IV.1.1 FOMs

The optimization of the design FOMs for the AENIF resulted in the
moderator assembly that is shown in Fig. 1. It consists of a cylinder
of BeO, which is 25 cm in diameter and 22.5 cm in height,
surrounded by a 30 cm thick alumina reflector. Also, 0.01 g/em? of
®Li is placed at the moderator assembly exit window to reduce
thermal neutron contamination at the irradiation point.

The moderator assembly yields at the irradiation point in air an
epithermal neutron flux of 3.1 x 107 nfem?-sec per mA of proton
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Figure 1. The configuration of the moderator assembly for AENIF.
(side view)

current, with a neutron kerma to epithermal and fast neutron fluence
ratio of 4.9 x 10-11 ¢Gyscm?/n, which is equal to the kerma factor of
a 5 keV neutron. The neutron spectra for the AENIF neutron field
and the Brookhaven National Laboratory Medical Research Reactor
(BMRR) BNCT beam are plotted in Fig. 2. As one can see, the
neutron flux in the epithermal region (i.e. from 1 eV to 1 keV) is
comparable for the AENIF operating at 30 mA and for the BMRR
operating at 1 MW. For neutron energies greater than 20 keV but
less than 300 keV, the neutron flux is relatively larger for the AENIF
than for the BMRR. However, for neutron energies greater than 300
keV, the neutron flux for the BMRR decreases slowly, while the
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Figure 2. The nesutron flux spectra for the AENIF and BMRR
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neutron flux for the AENIF decreases precipitously, because the
7Li(p,n)?Be reaction does not produce neutrons with energies greater
than 800 keV for a proton kinetic energy of 2.5 MeV. Despite the
differences in the spectra above 20 keV, the average kerma factors
for a differential volume of tissue irradiated in the two fields are
nearly equal.

IV.1.2 Performance Evaluation

With the AENIF moderator assembly shown in Fig. 1, the maximun
absorbed dose (MAD) rate to both normal tissue and tumor, ina Y cm
radius spherical head phantom, occurs at a depth of 3.5 cm. At this
depth, the MAD rate is 2.0 x 10~ Gy/s per mA of proton current for
a 10B concentration of 10 pgfg tissue and is 3.4 x 10 Gy/s per mA
of proton current for a 9B concentration of 30 pg/g tumor.
Therefore, for a single session irradiation of 20 Gy to the tumor, the
treatment time is about 33 min for a 30 mA beam {71,

IV.2. ATNIF

V2.1 FOMs

The optimization of the design FOMs for the ATNIF, resulted in a
moderator assembly consisting of a cylinder made of D20, which is
25 ¢m in diameter and 50 cm in height, surrounded by a 40 cm thick
graphite reflector. The thermal neutron flux @, at the irradiation point
in air is 4.9 x 107 neutrons/ (cm2esecemA) and the RTF is 32

V.22 Performance Evaluation

With a 20 ¢m x 40 ¢m x 80 cm rectangular parallelepiped phantom
placed with its short axis along the moderator assembly centerline, 5
cm from the surface of the moderator, the thermal neutron flux at the
center of the phantom surface is (2.5 £ 0.2) x 108 neutrons/
{cm2esecemA). The absorbed dose rates to tissue at the phantom
surface with a 1B concentration of zero are (.47 = 0.03)
¢Gy/{minemA) for neutrons and (2.0 * 0.4) ¢Gy/(min-mA) for
gamma-rays. The boron absorbed dose rate to tumor at the phantom
surface is (3.2 + 0.2) ¢Gy/(min*mA) for a tumor 19B concentration
of 24 g 1°B per gram of tumor,which is the 9B concentration
which has been reported for human melanomas which have been
treated with BNCT (5],
gamma plus boron) dose equivalent rate to the tumor is 10.]

The corresponding total (i.e. neutron plus

cSv/(minsmA). At this dose equivalent rate, the time which it takes to
deliver 40 Sv to the tumor (the dose equivalent recommended to cure
melanoma 5]} is 13.2 minutes for a 30 mA proton beam. For a
tumor dose of 40 Sv, the corresponding total dose equivalent to
normal tissue with a 1B concentration of 3 pg YYB per gram of
tissue is 15 Sv. This is less than the 18 Sv normal tissue tolerance
dose equivalent recommended in Ref. 3; and indicates the adequacy
of our ATNIF thermal neutron field for the treatment of melanoma.

V. CONCLUSION

We conclude that from a neutronic standpoint, a 30 mA 2.5 MeV
proton accelerator can be used to treat both superficial and deep
lesions from melanomas and gliomas. Different moderator
assemblies are necessary for the optimal treatment of these tumor

types. We have presented in this paper the two extremes; a

moderator assembly for superficial tumors and our previously
designed moderator assembly for deep tumors.
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Abstract; In January 1987, the Cenire Antoine-Lacassa-
gne (CAL) was authorized to install the Medicyc cyclo-
tron(65MeV prolons) for protontherapy and neutronther-
apy.

Construction of the final building to house the cyclotron
and the radiotherapy, radiobiology and maintenance serv-
ices began in January 1988 and has been completed in
July 1989, allowing the reinstallation of the cyclotron,
construction of beamlines and installation of treatment
rooms.

Characteristics of the Medicye cyclotron

Medicycis a fixed-frequency isochronous cyclo-
trondesigned by P.Mandrillon and built under his control
for the Centre Antoine-Lacassagne (o accelerate protons
o anenergy of 65 MeV, Close collaboration with CERN,
CNRS and IN2P3, allowed the project to concrelize.
Presently, the characteristics of the magnet are as {ollow:
length: 4m, heigth: 2.3m, width: 1.7m, weight: 140 tons,
4 spiraled scclors, 9 trim coils,

Axial injection and ¢entral region;

Medicye is a medical machine and this influ-
enced jnitial design and further modifications as impor-
tant as the decision 1o switch from positive to negative
charged ions (H-)acceleration, in order 1o increase ion
source duration of life and simplify extraction of prolon
beam. Consequently jon source was substituted, axial
injection and central region redesigned, RF system and
extraction modilied.

H- ions are produced in a mullicusp source sup-
plicd by ton Beam Application (IBA; Louvain-la-Neuve).
The source is mounted on a platform at 33 kV vertically
above the axialinjection line. A pscudo cylindrical inflec-
tor deflects the beam in median plane. The central region
has been designed to aceept a h=1 for protons and h=2
acceleration mode for deuterons and other fully stripped
light ions. The new geometry operales at 24.8 MHz.
Central magnetic field is around 1.7 Tesla,

RF svstem
The RF system consists of two opposed dees with
a 75 deg. aperture, now operating al 24.8 MHz aller an

entargement of the cone of the dee. The peak voltage is 50
kV. Each dee is independently excited by its own ampli-
ficrwhichisintumdriven by amasteroscillator. The dees
resonalte as A4 lines.

Poles sectors and trim ¢oils:

The azimuthally varying magnetic ficld is ob-

tained in Mcdicyc by mceans of four pairs of spiraled
sectors with hill and valley gaps of 130 and 280 mm, an
avcrage spiral of 60 deg./m. In order for a 24.8§ MHz
operation to be optimized, scveral sector modifications
were necessary, notably in the extraction region,
For achieving isochronous magnetic field shape and
better beam control, a total ol nine trim coils are mounted
on the surlace of the sectors. Recenl magnetic ficld
measurements have shown that a satisfactory degree of
ficld isochronization can be achieved with this trim coil
arrangement. The [inal encrgy of 645 MeV will be
reached at the extraction radius of 08.8cm.

Beam cxtraclion and ransport;

Initially designed and tested resonant extracting
system was substituted by stripping extraction consisting
ol a 100ig/cm?2 carbon foil mounted on a movable
support. Following the stripper, the positive proton beam
is transported 35m down the beamline to the two treat-
ment rooms equiped for neutron and protontherapy. The
transport consists of a quadrupole pair at the cyclotron
exit and a FODO channel consisting of two identical
bending magnelts and three cqually spaced quadrupoles,
which has unit magnification. This arrangement is fol-
lowed, for the neutrontherapy beamline, by a quadrupole
pair and a vertical bending magnet directing the beam to
the vertical neutron collimator. Inorder to reduce the cost
of the focusing elements, the design seeks to achicve a
small beam diameter throughout the transport system,
The calculated beam size is within 2.4c¢m, both horizon-
tally and vertically. The bending magnets and the quad-
rupoles have been constructed by Bruker and Sigmaphi.

Shieldings:

Shieldings necessary around the cyclotron, beam
lines and treatment rooms were determined  using the
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formulas proposed by Braid, Tesch and Stevenson (IAEA
Report, 1980), taking into account the radioprotection
reccommandations. As construction malerials, barium
concrete, concrete and earth were used. The choice be-
tween those materials is a result of a compromise between
price and available space for a given mass surface
density. Shieldings are in general equivalent to 2,40m
concrete. The access to trealment rooms is through laby-
rinths avoiding the use of large heavy doors, costly and
psychologically intolerable for patients.

The proton treatment room is located in [ront of
beamlines deviation arca and over the labyrinth of access
to the neutron treatment room. Barium concrete was used
1o build the walls of proton room perpendicularly to the
proton beamnline, in order to increase the length of this
room. The access labyrinth runs around two sides of the
treatment room.

Covering of the deviation area, protontherapy
room and partly cyclotron vault is made of movable con-
crete blocks, inorder (o facilitate further evolutions of the
installation and allowing the access of the overhead
travelling crane for heavy maintenance of the cyclotron.

Trealment rooms;

The beam leading to the proton treatment room is
leftto spread freely from the last dipole magnet and is col-
limated to 35mm before entering the treatment area. This
diameter is the maximum width of the eye tumor. Only
the central part of the beam is sclected so as o obtain a flal
dose profile. For an initial beam intensity of 120nA, only
onA are transmitted, corresponding (o a rate of SOpA/
cm?.

Once inside the treatment arca, the proton beam
continues (o travel in air before being modulated by a
rotating plexiglass wheel with variable thickness angular
sectors. The diameter of the beam is kept at 35mm by Al
collimators mounted on the optical bench. At the end of
the bench, it is [inally collimated to the treated tumor
shape. These arrangements follow closely those of Clat-
terbridge. The protontherapy chair has been built in the
workshops of the Medical Research Council in Clatterbr-
idge and set-up in May 90. Optical bench clements are
now under construction.

The neutrontherapy room is located under the de-
flection arca. Neutrons are produced in a Beryllium (arget
whichis retractable at the end of each treatinent, avoiding
unnecessary irradiation of the staff. The intensily of
proton beam on target is around 15pA. The emerging
neutron beantis defined to obtain ficlds varying from 5x3
to 25x25cm at 160cm from the target by using two
collimators, the [irst one made ol iron with a fixed
aperture, while the second is a continuously adjustable

multileal collimator of the Scanditronix design, modilicd
for 65McV p/Be ncutrons and construcled by the "Cyclo-
tron Research Center” in Louvain-la-Neuve and sctup in
Nice during April and May 90. This multileaf collimator
consists in 44 independent stecl leaves placed in two
groups of 22 parallel and opposed leaves. Each leafl can
reach and pass over the beam axis to obtain complex field
shapes avoiding interposition of heavy metallic shielding
blocks in the beam. The Oldelfl treatment table equiped
with a wooden couch has also been set up.

The choice of a vertical beam for neutrontherapy
has been imposced by cconomical considerations and does
not exclude a future isocentric gantry.

General design of the building took into account all these
considerations together with medical ones.

General organization of the buildings:

The buildings are in two parts, one housing the
cyclotron related facilities and one housing, for one third,
technical workshops and offices, and for two thirds,
medical and radiobological facilities.

The technical building has been made with a
metallic frame supporting on its whole length the over-
head travelling crane. Under that structure are built the
cyclotron vault, beamlines gallery and treatment rooms.
Beside the cyclotron are located the mechanical work-
shop, electric power supply and cooling systems. The
treatment rooms are between two areas devoted to [uture
developments, The need for an underground level below
the cyclotron and the possibility of superimposing the two
treatment rooms induced us 1o design the building on two
levels, with a bankct supporting the beamlines at the
upper level. Inorder to preserve all the future evolutions,
the developmental areas have ben left without intermedi-
ate floor.

The second building is also on two levels: pa-
tients will enter the facility at the upper level, where take
place the protontherapy wailing room, laboratories de-
voted to radiobiology and, for the technical team, design
office. The lower level receives clectronics workshops
and technical offices, and for the medical part, the neu-
trontherapy wailing room, radiotherapy and medical
physics facilities. One fourth of the total surface of this
building is devoted to further developments. This build-
ing has also been designed o be casily surmounted by
three additional levels.

Lastly a third building could be added in the rear
of the first one. It has been started by the installation of
the command and controls room, placed at half-heigth of
the technical building, behind and above the mechanical
workshops. Further developments are also possible in this
room, only one half of the surface being occupated by the



command and controls systems of Medicyc.

Medical programme;

Protontherapy will be the {irst application (o start,
firstly {or ocular melanoma treatment, with the same
protocots used in Boston, Villigen and Clatterbridge.
Furtherly, we plan to use protons in the treatment of some
refatively superficial head and neck tumours. The first
treatments are planned in the very beginning of 1991,

Neutrontherapy would start a few months later.
Main tumours concerned are; salivary gland and facial
sinuges adenocarcinomas, bulky head and neck tumours
and/or nodes, advanced prostatic carcinomas, soft tissue
and  bone sarcomas, cutancous melanomas, reclal
adenocarcinomas. The depth dosc profile given by a
p(65)+Be neutron beam authorizes the treatment of deep
seated tumours, while avoiding side effects occuring in
healthy tissues with low ormedium energy neutrons; 50%
ol the entrance dose is given at a 16cm depth, compared
1o 10cm for cobalt and 6em for 200k V. This depth dose
profile ltooks like a 8MY photon beam from a modem
LINAC. The facility in Nice will be the third in Europe
(after Louvain-la-Neuve and Clatterbridge) 1o enler into
the high encrgy ncutron group (>60MeV) encompassing,
out of Europe, three machines: one in Fermilab(USA),
one in NAC(South-Africa) and one in South-Corca. The
interest for high energy neutrons has been clearly demon-
strated by the RTOG(Radiation Therapy Oncology
Group): there is a strong relation between low energy
neutren and high complication rate. Increasing encrgy
decreases complications and allows to treat deep sealed
tumeours for which good results of neutrons are annihi-
lated, due o high rates of secvere problems occuring in
healthy tissues.

But a lot of progresses remain achievable in the
fickd ol ncuirontherapy and the absolute necessity of ra-
diobiological research appears at evidence. This is the
reason why the [acility contains a large laboratory mainly
devoted Lo radiobiology and cellular kinetics. Major pro-
gresses in neutrontherapy are o be expected ol a better
patients sclection bascd notonly onsome radiosensitivily
assays, but also on a betler individual knowledge of cell
kinctics paramciers for both healthy and tumoural tissucs.
The laboratory will open during the second part of 1990,
Main goals of our team for the ncar future are to set up
short life isolope production and PET cantera facility, in
order to develop immunelabelling techniques, both for
diagnosis and treatment. Furthierly, we plan o develop
protontherapy at higher energy.
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Absuact: Eight major radiotherapy departmentspar-
ticipating in Public Health Service in South-East of
France already joined the Centre Antoine-Lacassa-
gne to prepare the exploitation of the Medicyc cyclo-
tron for proton and neutrontherapy. The solutions
retained to facilitate a convivial working are pre-
sented. Due to the distances between participating
sites, a communication network is included in these
solutions.

Introduction

The total cost of a facility comparable to the
Medicyc cyclotron, buildings and related installa-
tions partly explains why there are so few installa-
tions of this kind , 1.e. dedicated to cancer treatiment,
around the world. On the other hand, relatively small
numbers of patients eligible for low energy protonth-
crapy or for neutrontherapy confirm the multiregional
vocation of these installations, if one thinks relevant
to treat more than a hundred patients per annum. On
behalf of this assertion, a cooperative group has been
set-up around the Centre Antoine-Lacassagne (CAL).
In order to ensure the good efficiency of the group, a
communication network is under elaboration.

Composition and goals of the group

Eight major radiotherapy departments in
South-East of France have already joined the group.

They belong either to the French Comprehensive

Cancer Centers(CCC) organization or University
Hospitals(UH): CCC and UH in Marseilles (Institut
Paoli-Calmettes and Hopital de la Timone), CCC in
Montpellier (Centre Paul-Lamarque), UHin Grenoble
(Hopital de la Tronche), Ul in Saint-Etienne (HOpi-
tal Bellevue), CCC in Clermont-Ferrand (Centre
Jean Perrin), CCC and UH in Lyons (Centre Léon
Bérard and Hopital Jules Courmont) accepted 1o
closely collaborate with the Centre Antoine-Lacas-
sagne in Nice. Due to this will, a large potential
number of patients in South of France could benefit
of proton and neutrontherapy. This cooperative
group remains widely open and hopes to enlarge the
collaboration to other teams in and out of France, for
example, in ltaly and Spain, in order to propose to
South European patients the possibility of heavy
particle treatments and to South European physi-
cians, physicists and radiobiologists to participate in
research programmes in the field.

In order to work at its best and to ensure a



sufficient recruitment of patients, physicians, physi-
cists and biologists have beeninvited to participate in
the practical organization of the facility. The coop-
erative group is in charge of developing protocol for
multicenter clinical trinl and defining the logistics for
patient recruitment. The group plans to function in a
very convivial way, radiation oncologists coming in
Nice to set up the treatment of their own patients and
watch overits tolerance, while physicists will work in
common on dosimetrics measurements, and partici-
pate together with other groups to intercomparisons
and quality control compaigns, Direct collaboration
of physicians coming in Nice to treat there own
patients seems to be a good mean to ensure both a real
interest of physicians in the practical organization
and technical details of treatments |, and keeping a
close relation between physician and patient. This
last point seems to be relevant and is in favour of a
better psychological tolerance to treatment, avoiding
to the patient the disastrous sensation tobe a "stranger
lost faraway fromy home". Furthermore, this collabo-
ration ensures a large physicians and physicists
upgrading in heavy particles therapy and could rise
up interest in these techniques. This general point is
very important for further developments in radiation
oncology using heavy charged particles and/or high
Linear Encrgy Transfer (LET) particles.

In its present composition, the cooperative
group represents almost 10 000 new cancers irradi-
ated per annum and covers 5 regions @ Auvergne,
Corse. Languedoc-Roussillon, Provence-Alpes-Cole
d'Azur, Rhane-Alpes. This represents one fourth of
the french population, and constitutes a sort of re-
cruitment warrant.

Taking into account the distances between all
institutions participating in the group, the set-up of a
communication network and electronic mail became
soon a necessity. This would allow a large exchange
of informationand a remote management for medical
files, irradiation techniques, dosimetrics data, image
transmission and data base.

Communjcation network:

Common medical files

based onthe CAL computersystems, medical
files will be created documented and exploited through
a connected microcomputer {rom one or another
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collaborating center. This allows an automatic proce-
dure of file maintenance during the follow-up and
facilitates statistical exploitation of multicentric clini-
cal trials. Data concerning each patient will be di-
rectly entered into the computer at each step of the
treatment and of the follow-up. This avoids a fastidi-
ous work to fill in a lot of sheets and afterwards
transfer these data into the computer, repeating each
time a lot of redundant data. Furthermore, this
organisation facilitates the remote management of
trials by eachresponsible from his own office. Beside
the constitution of medical files, must be elaborated
iconographical files allowing to keep in, after digi-
talization, the main informations from CT Scan and/
or MRI | endoscopic views, whenever
possible,pictures of skin status before and after treat-
ment. Documents will be recorded either in each
center before treatment and during follow-up or in
CAL before and during treatment, and stored in the
computer constituting a videodata base.

Irradiation techniques and dosimetrics data.
As for medical data a file will store the main

parameters of irradiation techniques, treatment plan-
nings, simulation radiogramms and portal films. This
technical file will be accessible for consultation and
verification of treatments parameters by cach mem-
ber of the group from his own institution, through the
same microcomputer, on a special screen.,

Remote video consultation:

If, forone reason or another, a physician from
a corresponding center could not come in Nice to set
up the treatment of his patients we plan to have the
possibility of a videophonic communication during
which the essential close connection between physi-
cian and patients could be maintened.
- Furtherly, we plan to set up a bibliographic data
base.

Technical solutions:

Present evolution of telecommunications in
France, with both Minitel and Numeris (Large Scale
Integration Services) gives us the possibility tosetup
such a communication network. The Teletel 2 sys-
tem, on which is based the Minitel, allows us the
possibility of adistant consultation of the data base at
a low transmission rate, for a low cost. For applica-
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tions implying a high transmission rate because of
files size (such as digital images) the Numeris net-
work will be used.

During the procedures of files updating or statistical
exploitation, the whole data base will be loaded, via
Numeris, on the exploitation site , in order to keep the
connexion duration as low as possible. Inversely,
ordinary consultation of a file is realized through
Telete! network.

Such a hybrid architecture keeps the running costs
very cheap, around 1500 FIF per month, foran invest-
ment of 10 000 FF including the computer, connex-
ion cards and camescope for image digitalization.
This communication network is developed for the
Centre Antoine Lacassagne, by Acrosoft company in
Sophia Antipolis and could further be connected to
digital international networks.

Conclusions

A cooperative group of radiation oncology depart-
ments representing 10000 new cancers irradiated per
annum has been set-up around the CAL facility to
prepare the treatment protocols and logistics for
patient recruitment both for proton and neutronther-
apy. The structure remains open and new members,
in and out of France are expected to join soon. In
order to reinforce the convivial organization of the
group and facilitate the circulation, updating and
exploitation of medical and technical data related to
treatments, a communication network is underelabo-
ration.



RECENT DEVELOPMENTS OF
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It has been decided some years ago that the , R I
Orsay Synchrocyclotron, located about 20 km from A .
Paris and originally designed for physics research [
would be shut down at the end of 1989. ‘ ‘J"’Zﬁgﬁ’aé’é‘ic"
" to 73MeV[b}’ i\v
Since many years, the possibility of using :
this machine for medical application had been
considered, the 200 MeV proton energy and the P T
relatively high current output making it suitable for R
treatment of deep seated tumors. Although built in
1958, the machine was very well maintained,
substantiaily upgraded in 1977, leading to a break
down time less than 5 % in the {ast period.

it was therefore a unique opportunity to )
keep this machine running and convert it into a i Mf
pratontherapy facility. |

Feasibility study Fig .1

A feasibility study was conducted from
November 1987 to November 1988 in order to ’e‘f;'vjf L3 ey FROTONS 0noa
investigate the beam characteristics and decide if
they were suitable for proton treatment. For this
investigation, priority was given to proton beams
in the range of 70 MeV since the higher demand was ¢ { |
for eye tumars treatment, as practiced in a number
of cother places and for which such an energy is
required.

45,

A graphite block 12.8 c¢m thick was —
therefore introduced in the beam line, for energy
degradation. It was found that it was necessary to i
place it upstream, before the beam deviation (fig.7), 2 /
in order to aveoid significant contamination from
secondary particles. /

The measured depth dose curve is 1 Lw/
presented on fig.2. The position of the Bragg peak is
4.5 cm in water, corresponding to an energy of 73 L

MeV consistent with the expected degradation, and
the dose at peak is 4.5 times higher than at surface.
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0 2 4.5 cm walet

Fig.2
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A simplified range modulator was
constructed (fig.3) consisting of a 4 steps perspex
filter rotating in the beam, each step being
weighted so that the Bragg peak addition for all
steps results in average in a flat dose distribution
over a 2 cm thickness. The obtained depth dose
curve is shown on fig.4. The dose in the flattened
part is now only 1.8 times higher than the surface
dose.
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The dose distribution in planes

perpendicular to the beam axis has also been
investigated and by using appropriate scatterers
and collimators, it was easy to obtain very flat
dose profiles over a diameter of about 3 cm with a
sharp fall off at the beam edge (fig.5).
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Some experiments have also been
performed at 200 MeV, without any range shifter.
The obtained depth dose curve is shown on fig.6. The
position of the Bragg Peak is 25.7 ¢m in water and
the dose at the peak is 4.3 times higher than at the
surface. Such a depth can be considered as
appropriate to treat practically all tumors,
wherever they are located.
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The beam stability and the available dose
rate were also found perfectly suitable for
protontherapy.

reation of the CP
{Centre de Protontherapie d'Orsay)

After difficult negociations with the
French authorities, the decision to keep the machine
in operation for protontherapy has finally been
taken in December 1989 :

A new organism is founded jointly by the
major hospitals of the Paris area involved in cancer
treatment, namely Institut Curie, Institut Gustave
Roussy, Centre René Huguenin and Assistance
Publique-Hépitaux de Paris. This organism, named
CPO (Center for Protontherapy in Orsay) will own
the Synchrocyclotron given by the CNRS and will
have the responsability of operating and
maintaining the machine, as well as undertaking
treatments. It will consist of about 20 persons, half
being in charge of the machine (8 were already
affected to the Synchrocyclotron) and half for
medical application, whether hired by CPO or
detached from participating hospitals.



Project planni

It is planned to treat about 270
patients/year : 150 patients for ocular tumors, 20
patients for radiosurgery of brain arterioveinous
malformations and 100 patients for other deep
seated tumors.

The required modifications of the building
and of the machine have started.

The eye treatments are expected to start
in the first room at beginning of 1991. In the same
room, it should be possible to treat brain lesions in
summer 1991,

Another room for large field treatments
will be equiped during year 1991 and should open
for treatments at beginning of 1992

A general assessment of the project by the
health authorities will take place at the end of
1993.

If the project evolution is judged
satisfactory, it is likely that it will continue and
expand after 1993 with additional possibilities
such as adjunction of imaging equipment and of a
third room for radiobiclogical and physics
experiments.
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Installation of a hospital-based protontherapy center in the province
of Antwerp, Belgium

Prof. Dr. P. Scalliet, AZ Middelheim, Deparunent of Radiotherapy, Lindendreef |, B 2020 Antwerp.

1. Introduction

This report deals with the poteatial benefit and the overall costs of the
implantation of a high energy accelerator of particles for medical use in the
Province of Antwerp. We based our arguments on similar projects in the USA
and in Europe, as far as beam production and the medical applications of proton
beams are concerned.

Radiotherapy constitutes, together with surgery, one of the most efficient
modality of cancer treatment. The recent successes of chemotherapy remain, up
10 now, limited to infrequent forms of cancer (hematological cancers, germ cell
wmors. ..}, and it is likely that, unless dramatic and unexpected progress is made
in cancer prevention or curing, radiotherapy will remain a treatment modality of
choice in the foresceable futurc. Any kind of further development of this
techmigue is thus desirable.

If investments are to be planned in oncology, they can be affected cither
o basic biological research (immunotherapy, biological response modifiers...),
whose potential benefit, although probable, is difficull to predict, or to the
development of existing modalities of treatment, yet stll suceptibtle of technical
improvements, and whose benefit is reasonably foresecable. The present project
belongs to this second category.

2. Relevance of high energy protons

Among the different types of radiation, high energy proton beams offer
the best achicvable ballistic characteristics. Ballistic characteristics must be
understood as the physical selectivity with which a proton beam drops its energy
in a given volume, while considerably limiting the amount of encrgy (i.c. the
dose) dissipated outside this volume. Indeed, the encrgy lost by a positive jon is
inversely propoertional to its kinetic energy, and as this kinetic energy is
progressively dissipated as particles plunge into the medium (i.c. as the particles
slow down in the depth). the amount of energy deposited increases with the
depth. Hence, the dose delivered to the surface is comparatively much smaller
than the one given in the depth, with a surface/depth rauo comprised betwen 1:4
and 1.5

This distribution of the dosc is exactly the reverse of what is observed
with classical X-rays, where the dose decreases with depth. In summary, the
advantage of proton beams owes 10 the combination of 2 characteristics @ (1) the
progressive increase in dose with the depth, followed by a sharp fall-off duc to
the sudden stop of the protons, and (2) the extremely sharp penumbra at the
borders of the beam.

To the extent thal normal tissue tolerance represents the actual limiting
factor of radiotherapy, all technical improvemnent increasing the dose delivered to
the tumor compared to the dose to the normal surrounding tissucs is of potcntial
benefit (selective ballistic). The relative radiorestistance of some tumors may
then 10 some extent be bypassed, since it is possible to increase the tumor dosc
without damaging the neighbouring healthy tissues. In fact, proton beams offer
two main lines of progress : either decreasing the normal tissue dosc for
radiosensitve tmors (£i. irradiation of a Hodgkin discasc with a quasi null dose
to the spinal cord), or increasing the tumor dose without exceeding the wlerance
level of normal tissues (brain, lungs, pelvis...). Proton beams are thus
particularely well adapted to the treatment ol tmors lying close to critical
structures. Essential progresses have been made along this line in the treatment
of eye wmors and of tumors of the base of the skall ([i. chordoma), with
spectacular clinical results {7500 patients treated worldwide, of which more than
4000 were treated in Boston). It is also a particular altractive technique for the
local reatment of pediatric tumors.

The shape of the proton depth-dose curve is thus very characteristic, with
a peak at the end of the particle path where the dose is concentrated (the Bragg
peak), Howcever, the peak is far too narrow to be really useful for therapeutic
applications (excepted perhaps for extremcly small volumes), and different
methods are used to spread it over a desirable depth depending on the clinical
situation (gither by varying the incident beam energy, or by the interposition of
appropriated filters).

The choice of the encrgy depends on the tumor site to be treated. For
small superficial volumes, like hypophyse or cye umors, brain arteriovenous
shunts, some pediatric tumors, a proton beam in the energy range of $0-100 MeV
is sufficient (Bragg peak at 6-7 ¢m). These indications arc however infrequent,
and account for a proportion of tumors insufficient by itself to justify the
investment in a new protontherapy machine in Belgium, since such a center i3

almost operational in Louvain-la-Neuve (in close coordination with the
neutrontherapy program). The creation of a flemish center scems therefore of
linle interest. Indeed, competition in the treatment of small superficial umors
would result in an unoptimal recruitment. detrimental (o the quality of treatment,
t0 the scientific aspects of the program and, last but not least, ©0 the patients,

On the contrary, the treatment of thoracic or abdominal degp scated
tumors forms a much broader recruitment basts, as well as a research field of
great interest. 1t requires the production of 200-250 MeV protons, whose Bragg
peak is situated at 27-30 cm in depth. Such a depth is sufficient to face almost all
the clinical situations, even in obese patients

3. Choice of a heavy particle accelerator

The choice of a particle accelerator depends on the forecasted
applications.

Beam Energy Beam Intensily

Radioactive 1sotope production 30 MeV S0G pA
Fast ncutron beams 55-60 MeV 10-200pA
Proton beams 200-250 Me v 1-2 nA

These different applications are hardly compatible in a single particle
accelerator. 1o the exlent that they require the contruction of a variable encrgy
machine of high cost and complex technology. Running costs are therefore
comparatively high, which decreases the rentability expected from a partial
commercial use. Moreover, organisational aspects inherent 10 a mixed use of a
multipurpose installation are inordinately complex (the smallest breakdown stops
the running application and delays the whole following program). Last but not
teast, it should be realized that a tot of interest in the project would be Jost if the
activities of a single facility were 1o be shared between different users, each
being limited in his development by a short access o the beam. Most of the
teams which attempted to develop such a program decided, after the feasibility
study of a multipurpose cyclotron, upon a single application unit, as well for
financial as for technical reasons.

A parallcl can be made with the situation in computer technology. While
the dogm has long been to centralize the differemt applications in a large sized
computer, equipped with numerous working posts, the present trend is to connect
smaller independent units into a network, atlowing exchange of informations and
programs without impairing the independance of cach individual computer.
A breakdown in one of the units does not stop the operations or access to the
network, while any kind of defect in a centralized system irremediably blocks the
totality of the applications.

Reasoning along this line. IBA preferred the concept of a simple
isochronous cyclotron devoted 1o a single purpose, much casier 1o design and w
aperate (it is highly automalized), and therefore far less expensive in investments
as well as in running costs.

3.1 Radivactive isotopes production

A broad range of gamma radivaclive isotopes can be manufactured from a
beam of reduced energy but of high intensily (30 MeV - 500 pA). A unit fitted
with these characteristics offers a production capacity exceeding largely the
needs of Belgium; onc to 2 facilities would be sufficient to meet the neced of
larger countries, like France or Germany. As 1o the north american continen,
about 15 units are in activity, with the possibility of increasing the production
with university cyclotrons, in case of wmporary excess in demand.

Installing a complete production unit, including the cyclotron, the beam
transport system and the chemy laboratories, would cost approximately 150 10
200 millions BF (the cyclotron alone costs 120 millions). If such a unit were 1o
be installed in the Province of Antwerp, a good commercial nctwork with the
neighbouring countrics would be mandatory, o order 10 ensurc its financial
rentability. As short-lived radioactive isotopes can be shipped by plane, any
distance between the production and the place of detivery does not constitule an
obstacle to this kind of development. As a matter of fact, the english Amersham
company markels its products all around Europ.

3.2 Newtron beams
The production of high energy neutron heams is sull compatible with the

manufaciure of radioactive isotopes, provided some technical modifications of
the original plans. The medical interest in fast neutrons lics in their increased



biological effectiveness, as has been experimentally largely demonstrated. With
respect w cancer cell killing, they are 2 to 3 time more efficient than high energy
X-rays. Sadly cnough, their effectiveness is equivalently higher in damaging
normal Lissues, which makes their practical use rather delicate.

Seventeen neutron facilitics are operational in the world (Belgium,
Germany, England, France, Soviet Union, Poland, United States, Japan), but of
quite disparate characteristics, which was, indeed, responsible for an evident lack
of collaborative work between european institutions (difficult exchange of
informations). As a consequence, and despite the efforts of each of the research
team, the potential of ncutrontherapy remains a subject of debate. Unfortunately,
this debate evolved recently into a passionate more than a scientific dispute {cf.
the situation in England), which has somewhat clouded the real question of the
value of ncutrontherapy. It is good to remind that the RTOG published, a fow
years ago, an mieresting series of prostatic tumors treated either with photons or
with mixed neutron/photon beams (this study was randomized). A definite
advantage was demonstrated for the latter, with respect 1o S year survival, Other
studies. however, failed to demonstrate an advantage (some of them even a
disadvaniage) in using fast ncutrons, mainly in advanced head and neck
localisations. Nevertheless, it should be realized that most of the trials werc
conducted with poorly performant neutron installations {(similar o old 200 kV X-
ray units). The last word is thus still 1o be said.

In conclusion, the development of a rescarch project in neutrontherapy
scems risky in the present context. Moreover, the Louvain-la-Ncuve facilities
have a considerable advance in this field (more than 12 ycars experience), and,
here again, any competition would be unlogical and detrimental 10 the
community {including the patients).

3.3 Proton beams

The production of proton beams neceds a machine with specific
characteristics {very high energy, very low beam intensity), hardly compatible
with other applications (radicactive isotope production). Until now, the majority
of the eperational proton centers (Boston, Uppsala, Villingen, louvain-la-
Neuve...) benefited from existing installations previously developed for nuclear
physic research. This research turning toward much higher energies (cf. the
CERN in Geneva or the Supraconducting Super Collider SSC in USA), the
destiny of these "old” plants was to be cither destroyed, or converted for medical
applications, when a motivated and dynamic radiotherapy staff was present in the
vicimty. For these medical teams, the problem of investments was solved, sincc a
high energy machine was already available (cf. the project in Orsay, France).

The develoment of new protontherapy facilities, within medical centers
which had no existing cyclotron at their disposal, came up against obvious
financial problems. The recent project in Loma Linda (USA) supplicd a
particular dissuasive budget example, as his overall cost amounts to about 45
millions S (indeed, this was the forecasted cost, but it seems that the real price of
the center will be even higher} .

Three different technical solutions are conceivable for proton beam
production.

1. The first type, of advanced technology, makes use of supraconducting
materials. Its advantages are not envisaged here. The major drawback, for an
unbroken medical use, is the lime necessary for the cyclotron to reach its
working (extremely low) temperature, i.e. about 2 weeks. Any kind of
breakdown which needs an intervention on the cycloron means that the machine
has 10 be stopped, warmed up until the repair can be carried out, and then cooled
down back at its working temperature. The interruption lasts thus at least 3 (o 4
weeks, which is hardly compatible with medical (as well as commercial)
applications,

2. A second type is the synchrotron, a technology which was developed in
the fifties for research in the nuclear physics, and redching encrgics in the range
of GeV. Iis advantage over a classic isochronous cyclotron is its fightness (40-60
tons vs. 600 tons for a cyclotron in the past), and it remains a possible choice o0
the extent that the characteristics of a modern unit are compatible with a
continuous medical use. An other theoretical advantage is that the proton beam
can be extracted at a desired cnergy, allowing for the treatment of bulky volumes
without the need for energy degrading filters. However, a major disadvantage of
a synchrotron is its technical complexity, which implics higher investments and
running costs (cf. Loma Linda). The beam output is also lower, implying longer
irradiation sessions per patient, and thus less treatments per day, as compared ©
a classic isochronous cyclotron. This last problem seems however 10 be solvable
in large installations, although still not solved today.

3. Logically, the choice must be turned to an isochronous cyclotron, of
simple technical design, of comparatively low cost, and of lightened structure
(120 tons) as compared 10 what has been done in the past. Its running output in
protontherapy is also far below its maximal capacity, compared to a synchrotron
which must run at its maximal power to supply for a sufficient beam ouiput. This
means that the decrease in output, due 10 the beam divergence induced by the
interposition of energy degrading filters (see further), can be compensated by an
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adaplation of the beam intensity, which helps to keep the time of a reatment
session within normal limits (1 minute, or s0).

The new IBA project supperts the concept of a hospilal-based 1sochronous
cyclotron dedicated to a single application: the production of 230 MeV protons
(Bragg peak at 30 cm depth). It makes use of a simple but modem technology,
with an interesting predicted fiability and an overall cost of about 10 millions $
(400-500 millions BF). The need for maintenance staff is reduced by a highly
automatized design, decreasing the running costs accordingly. See the IBA report
for more details.

4. Size of a protontherapy center

In principle, a single particle accelerator can supply several weawment
rooms with an irradiation beam, provided several beam transporl system have
been installed. In the initial IBA project, the cyclotron supplied 4 rooms with
fixed beams (2 verticals, 2 horizontals).

4.1 Why four beams?

We have seen that the main advantage of protons beams s 1o deliver a
high dose in depth while sparing the surface of an irradiaicd medium. However,
apart for the smallest target volumes, the Bragg peak is too narrow for a direct
clinical use and it is necessary to spread it over a realistic depth (i, 5 cm),
depending on the tumoral size. This can be done by the mterposition of filters of
appropriate thickness, degrading the beam encrgy at a value corresponding 1o the
desired Bragg peak depth. Unfortunately, the usc of such filters increases the
surface dose, which dissipates the surface-sparing effect of protons. As the
surface is lesser protecied, one may resort to multiple coaxial beams, convergent
1o the target volume. This technique, already in usc since decades in classical X-
ray therapy, imposes the design of an isocentric mounting, essential for the
accuracy of the irradiation. The solution is to use a 270 or 360° rotating gantry,
allowing for a convergent irradiation of the patient with multiple beam
incidences. While this solution has proven 1o be technically feasible for the usual
radiotherapy units {modem lincar accelerators), it represents a technically
complex and expensive problem for protontherapy (expensive is, of course, a
question of proportion, since the gantry amounts certainly for at least 50 % of the
price of a lincar accelerator). For instance, the isocentric arms of Loma Linda
(USA) costed as much as the particle accelerator itself. Therefore, IBA imitially
projected 4 fixed beams. the patient being moved from a room 1o another for its
successive irradiations, depending on the number and incidences of the beams
determined by the treatment schedule.

It is however easy W picture the extremely strict organisation imposed by
such a solution. In order to reducc the loss of time, inherent to the passage of
patients from one w an other treatment room. it would be essential o develop a
particularely strict time schedule, Morcover, any latency longer than, say, 15
minutes or more, helween two successive fields in the same patient, could be
biologically detrimental (in fast repairing tmors). And last but nor least, fixed
beams cannot offer the certitude of a rigorous treatment geomeltry, as compared
0 an isocentric mounting. This last solulion seems thus warrantcd, exacily as it 1s
the case in X-ray therapy (nobody treats deep scated wmors with fixed X-ray
beams anymore).

Following contacts with Dr. Sc. A. Brahme (head of the department of
medical physics, Radiumhemmet, Stockholm), it appeared that Uppsala
University developed the concept of a reliable isocentric system for
protontherapy, at a much lower cost than in Loma Linda. After some exchanges
between the technical staff of IBA and Dr Sc A. Brahme, the company modified
{and improved) the project, by replacing the four fixed beams by two isocentric
gantry in two independant treatment rooms.

4.2 Number of treatment rooms

When a single cyclotron feeds a number of treatment ro0ms, it i
necessary to successively commute the beam from one room 1o another. in
function of the local need. If the beam is not immediately available, one waits
(indeed, the patient waits) until it becomes free for irradiation. The probability
that the patient moves increasing with time, while he is expected to stay
absolutely motionless, the hazard of iradiation error increases in proportion. It is
thus not only unrealistic but also potentiaily hazardous o provide a large number
of rooms with a beam from a single unil. Morcover, the need for a stringent
working time schedule increasing with the number of rooms. it is likely that the
productivity of each room will be inversely proportionnal 10 this number, let
alone the general discomfort for the patients and the staff (some patients move
slower than others, suffer. ).

Following some discussions with the company and with Prof. A,
Wambersic, and on the basis of the experience of other centers, it seems that two
treatment rooms for one particle accelcrator represent an optimum {it remains
possible to increase this number later on). It is estimated that in routine use about
400 paticnts can be treated yearly in each room. This means 800 patients per year
for the center (in routine operations), which seems to be a reasonable recruitment
basis for the Province of Antwerp,
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4.3 Staff

The technical staff should include a civil ingeneer and 2 to 3 electronicians
(A2), which would be sufficient for the routine maintenance of the cyclotron.

Three technicians per room must be sufficient (corresponding to the
belgian norms for a linear accelerator), each taking on its own task: display of the
irradiation parameters on the instrument pannel, manipulation of the isocentric
gantry and set up of the patient in the laser marks. A total of six full ume
technicians is thus necessary (nurses Al in Belgium),

The physics staff must certainly be meaty, at least during the development
phase (4 physicists), while 2 to 3 could be sufficicnt in the routine phase. The
duration of the development period is however difficult 10 define, and may last
several years.

One medical doctor for 200-250 new patients/year is the belgian norm (the
desired norm, since most of our large centers do not meet this criteria). Four full
staff members should therefore be foreseen, with a complement in residents at

various stages of their training (exchange with other proton centers would
certainly be of great interest).

Finally, the administrative management will require a few secretaries, this
post being pooled in the financial analysis with the general administrative costs.

5. Financial analysis

The following analysis is, at this stage, purcly indicative of the different
orders of magnitude of the overall costs of the project.

investments

proton center instatlation 400-500 millions BF

annual running costs

Personnel

1 civil ingeneer and 3 electronicians A2 38

4 physicists 5.6
6 nurses Al (technicians) 6.6

4 physicians 10
Cyclotron

clectricity consumption 1.6
administration and disposables 7.5
maintenance 15
total 46.5

The electricity consumption is based on 180 kW, 8§ hours a day, 5 days a
week and 50 weeks a year. The post "administration and disposables” includes the
administralive costs, the nursing disposable materials, the cleaning of the
building... Maintenance means the yearly revision and the maintenance contract
with the company.

If we leave the paying off of the investment out, the annual running cost
is thus 46.3 millions BF. This amount must be divided by the number of
patients to oblain the mean cost per treatment, that is to say 46.3/800 patients =
58.000 BF per treatment. The paying off of the investment, without interests,
would cost 55-60.000 BF per patient. The total cost per treatment is thus about
120.000 BF per ueaument.

This sum is to be compared with what has been recently calculated for a
convenlional radiotherapy department, treating 1000 new patients a year with two
linacs (and all facilities). Taking the running costs as well as the paying off of
the investments into account, the price of a treatment with X-rays is about
106.000 BF, This is much higher than the S5.000 BF that the belgian social
insurances refund for a treatment with high energy X-rays (minimum 20
sessions) with blocks, wedges. a simulation and a computer dosimetry. A rapid
solution to the structural deficit of radiotherapy in Belgium, through reevaluation
of the intervention of the social insurances (which is forecasted in the coming
months), would make the construction of a protontherapy center a financially
possible project.

6. Research project

The presently available clinical experience is based on 8000 patients, of
whom 60 % were treated in Boston, Harvard Cyclotron Laboratory (HCL), since
1961 (in close collaboration with the Massachusset General Hospital). Most of
the indications were eye melanoma and some central nervous system tumors,
considered as indications of choice for protontherapy. Only a few other
localisations were treated, due 10 the very small number of operational centers.
Quistanding results have been published.

As mentionned before, the Antwerp medical project will focus on decp
seated tumors only, very bricfly summarized here

1. adull umors : gynecological, urological and abdominal locally advanced
tumors, lung tumors (limited stages). ..

2. pediatric tumors : central nervous system (craniopharyngiomas,
medulloblastomas, gliomas...) and thoraco-abdominal tumors in boost technique
of residual localisations (neuroblastomas, rhabdomyosarcomas, Wilm's tamors,
Ewing tumors. . .).

3. salvage therapy in recurrent tumors {f.i. rectal cancer),

4. replacement of some indications of brachytherapy ?

Along with the medical project, technical research programs will e
developped :

1. cyclotron, beam transport syslem, isocentric ganiry. ..

2. widimensional targeting: tumor localisation, delinition of targel
volumes, absorbed dose distribution. ..

3. on-line control of irradiation :
movements and beam correction, ..

PET scan, detection of patient

7. Situation of radiotherapy in the Province of
Antwerp

The Province of Antwerp homes a population of 1.6 millions inhabilants,
with Antwerp city as administrative center. Antwerp is the second belgian city m
size (0.5 million inhabitants), after Brussel (1 million inhabitants), and almost
the second european sce harbour with respect to economic activities.

Six radiotherapy centers cover the province: AZ Middelheim (1 cobalt, 1
linac), St Vincentius (1 cobalt, 1 linac), St Augustinus (1 cobali, 1 linac),
Euwfeestkliniek (1 cobalt) in Antwerp city, St Elisabeth in Turnhout (1 cobalt)
and St Norbertus in Duffel (1 cobalt, 1 linac). Table 1 summarizes this situation,
in comparison with Brussel city and with Belgium.

cobalt linacs  population unit/million unit/million
{millions} cobalt linag
Belgium 40 20 9.5 4.2 2.1
Brussel 10 8 1 10 8
Antwerp 6 3 1.6 375 1.8

It is clear from this 1able, that, both for cobalt units and for linacs, the
Province of Antwerp is slightly underequipped as compared to the national
average. With respect to Brussel, we must admit that the comparison is probably
less relevant since Brussel benefits from one of the highest concentration of
radiotherapy units in Europ, some of them being obviously not optimally
utilized. Nevertheless, Antwerp would reach the average national value with two
additional treatment units.

On the other hand, Belgium is in the leader group for cobalt units {on
average old or very old units which need urgent replacement), but in the lower
range for linacs, as compared to other european countries (f.i. The Netherlands,
Germany or the scandinavian countries). Thus, we need more linacs, and we need
also o replace some of our old cobalts. better by small linacs, which is the
recognized international trend.

8. Conclusions

The investment in a protontherapy center scems 10 be medically highly
justified, yet it implies the input of considerable linancial efforts, whose
rentability is not ascertained in the present context (due o low repayments from
the health authorities). Nevertheless, protontherapy leading undoubtely to better
curative results, one may consider that, on a macroeconomic level, the restitation
of a larger proportion of cured cancer patients to the active life represents a major
economic profit. It is good to remind that the NCI has stopped paying (as a
reascarch grant) for proton treatments at Boston HCL cyclotron, stating thal, on
the basis of the outstanding clinical results, the treatment expenses had (o be
supported by the social insurances, and no more by scientific rescarch funds.

It is otherwise interesting to compare these costs to those of classical
radiotherapy. It has been estimated that a new center, equipped with 2 linacs, a
simulator and a computer planning system would cost approximately 180
millions BF (150 millions equipments and 30 millions for the building), i.c. 2/5
of the overall cost of a protontherapy center. Given the limited number of
radiotherapy units in the Province of Antwerp, it is anyway necessary to forecast
some development in this sector (see above). Investments in high energy lincar
accelerators could then be partly replaced by the installation of a proton
accelerator, by using part of the development budgets allocated (0 cancer
trcatment.
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ABSTRACT

It is generally agreed that, among the different kinds of radiations
usable for radio-therapy, high energy proton beams exhibit the best
ballistic specificity. However, the development of proton therapy
has been hindered by the size, cost and complexity of high energy
accelerators. We have therefore tried to design not only an
accelerator, but a complete proton therapy facility where the size,
the investinent, the complexity and the cost of operation would be
minimized.

For a clinical therapy unit, reliability is of paramount importance,
and we believe that the simplicity and sturdiness of the design is the
key to reliability. This is why we selected a non-superconducting
isochronous cyclotron as accelerator. The magnet 15 a high field
(3.09 Tesla peak field, 2.165 Tesla average field at extraction }
deep valley design, ustng 190 kW in conventional coils. The
complete cyclotron is split in two parts at the median plane. The
upper half can be quickly raised by one meter, using hydraulic
jacks, allowing an unrestricted access to all cyclotron elements.
This design feature, combined with a rapid pump downtime (30
min.) should contribute to meintain downtime of the accelerator to
very low values

The cyclotron would then feed two or three isocentric gantries. [BA

has developed a new concept leading to isocentric gantries of

reduced size and cost [1].This new gantry design allows to relich
infinite 'source to patient distance” with a gantry not exceeding 2.5
m total maximum radius,

The dose delivery system aas been reviewed to optimize dose
accuracy, uniformity and speed of delivery. [n the axial motion |
the magnetic sweep ts controlled by a dose integrator, guaranteeing
an uniform dose frrespectively of minor intensity fluctuations.

1. Basic specifications for a proton therapy cyclotron
1.1. Energy

The energy required for a proton therapy cyclotron is entirely
defined by the energy-range relation in tissues (quite equivalen: to
the range in water). The range ut 175 MeV is approximately 20
cm, at 200 MeV, 27 cmand at 250 MeV the range is 37 cm. If
passive beam flattening filters are used, some extra range must be
provided to allow for the energy losses in the filters. However, in
this case we intend to use beam scanning and such filters are not
needed. Therefore, we feel that a maximum energy of 230 MeV,
vielding a range of 32 cmis sufficient.

1.2. Intensities

Intensities needed for a proton therapy facility have been discussed
by Goitein 2] [3]. To deliver the doses needed in one fraction
{from 14 Gy for Choroidal Melunomas 1o 1.8 Gy for Pelvic tumors
or Hodgkin's Disease) in one minute or less, using a scanned beam
technique, an effective dose rate of 5 1042 protons/min or 13.5 nA
15 needed.

Allowing for losses in the beam delivery system (energy selectond
the extracted beam intensity should exceed 30 nA, with the internal
beam intensity being around 50 nA,

Delivering this kind of intensity with an isochronous cyclotron is,
of course a trivial problem : isochronous cyclotrons can very eastly
achieve extracted beam intensities of tons of microamperes i.e
thousand time more than needed. The fuct that we operate the
accelerator so much below his maximum cupacities is o key factor
in achieving a very high level of eliability. This is in contradiction
with synchrotrons working with low energy injectors where space
charge limits are quite close for the highest intensitics needed o
radiotherapy.
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1.3. Variable versus fixed energy

To locate the Bragg peak at the required depth within the tmor, it
is neeessary 0 vary the encergy of the incident bewm accordingly.
This energy variation needs to be very fast, because the Bragg peak
15 s0 narrow that the irradiation of one field requires several
successive passes with progressively decreasing energies.

In order to optimize the simplicity and reliability of the system, we
have selected the solution of a very simple accelerator working
continuously at the maximum energy, i.e. 230 MeV. Between the
accelerator and the isocentric gantry, the energy is degraded to the
value corresponding to the deepest range tor the patient being
currently irradiated. This first and largest energy reduction is done
in such a way as to reduce the beam degradation caused by the
scattering and straggling of the beam.

The modulation of the range is controlled by a second cylindrical
rotating absorber located ut the exit of the isocentric gantry,

2. The "CYCLONE 230"

The CYCLONE 230 cyclotron proposed by IBA is an isochronous,
nigh field, non-superconducting cyvclotron able 1o accelerate
protons 1o 230 MeV.

2.1. The magnet system

The basic question in designing the magnet for a 230 MeV
wochronous cyclotron is whether to use superconducting coils or
aot. In both solutions the field levels are rather similar : 3.09 Tesla
on the hills, 0.985 Tesla in valleys, 2.165 Tesla average field at
extraction radius, 1.74 Tesla average field at the center. Such field
ievels are mostly dictated by the requirement of obtaining adequate
vertical focusing without having to use excessive spiraling of the
sectors. The dimensions of both designs are therefore rather
similar.

The advantages of a superconducting system are the reduction
{possibly the suppression) of the iron for the return magretic fux,
a reduction of the electrical power required by the cyclotron v
operation and, possibly, a reduction in the total investment costs,

On the disadvantage side of a superconducting system is the
mechanical complexity of a split-coil cryostar, with very large
forces involved, the potential problems associated with the liguid
helium supply (from an attached helium liquefier or from bawch
transfers) and the very long thermal time constants of such o
system : for a large mass, highly thermally insulated cryostat,
warm-up or cool-down times are in excess of one week, vielding
excessive down-time for a medical device, in case of problem.

The initial choice of the author is, therefore, 1o go for a classical,
non superconducting design. Using the deep-valleys concept
pioneered by IBA for non superconducting cyclotrons with the
CYCLONE 30 series, it is possible t© design a high field, non
superconducting magnet for a 230 MeV cyclotron using no more
than 185 kW of electrical power. The magnet seclion is
illustrated in fig. 1, and the main parameters of the magnet are
described in table 1. A number of steps have been taken to
minimize the size and power consumption of the magnet, without
compromising the optical qualities of the internal beam. The magnet
gap in the hill regions decreases with radius, from 9.6 cm at
the center to 0.5 cm at extraction, following an elliptical law [4].
The very small magnet gap at extraction is designed to provide &
very sharp radial field fall-off, ir order to simplify the beam
extraction. For the same reason, the shape of the outer edge of the
hills is patterned according to the shape of the orbit close 1o
extraction and is not a circumference centered on the center of the
michine like in other cyclotrons,

Another new technical feature of the CYCLONE 230 is that the

azimuthal shape of the hills is not rectangular, like in other

evelotrons, but trapezoidal. The wider base of the hills reduces the

magnetic saturation. This, in wrn, results in an improved fluter

and in o decreased power in the magner colls,

To reduce also the main-coils power, the gap in the valleys was
reduced to 60 cm. This value was found 1o be a rcasonable
compromise between the reduction of coil power and ¢ convenient
dimensioning ol the R system in the valley.

Using those values, we found that a good vertical focusing of the
beam could be found with a 60° spiral angle of the sectors
extraction.

To facilitate maintenance, the cyclotron is splitin two halves at the
median plane. Using hydraulic jacks the upper half can be quickly
(15" raised by one meter, so as to give an unrestricted access to the
cyclotron median plane. Using this construction the cyclotron can
be opened for maintenonce or repair, closed, pumped down and
restarted for operation in less than two hours. This is quite different
from current superconducting cyclotron designs where an operation
requiring access o the median plane implies a major dismanthing
and a loss of beam time tor several days.

number of sectors 4

sector ungle at the center 30

sector angle at extraction 537

hill field 300 |
valley field 0985 !
average field at extraction 2.165 i
average field at center 1.739 |
magnetic induction 5248 105 Ax
apparent carrent density i1 colls 153 Afera?
actual current density mn coils 214 Alem?
power per coil 42 kW
weight of one coll 13.3 tons
weight of the ire 105 s
Spiral angle at the center r

at extraction radivs (oF
Table 1
2.2, The R.F. acceleration system

In & previous paper [5], we had proposed a "cyclotron without
dees”, 1.e. a R.UF. system where a pair of opposite hills would play
the role of RUF. resonating structure. However, such a structure
would lead to a sub-optimum design for the magnet and was,
therefore. not selected in the present design.

Instead, we present a more classical RUF. system in which two
dees are located in two opposite valleys. Those dees resonute on
the fourth harmonic of the tons orbital frequency, t.e. 25.527 MHz
x 4 = 102.11 MHz. This frequency falls in the F .M. broadceasting
trequency range. [t is therefore possible to find inexpensive
standard broadeasting transnitters meeting the requirements of the
System.

inthe preseat design, cach dee 1s supported by four verdeal piliaes,
located symmetrically above and below the median plane, This
design optimizes the simplicity, the mechanical stability of the dees
and the cooling. In addition, a caretid optimization of the diameter
and length of each pair of opposed pillars allows 1o shape the
ampiitude of dee voltage versus radius,

harmonic mode How 2

dee voltage 130 Ky
frequency 10211 MHz
resonating syslem 2 dees In opposite valeys
length of resonator &0 cm
capacitive loading estimated (each resonator) 58 pf
total RF power estimated for 100 kv g5 kW

Table 2



2.3, Vacuum system

Due to the moderate vacuum requirements of a positive ion
cyclotron, a quite classical vacoum system can be used. In this
case, we plan to reach the operational pressure of 5 10°¢ mbar
by & combination of 4 x 2000 l/sec oil-diffusion pumps locuted
below the cyclotron and 4 x 3000 I/sec valved cryopumps located
above the cyclotron. Due to the large pumping speed installed, in
regard of the volume to be evacuated and of the surfaces o be
outgassed, it is expected that an operational vacuum of less than
10-7 mbar can be achieved less than 30 minutes after pump-down if
the cyclotron has been vented to dry nitrogen.

2.4. Injection

The protons will be produced at the center of the cyclotron by & hot
filament P.1.G. source introduced axially, through an air-lock. The
lite time of an ton source filament is expected 1o be in excess of one
month, considering the very small arc currents required,

Beam puising for the voxel scanning will be obtained by pulsing
the are voltage. Experiments have shown that rise and full
tmes ol

L5 psec or less could be uchieved by this method.

2.5. Extraction

High efficiency extraction of high energy protons of an
isochronous cyclotron is well known, but sull quite difficult
problem. However, in this case, three considerations allow
significant simplification of the extaction system

. the gap of the hills is decreased to 3 mm at extraction,
allowing 1o reach 4 very steep magnetic field fall-off for the
extricted beam

. as the extracted current is low (30 nA), a moderate
extraction efficiency can be tolerated without causing an
excessive machine activation

’ unlike some physics experiments, proton therapy does not
require the ultimate in beam emittance or energy resolution.

However, unlike cyclotron for physics, it is very necessary to
obtain an exwaction wning that would be very uncritical and highly
reproducible from day to day.

It is therefore the opinion of the authors that high extraction
efficiency methods that are based on a high wen separation and on a
very critical turn positioning in respect to the extraction devices
should not be used in this case.

On the opposite, we plan 1o allow the acceleration of o rather large
radial emittance and of a wide phase angle. The beam can then be
considered as radially continuous at extraction, without any turn
Suucture apparent anymore.

The extraction system based on such a beam structure has
obviously a lower efficiency but this lower efficiency is obtained by
very uncritical tunings. ’
The extraction system considered would use a septum magnet,
followed by passive gradient correctors.

2.6. Contruol

The proposed cyclotron is a very simple, stable, uncritical and
continuous device. The level of control required to achieve
unattended operation of the cycletron is therefore minimal, and the
cyclotron should be considered as & mere accessory of the beam
dehivery svstem, ’

For the cyclotron conwol we plan o use a high level PLC based
control system, basically similar to the system used in the lower
energy CYCLONE 30 series. The human interface is made through
graphical displays on a color screen, a keyboard and “wo virtual
knobs (optical encoders) that can be allocated by software 1o any
variable cyclotron parameter. The normal cyclotron operation is
foreseen to be unattended, the cyclotron control being normally
relayed to the beam delivery control desk.
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3. Isocentric ganiry

As a part of this proton therapy facility design, IBA has developed
the concept of 4 more compact and sinple isocentrie gantry. This
gantry is more fully described in another paper [1]. To cover the
irrudintion field, the bewm is scanned in three dimensions. Range
scanning is achieved by a cylindrically shuped, rapidly rotating
absorber. The beam pulses are accurately synchronized 1o the
absorber position so as to deliver beam only in the specific range.
Axial scanning is achieved by a sweep magnet located upstream of
the final 90° magnet. Thanks to the optical features of the system,
the beam reaching the patient is swept parallely with @ maximum
amplitude of 40 cm. The effective source to isocenter distance is
therefore infinite. The axial scanning speed is conwolled by 4 dose
integrator allowirg an automatic correction of small beam intensity
variations.

The transverse bewm scanning is obtained by u slow rotation of the
final 90° magnet around the uxis of the incoming beam. By
combining this motion with a slight gantry motion, a paraliel beam
translation, or even an arc therapy 1s also possible, reducing the
skin radiation dose.

A conceptual mechanical structure has been designed. The reduced
diameter of this gantry (3 meter, 16.4 feet) allows its installation in
the therapy room of much more reasonuble size.

Further calculation and engineering studies will be needed 10
confirm that the proposad structure is able to meet safely all design
specifications.
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Abstract

A new project for the treatment of deep seated cancers using
proton beams has been started at PSI. The results of the first
tests of the development of a fast beam scanning application
technique (magnetic deflection of the focussed proton beam)
performed in 1989 at PSI are summarized in this paper. The
plans for the future construction of a beam line dedicated to
proton therapy together with the new design of a very compact
gantry are presented in the second part of the report. A very
brief discussion on ideas and problems about a future hospital
hased facility for Switzerland terminates the presentation.

1L.Introduction

The physical properties of proton beains are expected to bring
significant improvements in cancer therapy by their large po-
tential of improving dose localisation[1,2,3].

At PSI experience with cancer therapy with charged parti-
cles beams spans many years. Since 1981, 482 patients have
been treated with negative pions using a dynamic scanuing
method developed for a 60 converging pion beamns geomelry
(Piotron){4j.

Since 1985, 840 patients have received radiation treatment for
uveal melanoma cancer (OPTIS project) using a 70 MeV pro
ton beam at PST [5].

The third new project of the medical division of PSI, namely
charged particle therapy for deep seated tumors using protons
of 200-250 MeV, is now underway '6,7,8]. '
Protons with wvariable energy and intensity suitable for pro-

ton treatient were available for test experiments starting from
July 1989 &t PSL The beam is obtained by degrading the pro

tous from 590 MeV (proton current of about 20;04) down to
energics near 200 MeV (proton cuwrrent of about Ind). The
beam is reanalysed in momentum and phase space in the sec-
ond part of the beam line after the degrader. The present
setup is provisional and is not adequate for the treatment of
patients. The beam has been used in 1989 for the development
of a new method of application of radiation, a fast scanning
of the focussed proton beam inside the patient. Technical
specifications and first results obtained with our apparatus are
presented in section 2 of this report. Since the results were en-
couraging, the design of a new beam line dedicated to proton
therapy has been proposed at PSI, accompanied by the design
of a very compact isocentric gantry (with dimensions similar
to those used for conventional treatments). These topics are
briefly discussed in section 3. The final goal of the project is,
however, to contribute to the realisation of a hospital-based
proton facility, adapted to the needs of a small country like
Switzerland
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Figure 1: Layout of the experimental setup for the tests of the

gpot scan method.

2.Development of the spot scanning techuigque

The new dynamic treatment developped at PSIis based on the
superposition of discrete dose spot applications. The dose at
each single spot is well localised in space (in the lateral direction
by maintaining the beam focus and in depth by the presence
of the Bragg peak characteristic of all charged partic
The dose at a given position is applied by switching on the

le beams).
bewn, weeasuring the quantity of applied rediation while the
dose is being accuinulated and by switching off the beam when
the desired dose value for the spot has been reached. The fo
cussed proton bean is then moved to the next spot position
and the cycle is repeated. The full scan is performed under
computer control by scanning the beam in three dimensions
inside the patient’s specific target volume, defined by the ther-
apist using modern diagnosties like CT and MRIL

The basic apparatus is shown in Fig.1. The switching on and
off of the Lenm is perforined by a fust kicker magnet. The mien

surement of the dose delivery is performed witli a dose monilor
systemn. The moetion, which is most often executed (in our case
the horizontal) is performed by the magnetic deflection of the
beam with a sweeper magnef. The depth of the bearmn in the pa-
tient is cortrolled by a range shifier system. The motion which
is least frequently used is the vertical one and is performed by
wioving the phantom with a patient iransporier systen,

The advantages of the spot scanning method compared to the

conventional method with passive scatierers in the beam is

summarised in the following paragraph.




The dose can be exactly tailored in three dimensions ac-
cording to the anatomical extent of the tumor (three dimen-
sional dose conformation). The dose distribution may be
shaped, if desired, according to a non-homogeneous dose pre-
scriptiou. The treatment is fully automated, multiple feld i
radiations are therefore performed more efficiently. Individual
hardware like collimators, compensators, range shifter wheels,
etc. can be avoided for routine treatments (but can be included
A very small compact
gantry can be designed for the spot scanning technique.

The “discretisation” of the spot applications makes the method

as an option for special indications)

insensitive to beam instabilities. The electronics performing the
dynamic treatment and the devices nece ssary to guarantee the
safety of the treatment are simpler o realize for the discrete

than for a continuous scan method.

The discrete spot scan technigue easily permits the syuchro-
nisation of the treatment with the phase of breathing of the
patictt. The problem of organ movements during treatient
aud related dose ervors, are discussed in @ separate report [9),

Specifications for the dynamic scanning.

The spot size at the Bragg peak has dimensions of about 0.5 to
1.5 e FWHM in the three directions,depending on the energy
of the beam. We assume that s

anning with the beam should
be perforined on a grid with & mesh size of typically 5 mm. As
siming a treatient volume of 1 liter and an irradiation time
of about 2 minutes we calculate a rotal of about 10000 spots
and a mean irradiation time of 12 s per spot. If we waut to
control the dose at each spor individually at the 1% level we
need to e able to switch off the beam with a reaction time of
120 jss. The apparatus depicted in Fig.l has been designed tu
satisfy these general specification goals.

The components in Fig.1 have been constructed and tested in
the NAL beamn line during the beam period of 1089,

Fast kicker maguet.

Fanetion: On-Of switching of the beam, The kicker magnet is
alamicated Coshaped magnet with an effactive field lengel: of
2 e and a magmetic feld of 0.5 kGanss. The power supply
aliows the switching of the current in the magnet from 0 to
50 Amperes in 100 ps with @ rather kigh repetition rate {spot
times us short as a few ms). The kicker magnet has been in-
stalled cbout 2.5 reeters upstream of the last bending magne:
of the beam line. A copper collimator with a horizontal slit
of 4 mm width has been placed inside the gap of this bending
magnet. The beam optics of the beam have been chosen with
a sharp vertical focus at this collimator location. When e
kicker is powered, the bears is deflected in the vertical direc
tion by about 1.2 ¢ and is then completely stopped in the
copper plate of the collimator We measured the reaction time
for the switching off of the beam by recording the rate in a
small seintillation counter during the beam on time and e
diately after. The reaction time has been measured to be 50 [t

Integral dose monitor.

llIsa
tion chambers (gap 1 cm) covering the full beam (thin alu-
)
The chamber modules are placed in a box filled with helium gas
{ut about 1 atmosphere) and are operated with 1 kV voltage,
to guarantee a fast collection of the charges (ions and electrons)
produced by the radiation in the gas. With 1 kV the overall
reaction time of the full dose delivery system (fast kicker mag,

The menitoring of the dose is done with plane paralle] ;

winized mylar windows mounted on rigid modular frames

net controlled by the jonisation monitor) has been measured i
the beam to be 135 us.
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Pigore 20 Xoray filin irradiated with the 200 MeV proton beam

using the spot scanning method.

Pusition-sensitive monitor systen.

The most frequent motion of the beam is perfornied by the
sweeper magnet (see below)] T order to check (on line) the
proper functioning of the sweeper system the puosition of the
deflected beam Is measured immediately in front of the patient
for each spot deposition during treatment. A position-sensitive
helium monitor chamber has been built and placed in the same
helium box as the integral monitor. The high voltage plane of
this chamber is tilted with respect to the two parallel ground
planes collecting the jonisation charges. By taking the ratio
PH/(11412) of the charges collected on Loth sides of the tilted
foil it is possible to measure the centroid of the Leam. Tu the
:ase of the x motion, the tilted foil has been shaped like a
zigzag profile. Reproducibility measurements of the charge ra-
tio recorded for time intervals as short as 5 ms were performed
showing a position resolution better than 0.5 min.

Range shifter

The range shifter system consists of a stack of 40 polyethylene

plates, each 4.5mm thick and with a size 2.5 cm x 20 em in the
direction perpendicular to the beam covering the entire region
of the swept beam. The plates can be moved individaally inte
the beamr by pnewmatic valves {(but can be removed only col-
lectively with the full stack). The time delay needed to bring
one plate in the beam has been measured by an optical system
to be less than 30 ws. The time for removing the full stack is
longer (around 100 ms).

Sweeper magnet.

The e gnet for ;\\'m'-piny; the beasn s of the sanes desipgn ws the
fast kicker, but with a different power supply. The beaus can
be swept over a region of £10om in the patient at a distance
of 2.5 m from the magnet by changing the magnet current over
£4004Amp. The sweeping speed has been measured to be faster
than Tem/ms.

Simulation of dynamic treatments,
With the full apparatus as deseribed above we performed drst

tests for the spot scanning method.

Fig.2 shows the capability of the spot scanning wethod to shape
the dose according to very irregular target volumes, The X-rav
film has been irradiated with the proton bear at 13 ¢ depth
in the water phantom. The hardware used for the test for dy-
nmnie treatment with protoos has been found to be within the
original specifications. Although the treatment planning sys
s has yet to

tem for irregular volumes and with inhomogeneitie:
be developed, the technical feasibility of the spot scanning tech
wique has been demonstrated in practice.
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3. Proposition for a dedicated proton facility at PSI

The next step of the project is the realisation of a new bewn
line with a dedicated area for the treatment of patients with
a horizonta) beamn. At a later stage a compact gantry will be
installed in the treatment area. The optics of the beam line
have been designed in such a way to have a complete rotational
symmesry of the beam (symmetric phase space and complete
a.::hrmxmt1-'ity] at the coupling point to the gantry.

A compart gantzy with a diameter of only 3 to 4 m can be
realised for the spot scanning method. The diameter is 1o
duced considerably compared to other proposals by placing
the sweeper magnet before bending the beam toward
e patient (see Fig.3). The patient transporter system will be
mounted directly on the gantry eccentrically with respecl to
the gantry axis. This reduces further the radius of the gantry
svsteinn and acts as a counterweight for the magnets on the
_g.zxmr_\', The rotation of the gantry must be accompanied by a
counterrotation of the patient travsporter system, maintaining
the position of the patient horizontal at any angle of incidence
of the beam.

The sweeping of the beam is performed only in the dispersion
plane. This allows the gap of the magnets to be kept as small
as possible. The arrangement of the scanning devices on the
gantry is essentially the same as in Fig 1. The implementa-
tion of the sweeping in the beam optics of the gantry allows
the design of the 90 degree magnet to be done in such a way
as to displace the swept beam parallel to its direction (infinite
skin distance).

source- All three axes of scanning arc in this
way completely cartesian. This helps to make the treatment
planning easier and reduces the skin dose,

The spot scanning method allows the addition of dose fields
shaped like wedges into a single large homogeneous fleld. In
this way it is possible to rradiate treatment volumes larger
than allowed by the maxirnun range of scanning. This should
permit ns to keep the width of the pole tips of the 90 degree
magnet rather small.

4. Future plans for a hospital-based proton therapy

facility

Any type of accelerator {synchrotron, synchrocyclotron, sec-
tor cyclotron) can in principle be utilized for proton therapy.
The relative merits of any of these solutivus are quite diffi-
cult to judge at present. From the point of view of reliabil:
and sinplicity of operation a sector ¢

clotron should be a ve
attractive solution. This machine should not present any prob-

lem with respect to beam intensity, which other solutions could
possibly have. The cyclotron has the best possible time struc-
ture of the beam suitable for the realisation of a beam scanning
technique with three dimensional conforination. With a sector
cyciotron tor synchrocyclotron) the switching on and of!f of the
beam can be done directly at the ion source (elimination of
the fast kicker magnet). This possibility is also very attractive
from tlhe point of view of patient safety during treatment. The
mejor drawback of these accelerator types is the fixed beum

Propositions for coustructing cyclotrons or synchrocy
clotrons with 2 or more fixed energics have been formulated
recently [10,11].

The possibility to vary the energy {(even ou a pulse by pulse
base) is prebably the strongest argument in favor of the Fer
milab compact synchrotron {12] for the Loma Linda proton
facility, which will become operational this year and will be the
first hospital-based proton facility in the world.
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One of the most important msues to be investigated with

EHER SN

the new proposed beam line at PSIwill be the impeortanee in the
practice of daily treatments of being free to choose the eneryey
of the proton beam

This experience will be aomanjor guideline
for deciding ou the accelerator type toward the realisation of
the first hospital bused facility for Switzerlnid.

This project is supported by @ grant frow the Swiss Na-
tional Science Foundation (NFDP18, 40:8-22087)
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Abstract

ACCTEK has developed prototype magnets and vacuum chambers
for izs concept of the proton medical accelerator under grants from
the UJ.S. National Carncer Institute. The synchrotron would
accelerate M= ions to 250 MeV and utilize charge exchange
extraction. Under development also 1s a beam delivery system
consisting of a raster scanning magnet system and a rotating 90°
bending magnet system. Conceptual ideas and progress on these
systems are discussed. Also discussed are the feasibility of proton
radiography and computed tomography with accelerators designed

for proton therapy,

1. Intreduction

ACCTEK Associates has been awarded grants from the United
States National Cancer Institute for research and development on
its concepts of a proton medical accelerator and a proton beam
delivery system for radiation treatment of cancer. These are under
the Small Business Innovative Research program applicable to all
large U.S. Agencies with the purpose of commercializing
technology developed with Federal funds.

The conceptual design of the Proton Medical Accelerator has been
reported previously [1]. Briefly it would be a synchrotron to
accelerate H ™ ions to 250 MeV in a ring of small straight magnets of
relatively small aperture, and utilize charge exchange extraction
in a thin foil at any desired energy. To accommodate H™ ions
without ‘substantial losses due to magnetic stripping and
neutralization by the residual gas the accelerator would operate with
a peak field of 56 kG and a vacuum of 10719 Torr, The ring
dinmeter would thus be relatively large, 13.7 m, and the ultra high
vacuum would be achieved by nonevaparable Zr/Al getter strips, in
an extruded aluminum vacuum chamber. Feedback from extracted
beam current moniters to two fast orbit buraping magnets, would be
utilized to control the extracted beam current. The nominal
repetition rate would be 1 Hz, with 0.3 sec rise and fall time of the
field and 0.4 sec at constant field to accommodate extraction for 0.3
sec. At this rate the average beam current would be 3nA. The
magnets are designed for two times this rate of rise, 2 Hz with a 0.2
sec flat top or 3.3 Hz without flat top, with corresponding increase in
the average current.

The SBIR grant on the Proton Medical Accelerator was completed
in November 1989, Twelve small prototype magnets of accelerator
quality were constructed at Argonne National Laboratory under a
Work-For-Others contract. These are shown in Figure 1 in various
stages of completion. They are arranged in an arc that is equal to
the design value for the medical accelerator. Aluminum extrusion
vacuum chambers were also produced and bent to the proper radius
of curvature without serious distortion of water holes for baking and

cooling nor distortion of the structure for mounting the getter strips

* Work supportec by Grant Neos. R44 CA41218 and R44 CA43407
from the National Cancer Institute

oo the inside radius. This was an important issue not an all cortan
in the initial design.

. The low field and use of many small straight magnets for the
ring has led to some interesting alternatives because of the ease of
increasing the field and redesigning the lattice laycut. Many of

these have been discusses previously [2] and are not repeated here,

Fig. 1. Prototype magnets for H- accelerator, arranged

o an are of u cirde ¢f 15 7 o diameter

2. Raster Scanning Syster

Under the current grant from the National Cancer Institute
ACCTEK is developing a raster scanning systers for 250 MoV
proton beam delivery. This consists of a fast horizontal scanning

magnet operating at 660 Hz followed by a slow vertical scanning

magnet at 3 Hz as shown in Figure 2 The fleld scanned, with a

Jever arm of 3 m from the center of the vertical magnet, is 25 cm
herizontally and 35 cm vertically. The arrangement is similar to
one being developed at Lawrence Borkeley Laberatory [3] for raster
scanning of heavy icns, although the ACCTEK system scans at a
much faster rate. The rate is determined by the desire to complete a
single scan of the entire area in 0.17 scc to accommodate 2 Hz
operation of the accelerator.

The proposed scanning methed is to scan a fixed field on each
pulse and modulate the dose by conurolling the extracted beam
current. At a given depth the beam would be turned 'on” when the
leading edge of the sweeping beam intersected the desired contour of
100% dose at that depth and "off” when the trailing edge intersected
the opposite boundary of that contour. The term "off’ might mean
reduction to a low value, say 5%, in order that the time of arrival of
the beam at the end of the sweep can be detscted by scintillators. The

latter is but one link of a multielement safety system that is being
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Fig. 2.

Raster Scanning System

studied but will not be described. The transition from full dose to a
low level is then about one beam diameter beyond the specified
contour, with corrections for maltiple coulomb scattering.

The scanning magnets being constructed are made of grain-
oriented steel and are tape wound cn a mandrel.  The core is then
cut, pole faces machined, and C cores assembled into H type
magnets. The fast scanning magnet is made of 4 mil Selectron tape
and the magnet steel is 8 3/4" wide, 4" high and 8" long. The gap is
1.3/4" x ¢.787" high. The vertical scanning magnet is made of 12-
mil Selectron tape and the maguoet is 10" wide, 8 /4" high, and 7
34" long. The gap is 3 /4" wide by 2 1/32" high.

The proposed ability to control the extracted beam current with
some precision has greatly simplified the design {and reduced the
cost) of the power supply for the horizontal scanning magnet.
Rather than prcducing a linear ramp, requiring a power supply with
200 kVA ratings and switching problems at zero current, it appears
that a simpler rescnant circuit will be adequate. The horizortal
sweep speed will then vary with time so that the beam current will
have to have a sinusoidal variation in order that the radiation dose
remain unidorm with time. This can be accomplished by inserting
an ac wave in the feedback leop to the magnets that control the
circulating beam position at the stripping foil in the accelerator.

The power supply for the vertical scanning magnet does nuat
present a difficult problem because the power requirement is much
lower at the slower sweep rate, and a Jitter in zero crossing of the
current is not neariy as critical.  For this supply a linear ramp
would be adequate. It is also possibie to reduce the deviation frem a
straight line of the horizontal sweep by an order of magnitude (io
364 for a 1.5 mm vertical travel during one herizontal sweep) by the
introduction of a small second harmonic current of the proper phase
and amplitude into the vertical scan magnet supply.

The design of these power supplies is not yet compiete but it is

planned to test these ideas with a low energy beam.

3. Rotating Beam Delivery System

Also being developed as part of the SBIR grant is a low cost
alternative to the 360° vertical gantry. [t is proposed that a vertically
downward directed beam, able to be rotated through an angle up to
60° along with horizontal beams in the same and other treatment

rooms, veuld serve most of the functions of the gantry and at much

lower cost. Capital and operaling cosl are scen as critical issues in
the widespread development and utilization of proton therapy.

A schematic of the layout of such a system is shown in Figure 3. A
90° bending magnet system is capable of rotation about the incident
beam axis to direct the beam verlically downward to a treatment
roon below beam level or to cither of two horizontal beam treatment
rooms at the beam level. A counterweight extends above the axis of
rotation to balance the system

It is believed, although a detailed study has not been carried out,
that the shielding of each of the rooms is adeguate that they could be
utilized independently so that setup of a patient in cne room could be
performed while treatment was carried out in another. Such a
flexibility of multiple treatment rooms is important for the
ceenomic feasibility of the proton treatment facility whereas Lthe
gantry system services only one treatment room per gantry With
the magnets in the 90 bending system turned off the beam emergivg
through the center of rotation could be transported downstream Lo be

utilized in other trealment areas, poassibly in a duplication of the

layout shown.

Fig. 3. 90° Rotating Magnet Syster for Heam Delivery to Three

Treatment Rooms

Not shown, but important to the efficient utilization of this layout
is a horizonta) beam into the vertical treatment room at the patient
level. In what might become the most widely used mode, treatment
in this room could be earried out in 3 fields, two horizontal beams
180% apart (obtained by 180° rotation of the patient in the herizonial
plane) and one vertical beam.

In the vertical treatment room variaticn in the incident angle
through 0-45° requires patient metion in the herizontal plane. It is
proposed to accomplish this by having the patient cart mounted on
rails (lowest support), able to be rotated 360° (next support level), and
finally laterally along the patient axis (upper support level). If
trealment at 45-60° from the vertical is desired it might be
accomplished by utilizing a vertical elevator as shown in order not
1o further extend the lever arm for treatment. It is believed that this

patient motion can be accomplished with the speed and precision



with which a vertical gantry can be pesitioned and that multiple
field treatment will be sufficient to reduce the dose to healthy Lissue
so that the missing flexibility (compared to a gantry) of treatment
from below is not a serious drawback.

The raster scanning system described above, and diagnostics not
described, would be carried on the rotating system and thus serve all
three treatment rocms. It is designed for the minimum distance, 3
m, s¢ that the longer distance, 5.5 m at 45° can easily be handled.
This variation of lever arm with angle does not present a problem to
the raster sconning system, which will be under computer control.

A prototypz of this rotating support system is under construction
and its angular reproducibility will be demonstrated. Six small
straight bending magnets of a type similar to those designed for the
accelerator will be mounted on the support to provide 90° of bending,
along with one quadrupole and the scanning magnet system
described above. The total magnet weight is about two tons so that the
total system with counterweight is just over four tons. [t is

anticipated that it can be rotated 90° in one minute.

4. Proton Radicgraphy

The application of protons to medical radiography was pioneered
by A. Koehler and V.W. Steward at Harvard [4]. The initial work
was extended at Argonne National Laboratory(5], at Los Alamos
National Laboratory(6], and with alpha particles and heavier ions at
Lawrence Berkeley National Laboratory{7). The results clearly
demonstrated the superiority of density resolution in soft human
tissue of ion beams over x-rays at equivalent deposited radiation
dose. This application of protons has not been pursued vigorously,
however, because suitable proton beams did not exist to make this a
practical technique. With the development of dedicated proton
machines for cancer therapy, and especially of fast raster scanning
beams, the advantages need to be reexamined.

While 300 MeV protons would be desirable for this application, the
therapy beam of 250 MeV, with a range in soft tissue of about 38 cm
water equivalent, is adequate for complete penetration of the head
and most sections of average size humans. The low intensities
required for a projecticn radiograph, a few times 108 protons, 1s
sufficiently low that high quality proton beams can be produced at
most machines by collimation. The capability for proton
radiography can therefore be usefully developed at any dedicated
therapy facility. Perhaps the most serious limitation of proton
radiography is the loss of spatial resolution due to multiple coulomb
scattering. The problem is minimized on the average, however, by
knowledge of the transverse position of the entrance beam rather
than that of the position at exit because of the cumulative buildup of

angular divergence and beam size as the protons penetrate deeper
into tissue.

Projection radiographs with protons in situ just prior to therapy
could prove to be useful. It would directly check the patient
alignment, and the calibration and operational status of the
accelerator, transport, scanning system, and monitors. It could
detect quantitatively any changes from previous treatment
fractions, and any temporary problems that would affect the

precision of dose delivery.
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The potential for prolon CT scanning also seems clear with raster
scanning of a high quality protun beam. Wilth a scanned bean sice
of 1 x 2 mm? and 360 line scans at 1° increments good computed
cross sections should be obtained with 10° protonsf‘;lmm2. The
estimated dose for this procedure, provided scanning planes were no
closer than 5 min apart, is about 0.5 rem, comparable to or lower than
that for an x-ray CT exposure. For upright patients, particularly
applicable to images of the head, the time for a proton UT iy only
limited by the rate of rotation of the patient. A rotation period of 10 or
20 seconds seems reasonable, For reclining patients, of course, a
gantry would be required for proton CT.

Not only is it anticipated that the proton CT scan will give more
precise density data than x-ray scans, but it measures proton
stopping power directly. The potential exists therefere of improving
treatment planning by eliminating the use of CT conversion
numbers with their uncertainty because of x-ray beam hardening.

Finally the use of proton CT as a stand alone technique
independent of therapy seems sure to find wide application once the

capability exists.
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Abstract

A new high intensity, 30 MeV H~ cyclotron has been con-
structed for radioisotope production. It is a four-sector radial
ridge design with two 45° dees in opposite valleys. An external
multi-cusp de source developed at TRIUMF generates the H™
beam for injection into the cyclotron. Beam extraction is by
stripping to H* in thin graphite foils. Two multiple foil strip-
per mechanisms produce two simultaneous external beams, of
intensities up to 200 A, Adjustment of the extraction foil po-
sition permits extracted beam energy variation from 15 MeV to
30 MeV. Results of magnet field mapping, vacuum, high power
of and beam tests will be described. A 30 MeV beam of inten-
sity in excess of 250 pA has already been extracted along one
beam line. On opposite beam lines two beams, one of 140 uA
the other of 164 uA, for a total in excess of 300 pA, were si-
multaneously produced.

1. Introduction

The 30 MeV cyclotron (TR30) which is being built for
isotope production by Ebco Industries Ltd. with the technical
and design assistance of TRIUMF achieved first beam on May
9, 1990, within 17 months of project startup date. The basic
specifications for the cyclotron [1-3] call for two external beams
of current up to 200 2#A and energy variable between 15 MeV
and 30 MeV, with a total maximum beam intensity of at least
350 pA. More than 300 uA have already been extracted to date.

Figure 1 shows the cyclotron as it was undergoing com-
missioning tests recently. Design features are more readily ap-
parent in the schematic view given in Fig. 2. The cyclotronis a
four-sector compact design with radial ridge hills. The magnet
is approximately square in shape, 2.3 m flat to flat, 1.26 m high

Fig. 1. The 30 MeV high intensity compact cyclotron.
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and weighs approximately 46 tonnes. It is split at the midplane,
so that four hydraulic jacks located at the corners of the yoke
can elevate the upper part approximately one metre to allow
access to the cyclotron interior. Two coils 37500 A-turn each
mounted on the upper and lower poles provide the magnet ex-
citation. Because of the fixed field operation, all magnetic field
corrections were made by shimming during field mapping. No
trirm coils arc needed.

Head room requirements in the cyclotron vault are min-
imized by installing the external H™ lon source and injection
line below the cyclotron. This arrangement has the additional
practical advantage of avoiding the possibility of material flak-
ing off the ion source filaments and falling onto any of the high
voltage electrodes of the source or inflector. It does, however,
require that the cyclotron be mounted over a 1.4 m deep pit.

The H™ beam is injected vertically upward along the mag-
netic axis toward the centre where an electrostatic spiral inflec
tor bends it into the median plane. Two 45° dees located in
opposite valleys then provide acceleration at four gap crossings
per orbit. The design voltage for the dees is 30 kV, and the op-
erating frequency is 73 MHz, the fourth harmonic of the orbit
frequency. The dees operate in phase.

Four large holes through the yoke in the dee valleys ac-
commodate the coaxial stubs required to resonate the dees at
the operating frequency. For magnetic symmetry there are four
identical holes in the unoccupied valleys. Two of these are used
as vacuumm pump ports in which two 20 cm diameter cryopumps
are installed.

Beam extraction is by stripping to H* in thin graphite
foils. Two independent external beams are formed with two
extraction probes travelling in opposite hill gaps.



The basic cyclotron parameters are given in Table L.

Table I. Principal cyclotron parameters.

Magnet
Average field 1.2°1
Hill fieid 1.90°T
Valley field 0.55 T
Hill gap 4 cm
Valley gap 18 em
Pole radius 76 ¢m

Number of sectors 4
Ampere-turas 7.5 % 10¢

REF

Frequency 73 Mz

Dee voltage 30 kV

Harmonic 4
Vacuum

Pressure 6 x 10-7 Torr

1000 ¢/5 (11,0),
1500 £/s {air)

Pumping

lon source

Type H™ cusp
Output current 7mA
Emittance (normalized) 0.34r mm-mrad

Bias voltage 25 kV

In order to test, at an early stage, the design of critical
centre region components, a full scale model of the TR30 centre
region was also built. A stable beam intensity of 650 gA was
measured at the fifth turn (1 MeV). This work is described in
another paper presented at this conference [4].

2. Magnet

Initial magnet design calculations were done with the two-
dimensional magnet code POISSON and were subsequently re-
fined using the three-dimensional code TOSCA. To avoid the
v, = 2, resonance, the top surface of the hills were sculpted
to reduce the flutter slightly and the hill width adjusted to
achieve isochronism. The calculations achieved a field that was
isochronous to better than 50 G at all points. A template was
then prepared according to the calculated hill profile and uscd
to machine the surface of the hills.

The magnet, first energized on August 4, 1989, achieved
full feld without difficulty. A shuttle coil field mapping system
{5]. borrowed from Texas A&M University and modified to suit
the magnet, was used for the field mapping. Initial data indi-
cated that the magnetic field was within 200 G of isochrenism
at the worst point, and within 50 G over most of the magnet.
In fact the largest discrepancy was at the centre of the machine
where four mounting holes, for central region components, had
been drilled in the pole tip surfaces. This was rapidly corrected
by raising the centre plug pole tips by 1 mun. The field was then
within 50 G everywhere. Shimming was accomplished by vary-
ing the thickness of plates attached to the hill edges. Initially
many small plates screwed onto a larger base plate were used.
Once s reasonably isochronous field was achieved, this shape
was used to cut a single plate for each hill edge. This proce-
dure turned out to be extremely predictable and reliable. After
shimming the magnetic fleld was isochronous to within £5° of
rf phase. Reproducibility of the average field was better than
2 G after opening and closing the magnet. The tune diagram,
calculated from the measured field data shows that the v, = 2v,
resonance has actually been avoided. Small imperfection har-
monics, generated by small of liner attachment holes drilled in
the pole faces, were overcome by using composite studs in the
holes. Custom made studs were designed so that the part of the
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stud below the hill face was steel and the part above was made
of stainless steel. This reduced the first and scecond harinonic

amplitudes to below 4 G evervwhere.
3. RF System

The rf power is delivered to the dees through a motor tun
able capacitor coupled to the 50 Q transmission line that passes
through a port in the vacuum tank wall. A tuning capacitor,
located at the back of the dees and having actuators that pass
through ports in the vacuum tank wall, provide a tuning range
of 200 kHz for dee voltage balancing and resonance control. For
ease of maintenance the entire rf amplifier system, which will
consist of two combined 25 kW FM transmitters modified for
operation at 73 MHz, is located outside the cyclotron vault.

Figure 3 shows the two dees being installed i the mag
net. All copper surfaces of the dees, resonator stubs, and valley
liners are water cooled to assure stable of operation. Cooling
water lines enter from the lower resonator so magnet opening
is possible without disturbing the cooling circuits. The mea
sured Q of the dee-resonator system is 5200, and the rf power
necessary to establish the specified 50 kV dee voltage is 19 kW.

4. Ton Source and Injection Line

A compact version of the TRIUMFE dc volume H™ mul-
ticusp jon source [6] has been tested. To reduce arc power the
extraction electrode aperture was enlarged to 11 mm diame-
ter. The normalized emittance of an extracted 7 mA H~ beam,
measured at the 90% contour, 2 m downstream from the source
was found to be 0.347 mm-mrad. Arc power in this case was
~ 3.7 kW and the H; flow was 10 std cc/min. The current is
obscerved to be stable to £2% over periods of G b

A 1.3 m long injection line transports the beam from the
source to the inflector. Beam line optics along this line, con-
sisting of a solenoid and a quadrupole doublet, have been o)
timized together with the inflector to malch the beam to the
cyclotron [7]. Because of the intense bright beam available from
the source no bunching is required

5. Extraction and Diagnostic Probes

The simplicity of extraction is of course the main attrac-

tion of H™ cyclotrons. It is achieved by passing the H™ beam

Fig. 3. View of the dees in opposite magnet valleys.
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through an appropriately positioned thin graphite foil (approxi-
mately 200 pg/cm?) to strip off the clectrons. The resulting 1Y
beam then deflects into the exit port. For an extraction fuil
locus that is very nearly linear and located in a hill gap, the
H*Y trajectories for the 15 MeV to 30 MeV beams exit the cy-
clotron through a valley, far from the defocusing effects of the
hill fringe fields, and come to a common crossover point at the
combination magnet location outside the magnet yoke.

Two diametrically opposite extraction probes, each car-
ryving a five foll carousel of graphite foils, pass through 15 e
diameter holes in the magnet yoke and vacuun tank port, into
the respective hill gaps. The probes are remotely adjustable in
radial and ‘ransverse direction for energy variation and-ste(’ring
into the extraction beamline.

For magnetic symmetry there are two additional 15 em
holes opposite the two other hills. One of these is used to ac-
commodate a water cooled radial diagnostic probe. As an in-
jection diagnostic a pop-up probe to intercept the ffth turn is
installed in a valley.

6. Control System

The control system, which is totally automatic and com-
puter controlled, is based on an Allen Bradley PLC for moni-
toring and controlling individual power supplies and switches.
These are connected by means of a proprietary communications
network to two 20386 PCs with a 60 megabyte hard disc and
running at a clock speed of 25 MHz.

Operator interaction is achieved by using a modular soft-
ware program called Control View supplied by the same com-
pany. It controls all screen (mouse) and keyboard input/output
and manages the multitasking operating system. It also main-
tains a current value database and is capable of interacting with
up to 10,000 1/0 points in the system.

Two 14 in. high-resclution color monitors are used to dis
play a series of graphic screens on which the operating values
of all of the power supplies, the states of switches and valves,
and the readings of all relevant water fows, vacuum pressures,
and temperatures in the system can be viewed.

Separate crates containing PLCs are used for the safety
systems, target monitoring, and ion source control units. The
latter
is accessed through a fibre optical cable serial data link. The
control program includes an RS 232 driver system and is thus

which is at a potential of 25 kV with respect to ground,

1

capable of communicating with serial devices,

The system is easy to program and operate, and it is
not difficult to write macro routines to simplify control and
tuning procedures. As well as the built-in application packages
other application routines have been written using the C-toolkit
provided with the software. Microsoft C can also be used to
create routines that will run in the multitasking environment.

7. Commissioning

Commissioning of the TR30 cyclotron has proceeded rapidly
as components have been completed. The vacuum system has
achieved a base pressure of 8 x 107% Torr and typical operat-
ing pressure with beam is 6 x 1077 Torr. Initial tests began
with beam blockers at 1 MeV. Quite quickly an injection line
tune was demonstrated that gave 200 A at 1 MeV. The mea-
sured transmission efficiency from the ion source up to 1 MeV
is 8% for a dee voltage of 49 kV and increases to 12% for a dee
voltage of 51 kV. The beam blockers were then removed and

1 A of beam was accelerated to full radius. Checks performed

with a radial probe showed that there wis betier than 055

transmission between 1 MeV and 32 MeV,

Following these tests we installed the two stripping foil
mechanisms. By performing shadow measurements with the
two strippers and the diagnostic prebe, we verified that the
beam was centered to within 4 mm. This also verifies that the
maximum energy is greater than 30 MeV. As soon as a target
became available we began extracting 30 MeV and in & mat
ter of hours we had beam current in excess of 100 ;A on the
target, On June 6 a 30 MeV Leam of intensity in excess of
250 A was extracted from the machine {with 230 ¢ A reaching
the production target system), a malor milestone in a zight 18
months design and construction schedule. On June 7 two beams
of 164 pA and 140 A were simultancously extracted on oppo
site beam lines, with a total beamn intensity in excess of 300 A
being accelerated. For these tests only one of the two transmit-
ters was used, powerced to 28 kW. The losses in the cyclotron
were very low and small losses in the beam line were mainly at
the protection slits which had been deliberately set to form a
tight restriction for setup purposes. The commissioning team
was pleased to find that most settings lie very near the calcu-
lated values. The rf system, the vacuumn system, the extraction
stripper and the control system have behaved extremely well
so far. Overall component stability is very good.

Future commissioning work will airm at relinble high intens-
sity operation with minimal operator intervention and extrac-
tion at several combinatians of energies. It is expected that Nor-
dion International who contracted the cyclotron and its build-
ing as a turn—key facility to Ebco, will be able to start isotope
production on or before August 1, as originally plarned.

Acknowledgement

This isotope production cyclotron is the first cyclotron
produced by Ebco and is an important example of techinology
transfer for TRIUME. TRIUMF and Ebco would like to thanx
all those who have contributed to this 18 month endeavour with
ideas, suggestions, hard work or support. A particular thanks
goes to those colleagues from the international community who
have given useful advice during design and construction.

References

1] H.R. Schneider et. al.*A Compact H™ Cycletron For Iso-
tope Production”, Proc. I*' European Parti
Conference, Rome, 1938, p. 1502

2] R. Baartman et. al., *A 30 MeV H™ Cyelotren for Iso-
tope Production”, Proc. of the IEEE Particle Accelerator
Conference, Chicago, 1989, p. 1623.

13] B.F. Milton et. al.,, “A 30 MeV H™ Cyclotron for lso
tope Production”, to be published in the preceedings of
the 12th Int. Conf. on Cyclotrons and their Applications,
Berlin, 1980.

4] W. Kleeven et. al., “Status and Results from the TR30
Cyclotron Centre Region Model”, these proceedings.

{5] L.H. Harwood et. al., “Characteristics and Performance
of the System Developed for Magnetic Mapping of the
NSCL Superconducting K800 Cyclotron Magnet”, IEEE
Trans. on Nucl. Sci. NS-32, 3734 (1983).

[6] K. Jayamanna et. al., “A Compact H" /D~ Ton Source”,
these proceedings.

[7] RJ. Baldenet. al, “Aspects of Phase Space Dynamics in
Spiral Inflectors”, to be published in the proceedings of
the 12th Int. Conf. on Cyclotrons and their Apphcations,

Berlin, 1989.

le Accelerator



5109

APPLYING CHARGED PARTICLE PRYSICS TECHNOLOGY

FOR CANCER CONTROL AT

LOMA LINDA UNIVERSITY MEDICAL CENTER, USA

James M, Slater, M.D., F.A.C.R.
Chairman, Department of Radiation Sciences
Loma Linda University Medical Center
Loma Linda, California, USA

Abstract

The world's smallest proton synchrotron soon will
begin to be used for patient treatments at Loma Linda
University Medical Center in the United States, as part
of an effort to apply and exploit high-energy physics
technology for cancer control., Proton therapy has
superior characteristics to accomplish this eund,
notably a dose distribution that facilitates the
delivery of effective doses while sparing adjacent
tissue. The characteristics are exploited in a
synchrotron, designed and built in & cooperative effort
among university, government and industry
investigators, for treating patients. The
characteristics and implications of this development
are discussed.

Introduction

The precision of proton therapy underlies its
clinical application. Exploiting that precision to its
fullest, underlies the effort to apply high-energy
physics technology for controlling cancer at Loma Linda
University Medical Center, The classic intent of
radiation oncology is to treat only diseased tissue,
sparing normal tissue in the process, Im practice,
this ideal is often compromised sc that all areas of
risk may be ercompassed. Normal tissue tolerances in
those aress determine the dose that can be given;
often, one insufficient to control a malignant
tumor,

Because photons and electrons lose most of their
energy unear the point of entry, it often is difficult
to concentrate a cancerocidal dose deep in the body.
Photons and electrons also cause much secondary lateral
scatter; surrounding normal tissues receive part of the
dose, resulting in side effects. Attempting to
circumvent these problems, radiation oncologists often
irradiate the tumor through several portals with
overlapping beams, building up the target volume dose
and minimizing the dose to normal tissues., Using such
strategies with protons, one can deliver higher doses
of ionizing radiation with even greater precision.

The Clinical Problem

According EO current information from the American
Cancer Society,” more than one million Americans
will develop scme form of non-skin cancer in 1990.
About three of every ten Americans will develop some
form of cancer at some time in her or his life, and
cancer affects three of every four families in some
way. Among Americans recelving treatment for cancer
localized to an anatomic region and theoretically
amenable to control by locoregional therapies, disease,
failure to control the local process occurs in 225,000
cases every year. In addition, morbidity from disease
and treatment causes unacceptable suffering in
uncounted numbers of people, Such data give impetus to
the search for more effective locoregional treatments.

History of Proton Therapy

The first proposal for the medical use of protons
occurred in 1946, when Robert Wilson published his
landmark paper, Because protons depusit alwost all
their energy at any desired depth in the body, Wilson
believed that patient trials should be undertaxen on
the accelerators then being built for high-energy
physics research.

In the mid-1950's, proton beams were first
employed on humans;, 26 patients received p%tuitary
irradiation for advanced breast cancer.%’ The second
application of a physics research accelerator for
proton therapy occurred ig ;weden in 1957; by 1968, 09
patients had been treated”’ Physicians working with
Harvard Cyclotron Laboratory began employing a 160
million electron volt (MeV) proton beam for therapy in
the early 1960's; pitgigary adenomas were among the
first tumors treated,”* Large field radiation therapy
began at Harvard in 1974, as the applications of the
superior physical dose distribution OEOEYS proton beam
to a range of tumors became apparent, Proton bigm
therapy began in the Soviet Union in the mid-1960's;
the Japanese experience began in 1979, at Chiba;
another facility opened at Tsukuba a few years later.
At the Paul Scherrer Institute 1o Villigen, is
Switzerland, proton beam therapy commenced in 198577,

Interest 1n proton therapy grew rapidly as results
were reported from early investigations. As a means of
consolidating this interest and directing it to
optimize the clinical potential of the modality, the
Proton Therapy Cooperative Group (PTCOG) was formed in
1985, This group meets semi-annually to report to its
international membership on the state of the science;
works to design therapy facilities for institutions
around the world; and drafts protocols for analyzing
praton treatment in a scientific, cooperative manner.
Through its newsletter, PTCOG tabulates the progress of
proton and other charged particle therapies in
institutions employing physics research accelerators
for medical purposes. Curreantly, over 8,000 patients
have been treated with protonslén these and other
institutions around the world,

14

A Superior Beam for Clinical Radiation Therapy

Like conventional external beam iradiation, proton
radiation therapy is directed to a tumor or other
disease process, causing changes which kill irradiated
cells or render then unable to function. In terms of
their relative biologic effect (RBE), protons are
similar to photons (the RBE of protons is generally
accepted as being approximately l.l, compared to
cobalt).

A protoo beam has almost no secondary lateral
scatter and deposits most of its energy at the Bragg
peak; little energy is deposited along the path until
the peak is reached, and virtually no energy 1s
deposited distal to it, By spreading out the Bragg
peak through energy variation or other measures, the
radiation oncologist can encompass the target volume.
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Such precision means the radiation oncologist can
increase the dose to the tumor while reducing the dose
to surrounding normal tissues, allowing for higher
tumor~destroving doses and a greater chance for
locoregional disease control without stopping treatment
because of side effects.

Demonstrated Effectiveness of Proteon Therapy

Results from difficult-to-treat tumors show the
benefits of the modality. Some ophthalmologists treat
occular melanoma, for example, by enucleation. Where
protons or helium ioms have been used, however, the
cure rate is more than 95%, and migt patients retain
useful vision in treated eyes.17’ Pituitary tumors
show similar results and, like small tumors of the eye,
can be Ereated in one to three days on an outpatient
basis. ” Because of their proximity to the brain stem,
tumors cf the base of the skull are difficult to
control., 1In contrast to conventional irradiation's
control rates of 35% or less, proton and helium iom
therapy have yielded control rates of approximately
85%, and patienBs can pursue daily activities after
being treated.z Proton therapy has also been employed
in non-cauncerous processes,ziuch as arteriovenous
malformations of the brain.

The precision of proton therapy has long been
known, but applications have been limited because
physics research accelerators were not designed for
treating patients, and because many tumors could not be
localized with the necessary precision., Since the mid-
1970's, however, CT, MRI, SPECT, PET, ultrasound,
improved conventional imaging modalities and improved
means of contrast enhancement, have all increased the
precision with which disease extent is defined. These
improvements, combined with better understanding of the
radiobiological effect of conventional and heavy
charged particle irradiations, justify the expense and
effort required to build a proton accelerator and
facility designed for patient treatments.

Designing a Proton Accelerator
for Medical Use

The Loma Linda accelerator is the smallest
synchrotron in the world. It was designed from the
start to be a patient-treatment machine, and reflects
the input of physicians, physicists and engineers from
around the world, via the efforts of PTCOG, which
drafted its specifications, Fermi National Accelerator
Laboratory, which designed and built it, and Science
Applications International Corporation, which assisted
in the design and installaticn st Loma Linda, and will
market future, similar accelerators.

The requirements for a medical accelerator differ
from a high~energy physics research accelerator. For
example, the ability to vary the energy is critical, in
order to encompass the varying anatomical
configurations of tumors. A medical machine also must
be simple to operate and easy to maintainm, in contrast
to one employed in a high-energy pliysics laboratory.
Some of the characteristics of the Loma Linda
synchrotron are indicated in Table 1.

Table 1
LLUMC Accelerator; Goals of Design

Energy 70-250 MeV
Beam spill time 0.05-9,9 sec
Cycle time 2 sec.

1 E 11 protous/pulse
Duo=-plasmatron

100 mA max. current
70 mA operational
30 kv
Linear accelerater RFQ

2 MeV

20 microsec., pulse

20 mA output current
Zero gradient
Betatron tunes:

@ extraction .5/1.36

@ flattop L6/1.30
Harmonic: 1
Single turn injectien
20,05 meter circumf.
Inject above transition
Cycle time: 2,4,8 sec.
Aperture: 5 x 10 cm,
Extraction: 0.4~10 sec.

Beam intensity
Ton scurce

Synchrotron

Expected Applications

Computer simulations show the benefits that can be
expected when the modality is employed. In locally
advanced cancer of the uterine cervix, for example,
control is difficult to achieve with conventiomal
irradiastion because the needed large fields and high
doses result in unacceptable doses to nearby vital
structures., Proton beams will enable delivery of even
higher doses, while still avoiding the nearby
structures, The ability to spare the opposite parotid
gland and mandible, while delivering high doses to
tumors of the tonsillar region, suggests a role for
proton therapy in such malignancies staged T2 or
higher. In a series of carefully planned protecols,
the patients who can benefit from proton therapy will
be identified. As suggested in Table 2, it is
expected that such studies will reveal several groups
of patients who will benefit.

Table 2
Anatomic Sites of Potential Application

CNS Glioma; meningioma; cervical chordoma and
chondrosarcoma; pituitary adenoma; acoustic
neuroma; craniopharyngioma

H&N Oropharynx; nasopharynx; larynx; hypopharynx

Thorax Esophagus; lung

Abdomen Pancreas; retroperitoneal soft tissue
sarcoma; para—aortic nodes

Felvis Bladder; uterine cervix; prostate;

unresectable or recurrent celo-rectal or
endemetrial carcinoma

Optic & brain glioma; pineal zalignancies;
Hodgkin's disease; retinoblastoma;
medulloblastoma; rhabdoblastoma;
neuroblastoma

Hodgkin's, non-Hodgkin's lymphoma; soft
tissue sarcoma; arteriovenous malformations

Pediatric

Other

Initial Endeavors

Opening in 1990, the Loma Linda proton therapy
facility is eventually expected to serve between 1000
and 2000 patients annually., The first patients will be
treated with the stationary beam this autumn, with one
of the gantries commencing operation the following



winter. Patients with eye and head & neck tumors will
be treated first, with the stationary beam. Patients
with tumors in other anatomic sites will be treated
with the movable beam. One of the three gantries will
be commissioned in winter, 1991, for this task.
Experience with that gantry will be utilized for
modifying the other two, if needed.

The Loma Linda facility will be a worldwide
resource for research and learning about proton beanm
therapy. Researchers will investigate topics such as:
dose escalation and time de~escalation protocols;
radiobiologic effects of particle therapy; the physics
and engineering c¢f proton accelerators; simulated
effects of outer-space radiation; and combined
treatment modalities, A charged~particle database is
being developed to assist in these efforts, and
satellite and microwave commusications systems will
enable physicians to send patient images to LLUMC for
therapy planning. Data generated by these studies will
be made available to the general medical community, and
will help phvsicians and patients determine whether
proton therapy might be advantageous for them.
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HiKAC PROJECT

AT NIRS-JAPAN

Y. Hirao, H. Ogawa, S. Yawada, Y. Sato, T. Yamada, K. Sato, A. [tanc, M. Kanazawa, K. Noda, K. Kawachi,
M. Endo, T. Kanai, T. Kohno, M. Sudou. S. Minohara, A. Kitagawa, F. Soga*, S. Watanabe®
E. Takada®™*, K. Endo***, M. Kumada™**, and T. Matsumoto™***
Nationa!l Institute of Radiological Sciences
4-3-1, Anagawa, Chiba-shi, 260, Japan
A heavy ion synchrotren complex for medical use is lon _Source
being constructed at Chiba, Japan. General feature and
presert status of this project are described. Two types of lon sources are prepared for the in-
jector system: & PIG and an ECR sources. The PIC source
Introduction is used mainly for lighter ions, whereas the ECR source
is expected tc improve heavier ion capabilities of
An original idea of the HIMAC (Heavy lon Medical HIMAC. The ion source system is to cover at least from
Accelerator in Chiba) ?roject was proposed at the High He to Ar. The injection energy to the linsc s 8keV/vu.
LET Radiotherapy Division in the US-Japan Ccoperative and is realized by putting the sources on the high volt
Cancer Research Program in 1978 at Kyoto, Japan. In age platforas of maximum GOkV
1983, the Jepanese government decided to promote the [0 The PIC source is of a hot cathode type.  The pulse
year strategy for cancer initiative., The HIMAC Project aperat on of the system is expected to be effective for
has also been proceeding along it, towards the end increasing both intensity and lifetime. The preliminary
of the prcgrar. It was approved in 1987 and is expected resu.ts show that the extracted beas intensities exceed

to complete and to start the first clinical trial in
1393.

The supertority of heavy ion therapy has been
demonstrated through radiological experiments and zlini-
cal trials at Lawrence Berkeley Laboratory so far.
Based on their results of heavy ion therapy and of
neutron and protor therapies at NIES, the HIMAC project
hias bLeen proposed in yvears.

In the proposed facility, the maximum output energy
should be 8COKeY/u for silicon icns in order to realize
e residus! rarge of 30cw in human body. Such a high

is also effective to produce radioactive
quality for diagnosis and/or treatment

energy benam
beam of high

The area of beam irradiation must be enlarged to cover
homogenecusly whele ares to he treated. The maxinum
diameter of the irradiatior field is chosen at Z22cm
Beam intensity should be sufficient tc give a dose of
56y into the irradiation fie.d within an allowed tine
daration of several to a few tens of seconds. For
theprapeutic purpose, verti.cal beam is ind.spensable
requiremant. The main parameters of the accel=rator
comp lex ara listed in Tadie |
Table |
HIXAZ paremeters
lun source Type PIC & ECR

lon species from “lle to “BAr

G/ A > 147

Frequency |00 Miz

Fepet.lion rate 3 Hz Kax.

Duty factor 0.3% Hax. )

Acceptance 0.6 7ez-wrad (norwalized)

259 linsc Irput/Output energy 8 / 80C keY/u

Vane length 7.3 e

Cavity diameter 0.6 a

Surface field 205 k¥rce (1. 8 Kilpatrick)

Peak r! power 260 k¥ (70%

0.8 / 6.0 MeV/iy

24 m (3 rf cavities)
2.20/2.18/2.16 =

1.8/2.2/2.2 WW/m

34 - 47 U} /n (effective)
150 k¥/cm (1.3 Kilpatric)
170/820/760 k¥

FODO (8.8 kC/ca Mex.)

100 ~ 800 He¥/u (a/A = |/2)
41 w (12 cells, 6 s-periods)

input/Output energy
Total length

Cavity dismeter
Average fleid
Shunt impedance
Surface fieid

Peak ri power
Focusing sequence

Qutput energy
Average dismeter

Alvarez Ilnac

Synchrot on
(for one ring)

Focusing sequence F030
Betatron tunes (H/V) 3.95 / 3.28
No. of dirole magnet 12 3.4 m ench)
Dipole field 0.1 (Min.) 7/ 1.5 (Max.)} 7
No. of G magnets 2 0.4 B each)
Quadrupole field 0.5} (Min.} / 7.C (Max.} T/m
Long straight sect. 12 5.0 m each)
Repetetion rate 1/2 Hz
Rise/fTlat-ter time 0.7 /0.5s
Acceleraton No. of cavities I {one more is forseen;
system Frequency range 1.0 - 7.9 Wiz (harmcnic 4)
dcceleration voltege Il kY peak at | Milz
RF power input 30 k¥ peak ot 6 Kiz

Katerial of chamber
Baking lempereture
Aversge pressure
umps

Yacuus systea SUS-316 | (0.3 ma thick)
200 °C

X 1072 torr

Sputter ion pusps

T: getter puaps

Turbo mclecular pumps

Fest & slow (1/3 resonence)

Extraction
up Lo 400 as (siow

Type
systen Length of spill

values except for Si

ECR sourc is fed with a
S5k¥.  Two solencids with
n vokes generate axial mtgneiic field, whereas
sextupole field is produced with NdFe permanent
irstalled outside the vacuum chamber.

the required

The plasma chamber of the
microwave source of 10GHz,
retyr
radic
magnet

Injector Linac

The injector systew is composed of an RFQ and an

linaes, as shown in Fig.] The output energies
lingcs are 0.8 and 6MeY/u, respectively. The in-
jector is designed to accelerate heavy ions with a
charge to mass ratio of higher than 1/7. The wmaxioum
repetition rate and duty factoer are 2Hz and 0.3%
respectively

The structure of the RFQ
b osingle loop of coupler he
vares and the cavity diameter are
The entire cavity

Alverez
of the

is of four
total lengtk
about 7 and 0.6n.
including the vanes
is divided into four sections. The peax rf
~ 300 k¥, 100MHz is fed to the cavity through
foop coupler. The maximunm surface field on
is ~200kV/cm (1.8 Kilpatrick).

vane type
of the

linac

Wit

respeclively.
themse lves
of

the single
vane top

poae]

the

Myvarez Hlrac

-

S
/zo;gj jﬁ;ﬁj@{zk/ZV

ion sources.

//l ?/ /////11/7

Fig.1. Layout of injector linac system including

The operation frequency of the Alvarez linac is

100MHz as same as of the RFQ linac. A pulsed quadrupole
magnet is equipped in every second drift tube, and a
FODO type focusing sequence of quadrupole lenses is

adopted. A transverse acceptance is 2.87 mm-arad
(normalized) with the highest field gradient of 6kG/co
and large eaough to accept the output beam of 0.87
mu-mrad {normalized) from the RFQ. The peak rf power is
estimated to be about 3.0M¥ in total. A diameter and a
length of the linac cavity are ahout 2 and 24m, respec-
tively. The cavity is separated into three sections and
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rf power of about IMW is fed to each of them throush a
loop coupler. The average axial fields of the sections
are 1.8, 2.2 and 2.2MV/n, respectively. Following the
Alvarez linacs, an equipment of charge exchange with @
1004 g/cn® thick carbon foil is installed. Manufactur-
ing of all parts of the injector system including the
ion sources Is proceeding as in the Fig.2, which shows

the third section of the Alvarez.

Fig.2. Inside view of the third section of Alvarez linac
seen from low-enersgy side.

Synchrotron

The synchrotron consists of two rings, which are
installed in the upper and lower floors and are operated
.ndependently of each other except the alternate injec-
tion and excitation. The output energy of each ring
must he variable in a wide range from 100 to 800MeV/u.
The two ring structure of the synchrotron is expected to
nake the operation mode much more flexible. The
synchrotron cen provide horizontal and vertical beaus
simultaneously at different energies for the two beanm
treatment or for two different treatments. In the fu-
ture extension, two stage acceleration of the heavier
ions will be possible. It will be elso feasible that
one of the rings is used ss a storage ring, aiming at
the treatment and diagnoesis with radioactive beans
and/or a single shot bean

[ S—————E S -

T T

Layout of the upper
ring of synchrotron,
lower one is almost
“the same.

A v H

Thke layout of the upper ring is shown in Fig.3.
The rings are of a separated function type with & stand-
ard FODO focusing sequence. An average diameter of the
rings is about 4lm. The maximum wagnetic rigidity is
8.75Tm. The bending magnets are of sector type and have
the maximum field of 1.5T. The quadrupole magnets have
the maximum field gradient of 7.4T/m. The closed orbit
distortion and the chromaticity are dynamically cor-
rected with a set of steering magnets and with a set of
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sextupale magnets, respectively. A multituro beam in-
jection scheme is adopted to increase the beam current
by ten times. The ‘horizontal and vertical acceptances
of the rings are 307 and 37 wmm-mrad in normalized
values, respectively.

Two kinds of extraction modes, fast and slow ex-

traction, are prepared for Lhe upper ring, while wonly
siow one Tor the lower ring. The extraction septum mag-
nets for both modes are installed in the same long
straight seciior in the upper ring. The s cwly ex-

tracted veam i§ cirected to the cutside of the rings,
whereas the pulsad beam is extracted to the inside. The
slow extraction scheme uses a third order resonance.
Beam spill time is to be longer than 400ms at 600MeV/u.
For each of two rings, a current scurce for the
bending magnets of the maximum current of 21004 is com-
posed of four sets of high power thyristor rectifier
blocks working in 24 phases followed by a filter cir-
cuit., Two 24-phase thyristor current sources of the
maximum current of 1B00A are prepared for focusirg and
defocusing quadrupole magnets. The reactive power is
dynamically compensated by 12-pulse thyristor controlled
reactor (TCR) equipped parallel with a set of
capacitors. These sources and TCR are controlled digi-
tally by a computer. A feed-forward loop by the use of
the computer will realize precise tracking of the cur-
rent pattern. The repetition rate of pulse operation of
them is varied in a range of 0.3-1.5Hz depending on ex-
traction energies of the two rings. In a proposed cur-
rent waveforw, at 0,060z, a rising time and fiat top time
are J.7 and 0.5s, respectively. The maximum value of
the time derivative of the bending field is about 2T/s.

Fig.4. Rf acceleration cavity with a pair of A /4 resonators.
Upper and side covers are removed.

The rf accelaration system has to have a wide
frequency range from 1.0 to 7.8MHz, where a haramonic
number of 4 is chosen. The cavity, installed in each
ring, consists of a pair of ferrite loaded A /4
resenators as shown in Fig.4 and generates an accelera-
tion voltage of 11kV. The cavity is powered by a single
tetroce of the final rf power amplifier.

Fig.5. Une section of vacuus chawber installed inside the bending
magnets, made of 0, 3em thick SUS-316L reinforced by ribs

The maximum rf output power is 30kW. The systen i3
vperated with feed-back loops in order to lock the rf
frequency in the zirculaticg beam bunches and to posi-
tion the beam correctly, respectively
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An average vacuum pressure of an order of 1079
Torr is necessary to accelerate fully stripped ions with
a negligible amount of beam loss. A conmbination of
sputter ion pumps, titanium getter pumps and turbo-
molecular pumps is chosen to reslize such a pressure.
All the vacuum chambers of the rings are bakable up to
900°C. The chambers installed inside the bending mag-
nets are made of SUS-316L of 0.3mm thick reinforced by
ribs to suppress the unwanted effects of eddy current
due to varying magnetic field, as shown in Fig.5.

Beam Delivery System

The total layout of the beam delivery system is
shown in Fig.6. The system consists of the vertical
beaw iine which guides the beams up to 600MeV/u from the
upper synchrotron ring and the horizontel bean line
which guides the beams up to 800Me¥/u from the lower
one. A junction beam line is prepared to guide the
horizontal beams into the vertical beam line. Two ver-
tical treatment courses one of which reaches to the same
isocenter of one of the horizontal one and biological
irradiation course are prepared in the vertical bean
line. The horizontal beam line has two horizontal
treatment courses and two experimental rooms, one for
physics and general, and another for secondary beam ex-
periments. To get an efficient usage of treatment
courses, it is necessary to switch beams rapidly from
one course to the other within 5 minutes, keeping the
reproducibility of the Deam pesition within *2. 5um at
the isecenter.
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Fig.6. Total laycut of horizontal and vertical beam delivery system.

Concerning the secondary beaa courses for the
development of diagnostic and therapeutic applications
of radicactive beams, the momentum spread of ions is ex-
pected to be *0.2% with analyzing magnets and a wedge
degrader. The vertical beam line is also usable for the
therapeutic applications of radioactive beams. The
produced radioactive beams are transported to a vertical
treatment course, and the precise stopping point of the
beams in a patient’s body is measured, and then, the
treatment is carried out by stable ion beams having the
sape range as the radioactive beaus.

Treatment devices

The medical requirement on the heam has a con-
siderably unique feature, such as a broad and uniform
beam, and specially modulated range distribution. To
neet the required specifications. each treatment course
comprises a scatterer, & pair of scanning magnets, a
range. shifter, a ridge filter, & multileaf collinator
and several bteam monitoring devices, as shown in Fig.7.

In case of heavy jon treatment, it is very impor-
tant to set up a patient with regard tc the delivered
beam center and beam shape. The patient positiening
system consists of a laser pointer, a digital X-ray TV,
an ¥{-rey U7, a treatment couch, a compensator holder and

sig. 1. Bench

Typical set of treatment Nobbler Kagnels

. . . Juet
devices, in the vertical ;
bean course. - Scatlerer
Profile Moniter
Deaa Shutter
Pupp
Neutron Shutter
\ = Lol imator
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profije Nonitor

. Bolus

fsocentor
™ Treataent Cowch

patient immobilization aids. The treatment couch is
automatically controlled by the patient positicning com-
puter linked to image verification devices.

The treatment planning is supported by a computer
which has a compatible software with the patient’s posi-
tion image data. The wmain activity of the treatment
planning system is the simulation of iso-effect dose
distribution for heavy ion treatment, which takes into
account inhomogeneous electron density and biological
response factors in the body.

These treatment facilities are necessary to meet
the specification of three dimensionally conformed (3D)
irradiation, in order to prove that heavy ion therapy
could be markedly better than the best use of other
radiation therapies.

Building

The height of the building of HIMAC facility
reaches to about 30m because of the necessity of verti-
cal beam. Considering such a height and radiation
shielding, more than half of the buiiding is constructed
under the ground level

Fig.8. 1/100 sceled model of the total facility.
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Absiract: A status report on the feasibility studies for the EULIMA
medical accelerator project is given. Recent advances in the assessment of the
various basic accelerator types for the facility are presented in terms of their
advantages for heavy ion beam acceleration. Details of the technical studies of
various critical subsystems for the superconducting separated sector cyclotron
concept are also presented.

Introdugtion

The main objectives of the EUropean Light Ion Medical Accelerator
(EULIMA) have been defined recently in terms of biomedical and technical
issues in a serics of expert meetings [1]. In order w take advantage of the
biological and ballisuc properties of high energy hght jon beams for
radiotherapy, the European Commission is in favour of implantation in Europe
of a prototype accelerator, EULIMA, for carbon, oxygen and neon beams of
energy up 1o 400 Mev/nucleon. The facility is expecied to wreat 1000 patients per
year with beams that we 1w be delivered both horizentally and vestically, The
beam intensity should be compatibie with a three dimensional scanning beam
delivery system. A supplementary radiation area should be available for research
and developraent of new treatment methods, including diagnostics and treatment
with radioactive beams of positren emitters such as 10C, ¢, 150 and 19Ne.
The accelerator should be cost-effective, of compact size and highly rchable, as
is pitot role should enable an assessment of the climical vatue of the light-ion
therapy and the need for similar installations elsewhere.

The feasibility study of the facility is being carried out by the EULIMA
feasibility study group hosted by CERN. The study has concentrated on scveral
important issues concerning the basic conceptual design of the acceleralor and its
specific facilities, A detailed analysis of the beam delivery system, including a
design of the beam energy degrader {with implications on accelerator operation)
has been done, and is reported elsewhere at this Conference (2], Following the
initial concept of a superconducting separated sector cyclotron as the accelerator
for EULIMA, several issues pertaining to the RF design have been clarified [3].

In this report, we present the advances of the conceptual studies of the
accelerator system. and discuss several features of the separated sector and box-
type superconducting cyclotrons and of a conventional synchrotron, as the basic
accelerator  options.  Several technical details of the separated sector
superconducting cyclotron mechanical design and exuaction system are also
reported,

Accelerator Conceptual Studies

Supereond wcling Cyclowrons

Previously, we have reported the basic features of the EULIMA
accelerator based on the separated sector superconducting cyclotron [4]. The
basic approach was that a machine with a bending constant of about 2000 MeV,

needed to oblain the required 400-450 MeV/n 1206+ or 1608+ beam, could be
built on the basis of a four-fold symmctric magnet excited by a single cylindrical
superconducting coil, contributing as much as 50% of the necessary average
magnetic field of about 3 T. This approach implies certain simplicity of the
mechanical design, since the machine is of the open type, freely accessible in the
valleys, and with a single cryostat. The beam is injected axially from an ECR ion
source and accelerated in two RF cavities located in the valleys. The layout of
the machine is shown in Fig. 1 and its operating parameters are summarized in
Table 1 (§5C1).

As an allernative 10 the basic separated sector design aiming a! the
extracled beam encrgy of 430 MeV/in, a scaled down version, with the final
energy of 340 MeV/n was also considered. Since the range of light tons scales as
z2/A., this design has the carbon beam in mind as the workhorse of the therapy
programme as opposed to the oxygen beam in the basic design. The resulting
design, with the basic parameters given also in Table 1 (8SC2), has hence been
termed “"carbon” machine, and obviously has smatier overall dimensions.

Further development of these solulions was primarily concentrated on
the analysis of single particle dynamics in a highly spiraled magnetic ficld
generated by the sectors, and in particular on the influence of magnet 1olerances
on the working diagram of the machine. Details of these studies are presented in
ref (5], Here, we note that the sector enuance angle and angular width as
function of radius were precisely determined, as well as the dimensions of the
main superconducting coil. The conductor cross-section was chosen, and the
principles of the cryostat design laid out. The concept of wimming coils winding
on the sector surface was considered, and their operation as harmonic coiis
conceived. As a consequence, the configuration of the extraction system could
be studied and the mechanical properties of the structure analyzed. The results of
these studies are presented below.

Fig. 1 Lay-out of the separated sector superconducting cyclowon
for EULIMA

In the realm of superconductng cyclotrons, it was natural 1o compare
the separated sector machine to a more classical design with a completely closed
yoke. Several of these machines (MSU, Calk River, Milan, AGOR) have been
completed, and their consuuciion and operaticnal experience is of great value for
all similar projects. A four sector, four dee-in-valley design was analyzed, and its
basic parameters (BSC) given in Table 1. The advantage of this approach is
basically a slightly more compact design producing lower fringing fields in the
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vicinity of the machine. However, due 1o the closed valleys, & very high spiral
has to be applied, limiting the RF frequency. Consequently, the apparent
machine compactness has to be paid for by a four dee system, substantially
reducing the space in the machine interior. Furthermore, a split coil (or a two
coil) excitation (also criginating from the box-type yoke), complicates the design
of the cryostat. These properties of the box-type solution persist in the case of
the carben machine.

Table 1 Maim Parameters of the SC Soiutions for EULIMA

SSCi $sC2 BSC
Panticle frequency (MHz) 17.4 18.0 205
Energy of 2/A=0.5 beam (MeV/n) 430 340 440
Number of magnel sectors 4 4 4
Sector angular width {deg) 35 35 40
Average sector spiral (deg/m) 35 35 5
Coil interral radius () 2.3 2.12 1.90
Coil external radius (m) 2.61 2.42 2.05
Coil current density (A/cmzl 2850 2500 3440
Number of RF cavities 2 2 4
RF frequency (MHz) 69.6 72.0 82.0
RF harmoni¢ number 4 4 4
RF peak voltage 200 200 100

Following similar idcas ol other light-ion radiotherapy flucititics, we
have also considered a synchrotron solution for EULIMA. The natural advantage
of a synchrotron is its easy energy variations covering, in our case, the interval
from as low as 100 MeV/m, for superficial treatments, 1w 450 MeV/n,
corresponding to the magnetic rigadity of 6.8 Tm. This interval is very similar 1o
LEAR at CERN, and several technical concepts that have been installed in this
maching could be exploited. The circumference of the EULIMA synchrotron s
estimated al about 60 m (c¢f Fig. 2), and the machine could de designed in a form

of a ring or a racctrack, depending on the site conditions and the design of

insertion devices. Eight bending magnets of B, =12 T and By,,=2.5 T/
with 16 quadrupoles with G=10 T/m seem to be quile adequale for the lattice
arrangement. The accelerating section will congist of one {(or, eventually two) 10
kY ferrite loaded RF cavides. The vacuum 1s conceived to be reasonably low,

1079 Torr, requiring UHV techniques but no in sitn baking out seems necessary.
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Fig. 2 An arrangement of EULIMA synchrotron lattice

A classical injection scheme has been considered, with a ECR ion
source feeding the RFQ (or alternatively, a linac) with a repettion rate of 1 He,
giving a towl 1014 pps in a useful pulse of 100 g at the exit. The extraction
lime in the range of 10 ms o few minutes average spill lengih of 400 ms),
gives, for example, ten slices of ten pulses cuch (and a mean dose per pulse of
109), with possible adjustment of individual stice energy, supplying a toal dose
of 1011

This basic design could be refined to include better monitoring of the
extracted beam, and beam storage and cooling facility with a higher repelition
rate injcctor. Hence, modulation of the beam intensily and programming ol dose
across the irradiation volume, as well as storage of radioactive beams could
become possible.

The Mecharical Siudies

One ol the imporant issues of the EULIMA superconducting cyclotren
feasibility study is the achievement of the mechanical  siability of the magnet
structure, as it should serve as & mechanical support [or the vacuum chamber, the
RE covitics and the exvaction devices, To aclieve the necessary stability, and
having in mind that the machine should be installed in a hospital-based facility,
we have chosen the solution of a passive structure as it is more appropriate for
this kind of environment.

Taking into account the magnet symmetries, @ model which covers only
one eighth of the machine hes been defined as shown in Fig. 3 Since the
magnetic force, which is estimated on the basis of the TOSCA mode! of the
magnet to be 7.8 MN, is much greater than  the aunospheric pressare, for the
purpose of an easier description of the ANSYS model, the cover of the vacuum
chamber, which is conceived us a large cylinder covered by a disk that traverses
the poles, has been suppressed in the valleys. The finite clement model uses 3-D
20-node isoparametric solid with 3 degrees of freedom per node (uy, Uy, u,), und
contains 1266 clements and arcund 7000 nodes. The model supposes Uit the
magnet seclors are buill as  single massive picces, which is cerlainly not a
realistic assumplion. However, since the horizontal yoke contributes most 1o the
rigidity of the magneltic circuit, the model should be fairly correct in determining
the behavior of the srructure. Several calculutions have baen made on the basis

of various boundary conditions, The muin resuls of the cudowations for the 150
sy el ey . iy
(SSC1yand 12¢ (SSC2y muchings are sumrarired in Tabls 2.

The dellections which occar e these stand-alone structures during
energizing of the magnel kead 10 4 reduction of the Wl wccclerating gap of
about 10 % (5 imm) in the cortad region of b machines. These displacements
are large and may irfluence the stability of the cyciouron operaling parameters.
However, due to large magnetic forges und nevitable manufluctaring crrors of
parallelism and adjustment, it will be very d:fficult 1o reduce the deflection of
the poles below 1-1.5 mm. Hence, il this proves necessary, the pale face
displacement during magnet encrgizing will be compensated by magnel shims,
to be fabricated alter initial magretic field measurements,

Fig.3 Finite clement model of the EULIMA magnet



Table 2 Comparison of the mechanical structares of Lthe superconducting
separated cyclotron desigas

SS8Ct §sC2
Outer dimersion (m) 92 4.5
Pole radius (m) 2.1 1.9
Soft iron total mass {tons) 680 570
Magnetic force per pele (MN) 7 7.00
Vacuum chamber reaction (MN) 710 670
Max. deflection (mm) =29 223
Ave. Von Mises stress (kg/mm:; 1.2 L2
Max. Von Mises stress (kg/nunz) 18 21

A very important point concerning the mechanical design is that the
behavior of the magnet must be reproducible in order to recover properly the
operating condutions of the machine. However, us seen [rom Table 2, a stress
concentration occurring near the contact between the horizontal yoke and the
vacuum chamber cylinder reaches the Yon Mises cquivalent stress value greater
than 18 kgjmmz, which is unagceptably high for soft iron and stainless steel.
This stress concentration should be climinaed from the structure. As a4
consequence, i thick iron disk has been added on top of the magnet in order
reduce the wrsion effect due to the spiral shape of the pole. This solution reduces
the displacements o 1.7 mm, but since the torsion due to pole spiral is
compensated only 1 the region close o the machine axis, the stress
concentration around the contact between the horizontal yoke and the vacuum
chamber cylinder sttl persists, Further reduction of the stress concenbration rom
the structure wiil be atiempted by designing a horizontal yoke with a spiral shape
stighdy different from that of the polz.

Beam gxiraciion studics

The beam extraction system has been studied for both separated secler
cyclotron  designs. A preliminary layout, consisting of two  clectrostatic
dellectors and one electromagnetic channel | as shown in Fig. 1, was studied anid
s main parameters Listed in Table 3.

The design constraints for the hiil and valley deflectors are quite
different, and two types of deflectors are envisaged. As the clearance under the
hill is narrow (30 mm}, several technical details of this defleclor aced o be
optimized. In particular, the shape of the cathode, design of the septum and of a
reliable HV connection and supporting system have been considered. The gap
between the septum and the cathode (5 mim) is dictated by oplical requircments,
while the lengih of the housing (70 mm) is given by the distance between the
deflector and the vazuum chamber,

Tests with similar deflectors (6] have shown that a reduction of the
deflector performances may be expected due  the modilications induced in the
discharge mechanism by the presence of the magnetic field. Since a maximum
electric field of 15C kV/em fer the valley deflector and 100 kV/em for the hill
dellector is required, maximum voltages of 75 kV and 50 kV, respectively, are
implied for a S mm wide gap between the two electrodes. These Cigures are not
oo large in comparison with the known high vollage capabilities of the
elecirodes, bul they are likely 1o be difficult to achieve in a machine with small
clearances and a very high axial magnetic field. In order o minimize the electric
field on the HV clecrode, the effects of different geometrics are under
investigation.

In order 1o minimize extraction losses, the clecirostatic septum must be
as thin as possible. For this reason it has been proposed to construct the first
septum of the valley deflecior as a curtain of wires or sirips. Each wirc {or strip)
is stretched by a spring, which retracts should the wire break, The technology for
the wire septum is well known and it could be made very thin. In its construction
the usually materials will be employed. However, in order 1o avoid outgassing,
we propose 1o use ceramic cables for HV conneclions instead of the usual
poiyethylene,
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Tablce 3 Muin Extraction Parmmcters for the SSCHand $5C2 Mackines

§SC1 SsC2

Extraction encrgy (MeY/m) 4275 EANAY
Extraction radius (m) 2006 1811
Emuttance (tmm mrad) 014 016
Electrostatic dellecior |
Position: valley (dey) 1 0,
Lengih {(deg) 45 40
Electric field (kV/em) 150 150
Gap (mm) 5 5
Orbit separation

entrange (svm) -

exit {mm) i 10

~ 1 >

Postuen: Hill ideg) S« 50.
Length (deg) 35 35
Electric field (kVionm) 100 100
Gap (mm) S S
Orbit separaiicn

entrance (mm) 15 14 ;

exit {mm} 50 47 [
Elgctromagneriy deilecton ]
Position: Valley (deg) . 180
Length (deg) - 45
Orbit separaton

COUANCEe () 3}

exit (mm} 52
Magnetic ficld (T) .38

Conglusions

The feasibility study of the EULIMA aczelerator performed in the past
lwo years concentrated on several importen issues of biomedical and physical
basis of the project. It has been shown thal o superconducting separated sectar
cyclotron, while fuifilling the basic requirements for the reference oxygen beam
energy of 400 MeV/n and extracted beam intensity of 1012 pps, can lead o 2
compact, cost-cffective and overall technicaliy [zasible design. Nevertheless,
other technical solutions have been considercd and  their relative
cvaluated.

maeris

Relerenges

{1 Proc, EULIMA Workshop on the Potential Valuz of Logit
lon Beam Therapy, (Centre Antoing Lacussagne, Nice,
Nov. 1988), EUR-12165 EN

12] FooFarfey and C Curl, Beam Delivery
EULIMA, Proc. EPAC, (N, June 19900

System for

3] N. Fietier and C. Bieth,  Mode: Measurements and
Preliminary Design of the RF Cavities for the EULIMA
Cyclotron, Proc. EPAC, (Nice, June 1990)

141 P Mandrillon et al,, Proc. 1EEE Par. Ace. Contercnce,
Chicago, March 1989, in press, Proc 12 Int. Conl. ¢n
Cyclotrons and their Applications, (Berlin, May 1989)

{5]) R. Ostojic and P Mandrilion, On the Transverse Particle
Stability in Highly Spiraled Muagnetic Structures, NIM
A288(19901339-342; Proc. EPAC, (Nice, June 1990)

6] F. Brozzi, C. De Martims, A. Forrac, The Electrostatie
Dellectors for the Milan Superconducting Cyclotron, Proc.
12th Int. Con{. on Cyclotron and their Applications, Berlin,
May 1989



S118

RADIOACTIVE ION BEAMS : RESULTS AND PERSPECTIVES FOR LIGHT ION THERAPY AND DIAGNOSTIC PURPOSES

G. Berger, M. Bouvy, Th. Daras, E. Kaerts, M. Loiselet, G. Ryckewuert

Université Catholique de Louvain, Centre de Recherches du Cyclotron ,
Chemin du Cyclotron, 2,
B-1348 Louvain-la-Neuve, Belginm

Abstract : An alrernative method for the production of intense
medium energy beams of radicactive isotopes has been developed
by the Centre de Recherches du Cyclotron at Louvain-la-Neuve.
Instead of using high velocity secondary beams coming out of a
target bombarded by medium energy (up 1o 400 MeVia.m.u.) ions,
it uses an intense, low energy, light ion beam which is sent on a
suitable 1arget to selectively produce the desired isotopes. After
extraction and purification, the gas going out of the target is ionized
in a high efficiency source for subsequent acceleration to the
required energy. The method has already been successfully applied
for the production of 13NT+ beams. The simplicity and relatively
low cost of such scheme allows the use of positron emitters like
e 13N 150, 18F and 19Ne for eventual treatment of locally
advanced tumours, as well as for the on-line diagnostic of the
irradiared zone with a PET camera. The different production and
acceleration schemes are reviewed and their implications in the
EULIMA project are discussed.

Introduction

The treatment of cancer with energetic light ions requires a
precise localization of the Bragg peak in the tumour volume.
Following the method developed at Lawrence Berkeley Laboratory,
this can be verified by using a beam of radioactive positron emitting
ions like 19Nelll. In this case, the detection of the 511 keV
annihilation gamma-rays by a positron emission tomography
scarner (PET) allows a precise determination of the beam rangel2],
Although these radicactive ions are only used for diagnostic
purposes before the treatment with stable 20Ne ions, an irradiation
with the same radicactive beam would avoid frequent beam changes
and offers the possibility to check the range during the treatment. A
possible way to produce high intensity radioactive beams, is w use
the nuclear fragmentation of high energy nuclei after interaction with
a target. This method has been analysed in detail by A. Bimbot[3].
In this paper, we discuss the possibilities to use an alternative
method to accelerate radioactive ions and their implications in the
EULIMA project.

Production of high energy radioactive beams

The classical way to produce radioactive beams is (o
bombard a target with a high intensity (~ 1011 pps) and high energy
(400 MeV/u) beam. The fragmentation products are then separated
from the primary stable beam and, after magnetic purification of the
secondary beam coming out of the target, could be used for the
treatrment. This way, an 130 beam of 2 108 pps is expected with a
primary bearn of 1011 pps(31,

The approach followed in Louvain-la-Neuve, uses two
accelerators coupled by an on-line ion source. The first accelerator
is a small industrial cyclotron which is used to produce a large
umount of radioactive atoms by a suitable reaction. They are
extracted from the target by a carrier gas and ionized by an Electron
Cyclowon Resonance (ECR) source. A second cyclotron brings

these radioactive ions to the desired energy. With this scheme, 1.5
108 atoms of 13N+ have already been accelerated o 8.5 McVI4.5]
The same method could be used in the EULIMA project, if an
intensity of the order of 107 10 108 pps of fully stripped ions at 400
MeV/u can be abtained. With this intensity, the treatment dose
(1010 atoms) would require an irradiation time of a few minutes.

lon cheice and targetry problems

The suitable ions for light ion therapy are in the mass range
between carbon and neon, so positron emitters like 11C, 13N, 130,
18F 19N¢ could be used for the treatment. As shown in table 1,
these elements can be produced by (p,n) or (d,n) reactions in
dedicated targets, with a beam energy between 15 MeV and 30
MeV. These beams can be accelerated by compact cyclotrons up to
500 pAl6l. The target must display the following properties : the
ability to dissipate up to 15 kW of beam power, a high extraction
efficiency for the release of the radioactive atoms produced inside
the target material, a short term activity induced by the beam arcund
the target and finally a low cost and a high reliability. A graphite
target meets all these requirements for the production of BN, It
avoids problems of using high pressure nitrogen gas targets or
enriched Hp 180 liquid targets, which are needed for the production
of 150 and 18F respectively. Moreover, as the activity produced in
the target has a short lifetime (< 1 h), the activation problem of the
target material is kept to a minimum. A compact shielding for the
low energy neutrons produced by the reaction is sufficient around
the target. With a natural graphite target, 13N can be produced by a
(d.n) reaction with a production yield of Q.96 10-3 3N atoms per
deuteron at 20 MeV, ie. with 300 pA, 1.8 1012 I3N atoms are
produced in the target!?). The yield for the (p,n) reaction on 13C is
slightly higher (1.19 10-3 13N atoms per proton at 20 MeV) but
requires an enriched 13C graphite target like it is presently used in
the Radioactive Ton Beam project (RIB) in Louvain-la-Neuvel8].

Table 1: Production of radioactive isotopes for light ion therapy
with protons or deuterons (7] {11],

Isotope Half- Reaction Yield Target
life (20 MeV) material
e 20min - NB~pmllC ~2103 -B703
HN(p,o11C ~1.8 1073 Ny
' 13 Bals
10p*(dmiic < 0.1 16 :
1IN W0min  1B3Cxp ny13N 1.19 103 13¢
2C(d,niBN 0.96 103 C
150 2min  15SN*(p,n)!50 1.2 103 1SN+
WNd,m150 < 0.1 103 14Nq
18y 109 min  180*(p,n)18F 2.4 10-3 HaO18
2ONe(d,o)18F L1103 Ne
19Ng 175 19Epn)!9Ne 0.7 x 103 (LiF)

*Enriched target
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Figure - Schematic layout of the two possible schemes for the production of high energy radioactive beams. In the first
one (left), the radioactive ions are produced at high energy by nuclear fragmentation, and the contaminants are
climinated by magnetic spectrometers and an energy degrader (drawing extracted from A. Bimbot ref. (3]). In
the second one (right), the radioactive atoms are produced in a thick target and are accelerated after jonization in

an on-line ECR source.
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The 13N activity can be extracted from the graphite target as
I3N-14N molecules by a small nitrogen gas flow (~ 0.1 em3 per
hour). An extraction efficiency of 50 % has already been
achieved!8l. The molecules are sent to an on-line ECR source with a
high ionization efficiency. The present ECR source used in
Louvain-la-Neuve for the RIB project has achieved an ionization
efficiency of 15 % for the 1+ charge state and 1 % for N4+ Jtisa
single stage ECR source working at 6 GHz and is designed 1o have
its highest ionization efficiency for N1+, ts performance has been
described in detail elsewhere(%), The stable and reliable operation of
this type of source allows its use for a medical machine. In order to
have a high ionization efficiency for N7+, an ECR source working
at 14 GHz or 16 GHz should be constructed. With the actual
performance of these sources, an ionization efficiency in the order
of 5 10 to 1 10-3 is expected for N7+[10], With these values, an
intensity of 5 108 to 1 109 ions per second could be produced and
transported for injection in the main accelerator. Lower charge
states like 1IN4+ could be injected in a preaccelerator and stripped to
I3N7+ before injecting in the main machine, but a direct production
of 13N7+ after the ECR source reduces the complexity without
loosing too much intensity.

Implication for the EULIMA projec

Due to its low duty factor, a synchrotron is excluded for the
acceleration of radioactive ions produced at low energy, unless a
new device like an fons trap is used to store the ions before
injection. However, owing to its 100 % duty factor, a cyclotron,
like proposed in the EULIMA project, will accelerate these elements
with high efficiency. Taking 10 % of acceleration efficiency, an
intensity of 5 107 to 1 108 pps at 400 MeV per nucleon seems to be
technically feasible, With these intensities, an irradiation of three
minutes would be encugh to give a treatment dose of 1010 atoms
(table 2).

PRODUCTION
TARGET [
|
{

GAS TRANSPORT LINE

bbbl

Table 2 : Expected intensity of radioactive 12N at the different stages
of the production process.

20 MeV deuteron 300 pA
Yield N(PNI/N(d) 0.96 103
Extraction efficiency S0 %

lonization efficiency N7+ 051031102
Acceleration efficiency 10 <

Accelerated intensity S107 .1 10%pps
Treatment time for 1010 particles 2. 3min

Finally this scheme can be compared with the intensitics
which are produced by the nuclear fragmentation scheme (2 108 pps
for a primary beam of 10! pps) but it avoids the possible problems
related to the activity produced around the fragmentation target. The
schematic layout shown in the figure gives an idea of the relative
sizes of both approaches. Shielding requirements in the case of &
low energy production cyclotron are far less than in the case when
nuclear fragmentation is used. Moreover, the very high intrinsic
analysing power of a cyclotron like EULIMA will yield a pure beam
without any contamination.

1clusion

We have proposed an alternative scheme 1o accelerate
radioactive tons. It requires a 20 MeV deuteron cyclotron to
produce 13N in a natural graphite target, and a high efficiency ECR
source to produce 13N+, Intensities of the order of 5 107 10 1 108
pps can be expected at the output of the EULIMA cyclotron. With
such facility, the treatment of tumours, and the precise localization
of the ions range, will be possible without any beam change.
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A. WAMBERSIE

Fig 1 illustrates the need for high LET therapy combined with
excellent physical selectivity {1}
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Fig 1 : Overview of radiation therapy

Improving physical selectivity is a benefit ; if one irradiates more of
the tumour, and less of the surrounding tissue, there is obviously
always a gain.

When we replaced 200 KeV X-rays by high energy photons, the number
of locally controlled tumours was improved by a factor of 2-3 . We can
go further in this direction with protons. The clinical results show that
protons bring a benefit for some tumours, notably small tumours dose to
critical structures. We can go further in this direction by treating the
majority of patients with protons.

Next consider the biological evidence that replacing low LET radiation
by high LET radiation brings an increase in the differential effect on
the tumour relative to healthy tissue. The evidence is that this is
beneficial in about 10 % of cases. This is a question of tumour response,
low LET versus high LET, a separate factor from the physical
selectivity.

ldeally we need to combine both effects, that is get the highest
possible physical selectivity and also high LET. The light ions give
good physical selectivity combined with high LET. As 10 % of patients
can benefit frem high LET, we can sce how many would benefit from
EULIMA.

{11 A. Wambersie in this proceedings.
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P. MANDRILLON
The feasibility studics which are in progress will include four parts :

1- Accelerator @it is necessary to design a prototype aceelerator
capable of offering the necessary flexibility for an acceptable price.
The aim of this study is to evaluate options based on a superconducting
cyclotron or a synchrotron. [2]

2- Beam delivery system : two systems are teasible tor
delivering the dose in the tumour volume : either a raster scanning or a
spot scanning (pixel scanning). The particularitics of these systems are
shortly described below by F. Farley

3- A _social economic study which aims at determining under
which conditions EULIMA could catalyse a rapid increase of the
technological level of cancer radiotherapy in Europe and for what kind
of price per patient.

4- An experimental programme has been set up in order to
establish the radiobiological propertics (RBE-LET) of several light
ions (Carbon, Oxygen and Neon) at various parts of the Bragg curve.
These studies will be carried out by Dr G. Kraft at GSI. Additional
experimental studies to reexamine some puysical data, in particular
fragmentation behind the Bragg peak, will be carried out using the
LEAR machine at CERN.

[2] P. Mandrillon in this proceedings.

F. LM, FARI

Beam delivery

We heard from Pedroni that the proton beam spreads to £ 15 mm at the
end of the range. In contrast the ion beam is localized to about + 1.5 mm
laterally at the end of the range and 5 mm in depth. This allows the
tumour volume to be treated precisely by scanning in three dimensions -
see fig 1 - which shows a typical treatment plan. By adjusting the

cange
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Fig 1 3D Conformal Therapy

depth slice is scanned over the tumour cross-section at that depth; note
that when distal slice A is treated, the centre of contral slice B will
receive some dose. This must be compensated when slice B is treated, by
giving more dose at the edges than at the centre. Therefore in general
each slice requires a carefully computed non-uniform dose.

range, the pBragg curve 1s placed successively at various depths. Fach

Pixel scanning

The favoured method of scanning laterally is to treat a series of points
on a triangular mesh of sparing p, with a Gaussian spot of standard
deviation o,
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Fig. 2 Tixel Scanning

If 6> 0.5 p the dose is uniform to 1.2 %. The edge definition depends on
o and is shown, in Fig 2 for @ = 2.5 mm, p = 5 mm. This is good enough to
delineate a cross-section of arbitrary shape by choosing which pixels to
treat. The procedure would be as follows : beam off-move spot to pixel-
beam on until desired dose is reached-repeat for next pixel,

We see the following advantages for the pixel scan

- Aexible shape in each plane

- each pixel is dosed separately giving flexible dose distributicn

- no collimators

- no beam when spot is moving

- no error from magnet rise time or transient oscillations

- no error from beam intensity fluctuations

- conceptually simple computer controt

- good security

An essential technical prerequisite is a means of switching the beam on
and off. With a cyclotron this can be done at low energy in the injection
line, because the particles only spend 60 s inside the machine and the
beam loading is negligible. However with a synchrotron using resonant
ejection to get a long burst it takes several milliseconds to cut the beam ;
therefore a fast beam switch needs to be included in the transport
system, and this is expensive.

The time available per pixel is determined by the desired maximum
treatment time {5 min), the number of pixels (1 04 for a one litre tumour),
and the number of times one scans the tumour in each session (say 1,
This gives 3 ms per pixel, to include spot settling time, on/off switching
and treatment.

Scanning in depth

is achieved by varying the particle energy; for example to swoeep from 5
to 20 cm depth in tissue the encrgy per nucleon must vary from 140-340
MeV/n tcarbon beam) or 170-420 Mev/n {oxygen beam). With a
synchrotron there is no difficulty in varying the extraction cnergy. A
cyclotron however has a fixed extraction energy, so it will be necessary
to reduce the energy by passing the beam through a slab of matter
{called the degrader) of variable thickness. However the degrader has
several undesirable effects which must be aralvzed

a} increase of the beam phase space by multiple scattering

b} increase of the momentum spread by energy straggling

<) fragrnentation of the incoming particle, giving lighter ions of
roughly the same velocity with a longer range in the patient.

Qur analysis of multiple scattering shows how to optimize the beam at
the degrader [3]. The best material is diamond, the next best boron
carbide. With a carbon ion beam slowing down from 20 cm to 3 cm range
an output phase space of 5 m mm. mrad in cach plane would cellect

4 0 % of the beam.

For a proton cyclotron for identical conditions the phase space after the
degrader will be about 16 times waorse in each plane ! [Note : detailed
calculations carried out after the conference show that this factor is
13.1 compared to oxygen and 22.5 compared to neon.

Thus the light jon accelerator offers major advantages | but of course it
is more expensive.

[3] For more detail sce F.J.M. Farlev and (. Carli, "Eulima Beam
Delivery” in this proceedings.

Discussion

Crawford Why is the ion beam more expensive than protons?
Farley Oneneeds more energy per nucleon to get the necessary range, so
this means higher rigidity, bigger magnets a larger accelerator.
Lefevre Could one use a two stage degrader, one upstream and
one closer to the patient?

Farley If the degrader is close to the patient then the
fragments will go into him. Most of these will be separated out by the
bends if the degrader is close to the machine. 1 see no advantage in
splitting the degrader.

Larson That is an advantage of carbon-12, it gives fewer
fragments than oxygen or neon.

Farley I agree entirely. There is less fragmentation with
carbon and the quality of treatment may be practically the same, and it
is easier to build the machine. So it might be the right compromise.
Larson It would be from my point of view, this is rather
apparcent. It would need very strong arguments to change this a priori
opinion from my side, but ] may be biassed.

Mandrillon For the machine design the choice of particle is very

important. Range is proportional to A/72 s0 more energy is needed for
heavier ions. T would be interested to hear the opinion of Dr. Castro on
the choice between carbon, oxygen and neon,,

Castro I think everyvbody knows, we have been discussing this
question since the mid 1970's. [ remember similar discussions before we
started to use neon ions. There was never a clear resolution, and T do not
think we have that now.

We selected neon because we were more concerned at that point,

perhaps erroneously, about hypaoxia, about having higher LET, having
higher oxygen gain factors or lower CER for neon as compared to carbon
At this point in time [ am not so sure that is the important
consideration, in fact I dow't think it is ; so | tend to think that may be
carbon is a better beam, but in fact we don't know, at least from a
clinical standpoint we don't know, and we really need to study that.
Cedroni The 15 mun spread for protons is correct at the end of the
range of 29 ¢cm. If you take a smaller range it will scale down lingarly.
At 20 con it will be about 10 mme Tt is true that heavy ion beams will be
smaller. When you come to scanning, 1 would be scared about getting a
uniform dose distribution from the overlapping of the spots. If you
make the spot very small it is very difficult to construct a homogeneous
dose distribution, so did you think about this problem of the
overlapping of very small beams ?
Farley [ did a calculation with a triangular moesh, varying the
standard deviation of the spot relative to the pixel spacing. You can
get any amount of variation you like. The result is surprisingly good. If
o = 0.5 p we already have uniformity to 1 %. It is just a question of
matching the two.

Pedroni But what if the target is moving 7
Farley I quite agree. With any scanning system this is a

problem. That is why we propese to scan the whole tumour ten times in
each session, and if we are lucky the errors due to movement will
average out.

What [ would prefer to do is to synchronize the treatment with
the breathing, and maybe with the heart beat also. The cyclotron has
1000 times more intensity than you necd, so you can choose the
treatment time to be in the right phase of the heart and the breathing.
It is difficult to do, a technical challenge, but in principle one could do
that.

The ideal thing is to have some detector which actually
detects where the tumour is. If the surgeons could implant a piece of
mctal we could follow its movement with X-rays, and only treat when
it is in a certain position. But otherwise you could synchronize with
the pulse and the breathing.

These are technical possibilities with the cyclotron. I th'nk
not so much with the synchrotron, where the intensity is much less and
you cannot turn it on and off quickly. Again this is something to discuss.
Larson This question should be actually asked after a
presentation of the scientific and social aims of this facility. [ would
like to hear points of view on neon versus carbon. In the changing world
of radiotherapy are wns an important ingredient, compared with
improvements in our ability to tailor the dose to small tumours with
less margin around the tumour? For radioactive nucled, is carbon-11 or
neon-19 better? A carbon machine might allow a gantry, which might
not be possible with neon. Is carbon/proton comparison an issue?
Should we use any spare faoney for this? Can we have views on these
scientific questions?



Wambersi [f we can shape the beam according to the target
volume, it is always an advantage. But there must be a safety margin
which contains normal tissue, which inevitably will be irradiated at
the same level as the tumour. Therefore we need some improvement in
the differential effect, which points to high LET instead of low LET.
Ryckewaert  There are quite a Jot of candidate designs. The
machine must be capable of being constructed in series; optimized for
reliability and cost effectiveness. So we should try to define as well as
possible what ion and what rigidity is needed. In principle we need
biological and clinical tests to specify the machine parameters.
Chauvel The choices for the Project Management Group will be a
compromise between many factors, and we must bear in mind that the
project should be duplicated. However it does not need to treat every
case. It would be reasonable for the prototype to be able to treat 90-95%
of the indications for light ions.

Castro May I comment on what was said about shaping the
target volume. It is absolutely right that one will have to treat some
normal tissue. Asking the surgeons, as we did carly on, to outline the
tumour proved in our experience to be horribly inferior to MRI and CT
scans. In fact the surgeon is not at fault ; he just cannot tell you the
boundarics as well as the incredibly better scanning by CT and now
MRI. Nevertheless, even with wonderful MRI you will have a doubt as
to what is microscopic tumour and what is normal tissue. So one of the
challenges for EULIMA is to look at how well we can shape and
conform the high dose area, because I know André will agree with me,
that the volume that receives high dose is critical. We all know from
long experience that diminishing the volume which gets a high dose
gives a lower incidence of severe late reactions.

So one major question for EULIMA, a question we are also trying
to study, is to see if the high LET beams carbon, oxygen and neon can be
safely used without serious late cffects. In Berkeley we have just begun
to really get data on this, We started as usual with patients with very
advanced lesions ; not many of them lived very long. And now we are
beginning to have 3, 4, 5, 6 year survivors treated with neon, and we
have some chance now to observe late effects. So that would be one
challenge, to lock at the optimal dose conformation and correlate that
with late effects. The other challenge is to begin some biological
studies to try to understand better why it is that some tumours in some
patients respond te high LET. What are the biological factors, the
growth parameters, is there something inherent in certain types of
tumour?  To begin as soon as poessible with that type of study,
preferably on biopsy lissue from patients treated with carbon, oxygen,
neon, and correlate that with the outcome. That is another slow
process, unfortunately all of this is very slow.

The third challenge is to make a comparison between protons

and whatever ion one selects. That is something we have tried to do,
but I think it is very difficult unless you have several centres so that
you can accumulate enough patients.
Larson 1 would very much support a comparative study between low
LET and high LET particles. For example the modification of radiation
damage is certainly easier with low LET particles. [ think we should
bring the whole radiotherapeutic panorama of chemical and biological
factors into this comparison. Maybe the EFTA countries should build a
proton: machine for comparison, and then we can start making a full
comparison between the two.

Chauvel EULIMA can also accelerate molecular hydrogen.
Mandrillon It depends on the strategy for the machine. [f it is

financed it must treat a large number of patients. | wonder if it can cover
many types of ion as well.

Larson It is a waste to use a light ion machine for proton
therapy.
Castro I would like to add a critical note. 1 think in some

patients {children for example, and others) you will want to use
protons.  Sending them to another centre introduces logistical
difficulties. I personally would like to see a machine able to provide
protons and one type of ion. I would urge you not to do what we have
done at Berkeley. We have treated with He, C, Ne, Si, and Ar. That
was a mistake because we could not learn very much from those few
patients treated with C, Si and Ar. 1t is best to sclect one ion, and try to
accumulate enough patients to really learn about it. But | think you
need protons for comparison.

Larson [t is a waste to use this wonderful machine for proton
therapy. It would be better to build a small machine for proton
therapy alongside for comparative studics.
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Castro A proton machine for clinical work would not be small
You still need a range of 25 cm.

Farley Of course FULIMA would have all the scanning
equipment that could also be used for protons. 1 would like to ask Dr.
Castro, would you settle for hel:um 7 [t is rather caster to use helium in
the machine than protons. Or is that already too much of an ion?
Castro ['think they are comparable from a clinical standpoint.
So I think you could accept helium. But there is a small content of high
LET in helium, so | would be concerned about late effects in childrer.
Therefore | would prefer protons, but helium would be acceptable, and
does have some advantages.

Larson The relevant question for society is whether protons are
better than light jons. Therefore 1 would rather compare with protons.
Farley lust looking at this technically. Suppose that we build a carbon
EULIMA, 340 MeV per nucleon. The Ho* ion will also be 340 MeV per
nucleon, each proton would have 340 MeV, and there would be two of
them. Now the range of these would be very large, and you would have
to do a lot of degrading to get that down to treat your little boy. 1 have
explained that when you degrade a proton beam the phase space gets
much worse than in the case of the ion. Now we are degrading from 340
MeV; we would need to look at that. Of course you can always select :
throw away 99% of the protons, and select a beam with suitable
momentum and phase space. We would still have plenty of intensity.
That is the sort of thing veu would have to do. [tis a bit messy, but one
could arrange to do that

Castro It is worth a lot of thought. | would agree with
Professor Larson that protons would be the preferable contrasting beam
to carbon fons, if you can do it.

Wambersie ['think we all agree that the comparison must be made
with equally good physical selectivity. If you make the comparison
between different centres, you are also comparing the skill and
competence of different medical teams, the delincation of the limits of
the tumour and so on.

Castro We have a collaborative trial going on, in which a
proton group in Boston and oursclves are combining. By means of a close
interaction in the treatment planning, dose distribution and
immobilization techniques, | think we have achieved a satisfactory
conformation to the protocol requirements. It is a small commurity, 5ol
think we can manage the interactions reasonably well.

Chauvel It is a matter of organisation, and exchanges between
the facilitics.
Pedroni What about the value of using a ganiry with protons,

as one does with X-rays?

Castro Clearly someone from Boston would say a gantry was
required. We feel less strongly at Berkeley. There is no question that a
gantry is preferred. But with a combination of a vertical and a
horizontal beam you can get very close; my guess is that 85-90% of the
time you would be comparable to a gantry system. That is m
experience at Berkeley.

Farley If you are using a gantry with Xerays there is little
problem over the range or direction, and the gantry can turn
continuously. With protons one might need an inclined compensator for
cach angle of entry, and a different scanning programme. it is not as
simple as a gantry with X-rays. | can sce why Dr. Castro says that
vertical and horizontal only may be an optimum choice.

Larson With protons you would probably have a different
fractionation scheme than with ions. You need to compare the whole
arsenal of proton therapy with ion therapy. It is no good just sclecting
one parameter.

Castro We treat patients seated in a vertical position from
several angles, but we do not scan continuously. For each angle therc is
a range compensator. A combination of a vertical and horizontal beam
may avoid the need to treat in a seated vertical position.

Larson It would be unwise to draw any conclusions. The
questions raised will no doubt be considered by the Project Management
Group. We have not covered the question of carbon-11 versus neon-19
Farley Carbon-11 has a life of 20 mn which is too long, but one
can use carbon-10

Mandritlon Oxygen-15 would be casier.

In conclusion Professor Larson thanked all the participants for
their views.
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Abstract

Future cancer management will continue to involve surgery,
radiotherapy, chemotherapy and immunotherapy working together in
a more important fashion than ever before. Local approaches such as
surgery and radiotherapy will be needed to get rid of a much as
possible of the macroscopically visible tumour tissue so as to leave a
minimal tumour burden. In this way the effect of the systemic
treatments available can be maximized. As a consequence, more
effective methods of local control and of systemic treatments are
required in order to achieve rapid improvement in overall survival. [t
is estimated that sclectivity of radiotherapy can be further improved
using light ion therapy and boron neutron capture therapy, with direct
consequences for the survival rate of cancer patients in the immediate
future.

Introduction

One out of every four Europeans will suffer some type of cancer during
their lifetime. [f nothing is done, this proportion will become one out of
every three by the year 2000. The major goal of the "Europe against
Cancer Programme” is to diminish the number of cancer casualties
compared to the above-mentioned trend, by at least 15 % by the year
2000 and by considerably more in the following decade.

The "Europe against Cancer Programme” covers four subjects :
1- Cancer prevention
2- Information of the public
3- Training of the health professions
4- Cancer research

These subjects should lead to prevention of significant numbers of cancer
cases and to more effective treatments. It is for these reasons that the
European Cancer Experts have defined their strategy for research on
cancer therapy up to the year 2000.

The designation "cancer” does not refer to a uniform disease. On the
contrary, it is a collective term which covers a large number of different
tumours arising form many different tissues in various stages of
development. In view of this diversity, it cannot be expected that all
malignant tumours can be influenced or cured by any one therapeutic
procedure. A fundamental difficulty of many therapeutic approaches is
the fact that the tumour cell develops from a normal cell and hence
there are few differences from normal tissue which can be used as a
basis for a therapeutic attack. It is this lack of specificity which
limits most existing therapeutic approaches, and research in most
fields is therefore directed towards increasing this specificity.

There are at present various approaches to cancer treatment :
- Surgical removal of the tumour tissue,
- Radiotherapy,

- Chemotherapy,
- Immunotherapy.
1) Surgery

Surgery, usually applied to relatively limited tumours, is at present
the most general successful mode of cancer treatment. About half of all
cancer patients have a survival exceeding five years. Half of these
may be attributed to surgery alone, and half either to a combination of
surgery and radiotherapy or chemotherapy or to either of these latter
treatment modalities alone, * (see Table 1A).

Surgery is quite specific since it removes mainly diseased tissue ; its
applicability is, however, normally limited to tumours which have
not yet metastasized. For that reason, research in the field of early
diagnosis is imnportant and it therefore forms the strategic approach
described in chapter | : Research on early detection and diagnosis (see |
in Table 1). The techniques of surgery have already reached a very

high level and they can be combined with other treatment modalitics.
Progress in this field could result in further improvement in functional
and cosmetic outcome. Improvement of surgery is therefore part of the
strategic approach described in chapter 1T : "Research on improvement
of local treatment” (see I in Table 1).

Radiotherapy is the most widely used form of cancer treatment,
being given to two out of every three patients. Approximately one
quarter of cured cancer patients owe their five-year survival to
radiotherapy alene, and another eight are cured by combined
treatment with surgery and/or chemotherapy. Radiotherapy is
therefore involved in almost half of curative cancer treatment* (see
Table 1A). Moreover, radiotherapy is involved in the palliative
treatment of many other patients.

Although in principle radiation is not selective for a cancer cell, the
selective destruction of a tumour is achieved to some extent by the fact
that

- considerable efforts are made to concentrate the dose in the tumour
tissue and so spare the surrounding normal tissue as much as possible,

- some tumour cells are more radiosensitive than normal cells,

- the reparability of malignant tissues is thought to be less efficient
than that of normal tissues.

There are now new approaches which appear promising for further
increases in selectivity of radiotherapy. They are described in chapter
I': "Research on improvement of local treatments™.

3) Chemotherapy

Chemotherapy has been employed mostly when tumour
metastases are already present. Up to now, however, noteworthy
successes have been limited predominantly to haematopoietic
malignancies, malignancies of embryonal origin (e.g. testicular
tumours) and paediatric malignancies. At the present time,
unfortunately these only make up approximately 4 % of total tumour
incidence, although in about two thirds of these cases cure is indeed
achieved. The early adjuvant use of chemotherapy with surgery
and/or radiotherapy in the more common cancers {e.g. breast
carcinoma) is encouraging, but in all ather situations chemotherapy
serves mainly as palliation.

Active immunotherapy by vaccination with tumour cell
extracts has been successful in experimental systems and recently some
success has been reported in humans. There are now some preliminary
indications, that progress along these same lines is to be expected in the
future. As an example, the histo-cornpatibility antigens hold a key
position in cellular interactions with the immune system. In animal
models reintroduction of missing histo-compatibility antigens (neo-
antigens) into tumour cells renders these cells more sensitive to immune
rejection processes. It has also been shown that introduction of new
transplantation antigens by in vitro mutagenesis induces a response
against the tumour cells. Both approaches may become extremely
useful in cancer treatment, they will however only be effective against
relatively small numbers of cells and they will thus need to be used in
conjunction with other anticancer modalities such as surgery,
radiotherapy and chemotherapy.

Research on improvement of chemotherapy and immuno-
therapy is described in chapter III : Research on improvement of
systemic treatments (see 111 in Table 1).



Strategic approaches for research on cancer therapy

1-Rescarch on early detection and diagnosis

Several observations clearly indicate that screening can reduce
the incidence and mortality from both cervical cancer and breast cancer.
yet several problems remain to be solved :

A-Methodological problems

For example :

-evaluation of the best techniques for mammography,

-investigation on the possibilities of computerized image
analysis for the reading of mammograms,

- investigation on the possibilitics of computerized image
analysis for the reading of cervical smears.

B-Social problems

One of the main difficulties of screening programmes is the
insufficient compliance of women. Moreover, for cervical cancer, it has
been observed in several countries that women belonging to the highest
risk group are those with the lowest compliance.

In addition to research necessary for allowing implementation
of screening based on existing methods like those for breast and cervical
cancer, research is also necessary for methods that are now under
investigation for other types of cancer such as colorectal cancers,
prostatic cancers and malignant melanoma.

[I-Research on improvement of local treatments

A-Improvement of results of existing local treatments

Surgery, usually applied to relatively limited tumours is at
present the most successful mode of cancer treatment. [t should be kept
in mind that the high success for surgery is in part due to the fact that
skin cancer falls into this category. Progress in surgery could lead to
improvement of both the functional and the cosmetic outcomes of
operations. Examples are :

- limb-sparing procedures,

- breast-sparing operations,

- less need for colostomy,

- the many surgical advances in the head and neck region.

For that reason, radiotherapy forms one of the most important
treatment modalities today, 1t is estimated that selectivity of
radiotherapy can be further improved with direct consequences for the
survival rate of cancer patients in the immediate future. Radiotherapy
will undoubtedly gain more than surgery or chemotherapy and
immunotherapy from a supranational research dimension.

a) Development of optimum treatment protocols

Clinical treatment research remains important, especially for
new treatments, since optimum protocols for combination with other
treatment modalities have to be developed.

b) Investigation of resources required to assure high gquality treatment
all over Europe and harmonization of treatment quality

It is obvious that both human and other resources like those for
equipment are not uniformly distributed over Europe. Moreover, there is
a difference in quality of treatment in specialized cancer centres and
peripheral hospitals. It is necessary that an inventory is made of the
resources required to allow high quality treatment throughout Europe.
As soon as an inventory of resources required is available a socio-
economic study aiming at determining obstacles in implementing high
quality treatment all over Europe has to be performed and the results
made available as soon as possible to the national authorities of the
Member States.
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B- Development of new local treatments

Although in radiotherapy one generally aims at minimizing
the effect of the dose on normal tissue, that effect is still a limiting
factor for the total dose which can be given to the tumour. A further
increase in the dose would be of significant importance since the
relation between tumour response and the radiation dose is very steep
at the end - even small further increases in the dose would have
significant effects on the likelihood of tumour control.

The ideal situation in radiotherapy is for a large amount of
energy to be deposited in the tumour volume and none outside in the
surrounding healthy tissue. This means in principle no sideways
spreading out of the beam, and a very well defined distribution of the
energy in depth. Another crucial factor is that about 20 % of tumours
are radioresistant, i.e. they do not respond to treatment with photons
or clectrons ; they are, however, sensitive to beams which deposit their
energy in microscopically localized packets (hugh energy deposition), a
process which increases the probability of giving a lethal dose to every
cell (e. g. beams of light ions) ; this is part of strategic approach no 11 as
described in Table 1.

Existing treatment with photons electrons, neutrons and protons
all have their own shortcomings :

- Photons, even with megavolt energies, suffer from sideways spreading
and the in-depth dose distribution is not selective because of an
exponential decrease in energy deposition.

- Electrons have a better in-depth selectivity but suffer from
considerable sideways spreading, and as a consequence they are not
suitable for deeply seated tumours.

- Neutrons are more effective for treatment of radioresistant tumours
because of high energy deposition, but they suffer from the same

problems of exponential decrease as photons.

- Protons have good ballistic accuracy but are not more effective than
photons or electrons for radioresistant tumours.

Two new approaches appear very promising for a further
increase in selectivity of radiotherapy :

a) Radigtherapy with ions of light atoms (light ions)

Beams of light ions such as those of carbon, oxygen and neon
travel in virtually straight lines with negligible sideways spreading
and they deposit a large fraction of their energy at the end of their
range. This allows a well-defined distribution of the dose in depth
better even than that of protons. In addition, because of their intense
local ionization, light ions could be effective against radioresistant
tumours.

Excellent results with light ion therapy have been obtained for
some types of tumours at Berkeley, California, and some European
cancer patients have already been treated there. In Japan a full-time
facility for medical use is now being built in order to treat about one
thousand cancer patients a year.

b) Boron Neutron Capture Therapy (BN.C.T.)

For various reasons, some boron compounds may accumulate in
some tumours, and particularly in brain tumours where a reduction in
the tumour blood-brain barrier encourages their selectivity. Upon
irradiation with neutrons the boron atoms capture the neutrons and give
rise to alpha and lithium particles. These have a high energy and
their track is less than a fraction of a millimeter in tissue, so that they
do not leave the tumour. It is estimated that in this way, with the
same dose to surrounding normal tissue, the dose to the tumour can be
increased by about one third.

The first clinical trials in Japan indicate that this treatment
could be beneficial for treatment of certain brain tumours such as
gliomas, and trials for other tumour types are being initiated.
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IlI- Research on improvement of systemic treatments

A- Research on maximization of effects of systemic_treatments by
eliminating a maximum of visible tumour tissue,

The potentially great precision of treatment with light ions
and BNCT allows eradication of slow growing metastases. (This is the
case for e.g. with some breast carcinomas, some colorectal carcinomas,
some large cell bone metastases, some sarcomas, kidney tumours and
adenoid cystic carcinomas). This approach will lead to a maximization
of the effect of both existing and new systemic treatments since high
precision radiotherapy would allow the elimination of as much as
possible of the macroscopically visible tumour burden. The results
recently obtained with adjuvant therapy for breast cancer support this
approach and do indeed demonstrate that presently existing systemic
treatments have a significant effect on cure provided that most of the
macroscopically visible tumour tissue has been eradicated.

B- Research on targeting of systemic treatments

Chemotherapy has for the moment a limited value for most
forms of cancer. One of the reasons therefore is the limited dose that
can be given before the side effects become unacceptable and life
threatening. For the future, targeting of cytostatic agents with either
monoclonal antibodies or drug carriers may improve the selectiveness of
chemotherapy. Another avenue for rescarch is the combination with
biological response modifiers which can be used to protect critical
normal tissues (hemopoietic growth factors or inhibitors and factors to
enhance effects on the tumour).

Conventional chemotherapy can be improved by increasing the
dose and protacting the patient’s bone marrow by either autologous
transplantation with cryo-preserved autologous marrow or treatment
with growth factors acting on bone marrow precursor cells (colony
stimulating factor).

C- Research _on biological _response  modification including
immunotherapy

Research in the field of immunotherapy has concentrated on
four approaches :

- A non specific immunotherapy, using BCG and
corynebacteriumparvum, has not been successful in humans. A recent
approach is the use of cytokines, products of white blood cells, which
stimulate the activity and growth of immune cells in a non-specific
fashion. These substances include the interferons, interleukins and
tumour necrosis factor. The interferons have in addition a cytotoxic
effect on the expression of antigens in a pure form through recombinant
DNA techniques.

- Adoptive immunotherapy consists of transfusion of autologous
lymphocites. Recently this technique was combined with the
application of interleukin-2, both in vivo and in vitro, to maximally
stimulate the effector immune cells. This method has been moderately
successful in the treatment of melanoma and renal cell cancer.

- Passive immunotherapy consists of the injection of antibodies
(usually monoclonal antibodics) directed against the tumour. This
method had some effects in the treatment of melanoma, colon cancer
and cancer of the pancreas.

- Active immunotherapy by vaccination with tumour cells or
cell extracts has been successful in experimental systems and only
recently some success has been reported in humans, There are now some
preliminary indications, however, that progress along this same line is
to be expected in the future. However, this approach will only be
effective against relatively small numbers of cells and thus it will need
to be used in conjunction with other anticancer modalities such as
surgery, radiotherapy and chemotherapy.

A new variation on active immunotherapy is the vaccination
with so-called anti-idiotypes, which are antibodies raised against
monoclonal antibodies directed towards tumour antigens and therefore
immunological mirrors of these antigens.

Recent biological findings, including agents inducing
differentiation in cancer cells, as well as growth factors, receptors, and
mechanisms of signal transduction may also find a place in cancer
therapy.

Fundamental research

Even if the "Europe against Cancer” programme has set up a
year 2000 target, its overall aim is to improve the treatment
possibilitics even if they are not expected to be reality before the year
2000, the programme target vear. In the fundamental arca, which by
nature, cannot set up itself a target year to get results, the European
Community, has nevertheless a specific contribution to add o existing
national efforts.

In many arcas unique expertise is present in the European
Community, but it suffers from a number of weaknesses among which
are : small-scale operations without much collaboration and
coordination, shortage of means especially in terms of postdoctoral
research positions, but also of sophisticated equipment and workirg
budgets.

Conclusion

Radiotherapy is the most widely used form of cancer treatment
at the moment. Two new approaches : light ion treatment and boron
neutron capture therapy appear promising vis-d-vis further increases
in selectivity in radiotherapy. Accelerators will play a key role in
their design. For boron neutron capture therapy an alternative exists :
neutron sources emerging from nuclear power plants. If results of clinical
trials are promising, hospital based, high intensity accelerators will
have to be developed. For light ion treatment the design of a high
energy accelerator is a prerequisite. In both the USA and Japan
facilities for light ion treatment are cither at design stage, under
construction or in part-time use.

The Commission of the European Communities considers that it
is necessary to design a prototype accelerator which will be capable of
offering the necessary flexibility for the lowest possible price but yet
allowing industrial production after an experimental phase. For that
reason, the svnchrotron option is to be compared which that of a
superconducting cyclotron.

Table 1 A {1

Situation now in Cancer Treatment

Primary Metastasized
Treatment used turmour tumour
- surgery alone 2%
- radiotherapy alone 12%
- both combined 6%
- all combinations
including 5%
chemotherapy
Patients curable now 0% 5 % 5% |
Strategic appreoach @
(see table below) @ @
No cure available 18% | 7% 55% |
Table 1B
atrategy
Problem Remedy
I Late diagnosis screening
II a) Poor treatment Quality control
b) tumours with protons
difficult localization light ions improved
and BNCT local
treatments
<) tumours currently Light ions
radioresistant and BNCT
I conventional Improved local treatments combined
treatments not effective | with improved systemic treatments.
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