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INTRODUCTION 

The organisation of the International Heavy Particle Therapy Workshop at PSI was very 
rewarding. It was with great pleasure that we observed the good attendance of the workshop by 
people from many different countries. The meeting was an experiment in several ways. For the 
PTCOG it was the first meeting outside the American continent. It was also the first meeting of 
PTCOG in conjunction with the EORTC Heavy Particle Therapy Group, which up to new has 
been dominated by discussions on neutron therapy. A common goal for radiotherapy in general is 
the improvement of local control. Proton and other heavy charged panicle radiotherapy as well as 
neutron therapy are all aiming at this goal by improved dose distribution and/or higher biological 
effectiveness. The meeting at Villi^cn was an attempt to stimulate discussion between the 
different groups and to strengthen international collaboration. The large number of proffered oral 
papers and posters was certainly a sign that the meeting served a need and that particle 
radiotherapy enjoys growing interest worldwide. 

More than ten thousand patients have been treated with good success for various indications with 
heavy charged particles. Now we are, with the first therapy facility being installed in a hospital 
and others possibly to follow soon, at the beginning of an interesting rapid development. For PSI 
the workshop coincided with the airing of the development of a conformation treatment for deep 
seated lesions with protons. Even so, the crucial experiments to demonstrate the feasibility of a 
fast proton spot scanning were not quite finished at that time; most of the equipment specifically 
developed for this purpose could be seen on the tour of the facility. 

The continuing financial support of the Swiss Cancer League and the Swiss National Science 
Foundation for the particle therapy program at PSI, as well as the special contribution of the 
Cancer League of the Canton of Aargau for the printing of these proceedings, are gratefully 
acknowledged. 

I would like to thank Mrs. R. Fuellemann for her excellent job in the organization of the 
workshop and for the preparation of the proceedings. 

Hans Blattmann 
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Introduction 

At PSI protons are used for cancer treatment since 
1985, namely for the treatment of eye melanomas 
(70S patients treated unul the end of 1989). The 70 
MeV beam is however not suited, due to very small 
penetration in tissue of the protons with this small 
energy, for treatment of large or deep seated tumors. 

Since Nov. 1981 478 patients with large deep seated 
tumors have been treated with negauve pi-mesons 
(Pions) at PSI with a spot scanning application 
method using up to 60 concentric pion beams. This 
method allows a truly three dimensional 
conformation of the dose distribution relative to the 
target volume. 

Since pions arc rather expensive and their high 
L.E.T. dose contribution may not be of importance 
for all types of tumors, a new project using a similar 
application technique for Protons with energies 
around 200 MeV has been started at our institute in 
1988. 

We report on the status of the new proton project at 
the time of writing at the end of 1989. The main 
activities for the development of the proton therapy 
project at PSI during 1989 have been dedicated to 
two major objectives. The first activity has been 
dedicated to the (almost completed) experimental 
tests for the development of the dynamic spot 
scanning technique. The PSI concept for this 
technique and the setup for the experiment installed 
it. the new NA1 beam line at PSI, which delivers 
degraded protons with energies around 200 MeV, 
will be presented in the next section of this report. 
More technical details and some of the resists of the 
experiments performed in the NA1 beam line arc 

picamed also in an accompanying article of these 
proceedutgs. The second major objective concerns 
the long range planning of the project Our ideas 
about the further development of the proton dierapy 
project will be presented in the remaining sections of 
this report. 

The realization of a proton dierapy facility at PSI is 
considered to be die first step toward the realization 
of a hospital based facility. 

We propose to proceed lowad this goal in phases. 
Each phase should bring by itself partial results 
(benefits to patients and scientific publications) so as 
to justify die investments done for tint phase and 
should support the decision to continue to further 
steps. The initial steps should keep open as many 
options as possible to be chosen at a later stage. 

?hase 0: Development of the snot scanning 
technique. Experimental tests in the NA1 beam line 

TheNAl beam line 

Since July 1989 degraded protons with variable 
energy are available at PSI. Part of die primary 590 
MeV proton beam can be separated by an 
electrostatic splitter and die split beam is usually 
brought into die beam line used for pion dierapy. As 
an alternative, die separated beam can be deflected 
into die new NA1 experimental hall (see Fig.l). 
There, die beam can be reduced in energy widi a 
degrader system consisting of a choosablc 
arrangement of copper or carbon blocks. After 
passing through die degrader die beam can be 
analyzed in momentum in die second part of the 
beam line (by virtue of die dispersion of die transport 
system containing two bending magnets and slits 
with variable aperture). The momentum band of die 
transmitted beam can be chosen to be in die range 
between 0.2 and 1% FWHM A p/p. The intensity of 
die degraded beam and its phase space have been 
found to be in close agreement with die predictions 
anticipated by die initiator of the NA experimental 
complex, Dr. Manfred Daum. 

Most of die beam is actually lost in die degrading 
process. Starting with typically 20uA of split proton 
current dumped into die degrader at 590 MeV, about 
0.6 nA 200 MeV proton beam current is transmitted 
through die beam line (with momentum band setting 
of 1% A p/p). 
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Present situation in the NA Area at PSI with layout 

of the experimental apparatus for the spot scanning 

technique. 

The beam can be focusscd at the end of the beam line 
onto a spot of about 0.8 cm FWHM in both 
directions (in air). 

The beam intensity corresponds to a dose rate of 
about 2 Gray/liter/minutc (depending on shape, size 
etc. of the target volume), which is, for the practical 
purpose of trcaung paticnts,inicnsc enough, provided 
that all the protons in the beam line arc used 
efficiently for the irradiation of the target volume 
and arc not lost in collimators or similar devices. 

The intensity of the degraded protons is therefore 
well suited for treatments using the spot scanning 
technique but is probably too low for the traditional 
technique with collimators (spreading of the beam by 
passive scaticrcrs placed upstream in the beam line 
and cutting the broad flat beam profile with 
collimators). 

Most of the beam time available in the NA1 Area 
during (he second half of 1989 was utilized in 
parasit:: mode to the PIREX project (proton 
irradiation of samples of alloys to be used for the 
first containcment of fusion reactors, experiment 
performed in the region before the degrader). 

The time structure of the beam was found to be very 
unstable (on one side intentionally due to the 
wobbling of the beam on the PIREX sample, on the 
other side due to an unwanted 50 Hz component of 
the split beam itself). The intensity fluctuations were 
in magnitude as high as the mean intensity of the 
beam. We decided to develop our apparatus in such a 
way to cope with these large instabilities in order to 
have at a later stage (when working with the more 
stable main user mode) a more safe application 
technique for the patients. 

We concluded from this initial experience that the 
intensity of the degraded protons at PSI is well suited 
for cancer treatment with protons for large deep 
seated tumors and we proposed (sec next section) to 
construct a new beam line starting after the 
degrading system and to bring the slowed-down 
protoas into a new user area dedicated to proton 
therapy (sec section 3 for more details). 

Static dosimetry of the beam 

Wc performed several measurements with a small 
ionization chamber moved under computer control 
inside a geometric phantom. Wc did measurements 
in air and water, for several arrangements of the 
range shifter system uv-d for controlling the depth of 



the Bragg peak in the patient, and at different 
energies. These data will be analysed during the shut 
down of the accelerator in 1990 and will be utilized 
for the physics modeling of the dose distribution 
needed for the development of the computerized 
treatment planning system. 

Test experiments for the dynamic spot scanning 
method. General concept 

Our approach to dynamic therapy is based on the 
"discrete spot scan technique". The locussed proton 
beam is moved under computer control in three 
dimensions inside the patient body (see Fig. 2). The 
dose distribution of the static beam is well localized 
at the Bragg peak position. The final dose 
distribution is constructed by superposition of the 
Bragg peak spots placed at different positions. The 
dose at a fixed position is applied by switching on 
the beam, measuring the quantity of applied radiation 
while the dose is being cumulated and by switching 
off the beam when the desired dose value for the spot 
has been reached. 

The switching on and off of the beam is performed 
by a fast kicker magnet. The measurement of the 
dose delivery is performed with a dose monitor 
system. The motion, which is most often executed 
(in our case the horizontal) is performed by the 
magnetic deflection of the beam with a sweeper 
magnet The depth of the beam in the patient is 
controlled by a range shifter system. The motion 
which is least frequently used is the vertical one and 
is performed by moving the phantom with a patient 
transporter system. 

.he discrete spot scanning method is potentially the 
most flexible application technique since it offers the 
possibility to shape the dose distribution in three 
dimensions tailored exactly to the anatomical extent 
of the tumor, as defined by the physician on modem 
diagnostic images such as CT or MRI pxtires (three 
dimensional dose conformation). 

If desired, the dose distribution may be shaped also 
according to a non homogeneous dose prescription 
by adjusting locally at each single spot position the 
amount of dose applied on the patient (Beside 
possible interesting medical applications, this 
possibility is eventually very useful for shaping dose 
fields with dose fall-off in one direction like a 
wedge. Adjacent small dose fields may be added 
together into a single large field without significant 

positioning errors. This is interesting for the 
irradiation of target volumes larger than allowed by 
the available range of scanning. See also section 4 
for the consequences of mis on the gantry design). 

Another advantage of the method relies on die full 
automation of the treatment. Time consuming setups 
of individual hardware like collimators, 
compensators, range shifter wheels, etc. can be 
avoided for routine treatments, but can also be used 
as additional options for special cases. The most 
important advantage in our opinion is represented by 
the possibility to construct a very small compact 
gantry for the spot scanning technique (see next 
section). 

The major disadvantage of the method is given by 
the sensitivity of this technique to errors due to the 
movement of organs during treatment. We are 
studying this problem with computer simulations and 
we intend to reduce the severity of the problem by 
increasing if necessary the spot size and by 
rescanning very often the full volume (reduction of 
the positioning error by statistics: number of 
fractions and number of scans per fraction). The 
extent of movement of organs in the patient body 
will be one of the most important criteria for 
deciding which applications are suited for treatment 
with the spot scanning method. 

The "discretisation" of the spot scan method (static 
delivery of the dose at a given spot) has been adopted 
because this approach is insensitive to "transient 
situations" (eddy currents in the magnets and 
accelerations of mechanical components which are 
difficult to control or to calculate in treatment 
planning) and to their interplay with beam 
instabilities during dynamic treatment (sec also 
section 2.1). 

The realization of die electronics performing the 
dynamic treatment and of the devices necessary to 
guarantee the safety of the treatment are simpler to 
realize for the discrete than for a continuous scan 
method. 
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Figure? 

Sweeper magnet 

beam 

Range Shifter 

Bragg Peak 

monitor system 

patient transporter 
with dosimetric phantom 

Apparatus for the test experiments for the spot 
scanning method with protons (see text). 

Specifications for the PSI dynamic scanning 

The spot size at the Bragg peak has dimensions of 
about 1 to 2 cm FWHM in all three directions. We 
assume that the scanning with the beam should be 
performed on a grid with a minimum mesh size of 
typically 5 mm. Assuming a treatment volume of 1 
liter and an irradiation time of about 2 minutes we 
calculate a total of about 10000 spots and a mean 
irradiation time of 12 ms per spot. If we want to 
control the dose at each spot individually at the 1 % 
level we need to be able to switch off the beam with 
a reaction time of 120 (is. The apparatus depicted in 
Fig. 2 has been designed to satisfy these general 
specifications goals. 

Status of the Test Experiment for the dynamic 
scanning 

All components in Fig. 2 have been constructed and 
tested in the NA1 beam line during the beam period 
of 1989. 

The technical specifications of the single devices and 
some of the results achieved in this first beam period 
of this experiment arc presented in the accompanying 
article of Dr. R.Bacher. 

The present situation for phase 0 (experimental 
development of the spot scanning method) is well 
summarized by Fig. 3. 

Fig. 3 shows the dose-distribution in depth for the 
very first (and for the moment the only) large three-
dimensional dynamic scan executed at the end of the 
beam period 1989 (The power supply for the sweeper 
magnet had been delivered only one week before the 
end of the beam period). 

In this scan the target has been shaped to be a cube of 
1 liter volume. The predicted dose (continuous line) 
has been calculated on the basis of a very raw fit of 
the dose distribution of the beam (at a single fixed 
range shifter position) and the measured cumulative 
dose (points) has been obtained by integrating the 
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current at fixed positions in the water phantom. The 
small peak at the proximal edge is due to an error in 
the (indeed very preliminary) code for the 
optimization of the superposition of the spots. This 
error has been discovered by comparison with the 
measurement. The agreement between calculation 
and measurement is clearly only qualitative but 
without a refined treatment planning algorithm this is 
not too surprising. We consider this result as 
encouraging and as an indication that (up to now) 
there are no major problems in our application 
method. 

Depth dose distribution of the very first three-
dimensional dynamic scan with 200 MeV protons at 
PSl. The crosses represent the data points and the 
solid line is the expected calculated dose. 

The full 3D treatment of the cube field has been 
performed with the deposition of a total of 9702 
spots in about 450 seconds. The time with the bean 
switched on has been determined to be only 70 
seconds. Most of the time with the beam switched 
off has been spent waiting for the vertical motion of 
dosimetric scanner (about 200 s) and for reading the 
file (60 sec) containing the commands and (the rest) 

for transmitting the Camac commands steering the 
dynamic scan. We expect to be able to improve on 
these factors considerably by a better choice of the 
computer hardware and by better programming. The 
motion of patient transporter has been simulated in 
the present setup by the motion of die vertical axis of 
the scanner. With die installation of a dedicated 
patient transporter system like the one used for pion 
therapy (2.S cm/s), it should be possible to come 
down to the originally planned duty cycle (beam on 
time/total time) of about 30%, for which the 
apparatus has been designed. 

In conclusion: we have verified that the new 
devices (fast kicker, range shifter, sweeper 
magnet, monitor system) specifically realized for 
the test of dynamic treatment with protons are 
inside the original specifications. The feasibility of 
the spot scanning technique has been, although 
not in the last detail, demonstrated in practice. 

FiwcS 
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Planned developments for the soot scanning method 
in 1990 

During 1990 we will concentrate on the development 
of the treatment planning system based on the spot 
scan technique. This will include image processing 
(handling of CT images, used for diagnosis, for the 
definition of the geometry of the therapy problem 
and for the density distribution in the body of the pa
tient), the physical parametcrisation, optimization 
and calculation of the dose including inhc>mogenei-
ties. 

The apparatus for treatment will be further developed 
to be faster from the point of view of computer 
software and hardware. 

The safety of the treatment (end switches for range 
shifter, utilization of the position sensitive monitor 
on line, etc) has to be completed conceptually and 
implemented in the apparatus. 

Finally a large amount of work will have to be 
invested in the reliability of the dose prediction and 
in the routine dosimetric verification of treatment 
plans (in order to guarantee the necessary precision 
of the treatment). 

Fifwe4 

Unfortunately 1990 will be a year with almost no 
high energy beam available at PSI. The accelerator 
will be shut down for a long period for rebuilding 
target stations and parts of the cyclotron with the aim 
of rising the proton current from 250 |iA up to more 
than 1mA. Next steps forward in the experimental 
realization of the spot scan technique are expected 
for 1991. 

Phase 1: Realization of a new beam line for proton 
therapy in the NA Hall 

We propose as the next step (phase 1) the realization 
of a new beam line with a dedicated area for the 
treatment of patients with a horizontal beam (the 
gantry should be realized as a second step, see phase 
2, at a later stage). 

r.ew beam lineJ " Ganlry / Treatment area 

Proposed layout in the NA Hall for the realization of 
a dedicated facility for proton treatments at PSI. 
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The general layout of beam line, area and rooms for 
the preparation of patients for treatment is shown in 
Fig. 4. The detailed plaining (design) of this part of 
the project is now underway (including beam 
transport elements, vacuum system , power supplies, 
shielding etc.). We would like to start building the 
beam line possibly before the end of 1990 but the 
final date will depend on the general planning policy 
ofPSI. 

The optics of the beam line have been designed with 
all the elements placed symmetrically (mirror 
symmetry) with respect to a point mid way in the 
beam line. This in order to have at the end, at the 
coupling point to the gantry, a complete rotational 
symmetry of the beam (symmetric phase space and 
complete achromaticity). This will be important at a 
later stage for the addition of a rotational compact 
gantry (see phase 2). 

At PSI we have the unique opportunity to utilize for 
therapy a degraded proton beam which has adequate 
intensity (for spot scanning), variable energy and 
does not present constraints from the time structure 
of the beam (D.C. beam). For the development of 
treatment planning a horizontal beam will be 
sufficient for the initial phase. The treatments will be 
mainly for the head and neck region because in these 
cases the position of the patient under the beam can 
be modified without producing significant changes in 
the density distribution of the tissues (displacement 
of organs with respect to the anatomy as defined in 
the CT). The costs for phase 1 have been estimated 
to be around 1 Million SFr. 

FifureS 

Sweeper magnet 

Monitor system 

Range Shifter 

Schematic representation of the compact gantry 
system for the treatment of patients with the spot 
scanning technique. 



Phase 2; Realization of a compact earni y system 

The same beam line should be comple'ed at a later 
stage with a compact gantry system. This system is 
needed for the treatment of large deep seated tumors, 
when the superposition of dose from different beam 
directions is necessary for reducing die burden to 
normal tissues due to the dose in the plati au region 
of the beam. 

This requirement has been included from 'he very 
beginning in the Loma Linda facility, which will 
become the major proton therapy center in the near 
future. Three gantries with a diameter of about 11 
meters are being assembled there. 

Optical studies for a compact gantry system have 
been performed by our group in 1989. Jf the spot 
scanning method is used the radius of the gantry can 
be reduced considerably by placing the sweeper 
magnet before bending the beam toward the patient 
(see Fig. 5). An overall reduction of the gantry 
diameter to around 4 or 5 meters should be possible. 
The sweeping of the beam should be 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 is essentially 
the same as in Fig.2 for the phases 0 and 1. The only 
difference lies in the straight section between 
sweeper magnet and monitor system which is 
replaced by the 90 degrees bending magnet. The 
implementation of the beam sweeping in the optics 
of the gantry allows the design of the magnets to be 
done in such a way as to displace the beam parallel 
to its direction (infinite source-to-skin distance). The 
axes of scanning are in this way completely 
cartesian. This should make treatment planning 
easier and reduces the skin dose. 

The spot scanning method allows the combination of 
adjacent fields shaped like dose wedges with patient 
displacements in order to produce treatment volumes 
larger than allowed by the maximum range of 
scanning. The size of the scanning field of the gantry 
does not need to be designed according to the 
maximum possible tumor size considered for 
treatment. This should permit us to keep the width of 
the pole tips of the 90 degrees magnet rather small. 

For a belter rigidity of the overall gantry system we 
are considering the mounting of the patient 
transporter system directly on the gantrv. '-> this case 
we envisage the option to place the patient 

transporter excentric&lly with respect to the gantry 
axis. This would further reduce the radius of ihe 
gantry system and woukl act as counterweight for die 
magnets on the gantry. This option has been included 
in the design of Fig. S. 

Tru dimensions in Fig.5 (bending radius of 1.6 m 
ana distance between magnet and patient of 1 meter) 
are ;n any case very conservative (and are probably 
overt- ;timated) 

Concisions 

Good foundations for die realization of a proton 
dierapy facility at PSI has been settled in 1989, with 
encour^ing results in die development of die new 
application technique (spot scanning technique) and 
with concrete propositions for die realization of a 
new bea-n line with a small compact gantry system 
for treatment of patients with deep seated tumors. 

A succesful completion of diese phases of die project 
is considered to be die necessary condition for 
permitting political decisions for further phases, like 
complementing die project with die development of a 
compact, cheap proton accelerator and for the design 
of a hospital based facility. 
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Introduction 

The development of discrete dynamic spot scanning 
with protons is the object of the Proton-Therapy 
Project currently under way at PSI. As described in 
detail elsewhere in these proceedings (1,2) discrete 
dynamic spot scanning means the movement of the 
proton-Bragg peak inside an arbitrary-shaped tumor, 
the irradiation is not continuous but the tumor is 
treated at discrete spot positions. The irradiation time 
at any given position is calculated previously and the 
proton beam is switched off when the desired dose is 
accumulated. It is proposed to irradiate a 1 liter 
volume within 2 minutes. Assuming a spot distance 
of 5 mm, a total number of 8000 spots and a mean 
treatment time of 15 ms per spot result. The maximal 
error of the dose to be deposited is proposed to be 
1% of the maximal dose. This implies a reaction time 
of 150 us to switch off the beam. The accuracy of the 
Bragg-peak position is proposed to be some tenth of 
a millimeter. 

To fulfil the conditions listed above, new technical 
equipment must be developed. The present article 
reports the functions, the parameters and the current 
status of the different technical devices specifically 
for discrete dynamic spot scanning: integral-intensity 
and position-sensitive monitor, fast-kicker magnet, 
sweeping magnet, range shifter and patient 
transporter. The article ends with a presentation of 
first experimental results measured during the beam 
period of the second half of 1989. 

Monitor System 

The monitor system consists of three modules 
measuring the integral proton-beam intensity and the 
horizontal and vertical beam positions, respectively. 

The measurements are performed about 1.8 m behind 
the sweeping magnet in front of the range shifter. 
They use the ionization-chamber principle: the 
current measured is proportional to the flux of the 
protons and to the pathlength of the particles in the 
chamber gas and it depends on the kinetic energy of 
the projectiles and on the type and the density of the 
gas. The detector modules are open and are mounted 
one after another in the same vessel filled with the 
measuring gas. The current is measured directly with 
fast current-to-frequency converters. 

Measurement of Integral Beam Intensity 

The detector module measuring the integral beam 
intensity at any given spot position consists of two 
parallel high-voltage planes and a signal plane 
between them. The planes are formed by streched 
aluminized mylar foils. Each foil is 25 nm thick and 
is glued to a rectangular frame. The planes are 
separated by insulating spacers. Both spacers and 
frames are made of epoxy glass. 

Figure 1 

I - Detector Response (Beam on - off) 
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Response of the integral-intensity monitor when the 
beam is switched off shown for two different voltages 
applied 

Due to the proposed maximal dose error per spot 
which is admissible as mentioned above, the 
monitor-response time must be 150 us. To yield a 
fast charge collection, some requirements have to be 
taken into consideration: First, a gas with a large ion 
mobility should be used. Because hydrogen gas is 
inflammable and dangerous to handle, the inert gas 
helium was chosen. Second, the distance between the 
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electrodes should be small and the voltage applied 
high. However, the distance must be large enough to 
get a sufficient current signal and the voltage low 
enough to avoid electron avalanches. Therefore, a 
voltage of 1000 V and an electrode distance of 2 cm 
was chosen. The monitor-response time was 
determined experimentally. Fig.l shows the monitor 
current measured in coincidence with a 5 fis-lang 
time gate. The gate was delayed with respect to the 
moment when the beam was switched off. After 
about 200 us, the measured current is decreased to 
1% if a voltage of 1000 V is applied. Relevant for the 
dose error is the integral current from which an 
effective response time of about 50 \is can be 
deduced. The figure also demonstrates that halving 
the voltage applied, doubles the response time. 

To minimize the error of the measurement, the 
detector planes are parallel within an accuracy of 
0.05 mm. An error of the monitor reading of 0.25% 
for an irradiation time of 200 ms and 1% for 20 ms, 
respectively, is measured with the present set-up. 

Measurement of Beam Position 

For safety reasons the horizontal as well as the 
vertical beam positions should always be checked 
during the treatment. The position measurement 
bases on the following considerations: The high-
voltage plane is tilted with respect to two parallel 
signal planes. The ratio of the currents measured at 
the different signal planes (I]/ (I + 12)) is a direct 
measure of the beam position. 

To determine the vertical position within a range of 5 
cm, a simple oblique plane is used. For the horizontal 
coordinate, a zigzag-shaped profile is chosen 
covering a range of 15 cm. Both profiles arc made of 
20 tun thick aluminum foils. Fig. 2 shows the 
detector response for the horizontal direction 
measured in 400 steps within the full sweeping 
range. The measurement reproduces almost exactly 
the geometry of the detector foi! It is obvious that 
the mapping of the detector signal to the beam 
position is not one-to-one and the resolution is worse 
at the rounded corners of the foil. The error of the 
position measurement for an irradiation time longer 
than 10 ms is deduced to be some tenths of a 
millimeter for both the horizontal direction and the 
vertical direction inside the linear region. 
Analogously to the integral-intensity monitor, a 
minimal response time of the position-sensitive 
monitor of less than 1 ms is measured. This is 

sufficient because the time to reach the next spot 
position is of the same order. 

Fast-Kicker Magnet 

Discrete scanning implies switching off the beam 
when the desired dose at any given spot position is 
accumulated. For this reason, a fast-kicker magnet 
was installed upstream in front of die last bending 
magnet in the beam line. When the fast-kicker 
magnet is switched off, the beam passes through a 
narrow slit in a copper collimator placed 3.4 m 
downstream from die kicker magnet. When die 
magnet current is switched on, die beam is deflected 
vertically above the slit and is stopped in die 
collimator plates. However, it is important to note 
that at the patient's position the spot only moves a 
distance of die order of its diameter while die proton 
flux diminishes. 

The fast-kicker magnet is a C-shaped normal-
conducting magnet. Its yoke is wound with laminated 
transformer sheet metal. The gap width is 5 cm, the 
effective field length is 23 cm and die maximum 
current amounts to 50 A corresponding to a magnetic 
field of 0.5 kG. To avoid eddy currents, a lucite 
vacuum tube is used. The maximum deflection at die 
collimator is 18 mm compared to a slit width of 4 
mm. The response time of the fast kicker was 
determined with a fast scintillation detector. From 
measuring the number of incoming protons when the 
beam was on and immediately after die fast-kicker 
magnet was switched on, an effective response time 
10 switch off the beam of about 50 us is deduced. 

Sweeping Magnet 

The most frequent motion during a treatment is the 
horizontal motion of the beam performed by die 
sweeping magnet. As mentioned above, typically 
8000 positions will be irradiated wimin 2 minutes. 
To minimize the treatment lime, the time to reach the 
next spot position should be of die order of 1 ms. The 
sweeping magnet is of the same type as die fast-
kicker magnet. It is able to deflect the proton beam 
maximally ± 10 cm inside the patient, which 
corresponds to a maximum current of ± 400 
A.Swccping the beam affects linearly the intensity 
and the size of the beam less than 10%. As measured 
with a current probe, a full sweep of 20 cm lasts 
approximately 20 ms. 
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Response of the position-sen'aive monitor for the 
horizontal direction as a function of the DAC setting 
of the sweeping magnet. The maximal settings 
correspond to a horizontal deflection of about ± 75 
cm. 

Ranee Shifter 

The range shifter moves the proton-Bragg peak up-
and downstream inside the patient. This is the second 
most frequent motion (typically 400 times, of the 
order of 10 ms each time). The ranyc shifter consists 
of 40 polyethylene-absorber plates used to decrease 
the energy of the protons before they enter the 
patient. A plate is 4.5 mm thick and has a si/c of 20 
cm limes 2.5 cm. Each individual plate can be moved 
into the beam pneumatically within 30 ms, but all 
plates must be retracted together. This lasts 
approximately 100 ms. The density of the 
polyethylene is chosen to be water equivalent with 
respect to the proton range. The plates arc separated 
by a 0.5 mm-widc air gap yielding water equivalence 
also with respect to the lateral broadening of the 
beam due to multiple Coulomb scattering. The effect 
of the range shifter is illustrated in Fig. 3. 

Patient Transporter 

The up-down motion of the patient is the least 
frequent motion (typically 20 times, of the order of 1 
s each time). The transporter is not yet integrated in 
the current set-up. It will cover a vertical range of 50 
cm with an error of the position of some tenths of a 
millimeter. Its maximal velocity is proposed to be 2 
cm/s with a maximal acceleration of 1/20 of the 
gravitational acceleration. 
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Vertical section of the dose distribution of the 210 
MeV-proton beam in water for three different range-
shifter thicknesses. 

Experimental ReSttftS 

Static Dosimetry 

Several static measurements with a small ionization 
chamber were performed under computer remote 
control. Beam profiles and dose distributions were 
measured in water as well as in air for several range-
shifter thicknesses and different proton-beam 
energies. These data will be the basis for the 
algorithms of the treatment-planning system to be 
developed. 

As an example. Fig.3 shows a vertical section of the 
dose distribution in water for 210 MeV protons for 
three different range-shifter settings. The vertical and 
the horizontal distributions arc found to be almost 
identical. The proton range is approximately 28 cm 
and the Bragg peak covers a volume of a few cubic 
centimeters. 

Simulation of Dynamic Treatment 

Fig.4 shows a two-dimensional dynamic scan with 
protons. An X-ray film was irradiated with the 
plateau dose of the proton beam. It demonstrates the 
capability of the spot-scanning method to confine the 
dose to very irregular-shaped target volumes. The 
scan also verifies the proper functioning of all 
components necessary for the discrete dynamic spot 
scanning with protons. 
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Irradiated X-ray film as an example for a two-
dimensional dynamic scan with protons. 

Summary 

As part of the Proton-Therapy Project at PSI, a 
feasibility study of the spot-scanning method was 
performed. The necessary technical equipment was 
developed. It was verified experimentally that the 
devices for switching off the proton beam and 
measuring the integral intensity are fast enough to 
restrict the maximal dose error to less than 1%. The 
position-sensitive monitor permits checking the 
beam position with an accuracy of some tenths of a 
millimeter. Simulations of dynamic treatments 
demonstrated the proper functioning of the dynamic 
treatment elements (integral-intensity and position-
sensitive monitor, fast-kicker magnet, sweeping 
magnet, range shifter). This renders an irradiation of 
a 1 liter-tumor volume within about 2 minutes 
possible. 
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Two dynamic beam delivery systems have been 
developed at the Bevatron: the Wobbler, which has 
successfully delivered nearly 1000 treatments in its 3 
years of operation, and the Raster Scanner, now 
under commissioning for clinical use in 1990. These 
systems produce uniform radiation fields when a 
constant rate of extraction of the beam from the 
accelerator is coupled with strictly prescribed 
patterns of the dynamic motion of the beam spots. 
The Raster Scanner, with two dipole magnets, one 
for the fast scan in horizontal direction and the other 
for the slow scan in vertical direction, scans one 
entire port during one accelerator spill which is 
approximately I second long. Designing of the slow-
scan magnet power supply has been relatively 
straightforward but design of the fast-scan magnet 
power supply to achieve the specifications has been 
much more challenging. Subtle problems involved 
with the magnet current polarity reversal have 
produced noticeable field nonuniform ilies in the 
initial phases of system testing. Developmental work 
is also in progress in controlling the accelerated-
beam extraction during the raster scan so that it will 
be ideally devoid of microstructure and accurately 
controllable in absolute current levels. A very wide 
dynamic range in beam intensity control is critical 
for the proper working of the Raster Scanner. 

Introduction 

A talk on the LBL Wobbler was presented at the 
workshop; however, this topic is fully discussed in a 
published article (1) and is not repeated here. 

As described earlier (2), at LBL a raster-scanner 
delivery svstem has been developed to create large 
radiation fields with light-ion beams for radiation 
treatment of cancer patients. It consists of two dipole 
magnets - one magnet operates in a "fast" mode to 
sweep the beam horizontally while the other operates 
in a "slow" mode to deflect the beam vertically. 
(Here the horizontal and vertical directions refer to 
the scan direction when the Raster Scanner is in 
normal orientation. The Raster Scanner is mounted 

in a frame that can be rotated around the common 
axis of the two magnets. When rotated, the sense of 
horizontal and vertical direction may be changed. 
Without losing generality, however, the slow-scan 
direction is called vertical and the fast-scan direction 
horizontal in the following discussions). These 
magnets can deflect a beam with a magnetic rigidity 
of 8.0 T-m, to ±20 cm in the horizontal and vertical 
directions at die isocenter of the treatment coordinate 
sy&?m, which is ~ 6 m from the magnets. The 
apertures of the two dipole magnets were designed to 
permit the transport of the beam without interference 
during the beam's largest deflection. Laminated iron 
cores of the magnets minimize die induced eddy 
currents during their operation (3). 

Requirements for raster scans and beam spills 

Since die Bevatron spill is nominally 1 second long, 
the slow scan was chosen to sweep the field in 
slightly less than 1 second. The fast scan must be fast 
enough to paint rasters close enough together with a 
2-cm FWHM beam spot (whose profile is 
approximately Gaussian) to yield a dose distribution 
without peaks and valleys between the scan lines (4). 
The fast magnet must deflect die beam in a 
horizontal direction at 1200 cm/sec in die scan plane 
at die isocenter, or at a frequency of 30 Hz over a 
±20 cm scanned field and at a higher frequency from 
smaller deflections. The slow magnet must steer die 
beam vertically from top to bottom at 40cm/sec at 
die isocenter, or one sweep per second over one 
vertical distance which can be any length widiin die 
limit of 40 cm. To allow die beam to dwell at a fixed 
vertical position, die slow-scan power supply in 
addition should run with a d.c. current offset. 

Since temporal structure in the beam spills (the beam 
flux as a function of spill time) translates into spatial 
structure in the scanned radiation field, requirements 
on beam-spill structure arc critical. Coarse structure 
in die beam spill on the order of 1 hertz can lead to a 
rounding off of die vertical edges of die radiation 
field, whereas high frequency structure leads to 
localized hot spots in die radiation field. For die 
requested dose to be delivered over die entire 
scanned field and not a partial area, die beam spill 
should not be terminated in die middle of a pulse. 
The beam intensity must also be controlled so dial 
each pulse delivers a specified fraction of die total 
dose. In order to reach the desired dose widiin the 
specified accuracy without overshooting it, an ability 
to step down in beam intensity is also required. This 



implies the ability to control the total number of 
particles extracted on a pulse-io-pulse basis. Another 
related requirement is that the extraction optics must 
not change while the beam is extracted at different 
flux levels. 

Raster-scanner vw supplies 

The power supply systems for the raster-scanner 
magnets have been fabricated and are now 
undergoing testing and modifications to improve 
their performance. Two separate power supplies 
drive the two magnets to the desired maximum 
magnetic field in a linear fashion to insure a linear 
sweep of the beam (S). 

In order to achieve a dose uniformity of ±2,5% and 
minimize the introduction of non-uniformity by the 
magnet power supplies, the regulation of the 
magnet currents (which determine the rates of 
change in the magnetic field) was chosen to be 
controlled to approximately ±0.25%. An analysis of 
this dose uniformity requirement can be translated to 
circuit control parameters. These are: a closed loop 
dx. feedback gain for both systems of at least 60 db 
and a unity gain bandwidth of 10 kHz for the fast-
scan system and 1 kHz for the slow-scan system. 
Analyses of power-si«pply performances have been 
discussed elsewhere (6). 

As shown in Fig.l, the circuit configuration chosen 
for the fast-scan magnet power supply requires a 
high-power switch mounted in series with the power 
supply (hat can be turned off at currents as high as 
400 amperes. A high power Gate Turn-On (GT0) 
Thyristor switch, manufactured by Toshiba 
Semiconductor of Japan, having just such a 
capability, was chosen for this task. For reasons of 
dose uniformity and presumed switching reliability 
GTOs, l ,r,l ,2\ (in Fig.l) were also designed into 
the bridge circuit. This configuration delivers a 
bipolar forcing voltage to the fast-scan magnet 
(Their high cost and long delivery times have 
required the expenditure of additional design time to 
replace the bridge GTOs with lower-cost SCRs). The 
magnet current is accurately controlled during the 
charging and discharging cycles by a linear current-
regulated feedback network. The power controlling 
element, called actuator, in this network is mounted 
in the return leg of the bridge and consists of 400 
MOSFET power transistors (16 separate heat sinks 
with 25 devices per sink) with a conservative 
combined power rating of 32 kW d.c. High power 
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back-to-back Zener diodes connected across the 
magnet protect the actuator and GTOs from 
excessive inductive voltage spikes during current 
switching cycles. The physical complexity and 
power requirement of the actuator assembly have 
been reduced by the use of an energy dump network 
(diode and series resistor) that dissipates the stored 
energy of the magnetic field during the discharge 
cycle. It is planned to be replaced by a GTO to allow 
variable current-ramp to vary the scan speed in the 
future upgrade of die power supply. 

The lower frequency and hence the lower actuator 
power dissipation required by the slow-scan magnet 
has enabled the use of a more straightforward linear 
circuit configuration. As seen in Fig. 2 the slow-scan 
system is powered by two back-to-back unipolar 
supplies that provide a bipolar forcing voltage to the 
slow-scan magnet via a push-pull arrangement of 
two 16-kW actuator assemblies (eight heat sinks per 
assembly). The magnet current is accurately 
controlled without switching during the entire sweep 
by a current-regulated feedback network. 

Fast-scan magnet actuator and zero-crossing 
performance 

Initial design estimates indicated that a stable closure 
of the feedback loop at the specified bandwidth for 
either system would be limited by the frequency 
response of the combined actuator assembly and its 
respective magnet load. For the slow-scan system the 
magnet bandwidth requirements and the specified 
gain are not severe and die loop specifications have 
been easily satisfied. However, in the early design of 
the power supply for the fast-scan system, the greater 
magnet bandwidth requirements and the nonlinear 
transconductance inherent in FET transistors 
produced magnet current deviations around the 
current reversal point As shown in Fig. 3, the 
magnet current (curve 2,50 mA-div.) deviates from 
its intended linear locus in the ±15 ampere region 
(between the two dashed lines in Fig. 3) of the zero-
crossing point where the polarity of the current 
changes. To mark the position of events, curve 1 is a 
plot of the rectified reference voltage that drives the 
regulator amplifier. The abrupt 1/4 ampere transition 
of the magnet due to the turning off of the bridge 
GTOs is an acceptable deviation within the dose 
uniformity specifications. 
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Precise tailoring of the feedback compensation of die 
control loop, die systematic reduction of extraneous 
electromagnetic coupling between die actuator and 
regulator circuits, a balancing of the precisioo 
rectifier circuit and die modification of die GTO 
firing chassis have all combined to improve 
dramatically die zero-crossing performance of die 
system. 

Beam extraction control 

At die Bevatron, transporting die beam to die same 
spot on die target implies dot die beam extraction 
characteristics must not change even dtou^b die 
required flux may be widely changing. 1 his is 
accomplished by a highly-complex spill control 
algoridim which ensures dial die same proportion of 
die circulating beam is extracted in each pulse 
regardless of die total number of circulating 
particles. To do this die algorithm controls die 
injected beam intensity and repeats as long as 
possible die same pattern of extraction controls. 

Figure 3 

Turn (0.2 mMctfv) 
(0.376 ms«e Dttwwn iht a/row*) 

Problems encountered earlier in controlling the fast-
scan magnet current at zero-crossing region. These 
difficulties have been removed in the modified power 
supply. 

Control of the time structure in the spilled flux is 
effected by setting Bcvairon's extraction feedback 
system to run at a high loop gain sufficient to 
provide > 40 db at 1 kHz. However due to the 100 
Msec delay in the extraction process itself, control 
above 5kHz is impossible and the high loop gain 
causes a strong oscillation at 4 - 5 kHz. For our 
system which scans the beam spot of the size a > I 

cm and die scan speed of 1200 cm/sec, dus 
frequency is sufficiently high dial diis oscillation is 
not resolved as dose variations on die scan lines. The 
present spill control system appears to be able to 
provide die uniformity required. 

Operation of the Raster Scanner Beam Delivery 
System 

The integrated system for delivering clinical beams 
using die Raster Scanner is schematically shown in 
Fig.4. The incident beam before die raster scan 
magnets is measured by a secondary emission 
monitor and an ionization chamber. The radiation 
dose over die entire radiation field is measured near 
die isocemer by a multi-segmented ionization 
chamber (7). A standard diimbie reference ionization 
chamber, when positioned at die isocenter, measure; 
die dose at die center of die radiation field for 
calibration purposes. 

Using CAMAC hardware, a VAX 780 computer 
controls die scanned beam, and records and displays 
die measured results. The control system controls die 
size of die field to be irradiated, and its displacement 
from die central ray, die scan initiation point, die 
scan speeds, and die beam flux on a pulse-by-pulse 
basis. The rectangular radiation fields of any desired 
aspect ratio with scan dimensions ranging from S cm 
to 40 cm may be produced. 

The initial tests have been conducted widi die helium 
and neon beams at an energy per nucleon of 250 and 
456 MeV, respectively (8). The beam size was 
measured at isoccnter to be 5.0 cm FWHM and beam 
intensities between 1.0 x 10** and 2.0 x 109 particles 
per pulse were used for neon ions. The largest field 
scanned was 30 cm x 30 cm with a scan frequency of 
0.4 Hz and 20 Hz for die slow and fast magnet-;, 
rcspectivi "y. 

Three separate devices were used to measure die 
uniformity of die dose distribution of die scanned 
radiation field. The first, a multiscgmcntcd ionization 
chamber with 144 distinct elements (12 x 12 matrix, 
each having an area of 6.25 cm*-) (7) measured the 
dose distribution with a limited spatial resolution. 
The second device, MEDUSA (9), a mulliwirc. 
multiplane proportional chamber (with 16 planes of 
64 wires each, each plane rotated by 11.25 degrees), 
reconstructed a 2-dimcnsional dose distribution. 
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A general schematic of the raster scanning beam 
delivery system is shown. The individual components 
are magnets, power supplies, detectors, CAMAC 
hardware, and computer system. 

Thirdly, xray films, which were manually digitized 
for the 2-dimensional dose distribution were also 
used. Doses of about 2.0 Gy at the center of the field 
were delivered with an absolute error of ±0.05 Gy an 
a variation of ±2,5% across the field. The radiation 
fields produced by this method appear to be less 
sensitive to the pulse-to-pulse variations in beam 
position and beam shape at the entrance of the Raster 
Scanner than the Wobbler dynamic beam delivery 
system (1), but require more stringent beam spill 
requirements to insure uniform radiation fields. 

Initially the zero-crossing difficulties produced a low 
dose region along the center line of the radiation 
field. This problem has been resolved as explained 
above. One-hertz oscillation in the spill structure also 
appeared in the radiation field as a dose roll-off at 
the edges of the field. This problem will be further 
addressed in the continuing spill-control develop
ment. 

Future developments 

An important advantage of the raster scanning will 
be its ability to perform 3D conformal radiotherapy 
(2; 10) by layering the treatment volume and shaping 
the cross-sectional area of each layer with a variable 
aperture (a mullileaf collimator). By conforming the 
treatment volume closer to the irregularly-shaped 
target volume, inclusion of normal tissue in the 
treatment volume will be reduced. 

A fully operational system relying on a fixed-range 
beam and a fixed modulation of the Bragg peak is 
expected to be in clinical use in 1990. 
Developmental work is now underway to give the 
Raster Scanning system the ability to perform 3D 
conformal therapy. 
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Introduction 

The major benefit of proton beams over megavoltage 
x-ray beams stems from the potential to deliver a 
more tightly defined dose distribution to the tumor, 
thus sparing nearby normal tissues and reducing 
complication rates. To this end, we continue to 
explore ways to produce proton beams of size and 
uniformity necessary for therapy, but with the best 
possible edge definition. 

Methods 

The particular situations we have studied are shown 
in Fig.l. Part a) shows a first scatterer to spread the 
beam laterally, and optionally a second scatterer and 
annulus to produce larger beams (1), together with a 
downstream degrader to set the total depth of 
penetration, and a range modulator (2) to set the 
extent in depth to be treated. We use plastic for both 
the absorber and the modulator because of its low 
atomic number. These are followed by the patient 
aperture, an air gap (which we attempt to minimize), 
and lastly the volume to be treated. The beam will be 
scattered to some extent in the absorber and 
modulator which will tend to smear out the edge of 
the beam as defined by the patient aperture. For 
example, a particle on trajectory A would normally 
be stopped by the aperture, but instead is scattered 
into the treatment field. Conversely, trajectory B 
shows a particle scattered beyond the geometrical 
edge of the aperture as projected from the first 
scatterer creating a penumbra region. The magnitude 
of this effect is governed (3) by absorber thickness 
and position relative to the aperture and first 
scatterer, the size of the air gap, and the range in the 
treatment volume at which the effect is measured. 
The penumbra can be minimized by moving as much 
of, the absorbing medium upstream, as in Fig. lb. 
Case 1 shows an upstream absorber and modulator at 
a point in the bcamline where they can replace some 
or all of the fixed scatterer, resulting in the projection 
by the patient aperture of a better collimated beam. 
Fig. lc shows Case 2, a similar setup that 

incorporates an annulus and second scatterer to 
produce a beam of larger diameter, but maintaining 
much of the increased edge definition. 

EimeJ. 

T* n L 1U«1 OIMUTIICT 

Setup currently used at this laboratory, showing a 
first scatterer, an optional annulusi second scatterer 
for larger fields, and a modulator and fixed absorber 
located downstream, b) Case I: the modulator and 
absorber are used as the scatterer in a single 
scattering scheme, c) Case 2: they are used as the 
first scatterer in a double scattering scheme. 

A simple plastic modulator placed at the first 
scattering position will produce a variable scattering 
angle with modulator position. In Case 1 this results 
in inefficient beam utilization (poor dose rate) as the 
width of the lateral distribution of dose at the 
isocenter increases beyond the minimum value 
required for field flatness at the given field size. In 
Case 2, ihe distribution of dose at the annulus and 
second scatter is no longer correct, which will 
produce a very nonuniform distribution of dose at the 
isoccnter. 
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assumed to be produced by the low-Z material, and 
yet the scattering angle produced by this material is 
greater than the desired angle, the angle 
compensation can no longer be perfect. In practice, 
useful modulators can be designed that exceed this 
limit to some extent, as the contributions of the 
lowest energy beams to a spread-out-Bragg-peak 
(SOBP) is small, and thus non-uniformity in the 
lateral dose distribution, when combined with the 
much larger contributions of the deeper, still uniform 
beams, may produce an acceptable result 

We will show results of proton beam tests of a 
compensated modulator (Fig.. 2a) 12.7 cm in 
diameter and 5,4 cm thick, designed for 156 MeV 
input energy, and 5.3 cm water equivalent 
modulation. Fig. 2b shows the thicknesses of brass, 
the high-Z material, and lucite, the low-Z material, 
used to obtain a constant scattering angle 6 0 = 21.6 
mrad at 156 MeV incident. 8 0 is the half width of the 
scattering distribution at the 61% point The given 
value will produce a full width of 11 cm to the 90% 
points in a measuring plane 550 cm downstream 
from the scatterer. For the mathematical details of 
computing multiple scattering in thick scattcrers the 
reader is referred to Appendix A, and for the method 
of computing a compensated (constant scattering 
angle) 'sandwich' dcgrader, to Appendix B. 

To construct the modulator, cylindrical brass and 
lucite blanks were separately milled on a numerically 
controlled milling machine and pinned to the shaft of 
a motor. The pattern of ramping up and down in 
energy is repeated three times, resulting in six 
complete modulation cycles per turn. Running at 
3600 rpm, 360 modulation cycles are produced per 
second. 

a) Line drawing of modulator. 

Fieure 2b 
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b) Schematic representation of modulator with 
thicknesses and relative weights to scale. 
Thicknesses (brass, lucite) range from (.311, .074) to 
(.053,532) cm. 

Bssulis 

In Case 1, single scattering, an approximately 
Gaussian beam is produced at isocenier, 5.5 m 
downstream, with a 90% width of 11.3 cm and a 
range of 15.1 cm in water to the distal 90% point. 
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The shape of the SOBP is remarkably constant with 
the addition of lucite absorber upstream of the 
modulator, producing a beam with the same 
modulation but lesser range. Fig. 3 shows depth 
doses for modulated and unmodulated beams where 
6g/cm2 of Incite was added for a total range of 9.4 
cm in water. The tilt toward lower dose with greater 
range in the SOBP was probably due to using an 
inappropriate Bragg peak for the design and could 
easily be corrected for in a new version of the 
modulator. 

Ft sure 3 

beam of approximately 30 cm diameter, S.3 cm 
modulation, and 14.4 cm range. The data (Fig. 5) 
were taken with a transverse array of 40 diodes with 
1 cm spacing. Lucite absorbers were placed upstream 
of the diodes to obtain the data at various depths. 
(The array was not moved downstream with the 
addition of absorber, so the data do not represent a 
true "depth dose". A 3% lower dose would be 
obtained at the distal SOBP compared to the 
proximal SOBP if this effect were taken into 
account). Note that the lateral uniformities are good 
throughout the SOBP. Systematic effects can be 
seen in some channels that represent imperfect diode 
calibrations rather than real fluctuations in dose. 

Figure 4 
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Depth-dose for case 1 : compensated modulator in a 
single scattering setup with 6 gtcn? of extra lucite 
absorber. A typical unmodulated Bragg peak is 
superimposed, arbitrarily shifted and scaled. 

The setup just described was used to demonstrate the 
improved edge definition of upstream modulation. 
Fig. 4 shows lateral scans at 4 cm equivalent depth in 
a water tank located 5 cm downstream of a patient 
aperture (see Fig. lb) for the downstream and 
upstream modulation cases.(To dale, almost ail of 
our patient treatments have used downstream 
modulation.) This places the scan at the upstream 
end of the SOBP where the difference in edge 
definition is most pronounced. The difference of 2.1 
mm between a 4.1 mm and 2.0 mm 80-20% fall-off 
is of therapeutic significance in many situations 
involving critical structures (e.g. the spinal cord). In 
Case 2, the same modulator is used in conjunction 
with an annulus and second scattcrer to produce a 

I ' ' ' ' I ' ' ' ' 
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Transverse scans through the penumbra of an edge 
of a beam-defining aperture spaced 5 cm from the 
entrance of a water tank. The scans were taken at 4 
cm water equivalent depth in the tank. Crosses = 
upstream modulator; squares = equivalent 
downstream modulator. In the first case the 80-20% 
fall-off distance is 2.0 mm, in the second 4.1 mm. 

Case 2 demonstrates that upstream modulation can 
be combined with an annulus in a proton nozzle at a 
fixed energy. The addition of significant amounts of 
absorber upstream of the modulator in order to 
create a beam of lesser total depth, as we did in Case 
1, would not be feasible in this case. 
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Cflnchraom 

The possibility of using up stream modulation and 
range adjustment in a complete proton therapy 
scattering system continues to look promising. The 
number of modulators, and the modifications 
required to the double scattering setup in order to use 
this technique exclusively, are under investigation. 

Appendix A: Multiple Scattering in Thick Targets 

For our present requirements it is sufficiently 
accurate to take the probability of scattering through 
an angle 9 into a solid angle d Q as a Gaussian of the 
form 

P{0)dn = ~e-^)26d9d<f, (I) 

The characteristic multiple scattering angle 0 O 

depends on proton energy, scattering material and 
thickness according to Highland's formula (6,7) 

#o = 
14.1 •m » + 9lO«10(Vi*) radians (II) 

in which Z j ^ is the atomic number of the incident 
particle, L.g is the radiation length characteristic of 
the scattering material, L is the scatterer thickness in 
the same units, p is the momentum of the incident 
particle and Be is its speed. A relativistically correct 
expression for the kinematic factor is 

E2 - (mc2)2 

(HI) 

where E = mc^ + T is the loial energy of the proton, 
T being its kinetic energy and mc2 its rest energy. 
Equation (II) holds to about 5% for target 
thicknesses such that L/LR ranges from .001 to 10, 
but of more immediate concern to us is the target 
thickness compared the range of the incident proton; 
if the proton loses a significant part of its energy in 
the target we must decide what equivalent energy to 
use in calculating the kinematic factor. 

An obvious method is to divide the target into slabs, 
using any convenient range-energy relation (8) to 
evaluate (III) and adding the contrioulions to 0 o in 

quadrature. We cannot pass to the limit of 
infinitesimal slabs treating the sum as an integral; 
such a limit does not exist because of the logarithmic 
term. We must use a small number of finite slabs. 
Without going into the details we note that it is 
efficient to divide the target by equal ratios rather 
than equal thicknesses, each slab being (say) twice as 
thick as the previous one, and to take the effective 
kinetic energy for each slab as the geometric rather 
than the arithmetic mean of the incoming and 
outgoing energies. The result is rather independent of 
how the target is divided up. For targets so thick that 
the proton itearly stops, one finds experimentally that 
8 0 levels off rather than rising indefinitely as 
predicted by (II). presumably because large-angle 
protons are more apt to range out. Putting all this 
together yields a subroutine THETAO which finds 8 0 

given a material code, a thickness in g/cm2 and an 
outgoing energy. It has been shown experimentally 
to be quite accurate (9) for proton multiple scattering 
in thin and thick targets of many elements and 
compounds. 

FigweS 

Ed 
W o a 
w 

i 
on 

10 20 
CM 

30 40 

Transverse dose distributions measured with a diode 
array behind various thicknesses of lucite absorber, 
using the upstream modulator, annulus and second 
scatterer arrangement to flatten the beam. The inset 
shows an approximate depth-dose obtained by 
plotting one of the central channels vs. absorber 
thickness. Plot symbols key it to the main graph; 
those plotted as crosses have been omitted for 
clarity. 



Appendix B: Designing a Constant-Scattering 
Degrader 

Given incoming and outgoing energies Ta and T c we 
wish to design a degrader composed of a layer of 
low-Z and a layer of high-Z material such that the 
characteristic angle Q^ of the emerging 
(approximately Gaussian) angular distribution has a 
prescribed value. Let Ma, M^ denote the two 
materials (say brass and lucite) and La, Lj, their 
thickness in g/cm% to be found. Pick an energy Tj, 
between T a and Tc. Using the range-energy relations 
for Ma and Mj,, find the corresponding L a and L^. 
Using the routine THETAO described above, find 0 o 

for each of the slabs. Evaluate the quantity 

el(La,Tb,Ma) +02
o(Lb,Tc,Mb)~0*c 

Repeat, searching for that value of Tj, which will 
make the above expression vanish. The "false 
position" algorithm (10) can be used for the search; it 
is quite fast and the trial root always lies between T a 

and T c and therefore never wanders into non-
physical territory. 

The subroutine that carries this out also handles the 
cases where a) the all-low-Z solution for the desired 
energy difference already produces too much 
scattering or b) the all-high-Z solution produces too 
little scattering. In either case the subroutine returns 
with the energy requirement satisfied and the angle 
as close as it can get with those materials. This 
problem was not encountered in the present case as 
shown by the fact that each modulator position has 
some brass and some lucite. 
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Introduction 

The work presented here is part of an ongoing 
project to quantify and evaluate the differences in the 
use of different radiation types and irradiation 
geometries in radiosurgery. In particular, we are 
examining dose distributions for photons using the 
"Gamma Knife" and the linear accelerator arc 
methods, as well as different species of charged 
particles from protons to neon ions. This work has 
been carried out at the Lawrence Berkeley 
Laboratory (LBL), with help from Dr.Michael Schell 
at the University of California, San Francisco 
(UCSF) in establishing accurate parameters for 
photon calculations. 

A number of different factors need to be studied to 
accurately compare the different modalities such as 
target size, shape and location, the irradiation 
geometry (number, orientation, and shape of 
beamports), and biological response. Obviously 
much work needs to be done to characterize all of 
these factors. This presentation focusses on target 
size, which has a large effect on the dose 
distributions in normal tissue surrounding the lesion. 
An introductory paper to our methods and rationale, 
which also contains some preliminary results, is 
currently in press (1). 

This work concentrates on dose distributions found 
in radiosurgery, as opposed to uV.se usually found in 
radiotherapy, although there is much that is common 
between the two. This has several consequences: 

1. Target size is relatively small, that is from about 
0.5 cm to 8 cm in size along any one direction. 
This translates to target volumes from between a 
few tenths of a cubic centimeter to about 70 cm->. 

2. Photon treatments are carried out using multiple 
converging beams. In the "Gamma Knife", this is 
accomplished witli 203 separate Co°® sources; 

with the linear accelerator, with multiple con
verging arcs. 

3. The lesions treated are in the brain, and the head 
is fixed within a stereotactic frame. Only I or 2 
fractions are used. This implies that the re
positioning errors are considered negligible. 

Method and Material 

Dose distributions have been calculated using a 3-
dimensional, CT-based treatment planning program 
developed at LBL; a set of dose distributions is 
calculated for all CT images spanning the head. The 
CT images are spaced 3 mm apart, and the pixel 
sizes for the dose calculations are 3.2 x 3.2 mm. To 
focus on target size, we have chosen spherical targets 
encompassing the range of diameters from 1 cm to 6 
cm. The effects of different target shapes have not 
yet been fully explored. For the charged particle 
treatment plans, eacn beamport is compensated to 
shape the distal edge of the beam to the target shape. 
The widths of the spread Bragg peaks are in 
increments of 1 cm. The widths of the beamports 
(and the compensation, in the case of charged 
particles) are set so that the 90% isodose curve falls 
on the target boundary. . 

Irradiation geometries were defined by number of 
beamports, their spatial orieniation, and their 
weighting. The charged particle geometry for each 
plan follows the practice at LBL: 3-5 beamports 
lying in the sagittal and coronal planes and angled at 
20-30° from the lateral. For midline lesions, the 
beamports are arranged bilaterally; for lesions lying 
solely in one hemisphere, the beamports a).' :ie within 
the affected hemisphere. The irradiation geometry 
for the "Gamma Knife" is described in Dahlin and 
Sarby (2). The irradiation geometry chosen for the 
dose calculations using the linear accelerator method 
is that used in Heidelberg (3). 

The dose distributions were evaluated using dose-
volume histograms of the 3-D distributions. Peak 
doses of I Gy were used in all calculations for case 
of comparison. Dosc-volumc histograms were calcu-

'Thij research was supported by the Office of Health and 
Environmental Research, U.S. Department of Kncrgy Contract 
DF.-AC03-76SF00098. 
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bued for the volume of the lesion and for volumes of 
normal tissue outside of die lesion. With such small 
target volumes, dose-volume histograms to the entire 
brain for die purpose of evaluating normal tissue 
exposure are not very effective. In order to improve 
die 'resolution" of die histograms, shells of normal 
tissue surrounding the lesion were defined. 
Depending on die size of die target, shells of 
aiickness 1 or 2 cm encompassed the entire high 
dose region (down to 10% of peak dose or lower), 
and histograms of the volumes enclosed in the shells 
were used to compare die different methods. 

Results and Discussion 

When calculating dose distributions to such small 
volumes (less dun or equal to several cubic 
centimeters), care must be exercised to ensure 
accurate representations of die dose deposition 
characteristics of die different radiation types. Singh; 
beam treatment plans were calculated for each of die 
radiation types and depth dose characteristics were 
compared with measured dose distributions. Data 
from UCSF were obtained lo model die single beam 
dose distributions characteristic of linear accelerator 
single beam radiosurgical dose distributions. 
Comparisons were also made between calculations 
and measured dose distributions resulting from 
irradiation with all of die beamports. "Gamma Knife" 
and linear accelerator results were compared to 2-
dimcnsional dose profiles in the literature (4,5). 
Dose-volume histograms for linear accelerator 
geometries used at UCSF were compared to 
histograms calculated using die LBL program in 
order to ensure complete, 3-dimcnsional accuracy. 
Such comparisons have proven valuable, and 
modifications in die computer-calculated single 
beam dose distributions and in die parameters for 
defining the irradiation parameters have been made 
as a result. Currently, our calculations are in good 
agreement with die measurements and calculations 
cited above. Differences, when they exist, are usually 
approximately 5% and occur in die tails of die 
distributions, where die overall contribution to die 
dose is relatively small. 

Once die accuracy of die method was established, 
dose distributions were calculated for spherical, 
midplane lesions of diameters from 1 to 6 cm. All 
methods provided good coverage of die target 
volume. Figs. 1 and 2 demonstrate die results of die 
different radiation types for lesions 1 and 6 cm in 
diameter, respectively. Little difference was seen 

between die "Gamma Knife" and linear accelerator 
results, so only die latter results (LINAQ are plotted. 
A comparison of histograms calculated for protons 
and photons for five target siaes between 1 and.5 cm 
diameters demonstrair-d a result dot is also 
illustrated in Figs. 1 and 2. Namely, dot as target 
size increased, the ability of charged particle single 
beam dose distributions to be tailored to the target 
(using compensation and spreading of die Bragg 
peak) resulted in little change in die shape of die 
charged particle dose distributions. For photons, on 
die odier hand, as the target size increased, the shape 
of die histogram for die shell changed from being 
favorable (die high dose region encompasses only a, 
small volume) to being unfavorable (die histograms 
approach die shape of die histogram for die target 
volume). It must be noted diat when viewing die 
histograms attention must be paid to the fact diat die 
absolute volume of normal tissue included widiin die 
shell increases rapidly widi increasing target 
diameter. It should also be noted diat spherical 
targets result in die most favorable comparisons 
between charged particles and photons since, in 
practice, photon beams are not shaped to correspond 
to irregular target volumes and are either elliptical or 
circular in cross-section. 

F'fure 1 
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Dose-volume histogram calculated for the volume of 
tissue enclosed within a 1 cm-thick shell surrounding 
a 1 cm diameter target. Histograms are calculated 
from the dose distributions resulting from linear 
accelerator photons (Linac), protons, helium and 
carbon ions. Peak target doses for each case were I 
Gy. Photon and proton results are seen to be very 
similar. 
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Figs. 1 and 2 also illustrate differences between 
species of charged particles. Carbon ions are 
expected to give the best dose distributions as a 
result of their decreased range straggling and 
multiple scattering when compared to lighter ions, 
and this is borne out in the results. Similarly, helium 
ions have an advantage over protons. The relatively 
large differences between protons, helium ions and 
carbon ions for the 1 cm target decrease markedly 
when the target size increases to 6 cm. For large 
targets, ail three species of charged panicles result in 
similar dose distributions. This is a result of the 
amount of multiple scattering relative to the target 
size. For protons penetrating to a depth of 10 cm in 
water, the width of the multiple scattering 
distribution is on the order of 1 cm, whereas for 
helium ions and carbon ions it is 0.S cm and smaller. 
As target size increases, the size of this penumbra 
region slays constant and it has less of an effect 
relative to the increasing size of the central area of 
the beam. 
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Dose volume hislogram calculated for the volume of 
tissue enclosed within a 1 cm-thick shell surrounding 
a 6 cm target. Histograms are calculated from the 
dose distribution resulting from linear accelerator 
photon (Linac), protons, helium ions and carbon 
ions. Peak target doses for each case were 1 Gy. The 
differences between the different species of charged 
particles are much less when compared to the 1 cm 
target distributions. 

Summary 

Much work needs to be done to accurately quantify 
the differences in radiosurgical dose distributions 
obtained using different species of charged particles 
and photons. One important factor is the size of the 
target Present results indicate that for small targets 
(on the order of 1 cm diameter), protons and photon 
techniques yield similar results. As target size 
increases, proton dose distributions become more 
similar to heavier charged panicle distributions 
(helium and carbon ions), and photon dose 
distributions result in relatively larger volumes of 
normal tissue being irradiated. Clinical results with 
the "Gamma Knife" in particular have shown that 
photons provide clinically useful dose distributions 
for target sizes less than or equal to 2 cm. In the 
future, we hope to utilize such clinical results to 
determine the biological importance of differences in 
dose-volume histograms, and to provide a basis for 
the optimal application of the appropriate 
radiosurgical method. 
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Introduction 

Since 1982 a three dimensional spot scan technique 
has been used at PSI to treat patients with negative pi 
mesons (1). This procedure results in a good 
confonnation of the dose distribution to the target 
volume. Pions are not suited for a hospital based 
particle therapy, but interest has increased for proton 
therapy. Protons undergo a small lateral scattering, 
have a well defined range and are therefore 
predestinated to be used for conformation therapy of 
deep seated target volumes. 

In order to evaluate the benefits of a proton spot scan 
irradiation method we calculated dose distributions 
for a pion therapy, a proton therapy using a similar 
technique as for the pions, a photon conformation 
therapy and a photon fixed fields irradiation. 

For a pelvic and a head tumor, we compared the 
different dose distributions and the dose volume 
histograms calculated for the target volume, the 
normal tissue in general and the critical organs. 

Treatment Techniques 

In the Pion treatment planning calculations a 
computer program minimizes the deviation between 
the desired and the best possible dose distribution in 
an iterative procedure (2). For the treatment, a spot 
of stopping particles is scanned along an optimized 
track through the target volume. By this technique a 
homogeneous dose distribution is achieved inside the 
target volume, but due to the relative large spot size 
(55 mm FWHM) the fall-off outside the target 
volume is not very sharp. In addition, due to the 
rotational symmetry of the 60 beams of the Piotron a 
uniform fall-off in all directions results and cannot 
be modified substantially even by selecting 
appropriate sectors of beams (Fig. 1). 
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Comparison of the 60 beam Pion spot profile with 
the proton pencil beam used to scan through the 
target volume, a) : Transversal Profiles, b) : 
Longitudinal profiles, showing the sharp cut off of 
the proton Bragg peak. 

In Proton therapy an improved dose distribution can 
be achieved due to the small scattering of the protons 
and the sharp Bragg peak with its steep fall-off (3). 
The 3-D dose distribution of a 250 McV proton 
beam, having a slightly expanded Bragg peak, was 
calculated taking into account range straggling and 
multiple scattering in water (Fig. 1). Using the 
optimizing program for the three dimensional spot 
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scanning technique developed for pions, dose 
distributions have been calculated for multiport 
proton irradiations. Corrections for pahent 
inhomogeneity were not applied. 

The Photon Conformation technique used in Japan, is 
a dynamic irradiation methode coordinating multi 
leaf collimator settings, couch position and dose rate 
(4). Eleven pairs of leafs with ten millimeter width 
can be moved according to the rotating gantry angle. 
While the couch is moved in the longitudinal 
direction, the dose rate of the 10 MV photon linac is 
adapted dependent on the cross section of the target 
volume. 

Figure 2 

Dose distribution for a pelvic tumor calculated for 
four treatment techniques: a) 250 MeV proton spot 
scanning, b) 60 beam Pion spot scanning, c) 
Dynamic photon conformation d) 5 Field photon 
treatment. R, L : Right, left Kidney, S : Spinal Cord, 
T: Target limit. Numbers 0, 9,8, 7... : 100%, 90%, 
80%, 70% isodoses. 

For the fixed field Photon irradiation the dose 
calculations were done on a AECL-Theraplan 
planning system for 6 MV Photons from a BBC 
Dynaray linear accelerator. 

Comparison of Dose Distributions 

Dose distributions for the irradiation methods 
described above were calculated for two selected 
cases. These two patients have been treated with 
Pions at PSI. The 90% isodose is surrounding the 
target volume. The minimal target dose is 90%, the 
average target dose approx. 98% of tre reference 
dose. 
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Pelvic tumor Retroperitoneal liposarcoma nestled 
against the spinal cord. Longitudinal 
extension from Thll to L3, Target 
Volume 823 ml. 

Head tumor Osteosarcoma in the region of the 
left upper jaw, invading sinus 
maxillaris, the orbita and the left side 
of the nose. Tumor volume 480 ml. 

1. Pelvic liposarcoma: 

The dose distributions on Fig. 2 already visualize the 
lower doses to critical tissues for the proton 
irradiation. In a further evaluation we calculated the 
dose volume histograms for the tissues inside and 
outside the target volume as well as for the spinal 
cord, both kidneys and the intestine. These 
histograms all confirm the superiority of the proton 
irradiation compared to the pkm and photon 
treatments. The histograms for kidney and spine for 
the various irradiation techniques are presented in 
Rg.3. 

Fig. 2 shows the calculated dose distribu lions in a 
central slice of the target volume for the four 
techniques. The isodoses range from 10% to 100% in 
10% intervals. 

For the proton plan we chose two Fields from the left 
side, one horizontal and one at 45°. These beam 
angles result in an optimal sparing of the spinal cord 
and right kidney. The pion planning was done using 
all the 60 beams. 

Figure 3b shows that the results of the photon 
conformation treatment can be improved going from 
a single axis rotation to a two axial conformation 
therapy. In a two axial rotation the dose distribution 
can also follow concave targets which leads to a 
reduced dose burden to the spinal cord, the dose 
volume relationship for the spine (Fig.3b) has been 
calculated in addition for a simple 4 field treatment 
to demonstrate the difference to the more elaborate 
photon plan shown in Fig.2d. 

The photon conformation treatment is achieved by a 
single axis rotation. This leads to relative circular 
isodoses around the target contour. The fixed fields 
photon treatment (Fig.2d) assumes Ave Fields given 
in two series, first AP-PA, then AP oblique with 
wedge and left lateral with wedge and block. 

Figure 3 

Dose I X 1 Oose [ % 1 

Dose volume histograms of the right kidney a), and 
the spinal cord 

b), for the pelvic liposarcoma, calculated for 
different irradiation methods 
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2. Head osteosarcoma: Eixiexl 

The proton therapy of the head tumor was planed 
using a horizontal 250 MeV proton field and a 
second field at 40° from the left The result of die 
proton dose distribution is shown in an orbital slice 
in figure 4. The isodoses range from 10% to 100% in 
10% intervals. 

For die pion irradiation we used 30 converging 
beams from the left 60° above the horizontal. For 
asymmetric beam geometries spatial variations of the 
relative biological effectiveness (RBE) are taken into 
account in die dose optimization calculations. The 
photon confonnaiion therapy is planed for the siagle 
axis rotation methode. The photon planning is done 
using the half beam technique with two fields and 
two wedges on one side and three fields with three 
wedges on the other side. 

We calculated the dose volume histograms for the 
target volume and the critical organs. The maximal 
dose to the lense of the left eye was less than 5% in 
the proton and photon plans, 35% in the pion and 
40% in the photon conformation plan. The 
histograms for left opticus, brain stem and pituitary 
show a clear reduction in organ dose in a proton 
irradiation compared to the other three methods. 

Figure 4 

Dose volume histograms for the pituitary calculated 
for different irradiation methods. 

The dose volume curves for the pituitary, evaluated 
using four treatment techniques are drawn in Fig. 5. 
The histograms of the brain stem exhibit a similar 
behavior as those calculated for the pituitary. In both 
organs the photon plan results in an increased 
volume being irradiated with a higher dose and a 
reduction of the low dose volume compared with the 
pion and photon conformation technique. 

Dose distribution in the orbital plane of the 
osteosarcoma calculated for a 250 MeV proton spot 
scan therapy. L: Left Eye with lens, B: Brain stem. 
P: Pituitary, T: Target limit. Numbers 0, 9, 8, 7.. : 
100%, 90%, 80%, 70% isodoses. 

B'XttSS'pn 

In an attempt to quantify the dose volume histograms 
to compare the different techniques we used a 
histogram reduction mcthode described by Lyman 
(5). Given a complication probability function, 
C(D,V), for each organ, the dose volume histogram 
resulting from an inhomogencous irradiation of an 
organ can be reduced to a single step histogram. The 
C(D,V)-function is based on photon data and 
conventional fractionation. 

The single step histogram states the dose for a 
homogeneous exposure of the organ resulting in an 
equivalent probability for a complication as the 
inhomogencous exposure. We determined the 
equivalent doses for the most critical organs of the 
head and pelvic case, the values for the pituitary and 

• the kidney for the different treatment techniques arc 
given in Fig. 6. The tumor dose was assumed to be 
60 Gy respectively 70 Gy photons or photon 
equivalent at the 90% isodosc. 
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Equivalent doses given to the full organ (Pituitary 
for the head case. Right kidney for the pelvic case), 
calculated for four irradiation methods and 
assuming a given tumor photon dose of 60 
respectively 70 Gy. 

The results of Fig. 6 demonstrate a substantially 
lower radiation burden to neighbouring normal 
tissues for protons compared to the other treatments. 
This would allow a increased dose to the target 
volume for an equivalent complication probability. 

As the therapy plans have not all been evaluated in 
the same institute nor by the same person, small 
differences in the choice of security margins can not 
be excluded. No inhomogeneity corrections have 
been applied for the proton planning. However in a 
final version of the treatment planning software an 
appropriate correction will be made for each spot 
position (6). 

In conclusion, the dose distributions have proven to 
be superior for the proton scan technique for the 
cases under investigation, depositing less dose to the 
adjacent normal tissues for the same target dose. An 
increased therapeutic ratio could be expected. 
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Introduction 

Fully optimized treatment plans for radiation therapy 
will maximize tumor dose without exceeding an 
acceptable complication probability. To achieve this 
ultimate object it is required to obtain a means to 
estimate a likehood of normal tissue complication. In 
conventional external treatment techniques 
represented by AP, PA parallel opposing beams 
technique, dose to organs at risk is equal to that to 
the target volume in general, therefore an estimation 
of the dose to a given organ is considered easy and 
data for the tolerance of normal tissues or organs 
have been accumulated. These tolerance data for 
uniform irradiation to all or a part of an organ are 
usually given for either 5% (TD5) or 50% (TD50) 
probability of radiation injury. On the other hand 
many innovations in external radiation therapy 
including computerized treatment planning systems, 
computer-controlled treatment units as well as 
particle beam facilities have made it possible to 
confine high dose to the target volume while 
surrounding normal tissues and organs are well 
spared. Although the number of the cases treated 
with this dose conformation technique is still limited, 
several reports noticed possible improvement of 
treatment results. With the conformation technique 
the target volume is irradiated homogeneously, as in 
conventional radiotherapy whereas surrounding 
tissues and organs receive lower doses and non
uniform dose distributions. The extent of dose 
inhomogeneity depends on the type of radiation 
source and treatment plan applied. Clinical data 
concerning radiation tolerance which have been 
accumulated with conventional irradiation 

' techniques are not applicable without appropriate 
corrections. 

Recently a potential solution for this problem was 
proposed by Lyman using dose-volume histograms. 
This method reduces a given dose-volume histogram 
to one with a single step by an interpolation scheme 
which corresponds to the same complication 
probability, and as a result it converts a non-uniform 
radiation exposure to a uniform dose to a whole 
organ resulting in an equivalent likehood of radiation 
injury. Needless to say this histogram reduction 
method is based on data from low LET radiation 
with conventional fractionation schedules (1.8 - 2.0 
Gy per fraction and 5 fractions per week) which 
means that when it is applied to high LET radiation 
such as negative pion treatment it is required to 
convert the dose to equivalent photon dose. In this 
study the method for estimating complication 
probability in non-uniform radiation exposure was 
applied to die actual patients treated with negative 
pions at Paul Scherrer Institute using a spot scanning 
conformation technique. 

Methods and Material 

ratient selection 

From 1982 to 1988 a total of 161 cases with pelvic 
tumors were treated at Paul Schcrrer Institute (PSI). 
71 cases were excluded from the study who did not 
survive more than one year after the completion of 
radiation therapy and may not have had sufficient 
time to develop complications and/or who received 
combined therapy with conventional low LET 
radiation. Using this criteria 90 of original 161 cases 
were considered evaluable. Of these 90, 27 were 
bladder carcinomas, 26 prostate carcinomas, 20 
cervix carcinomas, 13 soft tissue carcinomas, 2 rectal 
carcinomas, and 2 uterine body carcinomas. 

A total of 21 patients developed moderate to severe 
bladder and/or rectal complications. Moderate to 
severe complication is defined as Grade II-IV injury 
described in RTOG grading system. Out of 21 cases 
with complications, 12 showed bladder 
complications only, 1 showed rectal complication 
only, and 8 showed complications in both, the 
bladder and the rectum. Thus totally there remained 
20 bladder complications and 9 rectal complications. 

Conformation dieranv with the Piotron 

At PS! negative pi-mesons arc produced by 
bombarding a beryllium target with 590 McV 
protons. Two rings of 60 superconducting magnets 
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focus 60 pion beams to produce a spot on the 
symmetry axis of the Piotron. The dynamic spot 
scanning technique developed at PSI involving 
translation of the patient through the fixed beam spot 
makes it possible to tailor treatment volumes in three 
dimensions, even taking into account concave 
surfaces. A fully computerized treatment planning 
system has also been developed for this dynamic 
irradiation technique. Detailed information 
concerning technical aspects of pion treatment have 
been described elsewhere. Apart from being able to 
shape concave sections, the Piotron dose 
distributions are similar as those from photon 
conformation technique using multi-leaf collimators. 
A typical dose distribution for a bladder carcinoma is 
demonstrated in Fig. 1. 

Figure 1 

Typical dose distribution of conformation technique 
with negative pions 

Histogram reduction method 

Commonly dose distributions are presented as 
superimposed on CT slices and the therapist should 
integrate them to evaluate a given treatment 
planning. A practical and quick way to assess 
acceptability of a planning is to utilize the 
cumulative dose-volume histogram which shows the 
fraction of an organ which receives a dose equal to or 
greater than a given value. The dose distributions 
superimposed on CT images cannot be substituted by 
the dose-volume histogram since only dose 
distributions can give the location of a high dose 
region. However the dose-volume histogram may 

give some additional information which are not 
obvious when only dose distributions are considered 
by the therapisL 

A sophisticated method to estimate the complication 
probability of a normal organ from a cumulative 
dose-volume histogram and data which have been 
accumulated for unifonn irradiation to all or a part of 
an organ was proposed by Lyman. A function 
C(D,V) is introduced by Lyman which relates the 
probability for a complication to die dose D and the 
fraction V, whereas die rest of die organ (1-V) 
receives no dose. The function C(D,V) is given in the 
following equation. 

P c = C ( D , V ) = 1 / y ^ exp(-^2 )dt 

t=(D-TDjo(V))/<r(V) 
TDio(V)=TDso(1)/Vn 

<T(V)=m*TD5o(V) 

Thus C(D,V) is fully parameterized by TD50 (1) 
which is die tolerance dose yielding 50% 
complication probability for uniform radiation to the 
entire organ, die exponent n, and the coefficient m. 
Obviously it is rather difficult to determine the two 
parameters n an m whereas TD50 (1) can be taken 
directly from die data in die literature. The value of 
TD50 (1) for the bladder and the rectum was 
presumed to be 72 Gy and 75 Gy respectively by 
Lyman. In his paper die parameter m was assumed to 
be die same for every organ and to be equal to 0.1. A 
value of 0.1 for the parameter n was also chosen for 
both die bladder and the rectum. 

Using this function described above, Lyman 
proposed a way to predict die likchood of 
complication of an organ for three dimcnsionally 
non-uniform radiation such as conformation therapy 
widi die Piotron at PSI, The dose-volume histogram 
with N steps is reduced to one with N-l steps 
yielding die same complication probability.. The 
interpolation scheme using C(D,V) is applied for die 
reduction procedure. This process is repeated until a 
final single step histogram is left. This fully reduced 
single step histogram provides a value of-equivalent 
dose to the whole organ when delivered uniformly 
and dicrefore die complication probability of die 
organ is obtained. In Fig. 2 the horizontal axis 
represents cobalt equivalent target dose and 
equivalent dose to die whole rectum, shown on the 



right vertical axis. For instance non-uniform 
radiation with a target dose of 75 Gy makes the same 
likehood of rectal injury as does uniform radiation of 
64 Gy to the whole rectum and the value of the 
complication probability is 0.08 as shown on the left 
vertical axis. 

Figure 2 
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probability and the nominal full organ dose for one 
patient. The dashed line and the right scale for the 
full organ dose, the dotted line and the left scale for 
the complication probability. 

Biological effect of negative Dions 

Dose-volume histograms for ail 90 cases evaluable 
were generated from dose distributions and reduced 
to single step histograms using this method. The 
histogram reduction procedure of Lyman is based on 
data from Low LET, applied with conventional 
fractionation schedules (1.8 - 2.0 Gy per fraction, 5 
fractions per week). RBE is besides radiation quality 
dependent on several factors as dose, dose per 
fraction, histology, size of tumor etc. In this study we 
converted the dose per fraction for pions into dose 
per fraction for photons using a conversion factor. 
The corresponding hypothetical photon treatment of 
4 fractions per week for S weeks was converted to a 
treatment schedule of 5 fractions of 2 Gy per week 
by use fo the NSD formula for photons. This way the 
determination of appropriate coefficients for pions 
could be avoided. 

Results 

90 evaluable cases were divided into roughly equal 
groups according to the equivalent doses to the 
whole organs which were calculated as above using a 
fraction-dose-conversion factor of 1.9 (Table 1,2). 

Each group is represented by an average dose for the 
patients included in it. A considerable number of the 
cases, namely 19 cases, received 75 Gy or more to 
the bladder whereas only two cases received more 
than 75 Gy to the rectum because of the high 
proportion of bladder carcinomas in this study. 
Complication rates were calculated by dividing the 
number of the cases injured by that of the cases 
contained in each group. Figures 3 and 4 demonstrate 
theoretical complication probability curves for 
uniform irradiation of the entire organs and the 
observed complication rates calculated as mentioned 
above for the bladder and the rectum. The open 
circles are observed complication rates for the groups 
as functions of their average doses obtained by using 
a conversion factor of 1.9. Although the number of 
the cases are too limited and the 95% confidence 
limits are too wide to draw any definitive 
conclusions, the observed complication rates appear 
to fit the theoretical curves. The total dose 
conversion factor, relating the dose for a 20 fractions 
5 week treatment with pions to a 35 fractions 7 
weeks treatment with photons would be 2.26. 

Figure 2 

Bladder injury 
Conversion factor is 1.9 
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Theoretical complication probability curve and 
observed complication rates of the bladder with a 
fraction dose conversion factor of 1.9. 
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Figure 4 different if it is used to convert the dose of single 
fraction or fox an entire treatment 

Rectal injury 
Conversion factor is 1.9 

C—r> Prob. 

. till 

40 50 to 70 M 100 (Gy) 

•quivalcnt dow 
to whole rectum 

Theoretical complication probability curve and 
observed complication rates of the rectum with a 
fraction dose conversion factor of 1.9 

Discussion 

At PSI fully three dimensional radiation therapy is 
performed as routine practice with the dynamic spot 
scanning technique. Up to the end of September 
1989, a total number of 490 cases were treated with 
this technique. The dose distributions for all patients 
and many dose volume histograms have been stored 
on tape, additional dose volume histograms can be 
calculated if desired. 

Conformation of the dose distribution to the target 
volume in three dimensions is an important concept 
in improvement of radiation therapy results. For phy
sics reasons heavy charged panicles arc well suited 
for a localized treatment, densely ionizing particles 
in addition demonstrate an enhanced biological ef
fectiveness. Pion therapy applied with the dynamic 
spot scan technique used at PSI combines both the 
physical and the biological aspect, but it is difficult 
to judge the relative importance of each. Concerning 
the biological factor, there is no single RBE value 
applicable to every situation, since the RBE is de
pendent on many factors as tumor volume, tumor 
shape, tumor localization, dose rate, fractionation 
schedule etc. Nevertheless some of the patients are 
refcred to our facility after photon irradiation, in 
these cases it is necessary to convert pion doses to 
photon equivalent doses. For this conversion we de
rived a conversion factor which takes into account 
the RBE and the difference in the fractionation sche
dule. This factor is called the conversion factor, it is 

No established method for predicting complication 
probability for conformation therapy is available as 
those utilized routinely for photons and heavy par
ticles. Most ot the accumulated normal tissue 
tolerance data are valid for uniform irradiation only, 
as with parallel opposed fields, and cannot be used 
for non-uniform threedimensional dose distributions. 
Several models to calculate complication probability 
for conformation therapy based on data for uniform 
irradiation have been reported so far, of these the 
histogram reduction method is considered to be one 
of the most practical approaches since already some 
commercial treatment planning systems offer the 
possibility to calculate dose volume histograms. The 
validity of this approach should be verified by 
applying it to photon conformation therapy. A few 
papers have reported the application of such models 
to a series of actual cases treated with photon 
conformation therapy. For particle therapy such an 
analysis might contribute valuable data to determine 
the RBE for radiation injury. 

From our study it is obvious that the histogram 
reduction method is useful to assess the likchood of 
radiation injury for the conformation technique at 
PSI. However the number of the cases is too small to 
predict the probability quantitatively. In addition no 
further paticnis receiving higher doses to the bladder 
or to the rectum than cobalt equivalent 70 Gy arc 
expected. Such high doses were delivered only in a 
dose escalation program 1982 and 1983 which were 
first two years of phase II studies of the project 
Since treatment dose is defined as minimum target 
dose, commonly the 90% isodose level, when the 
treatment volume covers the entire critical organ the 
equivalent dose to the whole organ is higher than the 
minimum target dose itself. Such situations were 
frequently observed in 1982 and 1983 when the 
target volumes included regional lymphnodes. An 
inter-facility collaboration would be hclpfull to 
increase the amount of data available. 

A conversion factor of 1.8 to 2.0 is suggested in this 
study. This factor is the ratio of a single dose with 
pions to a single dose with photons. Commorriy a 
fraction dose with pions is around 1.6 Gy and if the 
conversion factor is around 2.0, the cobalt equivalent 
fraction dose will be greater than 3.0 Jy. As a result 
the conversion factor from total dose to total dose is 
greater than that for single dose to single dose. On 
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the other hand in this study complication is defined 
as Grade II-IV which means moderate to severe 
radiation ' injury. Consequently when the 
complication is defined as severe (Grade III-IV) the 
conversion factor will be smaller. 

Finally, though there were several problems in 
assessing the complication probability for pion 
conformation therapy at PSI, the histogram reduction 
method is considered to be a usefull tool to evaluate 
treatment plans, especially as data accumulates. 
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Introduction 

Fast neutrons are used for radiotherapeutical 
applications in the German Cancer Research Center 
in Heidelberg since 1977. The 14 MeV neutrons arc 
produced with the high power d-t closed system 
neutron generator. In radiation therapy both the dose 
distributional properties and the differential effect 
(therapeutic ratio) are the most important factors for 
tumor control as well as for normal tissue tolerance. 

Despite improvements in understanding radiobiology 
and in the development of optimized dose distri
bution there still remain about 30% of the tumor 
patients where local control cannot be achieved. 
Compared to conventional photon or electron therapy 
it is expected that high LET radiation might offer a 
therapeutic gain. Fast neutrons as well as pi-mesons 
and heavy particles belong to the high LET radiation. 
Even though the introduction of neutrons was based 
on biological Findings only, it can be shown that 
optimizing dose distribution must be given a high 
priority. 

Material and Methods 

Typical LET values for low LET radiation (photons, 
electrons, fast protons) are less than 1 kcV per 
micrometer, whereas the LET-spectrum produced by 
the interaction of fast neutrons with tissue ranges 
from the low LET component of about 0.1 keV per 
micrometer up to the high LET-cnd of the recoils 
with more than thousand keV per micrometer, with a 
main peak given by the recoil protons lying between 
30 and 100 keV per micrometer. 

Clear indications for neutrons arc based on earlier 
clinical trials reported from European and American 
centers. An indication for salivary gland tumors as 

well as for prostate cancer is reported from some of 
these centers. This also seems to be true for bone 
sarcomas and soft tissue sarcomas. On contrary, 
conflicting results were reported for squamous cell 
carcinoma of head and neck. Most of these clinical 
studies were carried out with neutron therapy 
facilities under suboptimal technical conditions (low 
energy cyclotrons or d-t generator). An overview of 
this "ongoing neutron studies" shows that most of the 
neutron treated tumors are deep seated, that means 
that good beam penetration is necessary to spare 
adjacent and sensitive normal tissue like cutaneous 
and subcutaneous tissue, small bowel and spinal 
cord. 

The best available neutron dose distribution is 
obtained with modem high energy cyclotrons which 
accelerate protons or dcuterons to about 70 McV. 
Such cyclotrons arc now - or will be - installed as 
hospital-based therapy facilities in many countries. 
In the Federal Republic of Germany (FRG) neutron 
therapy is carried out only with the low-energy 
cyclotron (Essen) and 14 MeV d-t generators 
(Heidelberg, Hamburg, Minister). Nevertheless the 
clinical activities for neutron therapy in the FRG arc 
concentrated on rectum carcinomas, soft tissue 
sarcomas, prostate carcinomas and adenoidcystic 
carcinomas, most of them deep seated with the well 
known problems. 

The main deficiency for 14 McV neutrons arc the 
poor dose characteristic which is similar to that of 
cobalt 60 gamna rays. Furthermore there is a wide 
penumbra due to the large neutron producing target 
and there is only a small dose build up of 2 mm, that 
really means no skin sparing. Furthcron there is the 
neutron specific inhomogencity problem, whereby 
the energy deposition depends highly on elemental 
composition. We calculated an increase in dose of 
15% in cutaneous and subcutaneous fatty tissue. The 
deficiencies demand a more sophisticated treatment 
technique. Some of the serious deficiencies of 14 
McV d-t neutron therapy facilities can partly.be 
avoided by more indicated treatment techniques. So 
it has also been the aim of our investigations to 
improve the potential of our 14 McV neutron 
generator regarding to treatment techniques. For this 
reason we developed the computer controlled angle 
Weighted Moving Beam Therapy (WMBT). WMBT 
is based on controlling the angular velocity of the 
rotating neutron beam by a preset dose per angle 
function using a computer which coordinates the 
output of the dosimetric system and the gantry 
motion. Thus for any case the sequence of motion of 
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ihe beam can be chosen individually to get a 
homogeneous dose distribution within the target 
volume and to fit die treated volume closely to the 
target volume. 

The first patient on our therapy facility was treated in 
1986 using ihis technique. Most of die patients had 
advanced pelvic carcinomas arising from rectum or 
prostate. All lesions located in die pelvis were treated 
widi die mixed beam schedule. First 40 Gy photons 
were given to the whole pelvis using a box-
technique. Following die photon dierapy die neutron 
dierapy was applied as a boost Fig. 1 illustrates a 
CT-scan of a patient widi presacral recurrence of 
rectum carcinoma. The target area is marked by 
points. For neutron boost an angle of rotation of over 
180 degrees was chosen. The weighting function in 
diis case was only used to correct die unstable 
neutron output. An acceptable dose distribution was 
achieved. The target volume was included in die 
80%-isodose curve and diere was a high dose 
gradient outside die target volume to die skin which 
reached about 50% and to die small bowel which 
also reached 50%. The corresponding dose 
distribution considering the correction for die 
neutron specific tissue inhomogencity is shown in 
Fig. 2. The shapes of die isodose curves within die 
fatty tissue arc modified. A larger volume of die 
subcutaneous tissue is enclosed and diere are some 
areas widi high dose levels. The 80%-isodose curve 
is shifted up to die skin. 

Figve l 

This dose distribution cannot be accepted and the 
plan must be improved using die weighted moving 
beam technique (WMBT). In diis case die angle 
around 0 degree was weighted widi a factor of less 
dian one. So die 80% isodose curve is shifted away 
from die surface. The target volume remains 
enclosed by die 80% and diere is no higher risk for 
small bowel toxicity (Fig. 3). 

Treating deep seated large lesions widi 14 MeV 
neutrons the problem of dose homogeneity will be 
raised. Here die WMBT gives certain advantages in 
dose distribution and homogeneity. 

Since 1986,78 patients were treated widi diis special 
isocentric moving field technique. 43 of die patients 
suffered from colorectal rccurrcncics. All patients 
had large lesions and die mean tumor volume was 
about 600 cm->. The follow-up period for diese 78 
patients range from 3 to 36 mondis. Equivalent 
photon doses between 60 and 70 Gy were delivered. 
The neutron dose was usually 10 Gy. Using die 
WMBT no severe radiation induced early side effects 
were seen. In spite of die 15% higher energy 
deposition in fatty tissue only 9 patients showed a 
grade I or at most grade II erythema at the end of die 
treatment. No early grade III side-effect occurred. 
The RBE for late sequelae is higher than for early 
reactions. Nevertheless we have seen only grade I or 
II subcutaneous fibrosis. 3 of die 9 patients with 
bowel problems developed a grade III reaction. 
These patients had abscess or bowel infiltration 
before neutron dierapy. 

Neutron dose distri
bution obtained by arc 
therapy wittwut inho-
mogeneity correction 
for the treatment of a 
recurrent rectal carci
noma. (Rotation angle 
±90° ; field size 10 x 
8 cm). 
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FiurcZ 

The same as Fig. 1 but with special consideration of 
the neutron specific inhomogeneity. 

Fig. 3: Improved neutron dose distribution by WMBT 
using the same angle of rotation as in Fig. 1 and 2. 
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Figure4q 

Optimized dose distribution for a deep seated pelvic 
tumor with infiltration to the gluteal muscle. 

a. Isodose distribution 
b. Calculated dose matrix (Grey scale). 

Figure 4b 
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Conclusion 

The treatment regime used in this study is a 
combined mixed beam schedule whereby the 
prescribed total tumor dose for the neutron boost was 
10 Gy. Despite of the unfavorable dose distribution 
for 14 MeV d-t generators we could demonstrate that 
with the improved treatment technique of WMBT it 
is possible to get acceptable neutron dose distribution 
even for large deep seated pelvic tumors; the 
treatment volume can be matched close to the target 
volume and an homogeneous dose distribution in the 
target volume can be obtained. So the treatment 
technique helps to overcome some of the deficiencies 
of 14 MeV neutrons and to avoid radiation induced 
side-effects. 
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Introduction 

It is widely recognized that, for precise positioning 
and verification of radiation field, a marking drawn 
on the skin surface is not entirely reliable because its 
position relative to internal organs or bony structures 
is not stationary. This is especially so when treating 
deep-seated lesions located below the clavicle (1,4). 

At the Particle Radiation Medical Science Center 
(PARMS) of the Tsukuba University, 250 MeV 
proton radiotherapy has been conducted since 1983. 
Our major concern has been placed on the deep-
seated organs such as the lung, oesophagus, Gl-tract, 
urogenital organs and uterine cervix. In these sites, 
precise placement of a radiation field relative to the 
patient's anatomy is a critical requirement because in 
proton therapy die target volume is usually set 
relatively small with a narrow margin of security. 

In this paper our method for field positioning as well 
as a day-to-day reproducibility of the field placement 
is described. 

Methods and Material 

In order to identify internal organs on x-ray images 
including CT scans or x-ray simulators, we have 
been using a specially designed catheter which can 
be easily introduced to the oesophagus, stomach, 
duodenum, and bladder through a fiberscope. The tip 
of the catheter is made so that metal markers can be 
easily implanted in the tissue. 

For a reliable, exact alignment of the proton field, we 
first use laser beams aiming at the skin marks which 
were drawn when planning-CT scans were obtained. 
The field placement is then checked by x-rays on 
each treatment day. The x-ray tube for this purpose is 
installed along the proton channel at the midway of 
the beam-modulation assembly and the image 
intensifier with TV camera is placed under the 
treument bed. We used to expose x-ray films until 

about 2 years ago when we developed a system that 
used fluoroscopic technique and combining it with a 
real-time digital image processing unit. 

Fig. 1 is a block diagram of our positioning system. 
In die digital image processing unit, a fluoroscopic x-
ray image is converted to die digital one from which 
random noises are removed and various type of 
modifications are added to produce an image of good 
quality. The digital image thus obtained can be 
displayed both as a real-time image and as a static 
image dial can be stored in an optic disc. The current 
field under positioning is displayed on one TV-
monitor, while as a comparison any picture 
previously stored in die disc can be seen on die odier 
TV-monitor. In most cases, die image quality 
obtained with this system satisfied requirements for 
field positioning. With this system, die set-up time 
has been shortened from 15-20 min. to only 5-10 
min. 

Fifure 1 
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Block diagram of the field positioning system. 

Before irradiation we make a routine work to check 
die field position by x-rays for every patient at each 
treatment day. If there were any discrepancies in 
position between the current positioning field and 
previously determined one, it was moved until it 
came to the desired position. For a total of 512 field 
position ings in 28 patients we have measured this 
distance (field shifts) corrected. 
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/ . Reproducibility of field positions 

In Table 1 the field shifts dot were corrected are 
summarized. Variations were relatively small for die 
head and neck regions as compared with die sites 
below die clavicle. The frequencies of corrections by 
5 mm or more were 4% for die head and neck area, 
24% for die oesophagus and lung. 21% for die liver. 
27% for die pelvis, and 87% for die Gl-uact region. 
Among various sites positioned, die positioning of 
stomach carcinomas required die largest degree of 
corrections. It was found diat such field shifts were 
mainly attributed to die movement of die stomach 
itself. 
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When treating pelvic tumors, die patients were 
always prepared both at CT scanning and radiation 
theiapy so dial their bladder contents remained 
always about die same, i.e., to put a Forey's catheter, 
empty die urine contents and fill die bladder with 
100 ml of water. The urine volume was also checked 
by ultrasound. Even after this time consuming 
preparation, die position of die bladder was not 
always die same due to die day-to-day variations in 
bowel position and contents. In general the skin 
texture becomes loose with age, and dwrefore d* 
field shifts dial should be corrected may become 
larger with higher age. In our material, it was 
necessary to correct die shifts by 0.S cm or more in 
25% of die patients who where more than 70 years 
old as compared to 17% of those who where less 
dian 70 years old. 

2. In vivo estimation of proton dose-distributions 

We were able to conserve evidence of a proton path 
on chest x-rays of die patient with squamous cell 
carcinoma of die lung (Fig. 2). He received 83 Gy/23 
fx/43 days dirough anterior field including die 
primary site only. The lateral chest film taken one 

year after the treatment demonstrated a well-defined 
linear ftbrobc change along die region of proton 
travel and no reactions in die region downstream of 
die tumor. 

Fstmauon of die Bragg-peak region in die liver was 
also passible in a patient with primary liver tumor, to 
whom proton dierapy was carried out by anterior and 
right lateral beams. The CT scans obtained 2 mondts 
after die completion of proton dierapy demonstrated 
a well-defined low density area surrounding die 
tumor. It was assumed dm diis lew density area did 
exhibit radiation-induced damage of die liver, 
corresponding to die proton stopping area. 

Discussion 

In proton dierapy at Tsukuba, target volumes are 
defined by serial CT scans and margins are usually 
drawn close to die tumor. Therefore, even small 
shifts of field placement can easily underdose pans 
of die tumor. Ideally, die radiation field should be 
positioned precisely against the target volume, diis is 
especially important for deep-seated tumors. In 
practice, landmarks odier don die target (i.e. bony 
structures) are most often used in checking of field 
placement This may raise serious problem when 
treating small target volumes because an anatomical 
correlation between die bony structures and internal 
target are not always stationary. For diis reason, 
whenever possible, we implant radio-opaque metal 
markers around die tumor. In addition, to reduce 
field placement errors at each treatment session, we 
perform daily-checking of field position by x-rays, 
detection of errors, and correction of errors before 
treatment progressed. 

Marks et al (1) reported dial a continued reduction of 
localization errors was achieved by accurate initial 
setup, monitoring of setup widi treatment verification 
films, and making modifications in blocks and 
patient position as errors were noted. The field 
position shifts of 1.0 cm or more were considered as 
errors. They observed that the rate of localization 
errors was decreased from 50% to 29% by taking 
frequent treatment verification films. According to 
Byhardt et al (2) in weekly field localizations die 
overall error rale was 15% when the 0.5 cm limit was 
used, whereas it dropped lo 10% when threshold of 
error was 1.0 cm displacement. 
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Figure 2 

This patient was treated with an anterior field to a 
coin lesion of the lung (arrow). Corresponding to the 
region of proton travel, a well-defined horizontal 
fibrosis and no reactions in the region downstream 
of the tumor is observed. 

Marks et al (1) reported that a continued reduction of 
localization errors was achieved by accurate initial 
setup, monitoring of setup with treatment verification 
films, and making modifications in blocks and 
patient position as errors were noted. The field 
position shifts of 1.0 cm or more were considered as 
errors. They observed that the rate of localization 
error was decreased from 50% to 29% by taking 
frequent treatment verification films. According to 
Byhardt et al (2) in weekly field localizations the 
overall error rate was 15% when the 0.5 cm limit was 
used, whereas it dropped to 10% when threshold of 
error was 1.0 cm displacement. 

In proton therapy at PARMS the overall rate of the 
field shifts was accounted for 24% at the 0.5 cm 
limit It should be emphasized that when field shifts 
by 1.0 mm or more were detected, they were always 
corrected before proton irradiation progressed. 
Therefore, we can be assured that the proton therapy 
has been always carried out with proper field 
placement. In literature, the pelvic and upper aero-
digestive tract regions had the highest rates of field 
placement errors, while the cranial region had the 
least errors (2,3). 

Our results were in agreement with this: the largest 
amount of correction of field shifts was needed in the 
upper digestive tract regions, while in the head and 
neck regions it was the least. 

The field placement errors may be attributed to field 
malposition, field malrotation, patient malposition 
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and block malposition. In proton therapy, factors 
related to the patient is very important, further study 
is needed. 

In relation to field positioning, there has been a 
considerable requirement that some effective 
technique should be developed to map the spatial 
distribution of particle-induced radioactivity or to 
detect externally the particle stopping region in vivo. 
For this purpose, positron emission tomography was 
proven of value in negative-pion therapy to identify 
the position of radiation-induced reaction (6). At 
PARMS this technique is also under study, but with 
diagnostic images, we were able to estimate the 
region of proton travel in chest films and CT images, 
providing indirect verification of the proton dose 
distribution. 

References 

1. J.E. Marks, A.G. Haus, et al: The value of fre
quent treatment verification Alms in reducing lo
calization error in the irradiation of complex 
fields. Cancer 37,2755-2761,1976. 

2. R.W. Byhardt, J.E. Cox, et al: Weekly location 
films and detection of field placement errors. Int. 
J. Radiat. Oncol. Biol. Phys. 4,881-887,1978. 

3. J. Rabinowitz, J. Bromberg, et al: Accuracy of 
radiation field alignment in clinical practice. Int. 
J. Radiat. Oncol. Biol. Phys. 11, 1857-1867, 
1985. 

4. P.B. Dunsrombe, K. Fox: Precision of de
termining compliance with prescribed fields from 
conventional protal films. The British J. Radiol. 
62,48-52,1989. 

5. M. Goitcin: Application of cumputcd tomography 
in radiotherapy treatment planning. In: Progress 
in Medical Radiation Physics, Vol. 1, ed by C.G. 
Orton, Plenum Pubi. Co., 195-293, 1982. 

6. G.B. Goodman, G.K.Y. Lam, ct al: The use of 
emission tomography in pion radiotherapy. Int. J. 
Radiat. Oncol. Biol. Phys. 12, 1867-1871,1986. 

Acknowledgements 

This work was supported in part by Grant-in-Aid 
(No. 01304039) for Scientific Research from the 
Ministry of Education, Science and Culture of Japan. 



Volume and Dose Specification in 
External Beam Therapy for Diffe
rent Radiation Qualities 

Present Situation and Future Trends 

A. Wambersie 

Dept. of Radiation Therapy, Neutron- and Curiethe
rapy, Catholic University of Louvain, University 
Clinics St-Luc, 1200 Brussels, Belgium. 

Introduction 

In 1978, the International Commission on Radiation 
Units and Measurements (ICRU) published ICRU 
Report 29, Dose Specification for Reporting External 
Beam Therapy with Photons and Electrons. The Re
port focussed mainly on two types of problems: 

- definition of a set of terms and concepts, such as 
tumor volume, target volume, treatment volume, 
etc....It was the first time that these definitions 
were proposed in a document issued by an inter
national organization. They were taken over in 
other national or international reports and are now 
widely accepted. 

- recommendations for reporting a therapeutic irra
diation with external beams. 

The second problem is the most complex. As a 
matter of fact, our irradiation techniques are not so 
perfect that the same dose level can be delivered 
homogeneously throughout the target volume. We 
have to accept a cerstain degree of inhomogencity 
which, depending on the situation, could amount to 
10%, 15% (or even 20%). One can then identify the 
maximum and the minimum target dose, as well as 
the mean, modal target dose, etc..., with differences 
between them as great as 10%, 15% (or even 20%). 
This introduces large differences in the numbers used 
for reporting the same treatment, depending on 
whether one quotes the highest (maximum), the 
lowest (minimum), the mean dose level, etc...In 
many situations, these differences related to the me
thod of reporting are much larger than the 
differences introduced by dosimetric discrepancies 
(e.g., calibration of the ionization chamber). This 
illustrates the importance of the problem. 

The recommendations contained in ICRU Report 29 
were made taking into account the existing situations 
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at that time in the different radiotherapy centers. The 
Report is now more than 10 years old and many 
situations have changed. A majority of centers have 
access to treatment planning systems, 3-D computa
tion is becoming more and more popular, and the 
treatment techniques are becoming more complex. 
Therefore, the rather simple set of recommendations 
proposed in Report 29 have to be adapted, extended 
and refined to become appropriate, in particular, for 
sophisticated irradiation techniques and cooperative 
randomized trials. However, we do not believe that 
the fundamental approach adopted in ICRU Report 
29 has to be altered. 

The ICRU Main Commission noted the problem and, 
in 1988, appointed a new Report Committee to revise 
Report 29. 

In a related development, just after the International 
Congress of Radiology held in Paris in July 1989, a 
Satellite Symposium was organized in Lyon (6-7 
July 1989) by J.P. Gfrard and I. Sentenac, under the 
auspices of the "Soci6t6 Francaise des Physiciens 
d'Hopital". The Symposium was prepared by sending 
to individuals responsible for radiotherapy a 
questionnaire about the definitions and the 
recommendations contained in ICRU Report 29. 
About 170 answers, from all parts of the world, were 
received; they were analyzed and discussed by a 
group of 20 experts during the Symposium. The 
conclusions of the Satellite Symposium of Lyon, 
will, of course, be taken into account during the pre
paration of the new ICRU Report. 

Besides the report on dose specification for reporting 
external beam therapy, the ICRU has more recently 
issued Report 38, Dose and Volume Specification for 
Reporting Intracavitary Therapy in Gynecology 
(1985). A third report dealing with interstitial the
rapy is in preparation. Although the problems of dose 
specification for reporting are not identical in the 
three types of techniques, because the dose distribu
tions are quite different, it would be preferable that 
the same set of definitions and a similar general 
approach for reporting be adopted. It would also be 
preferable that similar recommendations be followed 
with the new irradiation techniques such as neutron, 
proton and ion beam therapy. As a matter of fact, the 
ultimate aim is the comparison of the clinical results 
obtained with different irradiation modalities. 

The general trend being followed in the revision of 
ICRU Report 29 is summarized below. 
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Target Volume 

Tumor Volume 

The definition of tumor volume is straightforward 
(from the latin "tumere"): it is the volume occupied 
by a mass of cancer tissue. It can be seen and/or 
palpated; its size and extent can be determined by 
different techniques such as RX, CT, PET, etc. (Fig. 
1). 

EiweJ. 

Target volume 

Planning volume 

Schematic illustration of the definition of tumor 
volume, target volume and planning volume. 

The tumor volume is a clinical concept, and is used 
for staging (e.g., T.N.M. system). Its shrinkage or 
regrowth after treatment can be used to evaluate, to 
some extent, the efficiency of the treatment. 

According to this definition, there is no tumor 
volume after complete "gross" surgical resection. 
There is no tumor volume when there are only a few 
individual cells or "subclinical" involvement (even 
histologically proven). This last point differs from 
Report 29. 

Individual cancer cells or small (clinically 
undetectable) amounts of cancer cells are usually 
present outside the tumor volume. Therefore, a 
volume larger than the tumor volume has to be 
irradiated; it includes a "safety margin". 

The target volume contains the tumor volume and a 
safety margin (oncological safety margin). The 
delineation of the target volume and the thickness of 
the safety margin depend on the tumor characteristics 
and imply some degree of judgment and clinical 
experience. Regional lymph node areas, even not 
clinically involved, can be included as additional 
target volumes, if there is a significant probability of 
involvement. 

The tumor and target volumes are purely oncological 
concepts. All the oncologists evaluate the tumor 
volume and its variation during the evolution of the 
disease. The surgeons could use the concept of target 
volume (and actually do it implicitly). 

Planning Volume 

To ensure that all the tissues included in the target 
volume receive the appropriate dose, one has often to 
plan the irradiation of a larger volume. For example: 

- the target volume can move (with respect, e.g., to 
reference bony structures) due to patient 
breathing; 

- the size and shape of the target volume can change 
(e.g., stomach, bladder); 

- the inaccuracy of patient/beam positioning has to 
be taken into account. 

The planning volume contains the target volume and 
a safety margin (planning safety margin). It depends 
on the irradiation technique. 

In some situations (e.g., well limited tumors of the 
base of the skull), the target volume is not much 
larger than the tumor volume, and with precision 
radiotherapy techniques, the planning volume is not 
much larger than the target volume. By contrast, in 
other situations (e.g., lung tumors), the planning 
volume is much larger than the target volume, which, 
in turn, is much larger than the tumor volume. 
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The terminology, "oncological target volume" (OTV) 
and "planning target volume" (PTV) have been 
proposed by some authors instead of target volume 
and planning volume, respectively. In ICRU Report 
29, the definition of target volume included the 
oncological safety margin and the planning safety 
margin. A clear separation between these two 
concepts appears to be necessary. 

Dnse specification in external Radiotherapy 

In principle, a description of the treatment as 
complete as possible (irradiation technique, dose 
distribution, accuracy,...) would be desirable. 
However, in some situations (preparation of proto
cols, evaluation of a dose-response relationship...), it 
is necessary to select a few (or even one) relevant pa
rameters) to characterize the irradiation. It is im
portant for collaborative studies involving several 
institutions to select the same parameters and to give 
them the same meaning. 

On die right of die figure, the dose variation along 
the AP/PA beam axes (b) and also along the lateral 
beam axes (c). 
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Treatment of a cervix carcinoma with 4 orthogonal 
fields (classical "box technique"). The target dose is 
specified at the intersection point of the 4 beams, 
which corresponds also to the center of the target 
volume (a). This point meets the following criteria: 

- it is easily and unambiguously defined; 

- it is located in an area where the dose is homo
geneous (no steep dose gradient) 

- the dose on the beam axis can be determined most 
accurately (compared to the dose in the pe
numbra region) 

RIGHT 

1. Specification Point 

Since there is an inevitable inhomogeneity in the 
absorbed dose distribution throughout the target 
volume, one has to specify the dose at a point as 
representative as possible of the dose distribution. 
This point should be chosen according to the 
following requirements: 
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- easy to determine in an unambiguous way; 

- selected where the dose can be accurately de
termined; 

- selected in a region where there is no steep dose 
gradient; 

- representative of the dose distribution. 

The center of the target volume, as recommended in 
ICRU Report 29, usually meets these requirements. 
In simple cases, where the different beams intersect 
at a given point, the intersection point, usually close 
to the center of the target volume, can be taken easily 
as the specification point (Fig. 2). 

When two or more target volumes are identified, 
two or more specification points have to be selected. 
In some cases, the successive target volumes are 
inserted into each other (e.g., boost, shrinking fields, 
etc.). 

2. Homogeneity Criteria : Maximum and Minimum 
Target Dose 

Dose homogeneity throughout the target volume is 
generally considered as an important criterion for the 
quality of an irradiation. An homogeneity better than 
± 5% is more and more frequently required. 

Indication of the maximum and of the minimum 
target dose, is a simple way to express the 
homogeneity of the irradiation. 

The minimum target absorbed dose is sometimes 
used for reporting a treatment (in other words, the 
dose is specified on the isodose surface 
encompassing the target volume). 

The maximum target dose is the highest dose that is 
regarded as "clinically meaningful". This implies that 
at least a certain tissue volume is irradiated lo the 
dose level designated as "maximum". For three-
dimensional computation, a volume is considered 
clinically meaningful if its minimum diameter 
exceeds IS mm. However, dimensions smaller than 
15 mm have to be considered in special cases (e.g., 
eye, optical nerve, larynx, etc.). 

The minimum target dose is an important parameter 
of the irradiation: it is correlated with the local 
control probability. However, one has to take into 
account the level of the minimum, relative to the 

dose at the specification point (is it 95%, 90%. 
80%... ?), as well as the volume of tissue which is 
underdosed (is it a part of the tumor volume, or only 
a small part at the external limit of the safety margin 
?)• 

The minimum target dose is sometimes used for 
reporting a treatment (in other words the dose is 
specified on the isodose surface encompassing die 
target volume). This approach has several 
drawbacks: 

- the absorbed dose at die border of the safety mar
gin is die most difficult to determine and die less 
accurate (penumbra region, inaccuracy in 
positioning), by contrast, e.g., to the dose on die 
beam axes; 

- the dose gradient is usually much steeper at die 
level of die minimum (border of die target vo
lume) than in the center of die target volume; 

- die minimum, at die external part of the safety 
margin, is not always unambiguously defined, 
since die diickness of die safety margin varies 
with the judgment of die therapist and, in 
addition, die dose is often specified on different 
isodosc levels (80%, 90%, 95%) depending on die 
institution and on die clinical situation; 

- lastly, from a radiobiological point of view, a 
small reduction in dose at die level of tissues 
where die cancer cell density is low (sometimes 
no cancer cells at all) is not die most relevant 
(Figure 3). Of course, as indicated above, die 
level of die minimum and die volume which is 
underdosed has to be taken into account. 

3. The mean dose 

It is recognized that die mean dose to die cancer cell 
population is probably the parameter which is die 
most directly correlated widi die tumor response. 

However, die mean dose to the tumor or to die target 
volume is not always easy to determine; die 
computation can be done using different techniques 
and die result will depend on the delineation of die 
target volume. Therefore, when several institutions 
arc involved in a collaborative study, differences in 
computation method of the mean dose can introduce 
differences in dose specification. The mean dose 
remains, however, a relevant parameter, and should 
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be added, when available, to the dose at the 
specification point, which is simpler to evaluate and 
more suitable for intercomparisons and exchange of 
information. 

Figure 3 
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Cell density throughout the target volume. In the tu
mor volume, there are about 106 cancer cells per 
mm3. Among them, 1% or less are clonogenic. In the 
safety margin, the cancer cell density decreases, and 
(in principal) should reach zero at the external limit 
of the target volume. The shape of the relation bet
ween cell density and distance from the tumor vo
lume is unfortunately not known. However, it can be 
computed using the current cell models that a small 
reduction in dose, at the border of the target volume, 
compared to the dose in the tumor volume, will not 
significantly reduce the local control probability. 

From a radiobiological point of view, it could be 
argued that the mean dose to the cancer cell 
population does not always exactly correspond to the 
mean dose to the target volume, since the cell density 
is lower at the border. The mean doses computed 
within the target volume and in the tumor volume 
could then provide a more complete information. 

Conclusions 

When the clinical data from different centers are 
compared, or when therapeutic protocols are 
prepared, it is important that terms and concepts are 
used with the same meaning and that the irradiations 
are reported in the same way. This was the aim of 
ICRU Report 29 published in 1978. 

In the revision which is now in preparation, the defi
nitions of "volumes" proposed in ICRU Report 29 
will be somewhat modified. In particular, the concept 
of planning volume is introduced in addition to the 
concept of target volume. For reporting the 
irradiation, it is necessary to define a specification 
point which has to fulfill several require lents :(1) it 
must be easy to define in an unambiguous way, (2) it 
must be chosen in a region where the dose is rather 
homogeneous and representative of the dose distri
bution throughout the target volume, (3) it must be 
defined where the dose can be accurately determined. 
The specification point recommended in ICRU 
Report 29, in the central part of the target volume, 
fulfills the above requirements. In simple cases, 
where the beams intersect at a given point, this 
intersection point is recommended. 

As already stated in ICRU Report 29, a single num
ber is generally insufficient to describe an irradia
tion. In addition to the absorbed dose at the specifi
cation point, the minimum and the maximum target 
absorbed dose should be given. Since the 
homogeneity of the dose distribution is more and 
more frequently considered as an important require
ment, specification of the maximum and of the mi
nimum doses are compulsory when they deviate by 
more than 5% from the dose at the specification 
point. 

The mean dose to the cancer cell population, which 
is probably the most relevant parameter from a 
radiobiological point of view, should be given when 
available. However, information should be added 
about how it has been computed to ensure 
consistency between the reported mean dose values. 

Finally, any other useful information should be 
reported (e.g., dose histogram in the target volume, 
and in normal tissues at risk) to facilitate the 
interpretation of the treatment outcome, and the 
comparison of the relative merits of different 
techniques. Of course, this information should be 
provided in a clear and unambiguous way. 
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1. Introduction 

The objective of this work has been to investigate die 
suitability of a Faraday cup as an "in-house" proton 
dosimetry standard. Measurements of the Faraday 
cup, which is essentially a fluence detector, are 
compared with those of the more usually used 
thimble ionization chamber. Some similar work has 
already been reported by Verhey et al. (1) at Boston 
and Vynckier (2) at Louvain. However, the present 
results were obtained with a proton beam of nominal 
62 MeV energy and have included several different 
methods of determining the correction factors 
together with more recent proton range-energy data 
published by Janni (3). 

The dose delivered by a proton beam is obtained 
from the measurement of three main parameters, the 
charge on the cup and die effective beam area, and 
die use of an appropriate tabulated value of proton 
stopping power. These are combined in the well 
known expression: 

Proton dose (cGy) = S^o.. Q. 1.602.10-8 

e A 

where, Q = measured charge (coulomb), A = 
effective beam area (cm2), S/p = proton stopping 
power (eV/g/cm2), e = basic electronic charge 
(coulomb). The corrections applied to some of these 
parameters and the method of measurement are 
described in section 3. 

2, Equipment 

(a) Faraday cup 

The prototype Faraday cup used in this work was 
based on a design proposed by Vynckicr (2) with the 
exception that this was used with 62 McV protons 
and that the cup material was copper of I Omm 
thickness, sufficient to stop all protons at this energy. 
As shown in Fig.l, the Faraday cup arrangement was 

connected to a high vacuum pumping station. 
Vacuum gauges were placed at close proximity to die 
cup in order to obtain a good estimate of cup 
pressure. The cup entrance window was an 
aluminized polymer film of 0.05 nun thickness. 

(b) Charge Measurement 

Charge measurements of die cup and ionization 
chambers were made with a Keiddey 617 
electometer. A full-energy proton beam was used at 
an effective current of 2 to 5 nA, widi collimator 
diameters of 20 or 25 mm. 

(c) Ionization Chamber 

The dose obtained from die Faraday cup 
measurements was compared with that from a Far 
West Technology (FWT), model IC-10 (0.1 cc) air-
filled, tissue-aequivaleM, ionization chamber. The 
chamber was calibrated in a beam, against a 
National Physical Laboratory secondary standard 
uierapy level X-ray exposure meter. Proton beam 
dose was evaluated according to die draft version of 
die Code of Practice for Clinical Proton Dosimetry 
W. 

Figure 1 

FARADAY CUP 
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cup \ I collimator 
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vacuum 
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Sketch of Faraday cup apparatus 
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3. Parameters Effecting Faradav CUD Dosimetry 

3.1 Faradav CUD Measurement 

A general problem with Faraday cup measurement is 
the reduction of secondary electron emission, which 
either leaves die cup material, or enters the cup from 
"upstream" scattering sources notably the cup 
entrance window; this has die effect of apparently 
increasing or decreasing the observed proton current 
or charge. Usually a negatively biased guard ring 
widi a potential of several hundred volts is 
considered sufficient to suppress most secondary 
emission. This may be observed on Faraday cup bias 
voltage/response curves, shown in Fig. 2(a). The 
following factors have been examined in more detail: 

(i) Window Material 

A very thin entrance window has been used primarily 
to avoid any significant proton energy loss. This, 
however, is unlikely to reduce secondary electron 
(SE) emission since it can be shown from electron 
range tables diat electrons capable of leaving die 
window must originate in die surface layers of die 
window. The use of a simple charge-particle 
scattering formula and assuming that the quard ring 
will suppress lower energy SE's, an error of less 
0.03% has been estimated in measured current which 
is not regarded as significant. 

(ii) Cup Material 

Although copper has been used in this work, graphite 
was tried to test for reduced SE emission. 
Preliminary measurements have shown no significant 
difference between die two materials. However, a 
copper cup can be made smaller and is easier to 
machine and handle. 

(iii) Magnetic Field 

A transverse magnetic field (approx. 400 gauss) was 
used with die present Faraday cup and showed little 
difference in die bias curves. This initial 
measurement, and theoretical work by Pruitt (5), 
indicate diat a magnetic field may not be an effective 
suppressor of SE's. 

(iv) Vacuum Effects 

considered to be due to current produced by protons 
ionizing residual air in die cup chamber. The 
traditional type of vacuum-bias curve is shown for 
this cup chamber in Fig. 2(a). This was investigated 
further and die results, shown in Fig. 2(b), indicate 
some difference in response at high and low vacuum. 
It is remarked diat die variation in cup response with 
vacuum is least at high vacuum, Fig. 2(a), dierefore, 
proton dosimetry measurements were performed at a 
pressure of usually <10~^ mbar and negative bias. 
The variation is also small using zero bias potential, 
but is not negligible in these tests, and would still 
imply die use of a correction factor to account for 
electron SE from die cup. 

Figure 2a 
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been noted previously by odicr authors (1,6), and is Cup response with vacuum 
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3.2 Beam Area Measurement Figured 

Previous work (1) has utilized an estimated diameter 
of the proton beam profile at the position of the 
Faraday cup and requires some judgement in 
determining it correctly. The present work uses a 
beam area defined by the final collimator, since it is 
considered that the beam throughput, over the short 
distance between the collimator and Faraday cup, is 
essentially invariant. However, the dose measured by 
the ionization chamber should be that which occurs 
at the final collimator, since this is the position 
where the beam area is defined. This is difficult to 
achieve in practice, but Fig.3 shows that the 
ionization chamber response is constant within the 
vicinity of the collimator, therefore, a close 
proximity of chamber to collimator is satisfactory. 

Figure 3 
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3.3 Low Energy Protons 

The proton fluencc-to-dose conversion formula 
shown earlier requires the proton energy to be known 
precisely and be mono-energetic so that the 
appropriate stopping-power (S/p) can be selected. 
The proton energy is determined by a range curve 
using pure aluminium foils. Lower energy protons, 
originating mainly from the final collimator, 
necessitate a correction to the value of stopping-
power corresponding to full-energy protons. These 
were measured using a proton spectrometer based on 
an NE102a plastic scintillator. Fig.4 shows the main 
proton peak and a small scattered component, which 
decreases in a continuous manner and so can be 
assigned a mean energy. This leads to a dose 
correction of 0.5 %. 

300E5 

counts -

Proton spectrometer (NE 102o) 
using 2 mm collimotor 

channels 

Proton spectrum with 2mm collimator 

3.4 Nuclear Interaction Correction 

A small amount of proton beam energy may be lost 
through proton inelastic collisions. These collisions 
contribute to proton dose by way of heavily ionizing, 
secondary charged particles produced by the de-
excitation of a struck nucleus. 

A partial, nuclear interaction (NT) stopping power, in 
muscle tissue, may be estimated by, (i), a proton NI 
absorption coefficient, which may be obtained by 
either consideration of the oxygen cross-section (1) 
or as in this work, from the available NI probability 
values and proton range data (3), and (ii), an 
estimation that up to 10% of the incident proton 
energy in an inelastic collision, may go into heavily 
ionizing secondary particles (7). These two factors 
combined yield a NI stopping power of 0.092 MeV 
g^cm"2 at 60 MeV. This leads to a correction to the 
used tabulated stopping power of +0.9 %. 

4. Results 

The following table shows the uncertainties in 
Faraday cup dose measurement, expressed as a % of 
the final dose. The measurement precision in Table 1 
includes the measurement standard deviation and the 
electrometer accuracy. 



56 

TJMSJ. 

(1) MEASUREMENT PREQSION 
(2) AREA OF PROTON BEAM 
(3) STOPPING POWER3 

(4) PROTON RANGE 
(5) NUCLEAR INTERACTIONS 
(6) LOWER ENERGY PROTONS 

STANDARDDEVIATION = 
OFUNCERTAIMnES 

.7 % 

.1 % 

.82% 

.4 % 
1.0% 
.5 % 

1.6% 

A comparison of Faraday cup dose measurements 
with those made with a thimble ionization chamber 
is shown in Table 2. Both ionization chamber and 
Faraday cup measurements were made relative to an 
"in-line" parallel-plate transmission chamber, using 
similar dose-rates. 

Tato2;cGylPMU 

FARADAY CUP 

511-TTC(A) 

511-TTG(B) 

87.4 

85.1 

87.3 

1.6% 

4.3%. 

4.3%. 

W = 34.3EV> 

W = 35.18EV8 

DMU signifies dose monitor units. The results of the 
comparison show excellent correspondence. The 
uncertainties in the ionization chamber results occur 
mainly in the calibration factors but do include 
measurement standard deviation. In the present 
work, measurements were performed with negative 
bias potential and at high cup vacuum, but die main 
improvements in dose determination have come from 
the method of beam area determination and the use 
of more recent and precise proton stopping power 
data. 
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In radiotherapy with "heavy particles1' (protons and 
other light ions, neutrons and pions), the critical 
radiochemical events take place along the charged 
particle tracks as they pass through the nuclei of 
irradiated cells. The parameters of such nuclear track 
segments could be calculated, in statistical terms, for 
cell nuclei of a given size, for a given particle 
spectrum and absorbed dose, at a precision 
determined by the quality of scattering cross-section 
data and by the statistics of Monte Carlo 
calculations. For all but the most energetic ions 
considered for radiotherapy, long-range delta-rays 
are of little importance, and energy carried -way by 
photons or radionuclides induced could also be 
neglected. So, the situation lends itself to analysis of 
dose-effect relationships in terms of dose-response 
data for single cells. The dose would be given in 
terms of the number of particle track segments that 
have traversed the individual cell, and their physical 
parameters. 

The present communication reviews the measures 
installed to permit determination of single (or 
combinations of repeated) time-resolved passages of 
charged particles through single cultivated cells, and 
correlation with the observed biological effects, such 
as cell death or impaired colony formation. 

Introduction 

The aim of this project is the knowledge of the 
effects of single (or combinations of repeated) time-
controlled charged particle passages through single 
cells. Mammalian and human cells are cultivated on 
a substrate containing a thin sheet of a passive solid 
state detector in a geometry that permits correlation 

of the track trajectories with the cell structures at an 
accuracy of appr. 1 micrometer. 

In the first, methodological phase of the study, the 
technical prerequisites are tested through irradiation 
with beams of protons and helium ions from the 
Gustaf Werner cyclotron at the Svedberg Laboratory 
(TSL) in Uppsala (8) and with helium ions and 
heavier particles made available for low fluence rate 
Clow dose") experiments with the Hilac at the 
Lawrence Berkeley Laboratory (6), within the frame 
of a joint collaboration Berkeley/Uppsala/Vancou
ver. The work of this phase has just begun. In this 
phase early effects on the cells are to be studied, such 
as: cell death, chromosome aberrations, formation of 
micro nuclei, delay of mitosis, irregular growth. The 
second phase of the work includes the study of 
transformations of cells and is technically more 
difficult 

We would like to study the critical, elementary event 
in the exposure of living tissues to radiation: the 
passage of a single charged particle through the 
nucleus of an individual cell. This subject is 
particularly relevant for understanding the biological 
significance of exposure to ionizing radiation in low 
doses. In such exposure - and this may be used as a 
definition of the concept "low dose" - there is a 
negligible probability for exposure of cell nuclei by 
more than one charged particle. In such situations the 
"hit size spectrum" describing the energy transfer to 
cells traversed by charged particles is independent of 
the dose absorbed in the cell system. In other words, 
the macroscopic term "absorbed dose" is irrelevant 
from the point of view of the individual, hit cell. 
Single charged particle trajectories through 
individual cells have never been studied in a way that 
would permit correlation to the biological response 
of the cells exposed. Closest to this situation is an 
experiment reported by a group in Koln, F.R.G., in 
which encounters of uranium ions and bacterial 
spores were studied (2). 

The rationale for the use of heavy charged particles 
is the fact that the trajectories of such projectiles are 
well defined and that the dense ionization near the 
end of the tracks permits easy detection. The 
experiment proposed is directly relevant for 
application lo problems both in low-LET and high-
LET radiobiology. In the environmental context, 
where electron, proton and utilization in the 
continued experiment would permit a dramatic 
increase in the production of data and of the chance 
for good statistics in the biological observations. 
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In Berkeley, preparations are made for the 
production of suitable ion beams from the Hiiac, 
with fluence density rates suitable for these 
experiments (6). It is foreseen dot the same 
conditions could be established as in the Uppsala 
design for proton and helium ion low-dose rate 
beams, i.e. fluence density rates of 105 to 107 

particles per second and cm . 

Experimental design and procedures 

In this study, the existing techniques based on V 79 
cells and plastic track detectors have been used. It 
should be said, however, that this experience should 
be accepted only as a benchmark, at the time of this 
application, representing the present fairly primitive 
state of die art. New improved detectors, follow-up 
techniques for biological end-points, and 
morphometric screening procedures (4) will soon be 
available as a result of the collaboration now 
established. It would be part of die study to optimize 
die conditions of the experiment, by taking new 
procedures and data into account. This experimental 
design and procedures refer to die benchmark 
situation: 

Detectors: CR 39 (Pcrshore), Lantrac (Techlops 
Landaucr) or cellulose nitrate on polyester support 
(LR 115 from Kodak-PaiM), fixed to a base of ca. 
0.5 mm thick Si (50 mm standard wafers provided 
with a square net of 250 x 250 \un "modules". 

Cell substrate: Cells are seeded and cultivated on a 
thin (less than 2 \xm) sheet of agarose provided with 
about 100 or 200 Jim wide "palladium islands" 
deposited in a layer estimated to be appr. 10 atoms 
thick (That V 79 and normal glia cells thrive on the 
islands and avoid die naked agarose has been 
ascertained in die preliminary experiments (3). The 
masks used during deposition of palladium should be 
positioned so dial the islands reside in die middle of 
die modules defined by die square net on mc Si 
surface (sec above). 

Seeding of cells: The V 79 (or odicr chosen) cells arc 
to be seeded so dial die probability for more than one 
cell per island is negligible. Until now, this condition 
has been obtained by chosing a cell concentration 
that corresponds to appr. 1 cell per 10 modules. 
(Alternatives arc underway: (1) seeding by FACS-
tcchniqucs or (2) killing of surplus cells by means of 
laser light). 

Time-lapse morphometry: After securing die cell or 
nuclear shapes and positions (separately, or with die 
DMIPS (5)) die developments in die single 
palladium confinements have to be followed by time-
lapse video records. It will dien be necessary to 
revisit die confinements, one by one, at suitable 
intervals, for example 30 min., or more often, 
depending on die aim of die study: follow-up of cell 
movements, mitotic events, and die deadi or die 
progression of single cell clones. 

Fixation of cells and etching of detectors: The cells 
will be fixed and prepared for conventional 
microscopic study, at die end of die cultivation 
period. A final revisit (possibly supplemented by 
conventional microradiography) will dicn be 
performed, to secure records of die structure of die 
irradiated cell or its progeny, at diat time. Then die 
detectors have to "developed" by etching in NaOH, 
under conditions chosen so as to get small and 
distinct tracks. 

Biological analysis, phase I: A primary aim would be 
to record 1000 events for study of mitotic delay, 
colony growth, and proliferative survival. It is not 
likely thai chromosome aberrations and other 
cytomorphological end-points can be included 
among die parameters assessed for quantitative 
evaluation in diis phase. 

Biological analysis, phase II: We are planning to use 
mouse embryo fibroblasts (C3H/IOTI/2 cell line) 
which are a suitable model system for die study of 
cell transformation in vitro. Transformed cells arc 
assessed by scoring of morphological changes, 
namely, characteristic colonics (foci) where the cells 
arc disorganized and their growth distinguish them 
from the "normal" cell monolayer. Transformation 
assay permit us to measure dire Uy die 
transformation frequency per surviving cell and to 
measure killing and transformation in the same target 
cell at die same time. 

Effect of low doses of ionizing radiation was studied 
in C3H/IOTI/2 cells by many authors (for a review 
sec Report to die General Assembly. United Nations 
Scientific Committee on the Effects of Atomic 
Radiation, 1986). The character of dose-response 
curves at low doses is unsufficiently known. 
However, dicrc is evidence that die dosc-rcsponsc 
curves for transformation frequencies arc linear up to 
approximate!) 2 Gy and curvilinear in die range 2 
and 4 Gy (Balccr-Kubiczck and Harrison, 1988). The 
new approach of this project allows the study of 
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effects of a single track through a single cell. The 
performance of the transformation experiments will 
be adapted to this new technique. 

The following important parameters will be studied: 
a) dose-response relationship for survival at low 
doses (1-6 particles per cell nucleus) at several cell 
density on "palladium islands", 

b) dose-response relationship for the transformation 
frequencies at low doses. Adaptation of the 
transformation assay for this study will include 
several moments, as trypsinization, seeding, 
treatment and post-treatment conditions, as well as a 
scoring technique at the end of the experiment, 

The true hit size distribution can be simulated in 
experiments with single tracks through single nuclei. 
It is then possible, in principle, to unfold response-
energy transfer relationships to get more detailed 
information than from experiments with random 
exposure. It would also be possible, by combining 
successive time-controlled hits, to see whether the 
cells are able to condition themselves for improved 
radioprotection - after exposure to a particle track -
or, reversely, whether they are more sensitive to 
subsequent tracks. Such knowledge would have 
bearing upon the question whether the dose-response 
curve, for the end-point considered, is linear, in 
conformity with models used in recommendations 
for radiation protection practice. 

c) morphologically changed colonies/cells will be 
examined in the light microscope and also their other 
characteristics will be studied (anchorage 
independence, growth in media with low level of calf 
serum, and ability to continue to be transformed 
when they will be seeded together with normal 
C3H/IOTT/2 cells (so called "reconstruction 
experiment"). 

As a next step, the DNA from transformed cells will 
be isolated and the cells from transformed colonies 
will be cultured, subjected to further analysis. It will 
be dons an attempt to transfect such DNA to NIH 
3T3 cells (mouse fibroblasts) with help of calcium 
phosphate-mediated DNA transfer procedure. The 
observed endpoint will be the change of normal cells 
to tumour cells. 

The cells from transformed colonies will serve as a 
tool for the study of other important endpoints: the 
activation of £35 proto-oncogene. DNA from 
transfected cells will be subjected to Southern blot 
analysis, using probes specific for the c-Ha-ras-I 
gene, to demonstrate an occurence of the point 
mutation in ias oncogene. 

The proposed experiment, based on the techniques 
described, would represent a new approach in 
experimental radiobiology. The need for data from 
single (or combinations of repeated) particle 
traversal of single cell nuclei is well illustrated by 
the "hit size" concept introduced (1) to represent 
energy transfer at single or multiple encounters 
between radiation particles and single cells. In fact, 
for charged particles, the hit size is approximated by 
the energy absorbed in the track segment through the 
cell, with due correction for displacement of energy 
by delta rays. 

In due time, thanks to the collaboration with the 
accelerator-based radiobiological groups at Berkeley 
(6) and Uppsala (7), it will be possible to address the 
problem how the transformation response depends on 
the physical parameters of the track segment through 
me cell nucleus, and possibly also how the response 
varies with the position of the panicle trajectory 
through die nucleus. The microscanner technique 
(4,5) has already potential for determination of die 
position of die cell in the cell cycle, and the density 
of DNA along die track projection, at die time of die 
hit event 
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Introduction 

An alternative to the subjective evaluation of a 
treatment plan is the use of an objective function. 
Early attempts at computer optimization of treatment 
plans frequently used a physical objective function 
with the goal to achieve a uniform high tumor dose, 
to not exceed a given dose at other stated points and 
to minimize the integral dose. 

A biological/probabilistic objective function is the 
result of defining the problem in terms more relevant 
to the patient and the biology of the problem 
(Wolbarst 1984; Wolbarst, Stemick et al. 1980). 
Perhaps the simplest of this class of objective 
functions is the estimate of the probability of a 
complication-free, local control of a tumor (P[ccf). A 
high Pjccf is an often stated goal of radiotherapy 
(Stewart and Gibbs 1982) and is also what the patient 
expects or hopes to receive. 

Methods 

There are two major components of this objective 
function, namely the probability of local control of 
the tumor or tumor control probability (TCP) 
(Goitein 1979) and the probability that the patient 
will have no normal tissue complications. First let us 
consider the TCP. For treatment planning purposes, 
the region to receive the therapeutic dose may be 
subdivided into several regions, each with a different 
load of tumor cells and different tumor 
environments. There is the region that encloses the 
grossly visible (on CT or MRI) tumor. This may be 
surrounded by a second region that includes the 
positive lymph nodes. Surrounding this may be a 
region with no known disease but potentially at risk 
for microscopic disease. The dose required to control 
50% of the tumor cells in these three regions 
(TCD50) is expected to be different. It is equally 
important to control the tumor in all these regions for 
a failure in any one of them is a local failure. In 
practice, a different minimum tumor dose is usually 
specified for each region. 

The overall TCP is obtained from the product of the 
probability of controlling each region by itself, 

TCP = n TCP;. (i) 

For each normal tissue irradiated, there is a normal 
tissue complication probability (NTCP). However 
not all complication may be considered equally 
serious. That is, a higher probability of some 
complication may be preferable to a lower 
probability of a different complication. One method 
to accommodate this option is to assign a weighting 
factor (kj) to each structure. The NTCPs and 
weighting factors are used to calculate a probability 
of being complication free (Pcf), 

Pcf=n(l-0-kixNTCPi). (2) 
i=l 

The Pjccf is obtained from the product of equations 1 
and 2: 

Plccf=PlcXPcf. (3) 

If any of the weighting factors are not equal to 1.0, 
then one has to realize that they are working with a 
modified probability of being complication free and 
the objective function (Equation 3) is then something 
other than the probability of an uncomplicated local 
control because of the modifications to reflect 
relative importance. 

This objective function and it's component parts 
(TCPs and NTCPs) may be used in several different 
procedures for treatment plan evaluation and 
optimization. 

1. The NTCPs have been used to evaluate a 
previously calculated plan to identify the normal 
tissues most likely to be involved in a severe late 
complication. If there are any structures with an 
unacceptably high NTCP, the case may be 
replanned to reduce the dose to the structure or 

the irradiated volume of the structure. 

2. The objective function (Equation 3) may be 
calculated for several different dose normalizing 
factors to find the D m a x which yields the highest 
probability of an uncomplicated local control. 

These two procedures were both used during the 
course of the NCI panicle treatment planning 



contracts by the LBL participants for plan evaluation 
and optimization. The minimum dose levels for the 
different target volumes for these treatment plans 
were constrained by the protocols established for the 
intercomparisons. 

A third possible procedure using the objective 
function, which was not tested during the contract 
period, is to utilize the function with a software 
optimization algorithm to determine optimal weights 
for a set of radiation beams. 

The optimization method currently being used is a 
simulated annealing algorithm (Kirkpatrick, Gelett et 
al. 1983; Webb 1989). 

microscopic disease only). With plan 3, to only treat 
the surrounding larger volume (the microscopic 
disease only), but with no reward or penalty for any 
radiation to the smaller target volume. Plan 4 is a 
complete plan in that it treats both target volumes as 
separate entities with different TCDs. 

The beam weights, given in GyE (Gy equivalent), 
assigned by the optimization program are shown in 
Figures 1-4. 

Results 

This objective function has been used to obtain 
alternative treatment plans for the treatment of a 
pancreatic carcinoma. The patient data was 
previously used for the NCI particle treatment plan 
evaluations. The patient planning data included two 
target volumes (gross tumor with margins and the 
remaining local region at risk for microscopic 
disease). Six normal structures were identified as 
being at risk for complications; these were die spinal 
cord, liver, left and right kidneys, stomach and the 
intestines. The plan developed for the evaluations 
was based upon a standard four-field box for both of 
the two target volumes. The optimization program 
was allowed to use any of eight beams directions 
(equally spaced at 45 degree intervals; zero degree is 
a left lateral direction and 90 degrees is an anterior 
direction) for eidier of the two target volumes. This 
was twice the number of beams used for the particle 
planning intercomparison. 

Plan la and lb tested the optimization results when 
the goal was to treat only the smaller target (gross 
disease). Because of the way the optimization 
program handles normal tissue structures when a 
portion of the normal tissue is within a target 
volume, different results can be obtained when the 
large target volume is excluded, depending upon how 
the large volume is excluded (Mohan, Brewster ct al. 
1987). In plan la, the program is not informed of the 
existence of the structure and there arc no overlap 
regions between the target and the normal tissues. In 
plan lb, the program knows of the large target 
structure and eliminates any overlaps from the 
normal tissue volumes (reducing the volume of some 
normal structures). With plan 2, the goal was to treat 
both target volumes as one region (as if it were 
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Optimization based both target volumes to be 
regions of microscopic disease 

Discussion and Conclusion 

The beam weights, for plan la arc expected to be 
zero for all the beams directed al the large target. 
They arc zero for six of the eight beams and one for 



the other two. This is probably because neither of 
these beams with a weighting of one is increasing the 
NTCP for either of the two normal tissues (liver and 
intestine) with a NTCP greater than 0.01. The same 
arguments apply to plan lb, but because of the 
elimination of overlap regions from the normal tissue 
structures, there is a larger safe margin and the large-
field beams are not as effectively eliminated. 
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is given to the large volume a further increase in the 
uniform dose increases the complication probability. 
However the smaller-field beams can be utilized to 
increase the target dose, although non-uniformly, and 
thereby increase the TCP while contributing to a 
more modest increase in the NTCPs. 

Plan 3 has the goal is to treat the surrounding 
microscopic disease while ignoring the gross tumor 
region (intended target is smaller than for plan 2) 
results in both large and small-field beams being 
utilized. Again for the same reasons postulated for 
plan 2. However more of the dose is delivered by the 
larger fields than in the previous case, there is a 
smaller advantage to be gained through the use of the 
smaller fields because there are no tumor cells 
assumed to be in the excluded central target region. 

Plan 4 treats both target regions as separate with 
different tumor control doses (TCD50). The TCD50 

for the microscopic region has been assumed to be 
80% of the TCD50 for the gross tumor for equal 
volumes and to be volume dependent. 

Optimization based on tumor cells being only in the 
larger target volume 

Figure 4 
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Optimization based on two target regions (gross and 
microscopic disease) with different TCDs 

Plan 2, which considers both target volumes to be 
one, docs not result in the beam weights to be 
heavily biased toward the large-field beams. This is 
because a high uniform dose is not the goal, rather a 
high uncomplicated local control and local control 
docs not require a uniform dose. After a certain dose 

The plans which result from the use of this objective 
function are dependent upon the parameters used by 
the NTCP and TCP models. However, they appear to 
be alternative plans worthy of comparison with plans 
based en standard protocols. The most apparent and 
potentially the most significant difference seen is in 
the minimum dose delivered to the region being 
treated for a potential of microscopic disease. Table 
1 gives a dose summary of the plans. Given are the 
maximum dose (sum of the individual beam weights, 
the sum of the large-field weights and the sum of the 
small-field weights, and a dose range for the 
microscopic tumor region. This dose range identifies 
a dose exceeded by 90% of the volume and a dose 
not exceeded by more than 10% of the volume. For 
plan 4, even when the total of the large field weights 
was 44 GyE, 90% of the microscopic target volume 
got a dose greater than 54.4 GyE (± 0.5) because of 
the additional contribution from the small-field 
beams. For the particle treatment plan 
intcrcomparisons, the large volume was to receive a 
minimum dose of 54 GyE, and the small volume 66 
GyE. The optimization program results suggest that a 
better plan may be to deliver a higher dose to the 
gross tumor and increase its local control and give up 
a small amount of the already high local control of 
the microscopic disease. 
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Tabid 

Plan summaries 

PlanDmax 

la 74 
lb 80 
2 75 
3 73 
4 79 

Dl 

2 
8 
42 
48 
44 

D2 

72 
72 
33 
25 
35 

D90-D10 

. 
28.0-80.5 
55.5-75.5 
55.5-73.5 
54.4-79.5 
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Introduction 

Treatment planning is widely understood as the 
process of optimizing dose distribution in time and 
space. Absorbed dose calculations are based. on 
anatomical information that is commonly obtained 
from CT- or MR slices. Besides the homogeneity of 
the dose distribution in the target, the dose given to 
critical organs is of essential interest 
Radiobiological facts have to be taken into account 
for comparing different time-dose patterns with 
respect to their biological relevance. If treatment 
plans based on radiation qualities of different 
biological efficiencies are compared and combined, 
the consideration of only the physical dose 
distribution cannot be sufficient. 

In this paper some algorithms for the calculation of 
biological effects will be summed up. For one 
clinical case the biological treatment plan for two 
different types of radiation will be shown. 

Radiobiological Model 

The linear quadratic equation is used as the 
fundamental of the biological treatment planning: 

- incomplete repair 
- repopulation 
- volume effects 
- biological efficiencies. 

Incomplete repair may be handled as a multiplicative 
function, depending on the overall treatment time 
and the number of fractions (1). A tissue-specific 
exponent has to be introduced: 

Effect E = Nd(o + Pd)f(T/N) [2] 

f(T,N) = (T/N)"° 

wiih T = overall treatment time (days) 

o = tissue-specific exponent 

Moreover an additional dependence from the overall 
treatment time can be found by repopulation, caused 
by proliferation or slow repair (2). The compensation 
of these effects that become effective after some 
latent time needs some additional dose respectively 
reduces the effect: 

Effect E = Nd (a+ pd)-x(T-TR) [3J 

withTg = latent period 

X = tissue-specific factor 

For the practical application of the linear quadratic 
model the additivity of effects is essential so that 
split course can be calculated: 

Effect E = Ij [Njdj (a + |3dj) f(TyNj)J - x(T-TR) HI 

withT = i:jTj+3: Pj 

j-1 

Effect E =Nd(a + Pd) = D ( a + 3d) 

with N = number of fractions 

ID 

d = dose per fraction 

D = Nd = total dose 

This does not include any time-depending effects as 
incomplete repair and rcpopulauon. So the linear 
quadratic equations have to be modified for taking 
into account effects, based on 

T: = overall treatment time of course j 

Pj = lime of rest period after course j 

So far homogeneous dose distributions have been 
supposed, as the radiobiological data are mostly 
obtained by homogeneous irradiations. In 
radiotherapy the organs except the target arc 
commonly irradiated with a considerable 
inhomogencity in dose. So each volume clement has 
to be considered separately so that the total effect is 
presented by a model proposed by Orion: 



Effect E = Hi INdi(a + B dy v; 0 I1*) * 

withvj = volume dement i 

+ = tmue-specific exponent 

Taking into account these eflects the simple linear 
quadiatic equation is modified to quite a complex 
expression: 

D t=RBE(Dn) = D„ 

wiinD-t = ineffective photon dose 

with D„=duse of radiation n 

RBE (Dref) = relative biological efficiency of radiation n 

at ihc dote level D^f 

Effect E = {E[2(Nidii(ot + Bdii) (T-i/Ni)
-0-T(STi+SPi - TR) )vi*}1/*)* 

i j j Jj-lJ [5] 

1 
irradiation 
courses 

incomplete repopulation 
repair 1 

volume 
effect 

Eimxl 

Treatment plan of a sarcoma with 6 individually 
weighted fixed fields (14 MeV neutrons). 

Biological Efficiency 

The relative biological efficiency RBE is the ratio of 
the dose values of two different types of radiations 
leading to the same biological effect. As reference 
radiation usually ™Co photons are used. The 
obtained RBE value is valid only for the dose level 
applied at the evaluation: 

The RBE depends on the observed effect and on the 
type of tissue. Principally it can be evaluated from 
extensive clinical studies. From the "theory of dual 
radiation action" the RBE for different dose levels 
can be calculated (4,5): 
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RBE2 (TV = RBE2 (Djrf)(1 • 6/DJ/I* 6/D^,) 

«=0.20<y*M2 

y =dojeme«i lineal energy, corrected foe saturation 

d = diameter of the sensitive volume in pra 

The microdosirnetric parameter y can be calculated 
from measured event size spectra of the considered 
type of radiation (6). 

Biological Treatment Planning 

The equations given above, together wilh the 
corresponding tissue-specific parameters, are 
integrated into the treatment planning system 
MEVAPLAN (Siemens). The calculated values are 
displayed as biological isodoses. The normalization 
of these isodoses is performed in the way that 100% 
are isoeffective with tolerance dose TD 5̂ 5, 
transforming the applied fractionation to trie 
reference fractionation of the tolerance dose. These 
isodoses are calculated only for those tissues with the 
contours being encirculated in the physical treatment 
plan and the radiobiological parameters being 
integrated in the data base. For the example shown 
here, these are lung, bone, and spinal chord. 

Fifurel 

Treatment plan of a sarcoma with 1 rotational field 
(16 MV X-rays). 

In Fig. 1 the treatment plan of an irradiation of a 
sarcoma in the thorax with individually weighted 
fixed fields of 14 McV neutrons is shown. 
Alternatively the treatment plan of a rotational field 
with 16 MV x-rays is given in Fig. 2. 

The isodoses are normalized to the minimum target 
dose. For the neutron treatment 0.8 Cy with a total 
dose of 12 Gy in 19 days was considered For the 
photon calculations, an accelerated irradiation with 2 
Gy/fracrjon and a total dose of 72 Gy in 24 days was 
assumed. The biological neutron plan (Fig. 3) shows 
values of more than 100% in both lungs, which 
means that more than the isoeffective tolerance dose 
has been administered. Bone and spinal chord are 
well below 100%. The photon plan has a 
corresponding excess of more than 100% only in the 
left lung. These differences are mainly based on the 
better dose distribution of the "Brcmsstxahlung" 
compared to the neutrons. This causes great 
differences on the biological effective dose to large 
organs due to the volume effect. 
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ftgircJ 

Biological treatment plan to Fig. 1. Dose/fraction: 
0.8 Gy. total dose 12 Gy. overall treatment time: 19 
days. 

Fifure4 

Biological treatment plan to Fig. 2. Doselfraclion: 
2.0 Gy, total dose: 72 Gy .overall treatment lime: 24 
days. 



Discussion 

For the different types of biological effects observed 
at animal experiments or obtained from clinical data 
mathematical algorithm are known. The reliability of 
the obtainable results is dependent on the quality of 
the integrated parameters. Though considerable 
improvements can be expected, today biological 
treatment planning is possible within certain limits. 
The calculated biologically weighted isodoses enable 
a qualitative intercomparison of different types of 
fractionations and thus can be helpful to find the 
optimal treatment with respect to the dose 
administered in time and space. 
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Msnaa 

A dedicated 230 MeV proton synchrotron is 
designed for cancer therapy at University of 
Tsukuba. The therapy facility has two treatment 
rooms, one is equipped with a horizontal beam and 
two vertical beams from upper and lower directions, 
and the other with two vertical beams. The dedicated 
accelerator is a separated-function synchrotron with 
six superperiods. The proton energy is variable in 
three steps of 120,180 and 230 MeV. It has both fast 
and slow extraction systems. The repetition rate is 1 
Hz for fast extraction and 0,5 Hz for slow extraction. 
Design goal of the beam intensity is 20 nA. A 3 MV 
tandem electrostatic accelerator is chosen as the 
injector. An injection energy of 5 MeV is assumed. 
Conceptual design of the beam transport lines and 
control system are also made. 

Introduction 

Particle Radiation Medical Science Center 
(PARMS), University of Tsukuba was established in 
1980 with a term of 10 years. It has a proton therapy 
facility at National Laboratory for High Energy 
Physics (KEK) about 7 km from the University 
Hospital. The KEK proton accelerator complex is a 
cascade machine, it consists of a 40 MeV linear 
accelerator, a 500 MeV Booster synchrotron and a 12 
GeV Main Ring. The Main Ring is a slow-cycling 
synchrotron with a period of 2,5 sec , whereas the 
Booster is a rapid-cycling synchrotron with a 
repetition rate of 20 Hz. Only 9 Booster beam pulses 
in one Main Ring period are injected into the Main 
ring and the other 51 beam pulses are extracted to 
Booster Synchrotron Facility (BSF) for production of 
pulsed neutrons, mesons and for medical use. 500 
MeV protons from the Booster are decelerated to 
around 200 MeV by passing through a graphite block 
and utilized for therapy. Since the results of clinical 
trial are satisfactory (1), a new organization will be 
founded to continue and to extend the trial. Since the 
proton accelerator complex was primarily built for 
particle and nuclear physics, and users of neutrons 
and mesons crowd too, machine time for clinical trial 
is inevitably limited. Thus a dedicated proton 
synchrotron facility will play an important role to 
push the study further in the new organization. 
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Requirements for Tsukuha Medical Proton Facility 

Design of the dedicated proton facility bases on 
following requirement and specifications. The 
facility is to be built next to the conventional radio
therapy, facility at the University Hospital. 

1. Available proton energies have to be at feast at 
three steps of 120. 180 and 230 MeV. The 
maximum energy is somewhat lower than the 
PTCOG agreement 

2. Beam intensity at the exit of the beam transport 
lines is 20 nA, which corresponds to 1,25 x 101 * 
protons/sec. Integrated dose is regulated within 
1%. 

3. Two modes of beam extraction, fast and slow, are 
possible. 

4. The maximum field is 15 x 15cm*. but most of 
treatment will be done with a field of 8 x 8 cm^ 
or less. The spread-out Bragg peak must be more 
than 5cm. 

5. Two treatment rooms. Both vertical and 
horizontal beams are available in one room. 
Distance between the patient and the nozzle is 
more than 50 cm. 

6. The room is not equipped with a heavy radiation-
shielding door. If necessary, physicians can enter 
into the treatment room quickly. 

7. The machine starts every morning in one hour. 
Long shutdowns for maintenance are planned 
twice a year and in each case shorter than a week. 

Oeneral Features 

patient, such as breath. The accelerator control 
system is not separated but integrated in the total 
facility control system. The space for the facility is 
limited as shown in Fig. 2, because it must be close 
to the conventional radiation therapy facility. 

Eiaexl 

err. 

Layout of Tsukuba proton therapy facility 

Synchrotron Lattice 

The synchrotron is characterized by following items; 
room temperature magnets, strong focusing, 
separated functions and slow cycling. It has six 
superperiods and its P and T| functions are shown in 
Fig. 3 (2). 

Figure 3 

The proposed facility has two treatment rooms, one 
is equipped with a horizontal beam and two vertical 
beams, from upper and lower directions, and the 
other with two vertical beams as shown in Fig.l. The 
beams are isoccntric in both rooms. Beam transport 
lines are switched in 5 minutes. 

The main accelerator is a proton synchrotron with six 
supcrperiods. 5 MeV protons are injected into it and 
accelerated to 230 MeV in 0,5 sec. Two kinds of 
beam time structure are available, 100 nano-scc. 
pulse every 1 sec. by fast extraction or 1 sec. beam 
every 2 sec. by slow extraction. The proton beam can 
be delivered triggered by a signal generated by the 
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Six straight sections are prepared for injection 
septum magnets, extraction electrostatic and 
magnetic septa, accelerating radiofrequency (RF) 
cavity, kicker magnets for fast extraction, injection 
and extraction bump magnets, correction magnets, 
beam monitors and vacuum pumps. The main 
parameters are listed in Table I. The bending 
magnets have parallel edge surfaces for simplicity of 
production, so that they must be accompanied by two 
quadrupole magnets each. The twelve quadrupole 
magnets can avoid dangerous resonance which might 
cause beam loss at slow extraction. 

RF Acceleration 

Since the accelerating radiofrequency voltage is 300-
450 V, an RF cavity loaded with low-Q ferrite disks 
can be used with a commercially available solid state 
power amplifier (3). The Q of the cavity is also so 
low that no ferrite bias is needed for tuning of the 

cavity. This system simplifies one of the most 
complicated parts of the synchrotron. A ferritc-
loaded untuned cavity was used for Cosmotron in 
19S3 (4). Since then, however. high-Q cavities have 
been used widely for synchrotrons to get high 
accelerating voltages efficiently. The old system was 
called back, refined and installed in the LLUMC 
synchroton (5). 

A model cavity was made and it was confirmed that 
the required characteristics can be produced by 
loading one kind of high-|i Ni-Zn fcrritc disks 
instead of loading Ni-Zn fcrritc disks together with 
Mn-Zn ferrite disks in the cavity as for Cosmotron 
and for Femtilab designed LLMUC synchrotron. It is 
probable with suitable fcrrite disks that the 
accelerating gap of the cavity can be shunted with a 
200 Q resister, so that the RF power reduces to 1/4 
from shunted with SO £1 resislcr (3). 

Table 1 

Lattice 

Circumference 
Straight Section 
Tune (Horizontal) 
Tune (Vertical) 

Bending Magnet 

Injections (5 MeV) 
Gap 

Quadrupole Magnet 

Aperture 
Length 

34.939 m 
3.0 m 
1.8 
1.85 

0.2087 T 

6.5 cm 

11.6 cm 
20.0 cm 

Radiofrequency Acceleration (5-230 

Frequency Range 

Injector: Tandem Van 

Input Energy 
Normalized Emittance 

0.88- -5.11 MHz 

de Graaff 

(90%) 

70 kev 
1.5 nmm. 

MeV) 

mrad 

Structure 
Bending Radius 

Extraction (230MeV) 
Width 

Field Gradient (F) 
Field Gradient (D) 

Voltage 

Ion Source: Multicusp H~ 

Output Energy 

DOFB 
1.55 m 

1.498 T 
28 cm 

5.9483 T/m 
1.1416 T/m 

450-300 V 

5 MeV 

Main parameters of 230 MeV proton synchrotron for therapy 



73 

Iniector and Injection 

One of the crucial selections in design of a 
synchrotron is its injector. To achieve high 
intensities, higher injection energies are favorable, 
but the injector becomes more expensive. Van de 
Graaff accelerators were injectors in early days of 
the proton synchrotron. The ion source was installed 
in its high-voltage terminal in a pressurized tank, 
therefore the source was not easily maintained. The 
Tandem Van de Graaff or tandem electrostatic 
accelerator removed the difficulty. Its ion source is in 
a high voltage terminal of several tens kV outside the 
tank. However, it needs negative ions instead of 
positive ions. Recently, high intensity H" sources 
have been developed. A multicusp H~ source has run 
four years routinely at KEK. This system is chosen 
as the injector. Estimation is made for a 
commercially available tandem accelerator, NEC 
Pelletron 9SD-2, with the multisusp H" source. The 
terminal voltage is limited to 2,5 MV to ensure easy 
tuning every day, although the rating voltage is 3 
MV. While the acceptance of 9SD-2 Pelletron is 1G 
mm.mrad and smaller than the emittance of 20 mA 
H" beam, half of the injected beam can reach the 
high voltage terminal of the Pelletron and 85% of the 
2,5 MeV protons will accelerated to 5 MeV. 

It is assumed that one fourth of the injected protons 
will be accelerated to the final energy of 230 MeV. 
Thus, 20 turn injection with more than 3,7 mA beam 
is needed to achieve the design intensity with a 1 Hz 
repetition rate. Injection tuning might be critical and 
time-consuming in this system. 

Simpler tuning is expected for another option, in 
which a 10 MeV drift tube linac is combined with an 
RFQ preinjector and a debunchcr. Since H'ions are 
accelerated to 10 MeV with the linac, efficient and 
simple charge-exchange injection into the 
synchrotron becomes possible. Drawback of the linac 
is complexity and cost of its RF power source (about 
lMWpcak). 

Extraction 

The synchrotron lattice is designed at aiming 
efficient extraction. In fast extraction mode, which is 
the mode utilized presently at PARMS, circulating 
protons are extracted as one bunch by kicker 
magnets. Before exciting the kicker magnets, beam 
orbit is bumped toward the extraction septum. 

The accelerated protons can be extracted in slow 
extraction mode. After the protons are accelerated to 
a design energy, the quadruple magnets moves the 
operating point to a half-integer resonance to expand 
the beam horizontally. The protons, which enter into 
the gap of the electrostatic septum, are extracted to 
the beam transport line. Beam spill is extended up to 
1 sec.. Each bending magnet is accompanied by two 
quadruple magnets to avoid resonances in the 
vertical plane. 

Vacuum requirements 

Coulomb scattering by residual gas molecules is 
another issue in the synchrotron, because of rather 
low injection energy and accelerating RF voltage. If 
the Pelletron is replaced by a linac and the injection 
energy is raised to 10 MeV, then beam loss by the 
Coulomb scattering during acceleration is estimated 
to decrease from 4,9 % to 2,7 % at a pressure of 3 x 
10"' Torr, which can be attained in a carefully 
designed vacuum system without baking. Since 
components of many equipments, such as the 
electrostatic and magnetic septa, are in the vacuum 
vessel the pumping system should be powerful 
enough at the beginning of commissioning. 

Beam Transport Lines 

Accelerated protons are guided with the upper, lower 
and horizontal beam transport lines to two treatment 
rooms as shown in Fig. 1. Since the dose distribution 
of proton beam is different from that of X-rays and 
electrons, fixed beam transport lines are preferred in 
this design. The clinical trial will start with proton 
beams spread by scattcrcrs at the first phase and 
other beam handling technique will be studied later. 

Control System 

Control system of the accelerator and beam transport 
lines is a part of the facility computer control system 
as shown in Fig.4. The accelerator control can be 
closely connected with patient treatment planning in 
this system. It is expected that a smaller number of 
operators can operate the facility compared with a 
separate accelerator control system. After completion 
of hardware of the synchrotron, the control system 
will be developing further for long time. 
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Conclusion 

Conceptual design of a dedicated proton synchrotron 
is made for a new research center at University of 
Tsukuba. Its design energy and intensity are 230 
MeV and 20 nA. It has six straight sections for both 
fast and slow extraction, and is designed for efficient 
extraction of accelerated protons. A tandem 
electrostatic accelerator can be an injector of 5 MeV 
protons, while a 10 MeV linac simplifies injection 
and vacuum system. A low-Q ferrite loaded, 
wideband RF accelerating cavity is developed, and 
one of the most difficult problems of the synchrotron 
is solved. Vacuum pump system must be powerful 
enough at the beginning of commissioning. Fixed 
beam transport lines for two treatment rooms are 
preferred, one room has a horizontal and two vertical 
beams and the other has two vertical beams. 
Development of the control system will continue 
after completion of the hardware. The construction 
term will be three years, which includes half a year 
commissioning. 
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Introduction 

Radiotherapy with Heavy Ions at Heidelberg-
Darmstadt is a cooperative project of the 
Radiological Clinic of the University Heidelberg, the 
German Cancer Research Center in Heidelberg, and 
the Laboratory for Heavy Ions at Darmstadt. 
Although the project is still on the very beginning the 
coworkers are very hopeful to succeed and become 
soon a supportive member of the international 
charged particle radiotherapy group. 

During a meeting in Bonn at the Department of 
Research and Technology our project proposal met 
with enthusiastic approval and was assured getting 
financial support by the European community and 
the German government for a 2 year lasting 
prophase. Despite being granted on a lower financial 
base than assumed, most of the technical units will 
be brought into operation at the experimental cave as 
originally planned. A written proposal containing all 
steps of this prephase will be submitted to the 
German government end of September. Then first 
measurements could be performed at the beginning 
of 1990. 

Clinical Programs 

In the following the clinical programs of the project 
are discussed as they were proposed at the project 
symposium in May 1989 in Heidelberg. 

There is no doubt that the experience in heavy 
charged particle radiotherapy is still very limited and 
that the project needs support from foreign institutes 
in Switzerland, the USA, and the Soviet Union. The 
project should be able to enter cooperative studies 
for example as matched pairs in order to answer 
Anally the following questions: 

- Can we improve local tumor control? 

- Can we reach a decreased complication rate? 

- Which part plays the high-LET component of 
heavier ions? 

All these information could finally allow to set up a 
list of appropriate histologies and tumor sites. 

The clinical trials can be devided in to 3 types: 

- Type A corresponds to already clinically esta
blished treatments as for example the uveal 
melanoma. 

- Type B overtakes phase-II trials of other insti
tutes, that means the protocols are aligned to 
those already working and try to enter 
cooperations. 

- Type C contents new clinical trials which have to 
be built up, beginning with phase I. 

Because the time and the patient's throughput is 
limited for the project, the number of trials must be 
small. S tumor sites which take the beam 
characteristics and in part the special radiobiology 
into account are defined. 

Uveal melanoma 

The type A study with uveal melanomas shall not be 
discussed in detail because this indication is 
generally accepted and the treatment considered to 
be already routine patient care. 

Tumors of the base of skull and vertebral spine 

An appropriate tumor region for charged panicle 
radiotherapy seems to be the base of the skull, 
including the facial area, and the vertebral spine. 
Although part of the tumor histologies appearing in 
these regions are benign and relatively rare. They can 
cause immense therapeutic problems because of the 
unrcsectability and the high probability of 
recurrences. This trial is suggested in order to 
perform matched pair studies with foreign institutes, 
especially with Boston and Berkeley, asking for the 
effectiveness of different ions. We will probably 
irradiate with a carbon beam. The indications arc 
unresectable tumors, rest tumors after surgery, and 
recurrences. 

and 
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Low grade brain tumors 

The proposed trial concerns low grade brain tumors. 
These tumors show limited .resectabiiity and high 
recurrence rates, too. Previous studies could show 
that a postoperative photon irradiation can improve 
the S year survival rate. With this proposal again, we 
want to clarify the high-LET effectiveness. These 
usually slow growing tumors should profit from 
high-LET. Matched pair studies with different ion 
types are desirable, we consider perhaps a 
randomized trial between the low-LET Helium beam 
and the high-LET Carbon beam. The indications are 
the same as of the previous mentioned study. 

Retroperitoneal tumors of the childhood 

A type C trial will be the study on pediatric 
retroperitoneal tumors. There is a small but relevant 
number of patients per year for these tumors which 
could profit from a charged particle irradiation. The 
overall estimate for the United States assumes about 
175 risk cases and 160 recurrences per year. The first 
step should be a phase I study for local recurrences, 
followed by a phase II trial. In case of positive 
results we will offer a treatment for recurrences and 
risk patients in a second step. This shall be included 
in established pediatric protocols. We propose 
Helium irradiation because of the limited knowledge 
about second cancer for high-LET beams. The 
similarity of the therapy protocol in USA and Europe 
might also allow comparability when other charged 
particle institutes will participate in the trial. 

Locally advanced pancreatic carcinoma 

The last suggested trial concerns the pancreas 
carcinoma in a localized or locally advanced stage. It 
is well known that there is no satisfying therapy 
regimen. As a base for the proposal there is an 
improved median survival time for the combination 
of intraoperative and external, radiotherapy. In 
Heidelberg an intraoperative radiation facility will be 
installed in 1990 that allows a therapy branch of 
intraoperative and carbon irradiation under 
controlled conditions. Another advantage of this 
connection could be the 3-dimcnsional clipping of 
the target vo'*me. 

Summary 

The selection of the trial takes the dose localization 
characteristics and the radiobiological background 
into consideration. The project focusses on therapy 
with high LET particles because it wants to utilize 
the optimal technical facilities at the GSI on one 
hand and to widen the clinical experience with these 
beams worldwide on the other hand. We direct our 
trials at many different clinical specialists: 
ophthalmologists, neurologists, neurosurgeons, ENT 
doctors, pediatricians, and surgeons. The problem of 
the trial 2 and 3 is the relatively long recurrence free 
survival time of these patients. To achieve a 
sufficient long follow up time we have to start with 
them as early as possible. The profound groundwork 
relating treatment planning, immobilization and 
positioning techniques done at the German Cancer 
Research Center gives a good chance for an 
unproblematic start. Regarding the eye treatment we 
hope for support of institutes, which are already 
practising this treatment. For the irradiation of 
retroperitoneal tumors, especially for children, new 
beam localization techniques have to be developed. 
However, the natural histories of these tumors are 
short with the consequence that these trials can be 
started later. 

The project in Heidelberg offers the chance to 
introduce an effective local tumor therapy in 
Germany as well as to proceed in an interesting and 
promising field of modern radiotherapy worldwide. 
We are willing to cooperate not only on the clinical 
but also on the technological side. 
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Introduction 

The National Accelerator Center (NAC) provides 
particle beams for basic and applied research, 
radionuclide production and radiotherapy and is 
located about 35 km from downtown Cape Town 
(population 2 million). The main facilities include a 
200 MeV variable energy separated sector cyclotron 
and an 8 MeV solid pole light ion injector cyclotron, 
while a second injector for heavy and polarised ions 
is presently under construction. All the accelerator 
facilities have been locally designed. 

The medical facilities include three radiotherapy 
treatment vaults, laboratories, offices, medical 
physics and radiobiology facilities, including 
provision for experimental animals. One of the 
treatment vaults contains an isocentric neutron 
therapy facility, while a horizontal proton therapy 
facility is being developed in another. Plans for the 
third vault have not yet been finalized, but an 
isocentric proton therapy unit may be housed there at 
a later date. 

All patients are referred through one or other of the 
local university training hospitals, Groote Schuur 
Hospital (1 400 beds) and Tygcrberg Hospital (1 800 
beds). The two hospitals between them admit more 
than S 000 new radiotherapy patients annually. Both 
hospitals arc about 20 minutes by road from the 
NAC. Patients can be treated as outpatients or be 
admitted to the 30-bcd on-site hospital for the 
duration of their treatment. Patients arc treated on 
Tuesdays, Wednesdays and Thursdays between 
08h00 ar>J 16h00 while research projects and quality 
control procedures arc undertaken between 16h00 on 
Tuesdays and 08h00 on Wednesdays. 

The Neutron Therapy Facility 

The neutron therapy system (1) (Elven Precision 
Limited, UK) incorporates an isoccntric gantry 
capable of 185' rotation. Field sizes of between 5 x 
5 cmr and 30 x 30 enr are defined by a rotatablc 
continuously variable collimator. Neutrons arc 

produced by the p(66 MeV)/Be(40 MeV) reaction. A 
summary of the characteristics of the treatment 
system is given in Table 1. 

The first neutron therapy beam was produced on 12 
February 1987. Basic neutron beam data (2) were 
initially measured in order to provide sufficient 
information for radiobiological experiments to be 
undertaken. One of these experiments indicated a 
differential in the RBE of the beam of about 12% 
between the surface and at depth in phantom (3). In 
order to reduce this differential (to about 4%) a 2.5 
cm thick polyethylene beam-hardening filter was 
mounted in the treatment head. In addition beam-
flattening filters were also installed at the same time. 
The installation of the beam filters resulted in all the 
beam characteristics having to be remeasurcd. 
Although two pilot patients were treated in 
September 1988 routine patient treatment got 
underway on 21 February 1989. 

Table 1 

Proton energy 

Be target thickness 

Beam filters 

Gantry rotation 

SAD 

Axis height 

Field sizes 

Collimator rotation 

Collimator clearance 

66 MeV 

19.6 mm (40 MeV) 

Flattening 

Hardening (2 5cm polyethyl) 

Wedge (25°,35° 45°) 

± i 85° (moving floor) 

150 cm 

125 cm 

5.5 x 5.5- 30 x 30cm2 

360° 

35cm 

Physical characteristics 

All dose measurements arc made with lisr,ae-
cquivalcnt (TE) ionization chambers flushed with TE 
gas. The total dose rate measured in a water phantom 
at the SSD of 150 cm is 21,19 mGy.min'1^A'1 for a 
10 x 10 cm^ field at maximum dose without beam 
filtration. The corresponding figure when both the 
flattening and hardening filters arc inserted is 15.13 
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mGyjnin^nA"1. Target currents of 28uA are 
routinely used giving a total dose rate of about 420 
mGyjnin"1. For filtered beams the total dose rate at 
a depth of 5 cm in water relative to a 10 x 10 cm2 

field varies from 0.83 for a S.S x 5.5 cm2 field to 
1.19 for a 30 x 30 cm2 field. 

Relative dose measurements have been made in the 
build-up region for various field sizes using a TE 
extrapolation ionization chamber mounted in an 
acrylic phantom. The measurements reveal very little 
differences in the shapes of the curves, which exhibit 
broad maxima between 1.1 and 2.2 g.cm"2 of TE 
plastic for all field sizes. Slight differences in the 
surface doses and in the depths of the dose maxima 
could be discovered, both values increasing with 
increasing field size. If bolus materials are used, skin 
sparing can be restored by using 1-2 nun of lead on 
the skin surface. The restoration of skin sparing is 
illustrated in Fig. 1. 

Figure I 
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Build-up curve and restoration of skin sparing by 1 
mm and 2 mm thick lead filters for a 10 x 10 cm? 
field measured with a TE extrapolation ionization 
chamber. 

TabJiZ Figure 2 

Parameter (10 x 10 a n 2 field) 

SSD(a») 

*Wx (g.cm / 

surface dose (rel. to max) 

90% build-up (g.crrr2) 

'hO* (an) 

^lOcm (rel. to max) 

20% - 80% penumbra (mm) 

2cm 

10cm 

NAC 

p(66VBe(40) 

ISO 

1.7 

33% 

0.5 

16.7 

71.2% 

7.0 

13.1 

8MV 

100 

1.8 

22% 

0.9 

16,8 

70.7% 

7.0 

10.0 

The depth dose curve measured for a 10 x 10 avr 
filtered beam is shown in Fig. 2 where it is compared 
with depth dose curves for typical ^Co and 8 MV 
photon beams. Also shown is the depth dose curve 
for a 200 MeV proton beam (see below). In Table 2 
the NAC neutron beam is compared with a typical 8 
MVbcam. 

100 

80 

60-

40 

20- - W fkV ELECTRONS 

10 15 20 

DEPTH IN WATER (cm) 

25 30 

Central axis depth dose curve for the p(66)/Be neu
tron beam for a 10 x 10 ctrr field measured in a wa
ter phantom. Typical depth dose curves for ""Co 
and 8 MV photon beams are shown together with the 
measured depth dose curve for a 200 MeV proton 
beam. All the curves are normalized to 100 at maxi
mum dose. 

The three tungsten wedge filters rotate the isodosc 
distributions at a depth of 10 cm in water by appro
ximately 25', 35' and 45' respectively for a 10 x 10 
cnr field. 
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Tungsten blocks, 12 cm thick are used to shield areas 
within radiation fields. The central axis doses at all 
depths behind the larger blocks are about 20% of the 
unblocked central axis dose at 2 cm depth as shown 
in Fig. 3. Expressed as a percentage of the unblocked 
central axis dose at the measurement depth, the 
variation ranges from 15% at 2 cm depth to 55% at 
35 cm depth respectively. 

The gamm& component in the neutron beam was 
determined by means of the twin-detector method, 
using a TE ionization chamber and a Geiger-Miiller 
counter. Results indicate that the gamma component, 
expressed as the ratio of gamma dose to total dose, 
varies from 4.5% for a 5 x 5 cm2 field at dose 
maximum to 12.6% at a depth of 30 cm in water for 
a 30 x 30 cm2 field. Measurements outside the edge 
of the field reveal that the gamma component 
increases sharply with distance: for a 10 x 10 cm2 

field at a depth of 10 cm it varies from about 20% of 
the total dose at 7.5 cm from the central axis to about 
75% at 20 cm from the central axis. 

Figure 3 

outside users, 
below: 

Some of these projects are listed 

-25 -20 -15 -10 -5 0 5 10 15 20 

DISTANCE FROM CENTRAL AXIS 

-RBE with V79 cells- unfiltered beam 
- filtered beam 

-Single dose RBE with mouse foot 
-Mice whole body: LDjQ/g and LD^Q^Q 
-RBE with mouse jejunum 

- unfiltered beam 
- filtered beam 

-RBE with vicia faba 
-Chromosome aberrations 
-RBE with V79 cells - p(66)/Be: d(16)/Be 
-RBE of fractioned doses on pigskin 

- unfiltered beam 12F/4W 
- filtered beam 12F/4W 
-filtered beam 12F/2W 

-RBE of fractioned doses on mouse jejunum 
-Effect on mouse tumors of breathing hypoxic gases 
-Tumor growth delay in mice treated with DDC 
-OGF for fast neutrons with V79 cells 
-RBE for cartilage growth stunting 
-Effect of beam filtration on RBE with V79 cells 
-Effect of neutrons on mouse lip 
-Single doses of neutrons on rat brain 
-Survival curves for B16 murine melanoma cells 
-Response of chromatin to neutrons 
-Radioprotection using exogenous ATP 
-Effect of neutron beam on various TLD's 
-Microdosimetry - beam quality 

- effect of filtration 
- penumbra 
- gamma component 
- build-up 

-kjj-values for GM counters 
-Determination of gamma component 
-G-values for FBX dosimeter 
-Effect of inhomogcneitics 
-Attenuation in various materials 

Intercomparison studies 

Crossplane profiles measured at various depths in a 
water phantom with two 12 cm thick tungsten blocks 
in a 25 x 25 enr neutron field. The width and 
placement of the blocks are drawn to scale. 

Research projects 

Apart from the physical beam characterization, a 
wide range of research projects, predominantly of a 
radiobiological nature, has been undertaken on the 
neutron therapy facility by both NAC staff and 

Neutron dosimetry intercomparison studies(4) have 
been undertaken with two other neutron therapy 
facilities which have similar beam characteristics; 
viz. University Catholique de Louvain (UCL), 
Belgium, [p(65 MeV)+Bc) and MRC Cyclotron Unit, 
Claacrbridgc Hospital, UK [p(62 McV)+Be]. The 
neutron beam measurements differed by a maximum 
of 2.4%, whereas if only one particular type of 
ionization chamber is considered the spread in values 
is reduced to ±0.5%. The results obtained were 
highly satisfactory and confirmed that the dosimetry 
procedures adopted by the participating institutes 
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procedures adopted by the participating institutes 
conform to international standards. 

A radiobiological intercomparison(5) was also 
undertaken with UCL. BALB/C mice were irradiated 
in the NAC neutron beam. Sections of the jejunum 
were prepared at each Center and analyzed by both. 
The n/n RBE of the NAC beam relative to the UCL 
beam was found to be 1.03 ±0.13. Such a Figure 
could be expected from the similarity of the physical 
characteristics of the two beams. 

As a precursor to randomized clinical trials at NAC, 
a national South African photon dosimetry 
intercomparison was undertaken (see details in these 
proceedings). The results showed differences in 
doses determined by the participating hospitals of up 
to 8% which was reasonably satisfactory. However, 
following the intercomparison two hospitals made 
new measurements, resulting in agreement on a 
national basis of ±2%. Randomized clinical trials can 
therefore be pursued within the framework of 
acceptable dosimetry standards. 

Patient treatment 

Although two patients were treated in September 
1988, routine treatment commenced on 21 February 
1989. Up to 31 August 1989, 48 patients had 
undergone treatment. About 12% of treatments had 
to be rescheduled due to technical problems. A total 
of 962 fields were treated during this period. The 
average number of fields per treatment is about 2.1. 
Patients with head and neck, salivary gland, 
bronchus and breast tumors, soft tissue sarcomas and 
a variety of other tumors have been treated. A 
number of treatment protocols for randomized trials 
have been written and some have been activated. 

A typical patient treatment field takes about 2 
minutes while set up times are about IS minutes on 
average. During these times the 66 McV proton 
beam is switched to isotope production. The switch
over between the two bcamlincs takes 15 seconds. 

Treatment planning is undertaken at Groolc Schuur 
and Tygcrbcrg Hospitals using conventional photon 
treatment planning programmes. A typical neutron 
plan designed to treat nodal disease high up in the 
neck is shown in Fig. 4 (solid lines). The dashed 
lines indicate the dose distributions for an 8 MV 
linear accelerator treatment plan. Bolus materials arc 
used for tissue compensation. The most common 
bolus is a mixture of 80% paraffin wax and 20% 

beeswax, although water has also been used. The 
bolus is lined with lead if skin sparing is required. 

The patient treatments are undertaken by one 
permanent radiographer and three other 
radiographers who rotate every eight weeks. The 
average dose equivalent received by the 
radiographers is 5 p.Sv per treatment Held which is 
comparable to the radiographer exposure at the 
similar facility at Oattcrbridgc Hospital (6). 

Fieure 4 

A typical neutron plan (solid lines) compared with an 
8 MV photon plan (dashed lines). Both plans are 
normalized to 100 at point A. 

Proton Therapy 

A fixed horizontal proton beam line for small field 
radiosurgical procedures is presently being 
developed. The contract for a patient positioning 
system utilizing stcrcophologrammctric methods has 
been awarded. This system should be completed 
during 1990 and it is hoped that patient treatment 
will commence in 1991. At a later date consideration 
will be given to the installation of an isoccntric 
proton therapy system in the third treatment vault. 

A few preliminary dose distribution measure.cnts 
have been made in a 200 McV proton beam. The 
measurements were made in the neutron therapy 
treatment room and a horizontal proton beam was 
directed into the room through a port in the 70' 
bending magnet. The beam exited the vacuum 
system through a 0.025 mm thick havar window. 
Measurements were made with an air-filled 0.3 cm-' 
TE ionization chamber in a water phantom and no 
collimation was used. The measured depth dose 
curve in water is shown in Fig. 2. The proton range is 
about 25.7 cm in water. 
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The 160 MeV synchrocyclotron at the Harvard 
Cyclotron Laboratory was completed in 1949 for 
nuclear physics research. The first patient was 
treated with proton beams in 1961 and by June 1989, 
4686 patients had been treated. In 1977 the second 
treatment room was completed and the clinical 
schedule expanded to occupy all day, 5 days a week. 
Non-clinical applications are scheduled in the 
evenings and at weekends. By going through the log
books recording details of cyclotron operation for the 
ten year period 1979-88, the time lost for patient 
treatments due to failure of the cyclotron or 
associated beam lines has been determined. A total 
of 107 breakdowns were recorded that resulted in 
time lost. Fig. 1 shows the time distribution for these 
delays. The estimate of the average downtime over 
this ten year period is 2% of the time scheduled for 
patient treatments. This estimate dose not include 
time lost due to patient related problems. 

Wherever possible we have identified the nature of 
the failure and the component or system responsible. 
In this ten year period, there was one catastrophic 
episode in 1984 where a complex vacuum problem 
led to fourteen treatment days being lost It was not 
until June 1989 that another catastrophic event 
occured when the 42 year old motor generator set 
supplying power to the magnets burned out. 
Replacement with second hand solid state supplies 
meant a loss of seven and a half treatment days, a 
considerably shorter time than originally estimated. 
Such episodes have been rate. In general, the data 
show that the cyclotron is very reliable and should 
become more so as older pieces of equipment are 
replaced and some chronic problems are identified 
and eliminated. 
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The Feasibility of Photon Confor
mation Therapy with Multi-Leaf 
Collimators in Brain (Japanese Ex
perience) 

K. Karasawa, K. Nakagawa, Y. Aoki, 
K. Hasezawa, Y. Onogi. A. Terahara, 
N. Muta, K. Sakata, A. Akanuma, M. 
Iio, * H. Kawakami 

Dept of Radiology, University of Tokyo, 

* Mitsubishi Electric Corp. 

Abaaa 

1983 when a linear accelerator with a set of compu
ter-controlled multileaf collimator was installed in 
our department we began the conformation therapy. 
Until September 1989 more than 500 patients have 
been treated. In the present study we selected brain 
tumors especially glioma as an example and tested 
the feasibility of the conformation technique. Bet
ween 198S and 1988 36 glioma patients were treated 
with conformation therapy. The male to female ratio 
was 22:14. age ranged from 12 to 73 years, median 
age was 43 years, and the median follow-up period 
26 months. By the histological classification they 
consist of 8 low grade glioma patients, 19 high grade 
gliomas, and 9 glioblastoma patients. Low grade pa
tients received 50 Gy in 5 weeks. Glioblastoma 70 
Gy in 8 weeks. And 2 year survival rate was 100% 
for low grade, 53% for high grade and 52% for glio
blastoma. 

Block diagram of the I inac system 

finre? 

Schema of the rotation conformation therapy 

Comparing these results with matched historical 
controls there was a significant difference in survival 
of the low grade group (p 0.05), and median survival 
time was longer in conforming group (26 months) 
than in control group (8 months) in glioblastoma. Up 
to now there has been no severe treatment toxicity 
with conformation technique and treated patients 
tended to maintain good quality of life. From these 
preliminary results this conformation technique 
seems feasible and it is worth to continue this study. 
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Table 1 shows the patients characteristics. Between 
1985 and 1988 36 patients were treated with this 
conformai technique. The male to female ratio was 
22:14, age ranged from 12 to 73, mean 39,8, median 
43 years, and the median follow-up period is 26 
months. According to WHO histological grade they 
consist of 1 Grade I patient 19 Grade II patients. 7 
Grade III patients and 9 Grade IV patients. But 
among Grade II glioma some tumors behave like 
malignant gliomas, so we consider those tumors as 
high grade gliomas and treat them in the same way 
as Grade III. 

Surgery was done in all cases. Fourteen cases un
derwent subtotal removal, 19 underwent partial re
moval, and 3 underwent biopsy alone. These cases 
were compared with matched historical controls 
treated by conventional techniques. Their 
characteristics are also shown in Table 1. Their 
treatment period was between 1981 and 1988. And 
the characteristics of Low Grade Glioma, High 
Grade Glioma, and Glioblastoma arc shown in Tabic 
2, Table 3 and Table 4, respectively. 

For the treatment planning initrcomparison 2 typical 
cases were selected. The case A was a 14 year old 
boy with corpus callosum astrocytoma grade II. As a 
control technique 360 degree simple rotation 
technique was selected. The case B was a 43 year old 
man with right frontal lobe glioblastoma. As a 
control technique rectangle wedge pair technique 
was selected. 

Treatment method is shown in Table 5. Normally the 
glioma patients undergo dcbulking surgery followed 
by radiotherapy. We administer 50 Gy in 5 weeks to 
the low grade patients, 58 Gy in 7 weeks to the high 
grade patients and 70 Gy in 8 weeks to the 
glioblastoma patients. We applied conformation 
technique for local or extended local treatment. 
Whole brain irradiation was done with lateral oppo
sing technique. By utilizing conformation technique 
the total dose of glioblastoma patients has raised 
from 60 Gy to 70 Gy, as for the other gliomas total 
dose remained unchanged. High grade and Gliobla
stoma patients also undergo concomitant chemothe
rapy wiUi 3 courses of ACNIJ, Vincristine and Pcr-
dipine. 

For the treatment planning inlcrcomparison treatment 
plannings arc done by the CMS modulex computer in 
a way (hat (he mean target absorbed dose stayed (he 
same (100%) and the dose volume his'ogram 

Trtirl 

Nmmbtr ofcasts 
Male 
F a u l t 

Age (mtanjmdmm) 

Conformation 

> 
6 
2 

I2-73(39.S;43) 

Performance Slalia (Kl) 

T Stage 
1 
2 
3 
4 

Surgery 
Sab. Removal 
Part. Removal 
Biopsy 

SO 

5 
0 
I 
1 

4 
4 
0 

Conventional 

14 
7 
7 

9-74(41.5.42) 

70 

8 
1 
0 
0 

6 
5 
3 

Low Grade Glioma 

Table 3 

Conventional 

Number of casts 
Male 

Female 

Age (median, mean) 

(38; 38,5) 

Performance Status (Kl) 

TStage 
1 
5 
2 
2 
3 
4 
4 
6 

Surgery 
Subt. Removal 
Part. Removal 
Biopsy 

19 

8 

70 

5 
13 
1 

Conformation 

11 

14-69 (42; 38.4) 

3 

2 

8 

6 

18 

6 

11-47 

70 

4 
13 
0 

High Grade Glioma 

calculation program, which was developed by Mo-
rita, Uchiyama, cl.al.(4)., was used. Survival proba
bility was calculated by Kaplan-Meier's method and 
Generalized Wilcoxon test was used for testing 
differences. 
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Muliileaf collimator 

Introduction 

There are two major ways to increase the therapeutic 
ratio. One is (like neutron therapy or hyperthermia) 
to enhance the biological effect in the target volume 
thus reducing the total dose to the target without re
ducing the tumor control probability. The other is 
(like proton therapy or brachyiherapy) to concentrate 
high dose to the target volume thus minimizing ra
diation dose to the nearby-located critical organs. 
Conformation therapy is one treatment mode of the 
latter. Recently the latter is thought to be more pro
mising because of the sensitizing problem of the 
former. So in that sense conformation therapy is one 
of the promising methods of radiation therapy. 

Conformation therapy with muliileaf collimators was 
developed by former Japanese Professor Shinji Ta-
kahashi and his co-workers in the middle 60's. In Ja
pan conformation therapy is defined as follows (1,3): 
in an isoccntric rotational therapy, in order to con
centrate high dose to the target volume, the openings 
of the leaves follow the shape of the target in the 
beam's eye view in each gantry angle. Nowadays the 

opening of the leaves can be controlled by mini
computers and Linacs are more often supplied with 
computer controlled mululeaf collimators installed. 
In the present study the system of the conformation 
therapy will be introduced and some preliminary re
sults of brain tumors treated with conformation the
rapy will be presented. 

Materials and Methods 

Fig.l demonstrates the block diagram of the Linac 
system. During the rotation treatment the Linac 
controller receives the information of the gantry 
angle and controls the openings of the leaves by the 
planning data which were calculated by treatment 
planner for the motor driver. Fig 2 demonstrates the 
schema of the rotation conformation therapy. Under 
computer control, 11 pairs of leaves move so that the 
target volume is just covered in every direction of the 
beams eye view. Fig.3 shows the mullileaf 
collimator. Each leaf corresponds to 2cm at the iso-
ccnicr and the leaf can override the center up io 5cm. 

Table 1 

Number of casts 
male 
female 

Age (mean/nedian) 

Grade (WHO) 
I 
II 
III 
IV 

Grade (Our criteria) 
Low Grade 
High Grade 
Glioblastoma 

Performance Status 
Karnofski (median) 

Treated Period 

Surgery 
SuM. Removal 
Part. Removal 
Biopsy 

Conformation 

36 
22 
14 

12-73 (39.8; 43) 

1 
19 
7 
9 

8 
19 
9 

70 

1985-1988 

14 
19 
3 

Conventional 

47 
25 
22 

9-74 (41.5; 42) 

3 
16 
12 
16 

14 
17 
16 

70 

1981-1988 

15 
28 
4 

Patient characteristics 





Figure 4 

86 

Isodose distributions of the Case A 
a) conformation b) rotation 

Figur<5 

CONFORMATION 
ROTATION 

100% DOSE 

Dose Volume Histograms of the surrounding brain in 
Case A 

Figure 7 

Isodose distributions of the Case B 
a) conformation b) rotation 

Results 

In treatment planning intercomparison as shown in 
Fig.4 and Fig.5 conformation group spared much 
high dose volume in the surrounding normal brain 
tissue in both cases (see Dose Volume Histograms in 
Fig.6 and Fig.7, the difference of the DVH is not 
remarkable but according to Lyman's method (5) 
high dose volume is very critical in estimating the 
complication probability, therefore it would be inter
esting to compare these cases using his method). As 
for the dose uniformity inside the target volume 

CONFORMATION 

WEDGE PAIR 

100% DOSE 

Dose Volume Histograms of the surrounding brain in 
CaseB 

in case A the standard deviation was 1,7% in con
formation and 1,8% in control, and in case B the 
standard deviation was 3,0% in conformation and 
2,5% in control (Table 6 and Table 7, respectively). 

Fig.8 demonstrates the survival rate by the histologi
cal grade. 2 year survival rate was 100% for the low 
grade, 53% for the high grade and 52% for the glio
blastoma. These results were compared with matched 
historical control (Fig. 9-11). The low grade confor
mation group survived better than historical controls 



Table 4 

Number of cases 
Male 
Female 

Age (mediaiijruan) 

Coajformalioai 

19 
11 
8 

14-69(42:38,4) 

Performance Status (Kl) 

T Stagt 

Surgery 
SaM. Removal 
Part. Removal 
W o w 

70 

3 
2 
8 
6 

5 
13 
1 

Coavealloaal 

17 
11 
6 

11-74 (38; 38,5) 

70 

5 
2 
4 
6 

4 
13 
0 

Glioblastoma 

TableS 

Low Grade Gliomi 
High Grade Glioma 
Glioblutonu 

Whole 
Brain (Gjr) 

26 
26 

Local 
(Gy) 

SO 
32 
32+12 

Total 
tGy/w) 

50/5 
5S/7 
70* 

ConcomlL 
ChemoTx* 

. 
• 

+ 

*ACNU+VCR+Podipine (3 COUUM) 

Table 6 

Technique 

Conformation 
Rouiion 

Mean 

100.9 
100.9 

Max 

103 
104 

Min 

91 
97 

SD 

1.7 
1.8 

Irradiation to the Target 

Table 7 

Technique 

Conformation 
Wedge Pair 

Mean 

100.7 
100.4 

Max 

105 
107 

Mln 

81 
85 

SD 

3.0 
2.5 

Irradiation to the Target 

Tablet 

BRAIN 
HEAD & NECK 
LUNG 
ESOPHAGUS 
PANCREAS 

BILE DUCT 
RETROPERITONEUM 
UTERINE CERVIX 
BLADDER 
PROSTATE 

Sites where Conformation Technique is often used 

(p 0,05). In high grade there was no significant 
difference. In glioblastoma mere was no significant 
difference but 50% survival period was 26 months in 
conformation group and 8 months in control group. 

The median Kamofsky index before the treatment 
was 70% in conformation group and 70% in control 
group. As shown in Fig.12 there was a tendency that 
1 year after the treatment a higher percentage of 
patients in the conformation group remained in the 
previous performance status. 

Discussion 

In Japan the number of Linacs is increasing year by 
year and the number of Linacs with multileaf colli
mators is also increasing. Up to now more than 40 
such Linacs have been installed throughout Japan. 

Table 8 shows the treatment sites where confor-ma-
tion therapy is often used. In some sites it is used for 
primary treatment as is in brain, retroperitoneum, 
bile duct, or pancreas, and in other sites it is used 
mainly for the boost treatment, as is in brain (high 
grade tumors), lung, esophagus, prostate, bladder, 
uterine cervix, etc. The indications to use this con
formation technique are extended in treating recur
rent tumors after radiation therapy. We haven't had a 
definite protocol yet but actually all recurrent tumors 
after previous radiotherapy, if indicated for re-
irradiation, are indicated for conformation technique. 
Up to now the results are too preliminary so we 
cannot draw any definite conclusions, but at least w c 

have the impression that acute and subacute radiation 
toxicity has been minimal. 

In the treatment of brain tumors especially, the lite
rature shows that the treatment of choice is to debulk 
as much tumors as possible avoiding major neurolo
gical deficit and then administer postoperative 
irradiation up to around 60Gy to high grade tumors 
and to around 50Gy to low grade tumors combined 
with some chemotherapeutic agents. And to perform 
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whole brain irradiation is a long lasting controversial 
issue (6,8) and we have been administering whole 
brain irradiation to high grade tumors and 
glioblastomas. But as far as local treatment is con
cerned we are now using conformation technique in 
order to maintain the patient's performance status 
which tended to remain better in the conformation 
therapy group than in the historical controls. This is 
especially true in glioblastoma after conformation 
therapy was in operation with the protocol changing 
the total dose 01 60 Oj to 70 Gy. After that there 

have been no subsequent sequalae and the median 
survival of the glioblastoma patients has become 
longer (from 8 months to 26 months). Although there 
was no difference in survival, the median survival 
time of 26 months was not discouraging even though 
the average age of this group is rather young (42 
years). In low grade glioma after the operation of 
conformation the total dose was not changed, 
however, the survival results unproved significantly. 
This may be in part due to the patient's good quality 
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of life and in pan to the establishment of the 
combined treatment. In high grade glioma there were 
no statistically significant difference in survival. This 
may be due to the fact that total dose was not 
changed. But at least there have been no major com
plications nor significant deterioration in the quality 
of life, so this conformation technique is a safe 

» i 

n -

j -

Figure 12 

Conventional Conformation 

£3 
D N I D N I 

D: Deteriorated N : No Change I: Improved 

Performance status 1 year after treatment. Confor
mation group tendend to maintain their quality of life 
longer 

technique and for this subset of patients total dose 
should be elevated a little more. From these results, 
though the number of patients is rather small and the 
follow-up period is rather short, at least this 
conformation technique is feasible in terms of 
toxicity and survival and it is worth to go on with 
this trial. 

There are some problems in conformation therapy. 
Although conformation therapy seems to be a 
promising modality, the modality is not yet fully de
veloped. And many factors such as rotation angle, 
number of rotation axes, beam weights have to be 
considered during the treatment planning (9). At pre
sent it is done empirically by the treatment planner, 
and the treatment planning process including calcu
lation time is rather time consuming. These things 
have to be optimized in the future. For example 
irregular field fixed beam technique is also a quite 
promising technique and sharp dose fall-off can be 
expected in specific directions rather than reasonably 
sharp dose fall-off in every direction of the rotational 
conformation technique. But in using fixed beam 
technique we have to be careful not to make 
geographic mistakes because of the sharp dose fall-
off and the irregular field. 

Another problem is the treatment verification. 
Although portal films are a good way for conventio
nal techniques, for conformation therapy especially 
for partial rotation a portal film does not always give 
the actual isodose curves. As a solution to this 
problem Linac CT, CT scan taken by the Linac beam 
itself, may be promising. We are now designing a 
Linac CT system and it will be installed next year in 
the new Linac which is now under construction. 

Conclusions 

Photon conformation technique with compute* 
controlled multiteaf collimators was introduced. In 
the treatment of brain tumors or gliomas the results 
were favorable in terms of survival and 
complications with the photon conformation therapy. 
Though the results are preliminary and the technique 
has to be optimized, this technique seems feasible in 
improving the therapeutic ratio. 
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Introduction 

The sharply defined dose distribution possible with 
protons has made it feasible to deliver higher doses 
to the tumor which is located in close proximity to 
the dose-limiting critical structures (1,2). Clinical 
examples successfully treated with protons include 
uvea melanomas with reduction of dose to the lense 
and optic nerve (3,4), tumors of the base of the skull, 
petrous bone, vertebra or nasopharynx with reduction 
of dose to the brain or spinal cord (5,6,7) and pelvic 
tumors with reduction of dose to the surrounding 
normal organs (8,9). In view of successful clinical 
results achieved at several institutions in the world, 
the global interest in proton radiotherapy is being 
raised for the treatment of human malignancies. 

In 1983 a clinical study of proton beam radiotherapy 
was initiated at the Particle Radiation Medical 
Science Center (PARMS) of the Tsukuba University 
using proton beams generated by the booster syn
chrotron of the National Laboratory for High Energy 
Physics (KEK). Although the number of patients 
treated annually has been limited, various sites of le
sions have been treated. Apart from other institutions 
where localized tumors of the eye, intracranial of 
juxtaspinal area are the main targets, we have con
centrated on tumors of the deep-seated organs which 
accounted for most of the materials. 

This paper describes current treatment protocols, 
criteria for patients selections, and results of fractio
nated proton therapy conducted at PARMS using 250 
MeV protons. 

Methods and Materials 

/. Proton beam channels for medical application 

The primary proton energy (500 MeV), which is too 
high for medical application, is degraded down to 
250 MeV by passing the beams through a graphite 

absorber. The maximum range for this energy is 37.6 
cm in water which is suitable for treatment of deep-
seated tumors. For obtaining the spread out Bragg 
peak (SOBP), the peak is modulated using an alumi
num ridge filter or range-modulater made of an acryl 
plate of 5mm thickness. The oil-bath-degrader is 
used for modulating the depth of beam penetration 
(10). 

At PARMS there are two treatment rooms, one room 
with vertical beams and the other room with hori
zontal beams. Since the PARMS is located at about 7 
km from the university hospital, it contains rooms for 
patient waiting, examination, treatment preparation 
and treatment planning, and rooms for radiobiology 
and physics research as well as staff offices and con
ference rooms. 

I Patients 

From April 1983 to August 1989, a total of 158 
patients had been treated. Of these, 11 patients were 
irradiated in the early pilot study for investigation of 
the proton-RBE, and 19 patients were treated with 
only palliative intent The remaining 128 patients re
ceived definitive proton therapy as all or part of their 
treatment, of whom 110 patients were selected for 
analysis who had been followed for at least 6 
months. Following the treatment of a small number 
of patients with skin or head and neck tumors, the 
study has been focusing on deep-seated tumors that 
could be clearly identified on CT images, with no di
stant metastases, and with a fairly low expected in
cidence of early metastases. The patient who had a 
relatively early-stage lesion was considered inope
rable due to medical reason was a good candidate for 
proton therapy. 

As shown in Table 1, the major sites treated includes 
the lung, oesophagus, liver, cervix, urogenital organs 
and brain. 37% of the patients had Tl and T2, and 
63% had T3 and T4. 

3. Treatment methods 

The fractionation pattern of 7 fractions per 2 weeks 
. (Thu., Fri., Mon., Tued., Wed., Thur., Fri.) had been 
employed for the proton therapy. This unusual treat
ment schedule was selected based upon rn operation 
schedule of the accelerator. The beam-time available 
for proton therapy was approximately 6 months an
nually with irradiation time being about 3 to 3.5 
hours per day. 
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Tablet 

Site 

Skin 
Head and neck 
Lung 
Esophagus 
Stoaach 
Liver 
Rectus 
Uterus 
Kidney 
Bladder 
Prostate 
Brain* 
Misc.sites 

Total 

9 Grade II 3 
* Excluding 

No 

6 
7 
13 
15 
3 
10 
1 
20 
4 
6 
6 
16 
3 

110 

Stage 
Tl-2 

2 
2 
7 
7 
2 
2 
I 
8 
2 
1 
1 
-
-

34* 
(37X) 

, Grade ID 4, 
brain 

T3-4 

4 
S 
6 
8 
1 
8 
0 
12 
2 
5. 
5 
-
-

57* 
(63*) 
, Grade 

Protons 
alone 

6 
7 
12 
6 
2 
10 
1 
2 
4 
5 
5 
7 
3 

70 
164%) 

IV 5, 
and aisc.sites 

Protons 
+ photons 

0 
0 
1 
9 
1 
0 
0 
18 
0 
1 
1 
9 
0 

40 
(36X) 

Menigioaa 

<70 

1 
2 
1 
2 
2 
2 
0 
5 
0 
1 
1 
5 
3 

25 
(23X) 
4 

Total 
70-79 

2 
? 

2 
2 
0 
5 
0 
8 
I 
2 
2 
6 
0 

32 
(29X) 

dose 
80-89 

3 
3 
6 
11 
1 
3 
1 
5 
3 
2 
3 
3 
0 

44 
(40*) 

>90 

0 
0 
4 
0 
0 
0 
0 
2 
0 
1 
0 
2 
0 

9 
<8X) 

Materials for proton therapy at Tsukuba (PARMS) 

Of 110 patients who received definitive radiation 
therapy, 40 patients received conventional photon 
therapy before proton therapy and 70 patients 
received proton therapy alone (Table 1). For cervix 
cancer, photons were usually given as part of the 
primary irradiation as well as to treat the pelvic 
lymph node drainage, and the protons were given 
only to the primary lesion. For the oesophagus and 
brain tumors, on the other hand, the photons usually 
preceded the protons, treating the primary and some 
margin around it 

The fraction size of protons given either alone or 
combined with photons ranged from 3.0 to 4.5 Cy, 
and the prescribed total doses ranged from 75 to 85 
Gy. The conventional photon therapy, which was al
ways preceding the proton therapy, was given to a 
dose of 30 to 50 Gy, delivered in daily fractions of 
1.8 Gy for 5 days a week. The combined total doses 
(proton plus photon doses) ranged from 75 to 85 Gy. 
Almost 50% of patients were treated with total tumor 
doses of more than 80 Gy. 

The treatment planning was based upon serial CT 
scans using a VAX 11/750 computer system. The 
programs for dose calculations and bolus designs 
were developed at PARMS. To define the target vo
lume, our treatment policy was to add the smallest 
possible margins around the periphery of the tumor, 
which was in most cases less than 5mm. 

Resuiu> 

Table 2 represents the status of all patients at 6 to 76 
months post-treatment. The local control rate was 
75% for ail patients, and it ranged from 67 to 100% 
for patients with tumors of the lung, oesophagus, li
ver and uterine cervix. 9 patients developed distant 
metastases. There were 12 patients who developed 
major radiation-induced complications. In the fol
lowing the individual categories will be described. 

Lung and Oesophagus 

We have treated 13 patients with lung carcinomas (6 
Squamous cell carcinomas, 7 adenocarcinomas) and 
15 patients with oesophagus carcinomas. About one-
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half of these patients had stage 1 and 2 tumors. With 
doses 15-20% above those conventionally employed, 
local control rates for the lung and oesophagus were 
69% and 87%. Treatment for lung carcinomas was 
not associated with a greater risk of severe lung fi
brosis. In 3 patients with oesophagus carcinomas su
perficial ulcers were encountered, which in 2 patients 
healed completely by a conservative 

Table 2 

Status ofpatients 6-76 months after proton therapy 

treatment. In one patient who had a long history of 
Crohn's disease, the diameter of the oesophagus be
came about half the normal size with some difficulty 
in swallowing. 

Digestive tract 

Among tumors of the upper digestive fact, primary 
liver carcinomas and stomach carcinomas were 
chosen as good candidates for proton therapy 
because their incidence is very high among Japanese 
and they have been rarely treated successfully by 
definitive conventional radiotherapy. Most patients 
with liver tumors were considered inoperable 
because they had either multiple and/or locally 
advanced tumors, or severe liver cirrhosis which 
eventually resulted in the major cause of death. The 
local control rates were 90% for the liver, and 2 out 
of 3 for the stomach. 

Gynaecological organs 

It may be considered that the clinical effect obtained 
with the Bragg peak characteristics of the protons is 
comparable to that of brachytherapy. We have trea
ted 17 patients with cervix carcinomas, one patient 
with corpus carcinoma and 2 patients with vaginal 
carcinoma. With proton therapy favorable results 
were obtained, a local failure occurred only in one 

patient. Three patients developed radiation-induced 
proctitis with some narrowing of the rectum but they 
all became symptom-free after conservative 
treatment. 

Genitourinary organs 

Of six patients with prostate carcinomas all but one 
patient were locally controlled. In contrast to this, 
results of treatment in patients with bladder and 
kidney carcinomas were not satisfactory. None of 
four kidney tumors were locally controlled even after 
doses higher than 80 Gy. For bladder tumors, local 
failures occurred in 3 out of 6 patients, and 2 of these 
3 patients developed radiation-related complications. 
This strongly suggests the difficulty in curing this 
type of tumor successfully with radiation alone, and 
a revised policy is under consideration. 

Site 

Skin 
Head and 
Lung 

neck 
i - n 
ffi- IV 

Esophagus I - D 

Stoaach 
Liver 
Rectus 
Uterus 

Cervix 

Corpus 
Vagina 
Kidney 
Bladder 
Prostate 
Brain 
Gliosa 

m - iv 

Ob 
mb 

G- D 
G- m 
G- (V 

Meningioma 
Misc.sites 

No 

6 
7 
7 
6 
7 
8 
3 
10 
I 

6 
11 
1 
2 
4 
6 
6 

3 
4 
5 
4 
3 

110 

Local I 
control 

S 
6 
5 
4 
7 
6 
2 
9 
1 

6 
10 
1 
2 
0" 
3 
5 

2(30 
2(25 
0(13 
3 
3 

mo. 
•0. 
mo. 

83 (75X) 

Distant 
aeta 

0 
1 
I 
1 
0 
0 
0 
0 
0 

0 
2 
0 
I 
0 
2 
0 

) ' 0 
) " 0 
)• o 

0 
. I 

9 

compli
cation 

0 
0 
0 
0 
0 
I 
0 
0 
1 

1 
1 
1 
0 
0 
2 
I 

I 
Z 
0 
0 
0 

10 

* Two patients with local failures were salvaged by surgery. 
S Median survival tiae(aonths). 
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Bom 

Initially brain tumors comprised the major part of 
candidates because they were thought to be an ideal 
object for the new treatment technique. Among 12 
patients with malignant glioma, 4 patients with grade 
II and III tumors are free of disease, but none of 
grade IV tumors survived. The medium survival 
tunes for patients with grade II, grade M and grade 
IV gliomas were 30,25 and 13 months, respectively. 
This result is not so bad, but far from satisfactory, 
and we are now making a revised policy for treat
ment of high-grade malignant glioma. 

Discussion 

Various sites of deep-seated tumors including those 
which had never been treated at other institutions 
have been treated at PARMS using 250 MeV pro
tons. So far our judgement is that the results of pro
ton therapy have proven of value or very stimulating 
in treatment of skin cancers, head and neck tumors 
and deep-seated tumors of the lung, oesophagus, li
ver, cervix and prostate. 

Our experience strongly suggested that in proton the
rapy the patient could tolerate radiation doses 15-
20% higher than those conventionally used. For 
example, to the patients with oesophagus carcino
mas, doses of 80 Gy or higher with a fraction size of 
3-3.5 Gy were often delivered. This was followed in 
3 patients by developments of oesophageal ulcers, 
but they all eventually healed by conservative treat
ments with some stricture in one patient. It is likely 
that with protons the potential ability of healing for 
normal tissues could be reserved to a greater extent 
than with photons because protons have favorable 
dose distributions. 

Treatment of stomach cancer which comprises the 
first cause of death in Japan will be a new challenge 
and is considered very promising. However, for ma
lignant glioma and bladder carcinomas, revising the 
treatment policy seems to be needed and is under 
consideration. For treatment of malignant glioma, a 
suggested policy is to give high doses to the smallest 
possible volume after the main bulk of the tumor is 
rejected, and if any evidence of radiation-induced 
brain necrosis is suspected, a craniotomy to remove 
it will be performed. For bladder carcinomas, we 
have just started a new treatment policy, that is a 
combination of low dose pelvic irradiation plus local 

proton irradiation and intra-arterial infusion of che
motherapy. 

Our phase MI trial will continue during the next few 
years using the same accelerator. Successful results 
obtained by us as well as by world-wide trials have 
stimulated the demand to develop a hospital-based 
proton beam treatment center, which is now being 
constructed at Loma Linda (11). At Tsukuba we are 
also proposing a dedicated proton therapy facility 
which will be built next to the conventional therapy 
facility in the University Hospital (12). 

Conclusions 

Since 1983 the proton therapy has been conducted at 
the Tsukuba University using 250 MeV protons, fo
cusing on treatment of deep-sealed tumors. So far 
satisfactory results have been achieved particularly 
in tumors of the lung, oesophagus, liver, uterine cer
vix, prostate as well as the skin and head and neck 
area, and valuable hints were obtained to revise pro
tocols in treatment of malignant glioma and bladder 
carcinomas. This accomplishment has stimulated us 
to design a dedicated proton therapy facility. 
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Introduction 

The distribution of total absorbed dose inside and 
outside of inhomogeneities in the patient's body is 
mainly influenced by the long-ranged primary 
neutrons, and the scattered neutrons of all 
generations on one hand and the locally acting 
secondary charged particles like recoil protons on the 
other hand. The contribution of recoil protons is 
directly proportional to the hydrogen concentration 
(g x cm~3) in the material with build-up effects in the 
transition zone between different materials. 

Table 1 

Composition of phantom materials (chemical 
analysis) used for calculations and measurements 

Conditions for Monte-Carlo calculations and TLD-
measurements 

Table 1 shows the composition of the materials used 
for the basic phantom and the inhomogencities (for 
bone and lung substitutes according a chemical 
analysis). For calculations and measurements in 
geometries III and IV (see Table 2) chemically pure 
polystyrene was taken as basic material because of 
its simpler atomic composition. Lower price and 
better soft-tissue equivalent density compared to A-

150. It is remarkable that the hydrogen percentage by 
weight for polystyrene and cork is just identical, so 
that the distinction for neutron interactions is mainly 
due to the density difference. 

Table 2 shows the geometry of nhomogeneities 
which are used to obtain the presented results. 
Examinations widi further geometries gave too small 
differential effects to be worth mentioned here 
explicitely. 

For a better understanding of the experimental 
arrangements they are outlined in Fig.l (geometry I), 
Fig.2 (geometry II) and Fig3 (geometries III and 
IV). The positions of the TLD detectors are indicated 
with the results. 

The Monte-Carlo code is an own development of 
Meissner (1986) and Fueg (1988). It takes into 
account elastic collisions of primary neutrons and 
scattered neutrons of all generations down to a cut
off energy 12eV (lower than the ionization energy of 
hydrogen). Nuclear reactions and thus the photon 

production by neutron capture reactions arc 
neglected. The energy deposition of recoil nuclei is 
assigned tc their starting point (neglecting the 
average free path length of recoil nuclei). Isoiopic 
and unisotopic scattering of neutrons in the center of 
gravity system are considered showing only slight 
differences. For each point of computer simulation 
10 million independent histories of particles are 
calculated resulting in a standard deviation of the 
calculated absorbed doses of 14%. The basic neutron 
energy spectrum of a neutron beam similar to that of 
Essen isoccntric neutron therapy facility CIRCE is 
measured by Brcde ct at. (1984) and shown in Fig.4. 

Material 

Polystyrene 

A-150 

Bone subst. 

Lung subst. 
(Core) 

Air 

Teflon 

Density 

a • cm 

1.05 

1.12 

1.38G 

0.32 

0.00 

2.20 

H 

7.70 

10.1 

5.05 

7.68 

-
-

C 

92,30 

77.7 

54.74 

61 .10 

-
24.0 

Percentage by weight 

H 

-

3.5 

0.10 

1 .09 

79 

-

O 

-

5.2 

26.49 

30.01 

21 

-

F 

-
1.7 

-
-

-
76.0 

P 
• » 

-
4.43 

-

-
-

S 

-

-
0.11 

0.07 

-
-

Ca 

-
1.0 

9.01 

-

-
-
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B a s i s 
phantom 

Material 

A-150 

P o l y s t y 
rene 

Mater ia l 

Bone 

Bone, 
luna or 
a i r 
Bone 

Shape 

P l a t e 

P a r a l l e l 
epiped 

Inhomogeneity 

No. 

I 

I I 

I I I 

IV 

Dimensions (cm) 
width length depth 

x y z 

25 .0 

25 .0 

2 .0 

10.0 

25 .0 

25 .0 

2 .0 

6 .0 

3 . 0 

G.O 

3-0 

3 .0 

Surface depth 
z o ( c m ) 

2 . 0 

5 . 0 

1.0 or 
5 .0 

5 .0 

Geometry of inhomogeneaies, symmetrical in 
comparison to the radiation beam axis (so = yo = 0 
cm) with the radiation field at SSD = 125 cm: 109 x 
10.9 cm within a basis phantom of 25 cm x 25 cm 
gross section and 20 cm (resp. 26 cm) thickness. 

Figure ] 

W&M&& 
A-ISO 

SOn 

1 mm 
• -

ISOmm 

A-ISO 

'BOfV 

A-ISO 

* b 

with teflon encapsulation 

f 
10 mm 

r 
JO/ivn 

1 

A-ISO 

«o«r 

A-ISO 

20mm 

10mm 

ISOmm 

A-ISO 

A-ISO 

SOmr, 

1 

without teflon encapsulation 

Measuring phantom geometry No. 1 ("behind bone") 
and homogeneous reference phantom 

Eiwtl 

T 
SOmm 

+ 
I Omm 

4-
)mm 
-f-

10mm 

'I' 
ISOmm 

1 

A-ISO 

BONE 

BONE 

A-ISO 

1 

1 
SOinm 

- I ' 
iOtnm 

+ 
10mm 

T 
(50 mm 

1 

A-ISO 

80«f 

*-l50 

b 

Measuring phantom geometry NoJl ("within bone") 
A: with and B: without Teflon encapsulation of the 
package of 2 thin TLD-300 detectors (each 0.2 mm 
thick), slacked one over the other 
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EixMzl Fiture4 

Focus 
(Neutron source) 

Radiation field 

I i ^ • - ^ • - T - - — • 

! . ' r ' ' 
i i ' ' ' 

i ; : f • ! 

A 
1 
T. 

r / v 
/ 

Inhooogeneitr 

1 C 

Measuring phantom geometry III and IV with two 
sixes of parallelepiped iahomogeneilies 

For measurements TLD-300 (CaF2:Tm) detectors 
are used with the "2-peak-TLD method" which is 
described elsewhere (Rassow. 1984). The interface 
dosimetry for discrimination of the dosimetric effect 
of neutrons and recoil protons are performed with 
TLD-300 powder, embedded in Teflon foils of 0.2 
mm thickness. These foils need a special annealing 
procedure with a temperature of 390°C (Olthoff-
Muentcr and Mcissner, 1988). 

Dose contribution of recoil protons 

The separation of the dosimctrical effects of primary 
and scattered neutrons and of secondary charged 
panicles is unnecessary for practical purposes as 
long as there is an equilibrium of neutrons and 
charged particles. But it is of interest in the interface 
range between materials of different density and/or 
hydrogen content Normally only the build-up effect 
(within 1,5 mm in soft-tissue for d(14)+Bc neutrons) 
is of importance for a radiotherapist, but - as can be 
seen in Fig. 5 and 6 for Teflon and non-Teflon 
embedded TLD detectors - up to 76% of the dosimc
trical signal in TLD detectors surrounded by a hy
drogen containing material is caused by recoil pro
tons. Neglecting this effect at ;ntcrfacc planes at dif
ferent materials can be disastrous. The ratios R in the 
Tables 3 and 4 between the first and the fifth detector 
foil (or between foils without and with Teflon encap-

l » 4 

r 
I! 

"I '4 If 

I M — 

Neutron energy spectrum of the used d(14)+Be 
neutrons of the Essen cyclotron isocentric neutron 
therapy facility CIRCE 

sulalton) gives just the contribution of recoil protons. 
The difference of the ratios R for the first detector 
foil behind (Table 3) resp. 2.7 and 2.7 within the 
bone inhomogeneity (Table 4) reflects the smaller 
recoil proton contribution by bone. 

Influence of bone inhomogencities 

In Fig.7 and 8 the dosimctrical contribution of 
primary and of scattered neutrons arc shown within a 
homogeneous polystyrene phantom. In 1.25 cm 
depth the absorbed dose of first collision neutrons 
(deposited energy by primary neutrons in collisions 
with protons and oxygen nuclei) is about 73% of the 
local neutron absorbed dose, while about 27% arc 
produced by secondary particles of scattered 
neutrons. In comparison, in 16.5 cm the first 
collision contribution is reduced to about 35%, 
where as the scattered neutron contribution is 65%. 
Ouuide the useful beam only scattered neutrons are 
acting. 
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Table 3 Table 4 

Oetector 
no. 

1 

2 

3 

4 

5 

I 

2 

3 

4 

5 

Depth 
in TLO 
(mm) 

DT(hom.) 

(Gy) 

Ratio 
R 

DT(inh. 

(Gy) 

with teflon encapsulation 

0.2 

0.4 

0.6 

0.8 

1.0 

wi 

0.2 

0.4 

0.6 

0.8 

1.0 

0.32 

0.31 

0.33 

0.33 

0.33 

thout tef 

1,20 

0.56 

0.4S 

0.41 

0 37 

0.97 

0.93 

1.00 

1.00 

1.00 

0.32 

0.33 

0.31 

0.33 

0.31 

Ratio 
R 

1.03 

1.06 

1.00 

1.06 

1.00 

Ion encapsulation 

3.2 

1.5 

1.2 

1.1 

1.0 

0.90 

0.51 

0.39 

0.36 

0.36 

2.5 

1.4 

1.1 

1.0 

1.0 

Detector 
no. 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

Depth 
in TLD 
(mm) 

0T(hom.) 

(Gy) 

qatio 
R 

DT(inh.) 

(Gy) 

with teflon encapsulation 

0.2 

0.4 

0.6 

0.8 

1.0 

0.24 

0.21 

0.21 

0.23 

0.21 

without tefl 

0.2 

0.4 

0.6 

0.8 

1.0 

0.72 

0.37 

0.29 

0.26 

0.27 

1.1 

1.0 

1.0 

1.1 

1.0 

0.21 

0.22 

0.23 

0.23 

0.23 

Ratio 
R 

0.9 

0.9 

1.0 

1.0 

1.0 

on encapsulation 

2.7 
1.4 

l.l 

0.9 

1.0 

0.55 

0.32 

C.27 

0.23 

0.22 

2.5 

1.5 

1.2 

1.1 

1.0 

Total absorbed dose Dj of 02mm thin Teflon 
dosimeter stacked one over the other in the 
homogeneous phantom (horn) and behind a bone 
inhomogeneity (inh). Increasing detector numbers 
correspond to an increasing layer of dosimeter. R is 
the ratio DjIDjy where Dj$ is the absorbed dose in 
the fifth detector 

Total absorbed dose Dj of 02mm thin Teflon 
dosimeter stacked one over the other in the 
homogeneous phantom (horn) and behind a bone 
inhomogeneity (inh). Increasing detector numbers 
correspond to an increasing layer of dosimeter. R is 
the ratio Dj/Dj^, where Dj<j is the absorbed dose in 
the fifth detector 

Fifure5 Figure $ 
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Influence of recoil protons on the signal of TLD 
detectors within bone 

Influence of recoil protons on the signal of fLD 
detectors within bone 
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In Fig. 9 and 10 calculated and measured lateral 
absorbed dose profiles are compared. The agreement 
in the homogeneous polystyrene phantom (Fig. 9) is 
excellent. The absorbed dose reduction in Fig. 10 
found experimentally just behind the bone 
inhomogeneity, cannot be found in the calculation, 
because the deposited energy is scored at the starting 
point of the recoil in the Monte-Carlo code, however, 
in TLD-measurements the lower recoil proton level 
behind a material of low hydrogen content is 
reflected. 

In Fig.11,12 and 13 total absorbed depth dose curves 
demonstrate the typical effect of a bone 
inhomogeneity: absorbed dose reduction according 
to lower kerma factors but nearly unchanged dose 
values as compared to a homogeneous phantom 
behind the bone inhomogeneity caused by a 
compensation effect of lower hydrogen content but 
higher density in bone as compared to soft tissue. A 
similar, but opposite effect for fauy tissue was shown 
already by Rassow et al., 1984. 

Fitm 12 

> N O M I * M « U S polystyrene phuitv 
o • « * • - palyttrrviw phantoa 
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No influence could be found for depth dose curves 
between small and large cross-sections of 
inhomogeneities (geometries III and IV in Fig. 12 and 
13). 

Total absorbed depth dose curve, calculated by 
Monte-Carlo calculation, in an homogeneous 
polystyrene and a bone-polystyrene phantom (i0 = 
5cm, inhomogeneity in geometry III) 
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Total absorbed depth dose curve, calculated by a 
Monte-Carlo calculation, in an homogeneous 
polystyrene and a bone-polystyrene phantom (i0 = 
lem, inhomogeneity in geometry 111) 

Total absorbed depth dose curve, calculated by 
Monte-Carlo calculation, in an homogeneous 
polystyrene and a bone-polystyrene phantom (z0 = 
5cm, inhomogeneity in geometry IV) 
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Influence of lung and air inhomoyeneities Figure 15 

Fig. 14 shows as expected in the lateral profile of 
total absorbed dose behind an air inhomogeneity an 
increased dose value due to a missing interaction of 
neutrons in air. 2mm beside the air inhomogeneity 
the total absorbed depth dose curve shows a decrease 
of dose in small depths and an increase in large 
depths (Fig.IS). The transition is located in 4 to 6cm 
depth just behind the end of the air inhomogeneity (z 
= 4cm): The missing scatter of neutrons out of the air 
cavity is overcompensated by the scatter of the 
enlarged number of primary neutrons behind the 
cavity. This can also be seen in the total absorbed 
depth dose curves across an air and lung 
inhomogeneity (Fig. 16 and 17) where the effect of 
lung is according to the density 0.3 g x cm~3 a bit 
less than for air. 

For a lung inhomogeneity with a dimension from 5 
to 8cm depth (Fig.18) again the reduced back scatter 
effect before the inhomogeneity and the increased 
absorbed dose behind it can be observed. 

iGy 
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Total absorbed depth dose curves in an 
homogeneous polystyrene (-.-.-) and a polystyrene 
phfintom with air inhomogeneity in geometry III 
(2mm beside the inhomogeneity edge: —), measured 
with TLD-30O detectors 
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Lateral profile of total absorbed dose in a 
polystyrene phantom with air inhomogeneity in 
geometry III (zo = lem), measured with TLD-300 
detectors. 1: z = 3.05 cm; 2: z = 5.05cm; 3: z = 
8.05cm 

Total absorbed depth dose curve in an homogeneous 
polystyrene and a polystyrene phantom with air 
inhomogeneity with geometry III (z0 = lem), 
measured with TLD-300 detectors 
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Figure 17 Fi*ure 18 
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Total absorbed depth dose curve in an homogeneous 
polystyrene and a polystyrene phantom with lung 
inhomogeneity with geometry III (20 = lem), 
measured with TLD-30O detectors 

Conclusions 

For treatment planning purposes the influence of 
inhomogeneitics (bone, lung, air) is to be separately 
considered within, around and in the interface of the 
inhomogeneity. 

- Within the inhomogeneity: 

- Smaller kerma factors for bone and larger ones for 
fatty tissue as compared to soft tissue lead to a 
decrease of absorbed dose in bone and an increase 
in fat. If those tissues are positioned in the target 
volume, conservations are necessary if soft tumor 
tissue hasn't replaced the bone or fat. 

- Around the inhomogeneity: 

- Behind a bone (for fatty tissue) inhomogeneity the 
absorbed dose is nearly unchanged as compared to 
homogeneous soft tissue by the nearly full 
compensation of kerma and density effects. 

- Before a bone inhomogeneity a slight increase of 
absorbed dose is observed due to higher back-
scatter of neutrons by the higher density of bone as 
compared to soft tissue. 

- Around air and lung inhomogencitics the missing 
or reduced back and side scatter of neutrons down 
to the end of the inhomogencities and the increase 
of primary neutrons and side scatter in depths 
behind the inhomogencitics must be taken into 
account. 

Total absorbed depth dose curve in an homogeneous 
polystyrene and a polystyrene phantom with lung 
inhomogeneity with geometry III (TO = lcm). 
measured with TLD-300 detectors 

- Air and lung are acting only by their lower density 
as compared to soft tissue, not by the difference in 
atomic composition. 

- At the interface of inhomogeneitics: 

- New build-up effects occur due to the 
corresponding hydrogen content of the material 
with a transition zone in the range of millimeters 
(1.5 mm for d(14)+Be neutrons on soft tissue). 

- For measurements the inhomogeneity effect of the 
detector material plays an essential role because 
the absorbed dose contribution of recoil protons of 
the encapsulation material can reach up to 80% in 
a neutron beam. A neglecting of this effect can 
cause serious errors of measurements with TLD 
detectors. 
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Abstract 

Microdosimetric measurements (0.5 inch TEPC, 2 
lim simulated diameter) were performed in similar 
conditions for 14 fast neutron beams with energies 
ranging from p(4)+Be to p(65)+Be used for radiobio-
Iogy and therapy. They were collected in an inter
comparison programme currently carried out by the 
EORTC at European Facilities and aimed at the 
comparison of the radiation quality (in terms of 
RBE) of a given neutron beam with a reference neu
tron beam. Indeed accurate physical and biological 
characteristics for these beams are urgently required. 
The large RBE differences (up to 50%) observed 
between different Neutron Therapy Centers must be 
accurately (> ± 5%) taken into account for the inter-
comparison of clinical results. In order to provide a 
practical solution to the existing and unsolved pro
blem of accounting for radiation quality variations in 
neutron therapy. RBE versus lineal energy weighting 
function have been established by unfolding methods 
using radiobiological data and microdosimetric 
spectra obtained under identical conditions at the 
neutron beams investigated. This empirical proce
dure enabled the estimation of the RBE for each 
neutron beam using their weighted mean lineal en
ergy and the determination of the best accuracy 
achievable in predicting RBE variation between 
neutron beams following the microdosimetric 
approach. 
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Radiation Quality in the 
Penumbral Region of Neutron 
Therapy Beams 

J.H. Hough, P J. Binns 

National Accelerator Centre. P.O. Box 72, Faure 
7131, South Africa 

togrtactiw 

In clinical practice it is considered to describe the 
quality of a neutron therapy beam in terms of the 
consistent neutron and photon components. It is fur
thermore assumed that within the confines of a col-
limalcd neutron beam, any spatial variation in radia
tion quality is negligible. It has, however, been 
shown that the effectiveness of a 66 MeV proton-ge
nerated neutron beam does change with depth and 
that changes in measured y values (dose mean li
neal energy corrected for saturation) can be correla
ted with radiobiological assays performed on central 
axis (1). Here physical observations are extended to 
the penumbra where the practical considerations li
mit the application of most biological systems. At the 
edge of a neutron field the overall quality of the 
beam is affected by two competing processes, a de
gradation of the primary beam via scattering and a 
sharp increase in the photon component The purpose 
of the present study was to assess the nature and ma
gnitude of quality changes in the penumbral region 
of proton-generated and deuteron-generated neutron 
therapy beams. 

Experimental method 

Measurements were performed on fast neutron be
ams generated at two National Accelerator Center 
(NAC) facilities. At NAC (Pretoria) 16 MeV deute-
rons were accelerated onto a thick water-cooled 
beryllium target backed with a 3 mm copper. Protons 
of 66 MeV were employed at NAC (Faure) where 40 
MeV of the projectile energy is dissipated in a J9.6 
mm thick Be target This target assembly is 
described in more detail elsewhere (1). To optimize 
the high energy beam for therapy, a steel flattening 
filter has been installed 13.7S cm downstream from 
the target followed by a 2,5. cm thick polythene har
dening filter. 

In-phantom observations were made with a Far West 
Technology LET-1/2 tissue equivalent proportional 
counter (TEPC) with wall thickness 1.27 mm. A 2 
|xm unit density cavity was simulated by filling the 

counter with propane based TE gas to a pressure of 
8.7 kPa. Pulse height data covering three regions of 
lineal energy were collected simultaneously for off
line analysis. 

Results and Discussion 

Experimental data were obtained in a 10 x 10 cm 
field for a range of lateral displacements and die 
microdosimetric parameters yp, yr> and y calcula
ted. Fig. 1 shows p(66)/Be single-event spectra de
termined in die penumbra at die 40% and 10% dose 
levels. Compared to the spectrum measured S.5 cm 
off-axis (40% dose level), the measurement 
performed 8 cm from central axis shows a relative 
enhancement in die number of slow recoil protons 
accompanied by a decrease in the fast proton compo
nent This is consistent with those neutrons detected 
a. die edge of the penumbra undergoing greater 
scattering and subsequently suffering a larger energy 
loss. The increase in the photon fraction is also 
evident Using y as a parameter for predicting 
relative changes in RBE. radiation quality profiles 
together with the corresponding photon contributions 
were drawn (Fig. 2 and 3). Limited date for the 
p(65)/Be beam at Louvain-la-Neuvc (2) have been 
included in the latter figure. The same trend in y* 
with lateral displacement is apparent throughout In 
Fig. 3 y „ exemplifies the degradation of neutrons 
due to scattering. The increasing v-componcnt cannot 
compensate for die enhanced effectiveness of the 
beam in this region but as the low-LET component 
steadily increases, the potency of the beam beyond 
the penumbra is reduced accordingly. The fall-off is 
more pronounced for the d(16)/Bc beam (Fig. 2) 
where the y-componcnt is considerably larger. 

«.i 
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Single event spectra measured 5.5 cm and 8 cm from 
central axis in the p(66)/Be neutron beam. The 
absorbed dose at these positions was respectively 
40% and 10% of that on central axis. 
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Beam profile characteristics evaluated from in-
phantom measuremenis performed in a p(66)IBe 
neutron beam. Field size 10 x 10 cm, depth 10 cm. 

Included are values measured at 5 cm depth in the 
p(6S)/Be at Louvain-La-Neuve (2). The p(65) data is 
indicated by the full circles and triangles. 

Qualitatively the presented data is in good agreement 
with the radiation transport calculations performed 
by Burger etal. (3). for a IS MeV neutron beam and 
an ideal aperture (Fig. 4). For true collimation 
conditions, limited theoretical and experimental data 
are presented by these authors. The present study 
illustrates in more detail the nature of lateral 
variations predicted by transport calculations. 

Figure* 

25 
15 MeV NEUTRONS 

10 

DISPLACEMENT (cm) 

15 

y and y n values determined from transport calcu
lations for a 15 MeV be<m and an ideal aperture. 
Redrawn form ref. 3. 

The variations in y that are observed at '.he edge of 
the p(66)/Be field arc comparable to those measured 
at different depths in an unfiltcrcd beam (1). To 
determine the relevance of this data to clinical prac
tice, effective dose profiles were constructed. To this 
end an RBE of 1.8 for V79 cells (4) was used to cal
culate Dcff (effective dose) values and to construct 
the appropriate beam profiles. The two profiles 
shown in Fig. 5 wefe determined using the 
expressions 
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Deff=Dn + I V R B E References 

and 

Deff = Iy*iA V C A ) l ° n + ^ B E 

The weighting factor y ,/y n (CA) incorporated in 
the latter expression is simply the quotient of they n 

value at the measuring point by the y n value 
measured on central axis. The overall effect is to 
slightly broaden the dose profile beyond a lateral 
displacement of 5,5 cm. This broadening, however, 
does not alter the dose by more than 2%. 

1. JJP. Slabbert et al., Br. J. of Radiol, (in press). 

2. Rapport Scientifique de 1' Utilisation du 
Cyclotron et des Activites de lTJnitd de 
Physique Nucleaire, (Universit6 Catholique 
deLouvain),81.1986. 

3. G. Burger et al. 6th Symp. on Microdosimetry. 
Eds. J. Booy and H.G. Ebert (Harwood Academic 
Publishers, London 451,1978. 

4. J.P. Slabber!, HI.. Jones, National Accelerator 
Annual Report NAC/AR/88-01 (CSIR, 166,1988. 
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"Effective dose" profiled calculated for collimated 
pi66)IBe neutrons. An RBE of 1.8 for V79 fibroblasts 
was used in the evaluations of Dgt* and D'gu. 

Measurements hi the penumbra of collimatcd fast 
neutron therapy beams with differing energies 
display the same trend in y with lateral displace
ment. Qualitatively the data is in good agreement 
with the transport calculations performed by Burger 
et al. (3). Although ostensibly significant variations 
in y and y n are apparent, these variations do not 
translate to appreciable changes in the dose profile. 
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The PTB Facility for Neutron 
Therapy Dosimetry 

H J. Brede, D.R. Schlegel-Bickmann, 
U J. Schrewe, H. Schunmacher 

Physikalisch-Technische Bundesanstalt (PTB), D-
3300 Braunschweig 

Introduction 

At the PTB, a facility (1) for fast neutron absorbed 
dose determination is available which is well suited 
for calibration and investigation of neutron 
dosimeters, and for international intercomparisons of 
neutron absorbed dose standards (2). The facility 
comprises an energy-variable compact cyclotron for 
high proton and deuteron currents which are used to 
produce intense collimated neutron beams via the p + 
Be and d + Be reactions. 

JMisJ. 
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Experimental parameters 

Reference position (free in air), 80 cm 

target, 0 degrees 

Deuieron energy an the Be target 

Deulerpn current on the Be target 

Field size in the ref. position - 10 

Total dose rate in A-150 plastic 

Fluence-averaged mean neutron energy 

Kerma-averaged mean neutron energy 

from the 

13.35 MeV 

25 uA 

cm* 10 cm 

5 mGyi"' 

5.24 MeV 

• 6.02 MeV 

Properties of the neutron field 

The spectral neutron fluence, Og, per unit deutcron 
beam charge, Q, on the Be target (thickness 2 mm) 
has been determined by. time-of-flight (TOF) 
techniques using the pulsed deutcron beam of the 
cyclotron and the fast timing and n-y discrimination 
properties of an NE213 scintillation detector (3,4,5). 
The influence of the target assembly (water cooling 
and stainless steel backing, each of 1 mm thickness) 
and of the neutron collimator has been calculated 
using the Monte Carlo code COLLI (6) (see Fig. 1). 

Spectral neutron fluence versus energy in the 
reference position (a) without collimator, (b) fraction 
due to the collimator 

Figure 2 

10 IS 20 

En (MeV) 

Typical experimental conditions are shown in Table 
1. Spectral neutron kerms (A-150) versus energy in the 

reference position (with collimator) 
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From the spectral neutron fluence and the energy-
dependent fluence-to-kerma conversion factors, kf, 
from Caswell et al. (7) a spectral neutron kerma, Kg 
= kf <t>g, for A-150 plastic (tissue substitute) per unit 
deuteron beam charge, Q, on the Be target has been 
calculated and is shown in Fig. 2. 

Separation of neutron and photon dose fractions 

a) Twin-detector method 

b) Time-of-flight techniques with TEPCs (8) 

The timing signal of the pulsed cyclotron beam and 
that of a tissue-equivalent proportional counter 
(TEPC) -filled with TE gas- were used to separate 
neutron and prompt photon radiation by time-of-
flight for the d + Be field (see Figs. 3 and 4). 

Figure 4 

The relative neutron dose responses k j and ky of 
neutron sensitive (T) and neutron insensitive (U) 
measuring devices, such as A-150 plastic ionization 
chambers flushed with tissue-equivalent gas (TE/TE) 
and argon-filled magnesium ionization chambers 
(Mg/Ar) or Geiger Muller counters (GM), 
respectively, were determined experimentally in 
monoenergetic neutron reference fields in order to 
obtain the kerma-averaged responses of the detectors 
for the broad d + Be neutron spectrum. 

Figure 3 

y / eVpm 

The event frequency as a function ofTOF (flight path 
6 m) and lineal energy, y. Y represents the energy 
loss of charged secondaries (produced by neutrons 
or photons) imparted to the cavity of the TEPC, 
divided by the mean chord length of the cavity. The 
simulated diameter is 2 \un of tissues. 

» 

10 

=> 4 
10 

10 

T 3 

10 
10 * V AV I V 

y / eVpm-1 — -

Dose distribution y d(y) versus lineal energy y. The 
integrals of the curves represent the separate dose 
fractions. 
(y) prompt photon-induced, 
(n) neutron-induced events 

Determination of the absorbed dose in an A-150 
plastic phantom 

Table 2 shows the tesuits of an intercomparison of 
different methods (9). 

Summary 

The spectral neutron fluence and A-150 plastic 
kcrma distributions of the intense neutron field are 
known with high accuracies. Neutron and photon 
dose fractions can be well separated. 

In the PTB neutron reference field the determination 
of the absorbed dose in A-150 plastic can be 
performed within an uncertainty of 2.5%. 
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In aider to reduce the uncertainty of absorbed dose 
detenriination in tissue a water calorimeter is under 
construction. 

Table 2 

Position Total Dose Total kerma Photon dose keraa 
(phantom per unit per unit per unit averaged 
depth) beam charge beam charge beam charge n-energy 

TE/TE Calori- Monte Carlo Mg/Ar GM 
Chamber meter* calculation chamber counter 

mm GyC"1 GyC-1
 GYC" 1 GyC-1 GyC-1 MeV 

without 
phantom* - - 186(6) 3.5+(0.3) - 6.02 

0 - - 204(6) - - 5.76 
27 179(8) 175(3.0) 172(5.4) 10(0.5) 9(0.9) 5.27 
52 136(6) 135(2.3) 132(4.3) 10(0.5) 9(0.9) 5.28 

uncertainties at 68 % confidence level are given in parentheses 

# the measurements with the A-150 calorimeter 
have been performed by J. Dawes and A. 
Ostrowsky, Laboratoire de Metrohgie des 
Rayonnements Ionisants (LMRI). F-91930 Gtf-
sur-Yvette 

+ this value has been determined with a TEPC 
* in the reference position 
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Introduction 

Boron neutron capture was first suggested for cancer 
therapy as long ago as 1936. but for lack of basic 
knowledge and appropriate techniques, this promi
sing modality could not usefully be applied for many 
years. Boron is a light element widely distributed in 
nature, and present in human tissue in small quanti
ties. The isotope 10B forms about 20% of natural bo
ron. At thermal energies, the cross-section for neu
tron capture by l^B is very large (about 4000 bams, 
compared to the geometrical cross-section of the 
nucleus, which is about 0.2 bam). The capture is 
immediately followed by the emission of an a par
ticle, leaving a recoiling ?Li nucleus. The total en
ergy released is 2.8 MeV usually including a 0.5 
MeV y. The ranges of the heavy particles are some 9 
urn and 5 tun respectively, roughly corresponding to 
the size of a cell. The average LET of the ionization 
is quite high: 150 keV per urn. Further, the ionization 
effects of slow neutrons interacting with naturally 
occurring atomic nuclei in tissue are rather slight. 
Therefore, if one could load a tumor with 10B and 
then irradiate it with thermal neutrons, one could re
lease a great deal of energy in die tumor, most of it in 
the form of the kinetic energy of heavy, charged par
ticles. Ideally, the boron would be delivered to the 
tumor on some pharmaceutical which could actively 
seek out die tumor and remain in it for a time. The 
idea, which has been extensively discussed at a series 
of meetings (23.4), could solve die major problems 
of conventional radiotherapy: 

• locating die tumor precisely, even on the micros
copic scale 

-confining die dose mote or less to tumor ecus 

- treating metastases, which would automatically be 
loaded with 10B at the same rime as the primary 
tumor 

It can be shown dot. for an adequate tumor dose, a 
certain value of the product (10B concerntation) x 
(neutron fluence) is required. In practice, one can 
expect a coiicenoalior. of 10-100 ppmw 10B in the 
target tissue, irradiation wim 1 0 " - 101 2 dermal 
neutrons per sq cm would then result in about 20 
capture events per cell, or about 8 Gray. Bow the 
'^B ^ H T ' * * * " * and the nfwttmw fluence present 
significant scientific and technical challenges. For 
example, it turns out uiat some i*%-conu*ning 
chemkalsare incorporated into the body of die cell, 
while others remain on its surface (5). The former 
would be more useful, because rhe range of die 
reaction products is comparable to die cell radius, 
and because the nucleus is more sensitive to radia
tion damage. 

The technique was first applied to human tumors 
from 1951 lo 1961 in Boston and Brookhaven, using 
quite simple inorganic boron compounds and thermal 
neutrons from a research reactor. Results were very 
discouraging, because die chemicals then available 
were not specific enough, and healthy tissue was 
heavily irradiated. The technique was abandoned for 
some years, until the development of better chemi
cals allowed its revival in die late 1960s (6) for the 
treatment of gliomas, and more recently of melano
mas (7). Because die neutron beams used are thermal 
one is forced to expose die target organ surgically 
during irradiation. This naturally restricts die techni
que lo fairly shallow tumors. Following a suggestion 
in 1968 (8), it is generally agreed diat neutrons of se
veral keV energy would have die advantage of pene
trating much deeper into die brain before being mo
derated to diermal energies; this would permit deeper 
tumors to be treated, even widwut surgery (Fig. 1). 

Neutrons, so far derived from reactors, can also be 
made by accelerator beams: indeed diis possibility 
may become very attractive in hospital environments 
in due course, partly because public acceptance of 
reactors is at present low, and partly because it may 
be possible to use accelerators dial would also be 
useful for nuclide production and for proton or fast 
neutron dierapy. Further, the neutron source size is 
set by the range of protons in the target material. An 
accelerator neutron source is therefore only a few 
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cm' in size, as compared to a nw or so in a reactor, 
and it would be practicable to move it, or the patient 
relative to it, in such a way as to reduce skin doses 
considerably. Accordingly, over the last few years, 
we have been testing various concepts at the Philips 
Injector Cyclotron at PSI. Although our results have 
been reported elsewhere (9), it is worth while 
summarizing them here. 

The first layout consisted essentially of a lm-* water 
tank with a small copper or lead neutron production 
target at its center, to which a pulsed 72 MeV proton 
beam was delivered (Fig. 2). Neutrons were detected 
in a scintillation detector about 6m away, by the use 
of time of-flight techniques, and of various detector 
materials, it was possible to measure the neutron en
ergy spectrum, and to distinguish the y contribution. 
Reasonable agreement with Monte Carlo calculations 
was observed (Fig. 3). Later work used water and 
polyethylene combined as moderator. A feature of 
both these layouts was the high proportion of fast 
neutrons and 7s in the beam (Table 1). Accordingly, 
we then tried an iron-carbon moderator; yields were 
measured with gold foils and plastic nuclear track 
detectors in Lucite phantoms (Fig. 4). Results are 
shown in Table 2, from which it can be calculated 
that therapeutically useful fluxes (i.e. 109 - 1010cm' 
2 « c _ 1 ) could be obtained from a 72 MeV proton 
beam of a few hundred uA. Beams of this intensity 
are routinely produced by the new injector cyclotron 
at PSI, and an upgrade to perhaps 1000 (iA is 
scheduled over the next few years. 

Figurt I 

Fiture2 

copper target 

toad block 

nautren beam tube 

•Mat 

W' 
-boreted parallln 

.toad 

-Lr-glaee dateeler 

A test layout for the production ofkeV neutrons from 
an accelerator. 

Fifure3 

•union [Htm (in) 

Penetration of neutron beams of various energies; 
from (14). 

Results of measurements on the layout of Figure 2, 
compared with a Monte Carlo calculation. 

A possible layout for further work at PSI is shown in 
Fig. S. Our initial clinical interest is primarily focu
sed on the treatment of AVMs. In the longer term, 
malignant brain tumors are given priority over other 
malignancies, such as melanomas an colorectal car
cinomas. 
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Table 1 

Neutrons Ncatrou 
1-10 k.V > j U , V 

Copper 2000 
MOO 

7300 
11500 

1* Ratio Ratio 
> j MtV/MO k«V T./1-lOktV 

17000 
J7000 

3.7 
3.0 

8.4 
7.1 

Neutron and y backgrounds, per sq cm and \icoul at 
65m, and the ratios of these to the 1-10 keV neutron 
flux. The data are being re-analysed, and results may 
change significantly. 

Figure 4 

72 MeV proton beam 

.Tungsten target 

Graphite 

Perspex phantoms 

Iron moderator 

Top view 

Iron-carbon moderator, and the associated Lucite 
phantoms. 

Table 2 

Depth in 

Human 

2cm 

2cm 

5cm 

5cm 

10cm 

10cm 

Moderator 

Iron 

Iran + Graphite 

Iron 

Iron + Graphite 

Iron 

Iron + Graphite 

Thermal neutron 

Flux (n.cm'rmcour') 

12.4x 10 1 0 

13.2 x l O 1 0 

13.1 x 10 1 0 

8.8 a 10 1 0 

5.13 x l O 1 0 

3.2 x l O 1 0 

For completeness, we list here the other techniques 
which are now being worked on. 

1, Two groups, based in Ohio and Massachusetts, 
plan to use much lower enery proton beam acce
lerators, but of much higher intensity, to make 
neutron beams (11,12). These groups intend to 
use a "radio-frequency quadrupole" and an im
proved Cockroft-Walton layout respectively, to 

produce proton beams of a few MeV, which, 
when incident on a 'Li target, produce neutrons 
of less than 1 MeV. Because some tens of mA 
will be needed to obtain the required neutron 
fluxes, power dissipation in the Li target may 
present a serious problem. 

2. As mentioned above, one Japanese group has 
been using thermal neutron reactor beams for 
many years on brain tumors (6). Their results, 
although not achieving the status of fully ran
domized trials, are promising, as can be seen in 
Fig. 6. They are, however, restricted to a consi
derable degree by the poor penetration of their 
neutron beams. Another Japanese group has re
cently started similar treatment of melanomas (7). 

3. Several groups around the world are preparing 
keV beams for therapy, based on nuclear reactors, 
the MeV neutrons from the reactor cores being 
moderated by various combinations of materials 
(23.4). 

In the USA, the projects closest to clinical ampli
cations appear to be based on the Medical Re
search Reactor at Brookhaven National Labora
tory in New York State and at INEL in Idaho. 
These projects, and various aspects of the prob
lems of producing keV neutrons are presented in 
(2,3,4). Patient treatment at these facilities is 
expected to start in 1990. 

Within western Europe, the status of the pro
gramme of an international group based on the 
Petten reactor in Holland is described in a poster 
at this meeting (10). Patient treatment is planned 
to start in 1991. 

4. A group based in Chang Mai, Thailand, plans to 
use neutrons from intracavitary ^^C( sources to 
irradiate metastastic uterine tumors. The fast 
neutrons from the source would be moderated in 
the tissue of the uterus, which is very resistant to 
radiation damage, and would then be captured in 
the i"B introduced into the tumors, Treatment is 
estimated to last for several hours (13). 

These developments are based on the use of ^B 
compounds already tested in human gliomas 
(Na2B|2H]jSH) or melanomas (P-boronophe-
nylalanine). Over the next few years, an ambitious 
chemical research effort is expected to produce a 
number of promising '^B-containing drugs (2,3). 

file:///icoul
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Eigiaxl 

Beam from 
cyclotron 

A possible BNCT layout at PSl 

EiatutA 

survival of grade I IPIU glioma patients 
(excluding those who had been previously treated, 
As of Feb. 28. 1989) 

BNCT(AII the 11 cases of 1986-89) 

BNCT(12 cases within 6cm of 1968-85. 
sorted out of the 38) 

BNCT(All the 38 cases of 1968-85) 

Photon (46 cases) 
-i r 
3 4 

(months) 

~r 
7 

x 10 

Results of (he work of the Tokyo group (6) 
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Introduction 

Over the period of September 1988 and through 
August 1989,62 patients were treated with fast neu
tron therapy at Hamburg-Eppendorf. 31 patients had 
soft tissue sarcomas , 16 patients had salivary gland 
tumors and IS patients had other tumors. 21 of the 
patients with soft tissue sarcomas were treated for 
primary tumors and 10 patients for recurrences. The 
two most common histologies were liposarcoma (10 
patients) and malignant fibrous histiocytoma. This 
year the actual results of neutrontherapy were 
analyzed for soft tissue sarcomas, adenoid cystic car
cinomas and other salivary gland tumors. 

Salivary gland tumors 

Over the period of November 1979 through 
September 1988,14 patients with salivary gland tu
mors of different histologies were irradiated with fast 
neutrons. Patients with adenoid cystic carcinomas 
were excluded and analyzed separately. 

Histology: 5 patients had mucoepidermoid tumors, 3 
patients carcinomas, 3 patients a malignant 
pleomorphic adenoid, 2 patients soft tissue sarcomas 
and 1 patient adenocarcinoma. Mean age was 61 
years, median age 66 years with a range from 23 to 
101 years. 7 patients were treated for primary tumors 
and 7 patients for recurrences. The primary location 
was the parotid gland in 12 cases. Grading was eva-
luable for all patients: Gl in 3 cases, G2 in 1 case 
and 10 patients had G3-tumors. 

mic± 

T2 NO MO 
T2 Nl MO 
T3 NO MO 
T4bN0 MO 
T4bNl MO 

2 
1 
1 
3 
7 

TNM classification of non adenrW cystic salivary 
gland tumors using the class ficaticn ofAJC 

Before neutron therapy started, all patients had been 
operated one or several times, including biopsies. 4 
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patients had been irradiated before neutron therapy. 2 
of the patients had radical tumor resection, 1 patient 
had microscopic tumor residuals and 11 patients had 
macroscopic tumor mass at the begin of neutron the
rapy. The patients got a minimum single target dose 
ranging from 0,6 to 1.12 Gy DT-neutrons. The mi
nimum target dose varied from 13,8 to 16,4 Gy DT-
neutrons. The maximum target dose varied from 13,8 
to 16,4 Gy DT-neutrons. The maximum target dose 
varied from 15,7 to 20,5 Gy DT-neutrons. 2 patients 
received an additional photon or electron irradiation. 
Common acute side effects were mucositis, 
xerostomia, hypogeusia, erythema and desquama
tion. Severe late effects were observed in 1 patient, 
who received neutron therapy for an extensive recur
rence of a parotid tumor at the base of the skull. This 
patient had been irradiated before with 60 Gy 6 0 Q , 
and was reirradiated with 16 Gy DT-neutrons as ma
ximal dose for recurrence. The patient developed 1 
year after neutron therapy a brain necrosis of the 
temporal lobe. 

Bfisulis 

9 of 11 patients with macroscopic tumor showed a 
partial of complete remission, verified by clinical 
examination and CAT. 5 patients had no change, 8 
patients are alive with no evidence of relapse or tu
mor progress. 4 patients died from disease, 3 patients 
with progress and 2 patients with lung metastases. 2 
patients were lost of follow-up. 

Conclusion 

1. Neutron therapy shows good remission rates. 

2. The radiation-related morbidity is comparable 
with photon or electron therapy. 

3. Longer follow-up periods and more patients are 
necessary to come to definite conclusions for 
different histology, grading and tumor situation. 

Since July 1977, 57 patients with an adenoid cystic 
carcinoma of the head and neck were irradiated with 
fast neutrons. 44 patients who were treated until 
November 1988 were analysed. Conclusions of this 
analysis are: 

1. No serious radiation-related morbidity. 

2. Neutrons are valuable to control advanced 
tumors. 

3. Longer follow-up periods are necessary 
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4. A new randomized study should be discussed 

These results are in accordance to the published date 
from other centers. 297 patients have been treated 
(see Table 1). 

Table 1 

Author Wo.of Patl 

Saroja et al. 

Catterall f Errihgton 

Batterman et al. 

Griffin et al. 

Dunran et al. 

Haor et al. 

Ornitz et al. 

Eichhorn et al. 

Skolyzeuski et al. 

Potter et al. 

Total 

H t l 

113 

65 

32 

32 

22 

9 

a 
5 

3 

8 

297 

loco/xmglonal 

t-c 

63% 

77» 

66% 

ait 

551 

67i 

38* 

60* 

61% 

88% 

68% 

r control 

(71/113) 

150/65) 

(21/32) 

(26/32) 

(12/22) 

(6/9) 

(3/8) 

(3/5) 

(2/3) 

(7/8) 

(201/297) 

Neutron loco/regional tumor control rates for mali
gnant salivary gland tumors 

Table 2 

Author JTo 

Borthne et al. 

of Patient* 

FitzpatrickSTheriault 

Fu et al. 

Shidnia et al. 

Blkon et al. 

Ros smart 

Rafla 

Stewart et al. 

Total 

35 

50 

19 

16 

13 

11 

25 

188 

local control 

8/35 

6/50 

6/19 

6/16 

2/13 

6/11 

9/25 

199/19 

52/188 

(23%) 

(12%) 

(32%) 

(3B%) 

(15%) 

(54%) 

(36%) 

(47*) 

(28%) 

Summary of local control rates for malignant sali
vary gland tumors treated with photon and/or 
electron beam irradiation and/or radioactive 
implants 

201 (68%) are under local control. Summarizing the 
results of photon or electron therapy, only 52 of 188 
patients are under local control (Table 2). 

Soft tissue saicnmas 

Neutrons offer special advantages, from the radio
biological background for gross tumor disease and 
high differentiated tumors. Over the period from 
January 1984 through September 1988, 147 patients 
with soft tissue sarcomas were irradiated with fast 
neutrons. 92 patients were treated for primary tumors 
and SS patients for recurrences. Common histologies 
were liposarcoma (36 patients), malignant fibrous 
histiocytoma (27 patients), fibrosarcoma (26 
patients), malignant fibrous histiocytoma (27 
patients), fibrosarcoma (26 patients), leiomyosar
coma (18 patients) and malignant schwannoma (13 
patients). 34 patients had a grading 1 tumor, 35 
patients grading 2 tumors and 66 patients grading 3 
tumors. Tumor location was dominated by the lower 
and upper extremity (75 patients). Most of the 
patients had surgery one or several times before 
neutron therapy. The residual tumor classification at 
the time of neutron therapy: R0 in 56 cases, Rl in 24 
cases, R2 in 61 cases and RX in 6 cases. The preli
minary data (mean follow-up 14 years) were calcu
lated for survival rates and local tumor control rates 
by a modified Kaplan-Meier Method. Differences 
were proved for significance by a double sided 
Wilcoxon-Test, p-value should be smaller than 0,01. 
116 patients are alive, 31 patients died , 18 of these 
patients died with local control, 13 patients died with 
recurrence or progress. Factors of prognostic value 
for survival are: 1. Tumor situation at the time of 
neutron therapy (R-classification) and 2. the 
occurrence of distant metastases. Factors of 
prognostic relevance for local control are: 1. Histo
logy, 2. R-classificaiion. Patients with liposarcoma 
do benefit from neutron therapy for the local control 
rate of 97% 2 years after radiotherapy in comparison 
to all other histologies. Recurrence rate depending on 
R-classification: R0 in 17%, Rl in 23% and R2 in 
43% of all patients. The treatment results correlate 
with published data from other centers (Table 3). 

A total of 297 patients with microscopic tumor mass 
has been treated. 158 of them (53%) are under local 
control. In comparison to this, 128 patients have 
been treated with high dosage photons or electrons 
(Table 4). 

Only 38% of them are under local control. Neutrons 
may be of advantage for high differentiated tumors. 
Randomized studies should be performed to come to 
definite conclusions. 
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Table 3 

Neutron cmntmr Author Local control 

Hammersmith Pickering et a l 

NIKS 

Fermi lab 

MANTA 

TAMVBC 

Edinburgh 

Hamburg 

Tsunemoto e t al, 

Cohen et al. 

Ornitz et al. 

Salinas et al. 

Duncan et al.1986 

Franke et al. 76-89 

26/50 

7/12 

13/26 

4/10 

18/29 

5/12 

7/45 

Heidelberg/ Schmitt et al.1983 

Essen 

Louvain 

Amsterdam 

Seattle 

Total 

Schmitt et al.1984 

Wambersie 
Batterman 

Pelton et al. 

31/60 

4/19 

8/13 

15/21 

158/297 

• 

52 

58 

50 

40 

62 

42 

60 

52 

21 

61 

71 

53 

Summary of local control rates for soft tissue sarco
mas treated definitively with neutron therapy 

Table4 

Author 

He Neer et al. 

Windeyer et al. 

Duncan and Dewar 

Tepper and Suit 

Leibel et al. 

Total 

Local Control Mo. 

14/25 

13/22 

1985 5/25 

1 7/51 

0/5 

49/128 

• 

56 

59 

20 

33 

0 

38 

Summary of local control rates for soft tissue sarco
mas treated definitively with photon or electron the
rapy 

Value of MRI in the evaluation of soft tissue 
sarcomas 

Modem treatment of musculoskeletal tumors de
mands exact definition of the extent of tumor. The 
informative value of magnetic resonance as 
examined by a group from the* departments of Radi-
odiagnostic and Radiotherapy at the University 
Hospital Hamburg-Eppendorf in 210 patients with 
soft tissue sarcomas. 350 MR-examinations were 
performed in these 210 patients. At the time of MR-
examination, 97 patients had primary tumors, 75 
patients had recurrences of malignant soft tissue tu
mors and 56 patients were under local control after 

different therapies. A total of 37 patients were 
examined after neutron therapy for soft tissue sarco
mas. Routinely Tl- and T2-weighted sequences were 
used. Depending on the location of tumors 17,8% of 
all sections were sagittal images, in 49,9% coronal 
images and in 323% transverse images. Especially 
in primary tumors MR imaging was excellent for 
evaluation of local tumor extent. The high soft tissue 
contrast resolution allows exact delineation between 
tumor and muscle, fat, vessel, joint and bone. In 
comparison to other diagnostic techniques like ultra
sound and CAT, MR offers additional and valuable 
informations to the surgeon and the radiooncologist 
for treatment planning. In most cases, no specific 
tumor characteristics were identifiable. Exceptions 
are lipomas. Summarizing these positive results MR 
has become obligatory for treatment planning at the 
University Hospital Hamburg-Eppendorf. 

MR is less successful for follow-up examinations in 
cases of soft tissue sarcomas. The analysis shows 
that the diagnosis for recurrence was true positive in 
67 cases, true negative in 47 cases, false positive in 9 
cases and false negative in 8 cases. In neutron treated 
patients the diagnosis of recurrence was true positive 
in 17 cases, true negative in 16 cases, false positive 
in 4 cases and false negative in no case. Basing on 
these results CAT and ultrasound is used for follow-
up examinations. MR-examination is performed 6 
weeks after radiotherapy as basic examination. In the 
following course MR will be only used in cases of 
unclarified results of CAT or other examinations. 
MR examinations demonstrated changes in normal 
tissue after neutron therapy 89,4% had characteristic 
changes in fat tissue, 53,0% in muscle and only 6,1% 
in bone. The occurrence of changes in fat tissue was 
independent on the single fraction size or the total 
dose. 
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Siimniaiy 

Between July 1977 and November 1988,44 patients 
with an adenoid cystic carcinoma of the head and 
neck region were irradiated with fast neutrons of a 14 
MeV-DT-gencrator at our department. 40 patients 
were irradiated with neutrons only. They got a 
minimum target dose ranging from 8.3 to 17.0 Gy 
DT. The remaining 4 patients were treated with a 
neutron boost and photons successively. The 
evaluated local control rate of our patients is 61% at 
2 years. The calculated 2 years-survival rate is 74%. 

Introduction 

Adenoid cystic carcinomas of the head and neck 
region are growing slowly and have a high incidence 
of local failure after surgery alone. (2,5). 

In advanced or inoperable salivary gland tumors the 
results of photon and/or electron therapy are 
unsatisfactory (1.3). Fast neutron irradiation is the 
most successful management in unresectable primary 
tumors or recurrences. (1,4,6). 

Clinical Material 

Since July 1977 until today, 57 patients with an 
adenoid cystic carcinoma of the head and neck were 
irradiated with fast neutrons of a 14 MeV-DT-
generator at our department. 44 patients who were 
treated until November 1988 are analyzed in the 
following review (Table 1). 

31 patients were female and 13 patients were male. 
The median age of our 44 patients was 55 years with 
a range from 20 to 80 years (Table 2). 

Mean age 
Median age 
Range 

53 years 
55 years 

20-80 years 

Age distribution 

The most common locations of the primary tumor 
were the paranasal sinus in 11 cases, the parotid 
gland in 10 cases, the submandibular gland in 7 
cases, the oral cavity in 6 cases and the trachea in 4 
cases. The remaining 6 patients had other primary 
locations of the tumor (Fig.l). 

Figure 1 

• Paranasal sinus 

S2 Parotid gland 

B Submandibular 
gland 

• Oral cavity 

D Trachea 

B Others 

Pre-treatment status 

Before radiotherapy started all patients had been 
operated one or several times including tumor 
resection and/or biopsies. Even 5 patients had 
undergone more than 3 surgical interventions during 
their previous course of disease (Table 3). Finally 5 
patients already had been irradiated in the head and 
neck region in other hospitals. 

Tahkl 
WILL 

Treated no. of Patients: 
Analyzed no. of Patients: 
Female: 
Male: 

Clinical Material 

57 
44 
31 
13 

On* surgical intervention 

Two surgical interventions 

Three surgical interventions 

More than three surgical interventions 

Previous radiotherapy 

Previous treatment 

20/44 

9/44 

JO/44 

5/44 

5/44 
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In only S cases there was a complete tumor resection. 
In 32 cases there were still extensive .macroscopic 
tumor masses left behind. Microscopic tumor 
residuals were seen in 6 patients (Fig.2). 

Eiw&l 

R x ( n - 1 ) R0(n»5) 

10 patients had already an infiltration of the base of 
the skull or of further cerebral structures. 7 patients 
suffered from a dysfunction of cerebral nerves. In 6 
other cases an infiltration of the orbita was 
diagnosed. Metastatic lymph nodes were discovered 
in 10 cases and 4 patients had developed pulmonary 
metastases before neutron therapy started (Table 4). 

Table 4 

• Infiltration of the base cf skull 

or ctrtbral structures 

• Dysfunction of cerebral or 

facial nerves 

• Infiltration of the orbita 

• Metastatic lymph nodes 

• Pulmonary metastases 

10144 

7144 

6144 

10144 

4144 

Pre-treatment status 

ji£aimeju 

40 patients were irradiated with fast neutrons only. 
They got a minimum target dose ranging from 8.3 to 
17.0 Gy DT. The maximum target dose ranged from 
10.4 to 21.3 GyDT (Table 5). 

Tables 

Single target dose 

Minimum target dose 

Maximum target dost 

Dose not available 

0.6 

8.3 

10.4 

1.9 GyDT 

17.0 GyDT 

213 GyDT 

1140 

Irradiation dose of 40 patients treated with neutrons 
done 

The remaining 4 patients were treated with a neutron 
boost and photons successively. Their minimum 
target dose varied from 5.4 to 16.0 Gy DT and their 
minimum target photon dose varied from 28.0 to 
40.0 Gy (Table 6). 

Bssulis 

The most common acute side effects were mucositis, 
erythema, xerostomia, hypogeusia, desquamation 
and loss in weight (Table 7). No fatal late side effects 
could be observed. 

Table 7 

Mucositis 
Erythema 
Xerostomia 
Hypogeusia 

Desquamation 
Loss in weight 

22144 
18144 

20144 
11144 
9144 
8144 

The most common acute side effects 

The median follow-up of our analyzed patients is 17 
months, ranging from 4 to 106 months. 

28 patients are alive. But 8 of them have developed a 
local and/or distant failure. 8 of the 44 patients died 
of disease with tumor progress and/or metastases. 4 
patients died of other reasons. The remaining 4 
patients were lost to follow-up (Table 8). 

Table 8 

• Alive with no evidence of relapse 20/44 

• Alive with local 

and/or distant failure 8144 

• Death from disease 8144 

- Death from other causes 4144 

• Lost lofollow-up 4144 
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Including the 4 patients who had already pulmonary 
metastases before neutron therapy started, altogether 
10 patients developed distant metastases during the 
observation period. 

The evaluated local control rate of our patients is 
77% one year after the start of neutron therapy. After 
Two years 61% of the patients with an adenoid cystic 
carcinoma are under local control (Figure 3). 

The calculated 1-year survival rate is 98%. After 2 
years 74% of the patients are mathematically still 
alive (Fig.4) 

Conclusion 

Summarizing the radiation-related morbidity has not 
been a serious problem in our patients. If we arc 
considering the often fatal situation of our patients 
before radiotherapy started we come to the 
conclusion that neutron irradiation is a valuable 
therapeutic method to control advanced tumors. 

Table 6 

Patimnt 

Minimum tmrgat neutron doam 

Maximum target dot a 

Minimum tmrgat photon domm 

Mo.l 

5, 4 Gy DT 

6,8 Gy DT 

40,0 Gy 

Ho.2 

16,0 Gy DT 

20,0 Gy DT 

28,0 Gy 

Mo.3 

8,0 Gy DT 

10,0 Gy DT 

40,0 Gy DT 

Mo.4 

8,4 Gy DT 

10,5 Gy DT 

29,8 Gy DT 

Irradiation dose of four patients treated with a neutron boost 

Table? 

Statue 

Minimum tar gat dot* 

Maximum targat doaa 

Domm pmr fraction 

Microscopic tumor mama 

15,2 Gy DT 

19,0 Gy DT 

0,8 Gy DT 

Macroacopic tumor maam 

18,8 Gy DT 

21,0 Gy DT 

0,8 Gy DT 

A temporary therapeutic effect could be observed 
even if patients later on relapsed. 

More patients and longer follow-up periods are 
necessary to come to a definite conclusion of the 
efficacy of fast neutron therapy in adenoid cystic 
carcinomas. 

To prove the superiority of neutron irradiation a new 
European randomized study should be discussed. 
Especially in microscopic tumor residuals the 
comparison of neutron treatment with photon and/or 

electron therapy seems to be necessary. 

For the neutron irradiation of adenoid cystic 
carcinomas we have developed the following 
strategy. Patients with microscopic tumor mass get a 
minimum target dose of 1S.2 Gy DT. Patients with 
macroscopic tumor mass are irradiated with 16.8 Gy 
DT (Table 9). 

Strategy of neutron therapy 
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Position of the Treatment of 
Prostate Cancer (Stage C-Dl) 
with Fast Neutrons 

H.D. Franke 

University Hospital Hairburg-Eppendorf, Dept. 
Radiotherapy, D-Hamburg, Germany 

Introduction 

The anatomical stage and the histological grade of 
malignancy are the most important factors for the 
prognosis of prostate cancers: Prostate cancer in 
stages A and B with primary tumors in T1/T2 are 
mostly highly differentiated tumors, sensitive to 
photons and with a relative good prognosis. But in 
stages C and Dl (T3/T4) far more of them are 
undifferentiated tumors (3,23). There is a 
relationship between the amount of undifferentiated 
tumor cells, the rate of local recurrences and of 
distant metastases (2,19,24). After surgery, hormone 
therapy and megavolt therapy, undifferentiated 
tumors have the worst prognosis of the 3 grades of 
malignancy (1,3,5,8,9,10). 

The histopathological regression in the primaries is 
far lower in undifferentiated tumor cells than in high 
differentiated adenocarcinomas, both after hormone 
therapy as well as after photon therapy (5,24). 

The prognosis is also influenced by the insufficient 
effect on undifferentiated tumor cells in the primary, 
often without clinical sims of local recurrence. If we 
find persistent tumor cells in biopsies up to 2 years 
after therapy (Table 1) the prognosis is poor against 
tumors without persistent positive tumor cells 
(17,4,13). 

The application of doses higher than 65 up to 75 Gy 
(photons) are not to be recommended, because the 
gain on tumor cells is not very important, but the 
complication rates are rising (16). Also Bagshaw 
(1986) has seen these difficulties for undifferentiated 
tumor cells <n prostate cancer; he recommended 
protons, fast neutrons, pi-mesons, heavy ions or 
additional hyperthermia to overcome the 
radioresistance of this type of cells. 

The radioresistance of undifferentiated tumor cells in 
prostate cancers seems to be in contrast to 
radiobiological essentials and the clinical experience 
after radiotherapy J undifferentiated tumors in 

general. Histologically we find in undifferentiated 
prostate cancers - in contrast to differentiated tumors 
of the prostate - that the stroma (with the blood 
supply) is reduced and irregular (1); this may 
contribute to hypoxia in some regions of the tumor 
and to the radioresistance of bigger tumors (14,21). 
The indication for therapy with fast neutrons is, to 
overcome resistance against photons by hypoxia, by 
cell cycle or by repair mechanism (15). 

Tabiel 

Biopsies after 

megav. therapy 

positive 

negative 

Frequency o." distant 

Jacobi et al. 

(1981) 

64% 

18% 

metastases 

Freiha et al. 

(1984) 

72% 

24% 

Therefore, in Hamburg we have irradiated since 1976 
with a combined photon-neutron therapy mainly 
patients with undifferentiated prostate cancer 
(6,9,10). Later, the treatment of. prostate cancers with 
a combined photon-neutron regime also has been 
performed in Seattle (18) and Brussels (22), but 
different than Hamburg: in the energy of fas. 
neutrons and technique, with higher doses of photons 
and fast neutrons, with a bigger treatment volume, 
but without our preferential treatment of 
undifferentiated tumors. 

Patients and methods 

In Hamburg we treated between 1976 and 1980 in a 
pilot stu'dy 12 patients and between 1980 and 
October 1986 further 48 patients. I prefered to treat 
undifferentiated tumors in stage C (G3), many of 
them with recurrences after surgery and/or hormone 
therapy. 

In a boost technique I applied at first about 40Gy/4 
weeks with 16 MeV or 42 MeV photons at the 
prostate and the regional lymph nodes, thereafter 
with our DT-Generator (7) 6 to 8 Gy/1-2 weeks on 
the primary only. With assistance of a computerized 
dose-planning-system and computer-tomographies 
the dose-distribution was individualized and more 
concentrated on the prostate than on the lymph 
nodes, relalizcd by 5-8 isocentric fields both for 



photons and fast neutrons. Therefore acute and late 
side effects have been low and not serious. This is 
very important for the quality of patient's life, 
especially if longer life time are to be expected. 

Bssulis 

The median age of these 60 patients with 
histologically confirmed prostate cancer is 64,8 years 
(range: 41-84 years). 

Kbout 2/3 of the primaries are classified in category 
T3 and about 1/3 in T4. Lymphnodes: in 10% of the 
patients positive lymphnodes have been detected 
clinically and in 7% surgically, in 10% negative 
lymphnodes have been proved after surgery. 

Distant metastases: at the start of our therapy we 
have detected distant metastases (Ml) in 10% of 
patients, 80% have been free of distant metastases 
and 10% are not reliably examined. Nearly 75% of 
these 60 tumors have histologically been classified in 
grade 3 and about 1/4 in grade 2 (WHO). 

The clincial examinations and the follow-up of all 
patients have been realized together with the 
Urological Clinic (Director Prof. H. Klosterhalfen) 
of our Hospital. After a follow-up of 3-12 years (up 
to 15th Sept 1989) 58% of the patients are living 
without tumor in a good condition, 10 % arc dead 
without tumor; 7% are living with distant metastases; 
8% are living with an histologically proved "local 
recurrence" e.g. mainly with persistent positive 
tumor cells (after biopsy or TUR) without evident 
clinical signs of local recurrence and without local or 
distant metastses; 17% died with distant metastases 
and without proved clinical signs of local recurrence. 

The effect on T categories and the grades of 
malignancy are demonstrated in Table 2 and 3: 

Table 2 

Cor agar 

T5 

m 37 

T4 

n: 23 

las S u 

> 1 

'37/37" 

100* 

21/23 

m 

i y 1 

>2 

"55/37 
95* 

17/23 

74* 

» 1 -> s 

> 3 

33/37" 

95* 

13/23 

57* 

R o t e 

"26/22"' 

91* 

8/18 

44* 

1 V e 

>3 

n'/V* 
80* 

0/9 

0 

o r * 

> 10 

"5/8 

tn 

0/4 

0 

The 3- and 4-year survival rate in T3:95% and 91%, 
in T4: 57% and 44%. These results are better than 
after megavolt therapy alone (233). Nevertheless we 
have to regard the difference in the number of 
patients between Bagshaw (1986) and our study. 1/3 
of the patients in T3 are classified in G2,2/3 in G3: 
All patients in T3 G2 are living, in G3 after 3 years 
93% and after 4 years 88%, after 5 years 83%. The 
difference G2/G3 is very small, in contrast to the 
difference after megavolt therapy (23). Also in T4 
the difference G2/G3 is very small: the surviving rate 
after 3 years amounts to 60%/56% (G2/G3) after 4 
years to 40%/46%, also in contrast to photon therapy 
alone. Beyond that we can observe in T4 after 
therapy the regression of bladder invading tumor, 
histologically proved in 1 case by biopsy and the 
follow-up of more than 3 years. After therapy we 
find up today no tumor-invasion of bladder or rectum 
by prostate cancer, this is achieved without serious 
local reactions requiring surgical intervention. 

Table 3 

> 1 

12/12 

100* 

25/23 

100* 

>2 

12/12 

100* 

23/25 

92* 

These results point out, that it is possible to obtain 
better surviving rates in local advanced prostate 
cancer than with megavolt therapy alone. This is 
important for better cure rates and may be explained 
particularly by the high effects on the 
undifferentiated tumor cells (G3): it is obvious in the 
low difference between the survival rates of G2 and 
G3 in T3 and T4, though the fraction of G3 in T3 is 
2/3 against the fraction of 1/3, in contrast to reports 
on photon therapy alone (Perez et al., (19)}: stage C, 
G3 41%, G2 59% of 142 patients. Moreover we find 
in our study a tow rate cf local recurrences (mostly 
in microscopic dimension) in contrast to photon 
therapy alone (Perez: stage C, dose depending 
between 25% in cases without local recurrence, 60% 
in cases with local recurrence). 

Between June 1977 and April 1983 the Radiation 
Therapy Oncology Group (RTOG) sponsored a 



128 

phase DI randomized study investigating fast neutron 
therapy in the or orient of patients with locally 
advanced (stage C-Dl) adenocarcinomas of the 
prostate (18): patients (36) were randomzed to 
receive conventional photon irradiation or (55 
patients) a combined photon-neutron regime. The 
results (Fig. 4) have been conformed by Russell el al 
(1987): the analysis of outcomes accounting for all 
major prognostic determinants confirm (with 
statistical significance) the greater efficacy of the 
combined photon-neutron therapy for "overall" 
survival, "determinated" survival (active cancer at 
time of death as the failure endpoint) and local 
control. 

lahkl 

Survival Me Local failure rate 

Combined Photons Combined Photons 

X + N 

after 5 years 60% 

(Uramoreet si. 1985) 

after 8 yean 63% 

(Russell etil. 1987) 

only X + N only 

40% 7% 22% 

13% 16% 36% 

The study of the RTOG demonstrated that a regional 
treatment modality like the combined photon-neutron 
therapy can influcence both local/regional tumor 
control and survival in patients with prostate cancer 
Stage C and Dl (18). This conforms not only my 
own conception, to study the effect of a photon-
neutron therapy with preference on undifferentiated 
prostate cancers, but also my own results with better 
surviving rates than after megavolt therapy only and 
with low rates of recurrences and distant metastases 
even in this group with otherwise bad prognosis. 

Summary 

Between 1976 and 1980 we treted in a pilot study 12 
patients and between 1984 and October 1986 in a 
phase IJ/III study further 48 patients with 
histologically proved prostate cancer (stage C-Dl) 
with acombined photon-neutron regime. About 2/3 
of these 6 0 patients have been calssified in TNM-
category T3 and about 1/3 in T4. The 
(radiorestistent) undifferentiated cancers are prefered 
with regard to their especially bad prgosis, therefore 
nearly 75% are G3/tumors and only 1/4 G2-tumors. 

The results after a follow-up of 3-12 years point out, 
that it ist possible to obtain witha combined photn-
neutron therapy better local effect and better survival 
rates in undifferentiated local advanced prostate 
cancer than with proton therapy alone; there are only 
small differences between the surviving rates of G2 
and G3 tumors. In accordance with our results alos 
the randomized RTOG study (1977-1983) confirms 
the greater effiecacy of a combined photon-neutron 
regime in prostat cancer stage C-Dl (without 
prefering G3 tumor) for overall survival, 
"determinated" survival and local control . Hence it 
follows , that the loco-reginonal treatment of locally 
advanced prostate cancers with acombined photon-
neutron regime can influence very positively both the 
loco-regional control and the survival, also for 
"radioresistant" G3 tumors. 
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Introduction 

The King Faisal Specialist Hospital and Research 
Center (KFSH &. RÇ) is a tertiary care hospital, 
which incorporates the main cancer referral center in 
Saudi Arabia (1). The Neutron Therapy Program was 
started in April 1987 by a randomized tria! for the 
treatment of squamous cell carcinoma of the head 
and neck (2). The TCC Cyclotron "Model 4000" is 
used for this treatment. Among the 2.149 cases of 
cancer seen at the KFSH & RC in 1988.2S4 were in 
the head and neck (12%). The majority (88%) are 
Stage III and IV. This relatively advanced population 
was considered to have reasonable potential for be
nefiting from neutron therapy. 
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SCHEMA FOR PART I STUDY 
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Head A neck cancer 

T3 or T4 with any N 

T2 N+ 
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A. Neutrons: 145 cGy ny x 12f 
/4w 

= 17.4 Gy ny 

B. Neutrons: 155 cGy ny x 121 
/4w 

= 18.6 Gy ny 

Prior to embarking on neutron therapy using our 
machine, a physical and radiobiological intercom-
parison was done in 1985 in conjunction with the 
EORTC Heavy Panicle Therapy Group from Lou-
vain La Neuve, Belgium. The physical intercompari-
son data agreed with the original KFSH & RC 
measurements (3,4). The RBE for the 
intercomparison study used as an end point the 
regeneration of intestinal crypts of Swiss Webster 
mice 3.5 days following total body irradiation. The 
RBE, with ^ C o as a reference, was found to be 1,98 
± 0.09. This RBE is approximately 20% higher than 
the Louvain La Ncuve RBE (p(65)+Be) and about 20 
% lower than that of Ghent (d(15)Bc), which is 
similar to that of the Hammersmith Cyclotron beam 
(Fig.l),(3,5). These data were used to determine the 
approximate range of doses used for part I, i.e. the 
dose searching study for optimal clinical use (Fig.2). 
This range was then estimated to be approximately 
between 1740 cGy y-aequiv. j id 1860 cGy y-aequiv. 
in four weeks (3 fractions per week). 

Results of Dose Searching Study 

49 patient were treated by neutrons during the first 
part of the study. All but 7 completed treatment This 
leaves 42 cases eligible for toxicity analysis. The 
majority (37 cases) are Stage IV while the remaining 
(5 cases) are Stage III. 

The tissue specific toxicity was graded according to 
the EORTC/RTOO criteria and was defined as the 
maximum grade encountered during the treatment of 
any patient. Ultimately 30 patients were treated using 
the high dose (1860 cGy y-aequiv.) and 12 using the 
low dose (1740 cGy y-aequiv.). It is found that about 
half and one-quarter respectively of the patients 
developed Grade III and IV reactions in the high and 
low dose groups (Table 1). 

Table 1 

Dose 

High 
Low 

0 

0 
1 

1 

0 
2 

2 

14 
6 

3 4 

14 2 
3 0 

Total 

30 
12 

Overall Toxicity Grade Analysis According to Dose 

Most of the high grade reactions occurred in the skin 
and mucous membranes, particularly in the high dose 
group (Table 2). Both oral cavity and nasopharyngeal 
cancers had the highest grade reactions, especially 
with the high dose regimen (Table 3 and 4): It was 
noted that the two cases that developed Grade IV 
reactions were found among the oral cavity cancer 
cases in the high dose group. 
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6 
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0 
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30 
12 

30 
12 

30 
12 

30 
12 

Tissue-Specific Toxicity Grade Analysis According to 
Dose 

labitf. 

Site 

Oral Cavity 

Oropharynx 

Hvpopharrni 

Nwopbtrjinx 

Parental! Sinus 

Other Site* 

liKlanlflcd 
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0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

2 

4 

2 

0 

6 

1 

1 

0 

3 

7 

1 

1 

5 
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0 

0 

4 
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0 

0 

0 

0 

0 

0 

Total 

13 

3 

1 

11 

1 

I 

0 

Overall Toxicity Grade in High Dose Group Analysis 
According to Tumor Site 

Fiwe 3 

Site 

Orel Cavity 

Oropharynx 

Hypopharyu 

Nanpharynx 

Paranatal Stem 

Other Sttat 

UBCUMMW 

t 

0 

0 

0 

0 

0 

0 

1 

1 

2 
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0 

0 
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0 

2 

3 
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0 

3 

0 

0 

0 

3 

1 

1 

0 

1 

0 

0 

0 

4 

0 

0 

0 

0 

0 

0 

0 

Total 

6 

1 

0 

4 

0 

0 

1 

Overall Toxicity Grade in High Dose Group Analysis 
According to Tumor Site 

These toxicity data are the outcome of a statistical 
protocol that outlines a design for the dose selection 
phase of the study. The design was based on the as
sumption that the appropriate dose for Neutron The
rapy is the maximum dose that leads to no greater 
than 5% Grade IV toxicity. Two parts of the dose 
selection phase were specified. The first part was to 
treat 20 cases randomized between the two dose 
groups. In this part, no Grade IV reactions were no
ted, which according to the study design corresponds 
to symbol A (Table S) and which 

SCHEMA FOR PART II STUDY 
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A. Neutrons: Dose as determined 
from Phase I. 

B. Photons: 65 Gy/36t/7w 
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Table 5 

DOSE SELECTION PHASE • PARTI 
Schematic of Possible Grade 4 Reactions 

Nwabcrof 

Grade 4 at 

1740 cGy 

0 

1 

2 or more 

NaajberaTGradedat IMOcGj 

0 1 2 or more 

A B D 

C E E 

E E E 

A: Dose 1740 is safe; assign 12 cases to dose 1860 

B: No conclusion about either dose; assign 6 cases 
to 1740 and 6 cases to 1860 

C: Dose 1740 is possibly unsafe; assign 10 cases to 
1740 and 2 cases to 1860 

D: Dose 1860 is unsafe; assign 12 cases to dose 
1740 

E: Dose 1740 is unsafe; assign 12 cases to dose 
1620 

DOSE SELECTION PHASE-PART 11 
Schematic of Possible Grade 4 Reactions 

Number of 

Grade 4 at 

1740 eGy 

0 

1 

2 or more 

Number of Grade 4 at 1M0 cGy 

0 1 2 or more 

a b c 

d f r 
e f f 

Aa,Ab,Ba,Ca 1860 
Ac.Bb.Bc.Bd.CbXc.Da.Dd 1740 
Ea.Ed 1620 
Any other combinations Investigators will 

reconsider the dose 
selection phase 

dictates proceeding into the second part with 12 
cases treated at 1860 cGy y-aequiv. At the end of this 
second part, a further 22 1860 cGy.y-aequiv. cases 
were accumulated. It was noted that one case had de
veloped a Grade IV reaction (symbol b). The outline 
design (Table 6) thus specifies the usage of 1860 
cGy y-aequiv. for phase II of the study (Fig.3). It 
should be noted that the final 42 cases were accu
mulated and divided with 30 cases in high dose and 

12 cases in low assignments because of continuous 
recruitment to either limb during treatment of 
patients after the number required had been reached. 

Conclusion 

The first part of the protocol of neutron therapy in 
head and neck cancer, which is a dose searching 
study, has been concluded. The analysis of specific 
tissue toxicity using the EORTC/RTOG criteria and 
widi the use of a statistical protocol design, has led to 
die conclusion that 1860 cGy.y-aequiv. given in 4 
weeks over 12 fractions (3 fractions per week) is ap
propriate. Statistically speaking, with a 95% confi
dence level, a rate of Grade IV acute radiation effects 
no more than 22% is ensured. The second part of the 
study comparing neutrons with photons will use die 
above dose for die neutron limb versus a photon the
rapy limb as presendy used at die King Faisal Spe
cialist Hospital and Research Center. The ultimate 
aim is to test neutron therapy in relation to local 
control, survival, acute toxicity and hie 
complications in our relatively locally advanced po
pulation widi head and neck cancers. 
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OPTTS stands for Ophthalrnological Proton Therapy 
Installation SIN. The method to treat ocular tumors 
with a proton beam was developed in Boston, USA, 
and was introduced in Western Europe by the Swiss 
Institute for Nuclear Research SIN (today PSI, Paul 
Schener Institute). 72 MeV protons from one of our 
Injector Cyclotrons are used regularly during one 
week monthly for the OPTIS program. Since 1984 
more than 600 patients have been treated. OPTIS is a 
collaboration between PSI and the Ophthalmological 
Hospital of Lausanne University. 

The proton beam for OPTIS has to fulfil several 
special requirements. Besides this, the success of the 
therapy program depends very much on the 
availability of a stable, reproducible and well 
controlled beam. In this paper, the technical aspects 
of the beam preparation and control are described. 
The layout and the characteristics of the beam 
transport line are given together with the main steps 
of the set-up procedure. The basic ideas of the 
control and safety system of OPTIS are outlined and 
the essential details of this system are also given. 

Introduction 

The aim of radiotherapy is to sterilize all cells of a 
tumor with minimal damage to normal cells in its 
neighborhood. By using a high energy proton beam 
for the irradiation of ocular tumors, one comes close 
to this goal: protons penetrating tissue loose their 
energy by ionization in a way that the energy loss 
rises by a factor of three to four just before a sharp 
stop (Bragg peak). The scattering of the protons 
within the tissue is much smaller than with usual 
radiations (e.g. electrons). The sharp stop of the 
Bragg peak allows to fit the depth of the irradiated 
volume to the depth of the tumor in the eye by 
adjusting the proton energy rasp, the range in tissue. 
The low scattering allows to limit laterally (he 

irradiated volume by the use of proper collimators. 
The energy of 72 MeV is ideally suited for the 
treatment of ocular tumors: After energy losses in the 
scattering foils, air. etc. the useful maximum range at 
the eye is 31.5 tarn in tissue. This is sufficient for all 
tumors of die ocular cavity; a higher energy would 
not have any advantage but would lead to a 
broadening of the Bragg peak. 

Pioneer in the proton therapy of the eye was the 
group at Boston/Harvard in the USA. In the Harvard 
Cyclotron Laboratory in Cambridge, Mass., proton 
therapy started in 1961 using the beam of the 160 
MeV synchrocyclotron for programs in collaboration 
with hospitals in Boston. The number of the patients 
rose rapidly and it was recommended (I) that other 
laboratories in the USA and Europe start with similar 
programs soon. 

In 1982 the installation of the OPTIS facility using 
the 72 MeV proton beam of the Injector I-Cyclotron 
at SIN was decided. The decision was made in regard 
of two facts: first, in 1984 the new Injector II was 
planned to take over the duty of injecting 72 MeV 
protons in the Ring Cyclotron during three weeks of 
four, leaving enough time for other activities with 
Injector I. On the other hand, the Eye Hospital in 
Lausanne (Switzerland) had great experience in the 
treatment of ocular tumors, most of which arc 
intraocular melanomas, and was much interested in 
the introduction of proton therapy. As a 
consequence, a very fruitful collaboration was 
established: OPTIS is run under the medical 
direction of the Ophthalmological Hospital of the 
University of Lausanne (2,3). 

Injector I (4) of PSI is a compact four-sector 
isochronous cyclotron with two operation modes: 
one with'the fixed frequency of 50.6 MHz for the 
injection of a 72 MeV proton beam into the 590 MeV 
Ring Cyclotron, the other with the variable frequency 
of 4 to 17 MHz to act derate protons and various 
light ions to serve low energy physics experiments. 
Injector I serves also for the production of 
radioisotopes. All these tasks arc performed in a 4-
wcek-rythm: after two weeks physics experiments 
follows a week in injection mode, the fourth week 
being reserved during daytime for OPTIS and at 
night for isotope production. In spite of this complex 
operation schedule, an excellent stability and 
reproducibility of the OPTIS beam could be 
achieved. OPTIS can be operated both in the fixed 
frequency and in the variable energy mode. The 
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Injector I-Cyckuon, in operation since 1974, was 
built by Philips. Endhoven (The Netherlands). 

Layout and Beam Transport to OPTIS 

The first beam experiments for OPTIS were carried 
out during 1983 in one of the experiment areas, 
where later the therapy unit was definitely installed. 
The situation of OPTIS with respect to the Injector I-
Cyclotron is shown in Fig. 1. 

Layout of the OPTIS beamline 

The distance along the beamline between the 
cyclotron and the treatment point of OPTIS is about 
38 m. The beamline consists of 3 bending-, 11 
quadrupole- (1 triplet and 4 doublets) and 6 steering 
magnets as well as of standard diagnostics elements 
(S): profile monitors, beam stoppers, slits, ionization 
chambers and a non-intercepting beam current 
measuring device. For the transformation of the 
experimental beamline into a therapy line for OPTIS 
no major changes had to be made. The beam optics is 
simple and unsensitive to the starting conditions, 
fulfilling one of the requirements for a safe routine 
operation. It was designed with the help of our 
version of the well known computer code 
TRANSPORT (6,7). The optics is shown in Fig. 2. 

The first part of the beam optics is for all 72 MeV 
proton beams of Injector I the same, which differ 
only in the intensity of the respective beam current: 

up to 200 uA for. the injection mode, 80 uA for 
isotope production and 0.S to 0.6 uA for OPTIS. The 
value for OPTIS was chosen in regard to a safe and 
comfortable beam intensity control. The emiuance of 
all these beams lies between 2 and 4 pi mm mrad and 
the energy spread is about 300 keV. By the 
quadrupole triplet QNC1/2/3 a horizontal and a 
vertical waist are produced, and the doublet QNB1/2 
shapes the beam for the following analysing magnet 
ALH. 

To reduce the beam intensity by a factor of 0.1 for 
OPTIS, a copper scattering foil was installed close to 
the focus of ALH. The 0.4 mm Cu foil, mounted on a 
frame, can be pneumatically put in and out of the 
beam. It is a most important element in the safety 
system of OPTIS. The loss of intensity on the foil is 
roughly 90 percent The horizontal divergence of the 
scattered beam is limited by the movable slit FN7 to 
protect the vacuum chamber of the following doublet 
QLA3/4, which produces a double waist in front of 
ALI, a switching magnet distributing the low energy 
beams in different experiment areas. A graphite 
collimator of 30 mm diameter between the exit from 
ALI and the beam stopper BN8 limits the beam 
divergence in both phase planes. During the OPTIS 
runs the beam stands on BN8 which is pneumatically 
moved in and out of the beam according to the 
commands of the OPTIS control system. Inside the 
OPTIS vault, the doublet QLA15/16 transports a 
large beam to the last doublet QLA17/18 which 
produces a very sharp double waist. This waist is at 
the location of the entrance collimator of the therapy 
unit of OPTIS. Between QLA18 and the collimator 
the beam exits the vacuum system by a 0.05 mm 
capton window. 

Beam handling within the theranv unit 

The therapy unit (8) is shown in Fig. 3. The S mm 
opening of the entrance collimator together with a 
0.9 mm thick lead scatterer foil mounted on it define 
a secondary point source of the scattered beam, 
which traverses an air filled tube with four 
collimators of different openings and arrives at the 
treatment location 1430 cm downstream with a 
homogeneous flux of about 10° protons cm"̂  s"' 
within a diameter of 34 mm. This is essential for the 
safety, since any mismatch of the beam optics would 
result only in the reduction of intensity but would 
have no effect on the spatial dose distribution. The 
final collimator at the treatment location is shaped to 
the profile of the tumor. 
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Envelopes of the OPT1S beam. 
For the calculation of the 
envelopes, the beam profiles as 
measured during an arbitrary 
OPTIS run are fitted with the 
phase ellipses as free 
parameters of the beam 
extracted from the cyclotron. 
The Cu foil and the limiting 
apertures are taken in account. 

The energy modulation system shifts and modulates 
the beam energy in order to produce any wanted 
individual depth-dose distribution. The main 
requirement is a constant dose over the whole depth 
range of the tumor to achieve the same biological 
effect throughout the tumor volume. The principle of 
the system is outlined in Fig. 4. The aluminium 
profiles mounted on a wheel modulate the energy 
with a frequency of about 400 s . The copper 
screens mounted on the same wheel stop the low 
energy protons thus producing a lower surface dose 
if wanted. The depth of reduced dose can be chosen 
by mounting one of our 11 copper screen sets of 
different length. 

Figu/fS 

A fixed absorber of continuously adjustable 
thickness allows to shift the whole depth-dose 
distribution toward lower ranges. Since it introduces 
distortion of the constant distribution as well, we 
need 4 sets of modulators to cover the domain of 
maximum ranges from 4 to 31.S mm in tissue, 
allowing for full-width distortion of max. 10 percent 
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Therapy unit of the OPTIS facility 

OPTIS principle of range modulation 

The modulation system produces additional 
scattering especially at high energy reduction, i.e. 
small ranges in tissue. Placing it upstream to the first 
collimator we can avoid the effects on the spatial 
distribution at the expense of additional losses in 
beam intensity. We need an average of 50 nA 
incident proton beam to get a treatment fraction dose 
of 15 Gy within 20 seconds. To protect the body of 
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the patient down to 2 mSv in a full treatment course 
of 60 Gy in 4 fractions, a neutron shielding is 
mounted inside the beam tube. 

Figures 
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Measured depth dose distributions 
Curve 1: Undisturbed Bragg peak 
Curve 2: Modulated Bragg peak 
Curve 3: Modulated distribution shifted to lower 
range with reduced surface dose. 

Set-up Procedure 

To achieve a reproducible proton beam for OPTIS, it 
is essential, in addition to the reliability of all 
elements involved, that the set-up procedure will be 
followed rigorously step-by-step. After having set 
the interlock system in the proper mode, the magnet 
coils are set to standard values by a computer 
program. The set-up of the cyclotron is 
straightforward. An important safety requirement for 
OPTIS is to ensure that the intensity of the extracted 
beam can not go beyond the specified level. This is 
done by limiting the beam size in the center of the 
cyclotron vertically by a collimator, mounted on the 
body of the-ion source, and horizontally by a phase 
slit in the first orbit (4). In addition to these, the ion 
source, which is of the Lambertson-PIG-type with 
heated cathode, as described in ref. 4, is equipped 
with a pair of vertically deflecting plates which can 
be based with 2 kV each. The intensity of the 
extracted beam, as measured on the non-intercepting 
current monitor MNC1 is controlled by the voltage 
of Plate 1 (Plate 2 is normally grounded) by means 
of a feed-back program (9) which keeps the proton 
current constant. Plate 2 serves as a very fast shut-off 
element: an interlock- resp. "therapy stop" signal 
closes a contact in the power supply and the beam 
will be deflected within 20 ms. The deflector plate of 
the ion source is thus a most important safety 
element of OPTIS. 

As the next step in the set-up, the beam optics as 
characterized above will be established. We dispose 
of a fine automatic centering code working with a 
simple matrix algorithm, with the help of which the 
deviations of the beam positions as measured on the 
profile monitors will be corrected by the coordinated 
steering magnets within a few minutes (10). When 
the beam is ready on the beam stopper BN7, the Cu 
foil is put in, the width of the profile MLP9 is 
controlled and the beam is brought to BN8. The set
up of the last part of the beamline which is inside the 
OPTIS vault can be made only by collaboration of 
the operators of the Main Control Room with the 
OPTIS crew. Since there are no profile monitors 
after QLA18, the final optimization is made by 
maximizing the current on a diode at the location of 
the eye. The OPTIS crew is responsible for the 
accomplishment of the prescribed function tests. 

Control and Safety System of OPTIS 

Our Personnel Safety System "PSA" protects persons 
working at PSI by preventing them to enter an 
experiment area as long as the beam is there: 
entrance is possible only when the signal "closed" of 
the beam shutter resp. that of the beam stopper in 
front of it have been received. Accordingly, the beam 
may be let in an area only after the thorough control 
(by a key system) that nobody is in the vault and that 
the heavy shielding door is closed. 

The Machine Interlock System of PSI does not 
protect people but the elements of the three 
cyclotrons and of the respective beamlines from 
damages of whatever origin during a run. It is 
divided in sections between two beam stopper 
devices. The Machine Interlock is part of the Main 
Control System (11) arid is based on programmable 
CAMAC modules. According to the actual operation 
mode, various Interlock Modes can be programmed 
so that only the sections where the beam should go 
will be actively controlled. 

A dedicated OPTIS Control System (12) has to fit 
between the two systems outlined above to fulfil the 
special requirements, partly in contradiction to the 
standard system, namely: 
- the safety required for patient treatment is much 

stronger than the protection provided by the Ma
chine Interlock System 

- the access of the personnel must be much faster 
than allowed by the PSA system, the PSA access 
control is therefore replaced by a special set of 



138 

warning devices and rules of behavior for the 
crew members. 

The OPTIS Control System consists of two sections: 
a section located at the therapy area controlling 
mainly the elements and functions of the therapy 
unit, the status of which is signalized for the therapy 
crew, and a section located in the Main Control 
Room watching over the conditions of the "OPTIS 
Beam Allowed" status. The detailed informations on 
these are displayed on a screen for the operators in 
the Main Control Room; only a single sum signal is 
sent over to the therapy crew to the local control 
rack. 

The main tasks of the OPTIS Control System are: 
- control and carry out the "beam onTbeam off" 

commands of the therapy crew 
- control the dose delivery to the patient 
- enable calibration measurements and biology ex

periments without patient in slightly changed but 
still strictly defined conditions. 

To ensure the maximum possible safety for the 
patient, several elements of the system are 
supervised with two- resp. threefold redundance. An 
example is the Cu scattering foil, which is secured by 
a key: for all interlock modes except for OPTIS, the 
key must be stuck in the console of the Main Control 
Room. In the "OPTIS" mode, the foil has to be put in 
the beam by pulling the key out of the console 
allowing the transport of the beam to the stopper 
BN8 but not further; to get the permission for 
therapy irradiation, the key has to be stuck in the 
local control rack of OPTIS and turned properly, its 
position being watched by both parts of the OPTIS 
Control System, the Machine Interlock System, and 
also by the "PSA". After having received the key, the 
OPTIS crew has taken over also the responsibility for 
moving the beam stopper BN8 out or into the beam 
and the operators of the Main Control Room have no 
access to the stopper until the key will be returned. 

The local part of the OPTIS Control System has two 
modes of operation: the "therapy" and the 
"measurement" modes. In the "therapy" mode, no 
vetoes can be bridged. The OPTIS operator gives the 
"therapy start" command by pushing a button. This 
command acts only when all vetos have been resetted 
before: it opens the beam shutter KNA2 and the 
stopper BN8 and lets the beam in the area, i.e. to the 
patient until the "therapy stop" signal shuts it off. 

The "therapy stop'' signal is given normally by a 
"scaler stop" veto of the readout electronics after the 
radiation dose wanted is delivered. It acts 
simultaneously on the deflector Plate 2 of the ion 
source, the beam stopper BN8 and the beam shutter 
KNA2. The beam will be deflected within 20 ms but 
will be given free and is brought back back 
automatically to BN8 as soon as stopper and shutter 
are closed. For safety redundance, the status of the 
deflector plate and the beam are watched 
independently so that if the beam is not deflected 
after the stop command the cyclotron RF and the arc 
current of the ion source are shut off within 65 ms. 

Qyj]oo& 

In view of the good results of the treatment (3) and 
because of the advantages a dedicated "eye machine" 
would offer, as pointed out already a few years ago 
(1) preliminary studies with cost estimate with regard 
of such a machine were carried out (13,14) but no 
decision was made yet. 
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Introduction 

Since March 19JM the 72 MeV proton beam of the 
injector I cyclotron i.; used for the treatment of uveal 
melanomas. The number of patients has increased 
every year and 1989 we have treated over 200 
patients (see Table 1). 

Table 1: Number of cases treated 

FtiM 1 

1984 
1985 
1986 
1987 
1988 
1989 

Total 

19 
78 

128 
127 
188 
215 

755 

The survival of our patients is mainly influenced by 
the volume of the tumor, the largest and smallest 
diameter and the height of the tumor. The age of the 
patient also plays an important role. The bigger the 
tumor and older the patient, the worse is the survival 
probability. 

The sex of the patients seems also to be significant in 
the surviving, females in general have a better 
survival probability then male. This fact however has 
to be considered with care. Since in general female 
do have the belter life expectancy than male it could 
be that there is no relation between sex and survival 
of our uveal melanoma patients. 

The 5 years survival function is shown in Fig 1. 

The main parameter which influences the survival of 
our patients are shown on Table 2 and Figs. 2,3,4. 

FOLLOW-UP (M0MTHS) 

Patients surviving after proton beam irradiation 

An interesting question is to ask if there is a 
difference in the survival of uveal melanoma patient 
when they are treated with proton beam or another 
therapy, for example Co-60 applicators. We have 
done a comparison between our proton patients and 
the patients treated at the Eye Hospital in Lausanne 
with Co-60 applicators. The result is, that there is no 
statistically significant difference in the survival of 
both groups. 

Table 2: Tumor and patients data 

Volume of tumor' 

Heigh of tumor 

Largest tumordiamctcr 

Utile lumordiamcicr 

Age of patient 

Eye treatment 

Sex 

minimum maximum mean 

0.02 

1 

3 

3 

14 

54% 

51% 

4,45 

15 

25 

23 

88 

right eye. 

female, 

0.72cm3 

5,9mm 

14.8mm 

12.1mm 

53.2y 

46% left eye 

49% male 

Although the Co-60 patients have a better survival 
than the proton patients this fact is not due to the 
treatment, but to the mean volume of the tumors 
treated with Co-60 applicators, which is lower than 
the mean tumor volume treated by protons. 
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Fig. 5 shows the 20 years survival of the Co-60 
patients. Figs. 6,7,8 show the tumor volume, largest 
tumor diameter and height of tumor of the Co-60 
patients. Comparing them with Figs. 2,3,4 we can 
easily see that the tumors treated with Co-60 
applicators are much smaller then the tumors treated 
with the proton beam. 

FifureS 
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Patients surviving after Co-60 
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Conclusion 

There is no significant difference for the survival of 
the patient if he is treated by proton beam irradiation 
or Co-applicators. However the use of protons allows 
us to treat tumors which in other cases would need an 
enucleation of the eye. The proton beam allows us 
also to treat tumors near the optic nerve and the 
macula without any damage to those tissues, 
important fact to save the visual acuity of the patient. 
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The Clatterbridge Proton Therapy 
Facility 
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Bebington, Merseyside, L63 4JY, U.K. 

Introduction 

The Medical Research Council Cyclotron Unit at the 
Clatterbridge Hospital Merseyside, U.K. consists of a 
cyclotron vault, two treatment rooms and a service 
building which is linked to the main hospital 
radiotherapy department A plan of the facility is 
shown in Fig. 1. The accelerator is a fixed particle, 
fixed energy AVF cyclotron (Scanditronix MC60) 
capable of accelerating protons to 62 MeV. Both, the 
accelerator and the neutron therapy facility have 
been described in detail elsewhere (Bonnett et al, 
1989). 

use of a double foil scattering system incorporating a 
small central plug that is thick enough to totally stop 
the beam (Gottschalk 1986). The length of the beam 
line from the first scattering foil to the patient 
collimator is 1870 mm. In order to reduce energy 
losses, the beam is kept in vacuum for as long as is 
practical. After scattering, the beam is monitored by 
two parallel plate ionization chambers. The depth of 
penetration is then selected by a range shifter 
consisting of a machined prespex block of the 
required thickness. The required spread of the Bragg 
peak is achieved by the use of a rotating pcrspcx 
vane of varying thickness. A typical central axis 
depth dose curve together with corresponding 
isodose curves, measured in water for a beam of full 
range and IS mm modulation are shown in Figures 3 
and 4. The maximum range of the beam is 30.4 ± 
0.2 mm in tissue (density = 1.05gcc "'). 
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The proton therapy facility consists of a horizontal 
beam line and a patient treatment chair. For proton 
therapy the beam current extracted from the 
cyclotron is limited to 30 nA by the use of an ion 
source power supply with restricted output. A 
schematic diagram of the proton therapy beam line is 
shown in Fig. 2. Beam flattening is achieved by the 
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The relatively low energy of the proton beam has 
restricted the use of the beam to the treatment of 
ocular melanoma. The first patients were treated on 
20th June 1989 and to date (December 1989) 29 
patients have been treated. Patient ages range 
between 22 and 73 years and the range of tumor 
volumes is 0.14 to 1.86 cc. The current work is a 
pilot study treating cither large anterior and large or 
small posterior tumors which would have otherwise 
necessitated enucleation. 
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Recent developments in linac technology have led to 
the design of a hospital-based proton linac for fast 
neutron therapy. The 180 microamp average current 
allows beam to be diverted for radioisotope produc
tion during treatments while maintaining an accep
table dose rate. During dedicated operation, dose 
rates greater than 280 neutron rads per minute are 
achievable at depth, DMAX = 1.6 cm with source to 
axis distance, SAD = 190 cm. Maximum machine 
energy is 70 MeV and several intermediate energies 
are available for optimizing production of isotopes 
for Positron Emission Tomography and other medi
cal applications. The linac can be used to produce a 
horizontal beam for a treatment room having a spe
cial chair designed for isocentric patient positioning 
or a gantry can be added to the downstream end of 
die linac for conventional patient positioning. The 70 
MeV protons can also be used for proton therapy for 
ocular melanomas. 

Introduction 

For over a decade the National Cancer Institute has 
conducted clinical trials to determine the efficacy of 
neutrons in the treatment of malignant tumors. Re
sults established neutron therapy as the treatment of 
choice for certain tumors known to be resistant to 
conventional radiation therapy (2,3,4,5). In addition, 
follow-up studies have shown that the severity of late 
side effect decreases significantly as the energy of 
the neutron beam increases (6). The highest energy 
neutron therapy beam in the United States is genera
ted by a proton linac constructed for high energy 
physics research at Fermi National Accelerator La
boratory (Fcrmilab). Until now, the large size of the 
Cockcroft-Walton pre-injector and the ~ 60 meter 
length of the linac, as well as the power and main
tenance costs, have prohibited duplicating this faci
lity in a hospital setting. However, recent advances 

in linac technology are making it possible for hospi
tals to use a proton linac as a neutron source.(l). 

Improvements in proton source designs and radio-
frequency (if) systems have dramatically reduced the 
physical size of a 70 MeV proton linac. A modem 70 
MeV linac consists of one or more cylindrical tanks 
about 46 cm in diameter and has a total length of 
about 20 meters. The Cockroft-Walton injector is 
replaced by a system consisting of a duopiasmatron 
source, low enery beam transport module (LEBT) 
and a radio-frequency quadrupole (RFQ) linac. 

Table I 

Beam Energies 19,36,53 & 70 MeV 
Peak Beam Current 50 milliamperes 
Average Beam Current 180 microamperes 
Pulse Length 60 microseconds 
Pulse Repetition Rate 60 Hz 
Operating Frequency 425 MHz 
Peak Power 8.8 MW 
Duty Factor 0.36% 
Total Power 200 kW 
RFQ Output Energy 2 MeV 
Ion Source Energy 20 ke V 
Accelerator Overall Length 24 meter 
Linac Tank Diameter 46 cm 
Linac Mass 260 kg/meter 

Parameters of a Medical Proton Linac 

These components bring the total length of the neu
tron generator to about 24 meters. As has been 
suggested by the proposers of the PIGMI project (7), 
such a machine could.be located in a tunnel under an 
existing parking lot at a typical hospital. The struc
ture housing the machine would resemble a typical 
hospital corridor in both length and cross sectional 
area. Power requirements are about 200 kW, which 
compares favorable with die 600 kW required to run 
a 70 MeV cyclotron for fast neutron therapy (8). Ra
diation levels are minimal along the length of the 
linac and adequate shielding can be achieved using 
ordinary cinder block construction. (Of course, the 
target area and treatment rooms would require shiel
ding comparable to that used for conventional photon 
therapy). Most components of the machine are 
commercially available and are used in other, non-
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medical applications so that the first hospital to build 
the proton linac described here would not be dealing 
with the problems of repairing and maintaining one-
of-a-kind equipment. Thus, it is now realistic to con
sider more widespread clinical use of a medical pro
ton linac for generating neutrons and radioisotopes. 

Machine Parameters 

We report here the results of a design study which 
combined sophisticated accelerator computer codes 
with practical operating experience from existing 
machines to demonstrate that construction of a dedi
cated medical proton linac is technically feasible. 
Table 1 summarizes the operating parameters and 
Fig. 1 shows and artist's conception of the machine 
we have designed. The linac itself is of the conven
tional drift tube type (DTL). Beam is injected into 
the DTL from an RFQ, which is a special type of li
near accelerator able to efficiently accelerate proton 
beams from very low energies. Our design for the 
RFQ has evolved over many years and a number of 
these RFQ's are in use commercially. An RFQ of 
similar design is in use as an injector for a medical 
proton synchrotron (9). There are several possible 
designes for the LEBT, some of which are already in 
use in existing systems and others which are yet to 
be tested (10,11,12). The control system would be 
the same as the recently upgraded control system in 
use at Fermilab's Neutron Therapy Facility (13). 

Clinical Options 

The intense beam available in linac makes it possible 
to use the beam for other applications during treat
ment times. In fact, the normal mode of operation at 
Fcrmilab allows beam to be diverted from therapy to 
the physics research program once every 2.5 seconds 
without interrupting treatments. The control system 
mentioned above handles the beam switching auto
matically, without intervention from an operator. The 
same control system could be used to divert beam 
from therapy to isotope production during treat
ments. This means that isotope production could be 
scheduled as needed during the day, independent of 
the treatment schedule. A 70 McV linac is best suited 
for producing medically useful isotopes such as 
% e , , 2 3 I and , 2 7Xe (14,15). Some of the more 
commonly used isotopes, such as " c have maxi
mum production cross sections at proton energies 
around 8 MeV, while ' "in, which could be used in 
the manufacture of monoclonal imaging products, 
has a maximum production cross section at 20 McV 

(16). Our design makes several intermediate energies 
available in order to minimize the amount of energy 
wasted and the amount of radioactive contamination 
produced when beam is degraded to the lower ener
gies needed for some isotopes. One technical que
stion which must still be resolved is the design of 
targets for producing the isotopes. It is likely that 
some existing designs could handle the 180 micro
ampere average current but more engineering must 
be done to develop targets that can withstand die SO 
milliampere peak current (17). 

Protons produced by mis machine are energetic 
enough to be used for proton therapy of ocular mela
nomas. Implementation of mis therapy would require 
installation of a collimating or diffractive scattering 
system to reduce the intensity of the beam to which 
the patient is exposed. An appropriately designed 
switchyard and beam transport system would allow 
both, the proton and neutron beams to be directed 
into the same treatment room if the anticipated 
patient load made the construction of two separate 
treatment rooms economically impractical. 

Conclusion 

This study has shown that it is possible and practical 
to use a proton linac for neutron therapy in a hospital 
setting. Compared to typical medical cyclotrons, 
linacs can produce more protons, with less ra
dioactive contamination, at a lower cost. The 
machine we have designed can be used for fast neu
tron therapy, proton therapy for ocular melanomas, 
and radioisotope production. The ability to run at 
several proton energies provides flexibility and effi
ciency in preparing isotopes. Hence, we recommend 
that future neutron therapy facilities use proton linacs 
to produce their neutron beams. 
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Neutron Dosimetry Measurements 
on a p(66)/Be(40) Clinical Beam 

D.T.L. Jones, M. Yudelev 

National Acclerator Center, P O Box 72, Faure, 
7131, South Africa 

Introduction 

The National Accelerator Center (NAC) adheres to 
the international protocol for neutron dosimetry(l). 
Several types and sizes of tissue-equivalent (TE) 
ionization chambers are used for neutron dosimetry 
depending on the particular measurement being 
made. All neutron beam measurements reported here 
were made in water with a filtered beam unless 
otherwise indicated and refer to total dose. All 
ionization chambers are calibrated in beams in 
accordance with the dosimetry protocol. 

Dose Monitor Calibrations 

The neutron beam monitors are two independent air-
filled unsealed parallel-plate ionization chambers 
made of AISO TE plastic and are situated in the 
treatment head immediately downstream of the 
hardening/flattening filter drawer. Absolute 
calibrations of the dose monitors are made in a water 
phantom with a TE ionization chamber fitted with a 
4 mm thick AISO build-up cap. Over a period of 20 
months the calibration factor has varied by less than 
0.4% (1 standard deviation). The results are shown 
in Fig. 1. 

Daily constancy checks of the dose monitor 
calibration are made in an acrylic phantom with a TE 
chamber filled with ambient air. Constancy of 0.4% 
(1 standard deviation) has also been maintained over 
a 14-month period. 

The dose monitor start-stop errors were checked by 
comparing the doses measured by a field detector for 
multiple irradiations with those measured for a single 
irradiation for the same total number of monitor 
units. The start-stop error was found to be less than 
0.001 Gy. 

The variation of the dose monitor calibration has 
been measured with respect to integral dose, dose 
rate and gantry angle. These data arc summarized in 
Table 1. 
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Absolute calibration of the dose monitor. 
Calibrations were performed at depths of 2 cm 
(squares) or 5 cm (triangles) in water for a 10 x 10 
cm2 field. 

Table 1 

Parameter 

Dose 

Dose rate 

Gantry angle 

Range 

0.05-9 Gy 

1.5-42Gy.min 
(l-28uA) 

±185° 

Variation from mean 

±0.1% 

.-1 ± 0.2% 

± 0.4% 

The NAC's p(66)/Be(40) neuiron therapy beam can 
be modified by using several different beam fillers. 
These filters are: 

H 

Fl 

F12 

WO-W3 

2.5 cm thick polyethylene hardening 
filter. Permanently in the beam. 

Iron flattening filter. Permanently in 
the beam. 

Combination of Fl and F2, which is 
an additional filter used for larger 
fields. 

Tungsten wedge filters with nominal 
wedge angles of 0" (no wedge), 25', 
35', 45" respectively. 
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The different filter combinations are used for 
different ranges of field sizes as indicated in Table 2, 
where the effects of the filters on the doses measured 
at 2 cm in water for a 10 x 10 cm^ field are also 
shown. 

factor ratio (a x b)/(b x a) has been measured for a 
range of field size and filter combinations. For open 
fields the ratios were all found to be in the range 1 ± 
0.005 while for wedged fields the range was 1 ± 
0.008. 

Iskkl 
Figure 2 

Filter 

None 

HF1WO 

HF12WO 

HF1W1 

HF1W2 

HF1W3 

Field sizes (cm*) 

5.5x5.5-30x30 

5.5x5.5-16x16 

S.5x 16-30x30 

5.5x5.5-20x20 

5.5x5.5-20x20 

5.5x5.5-16x16 

Relative dose (%) 

(10* 10 cm2 field 

•I depth of 2cm) 

136.7 

100.0* 

92.7 

69.2 

50.9 

56.9 

* actual dose rate = 15.13 mGy.|iA"l.min** 

Measurements of output factors have been made for 
both square and rectangular fields for different filter 
combinations over the ranges specified in Table 2. 
Measurements were made in a water phantom at a 
depth of 2 cm and an SSD of 150 cm. All five sets of 
data have been fitted with a 3rd-ordcr polynomial 
using an equivalent square field (ESQ) formula 
which includes an elongation term which was 
determined empirically: 

ESQ = l ab .+ 1-1 
(a+b) a b 

(1) 

where b = length of long side 
a = length of short side 

With the above formula output factors agree within 
±0.5% for all field size and filter combinations. The 
results are presented in Fig. 2. 

In order to test collimator symmetry the ratio of the 
output factors for elongated fields with the axes 
interchanged have been measured, i.e., the output 
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Output factors for various filter combinations. The 
equivalent square field side is given by equation (!) 
in the text. The solid lines are 3rd-order polynomial 
fits to the square-field data. 

Effective Neutron Source Position 

To date all measurements and treatments have been 
performed at a fixed SSD of 150 cm. To include the 
possibility of isoccntric treatments the effective 
source position of the neutron beam has been 
determined by measuring the output in air as a 
function of different field sizes and target-detector 
distances (TDD). 

The data have been fitted with a second-order 
polynomial as shown in Fig. 3. Extrapolation to 
"zero field size" at each TDD yields the primary 
neutron beam component. The inverse square roots 
of these relative doses arc plotted against TDD and 
the data fitted with a straight line. Extrapolation of 
this straight line to the TDD axis yields the effective 
source position of the primary beam which was 
found to be 1.4 cm upstream of the target. 



The collimator scatter contribution can be estimated 
by subtracting the primary component from the total 
measured values for the sets of data at each TDD. In 
the same manner as for the primary component the 
effective source position for the scatter component 
can then be determined by fitting the data for each 
field size with a straight line. The effective source 
position of this component varies from about 30 cm 
downstream of the target for a 5.5 x 5.5 cm^ field to 
about 18 cm downstream of the target for a 29 x 29 
cm^ field. 

Figure 3 
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Relative response of a TE ionization chamber in air 
for different target-detector distances (TDD) as a 
function of square-field size. The curves are 2nd-
order polynomial fits. 
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South African Photon Dosimetry 
Intercomparison 

D. T. L. Jones, M. Yudelev 

National Accelerator Center, P O Box 72, Faure, 

7131, South Africa 

Introduction 

Randomized clinical trials involving neutron therapy 
on the National Accelerator Center's (NAQ p(66 
MeV)/Bc(40 MeV) facility (1) and photon therapy at 
various radiotherapy centers throughout South Africa 
are due to commence during 1989. As a precursor to 
these trials a photon dosimetry intercomparison 
study was undertaken at all participating photon 
therapy Titers. These measurements were essential 
in order to establish the range of differences between 
the doses determined under the same irradiation 
conditions at the different centers. 

The aim of the present study was to compare the 
doses measured at each hospital under specified 
conditions by NAC physicists (using the same NAC 
equipment and the AAPM dosimetry protocol (2,3), 
with the doses specified by each hospital for the 
same measuring point and irradiation conditions. The 
latter doses could either be measured by local staff 
using their own equipment and protocols on the day 
of the intercomparison measurements or be 
determined from previous measurements or by any 
means they would normally use to specify the dose 
on that day. With this technique the doses specified 
by each radiotherapy center could then be compared 
using the NAC measurements as a standard. All eight 
participating South African hospital radiotherapy 
centers were involved in this study. 

Measurements 

A Farmer dosimeter with a 0.6 cnH ionization 
chamber (4) was used for all the measurements. The 
ionization chamber has a 0.36 mm thick graphite 
wall and is filled with ambient air. The exposure 
calibration of the ionization chamber was performed 
in a ^ C o beam using a 3.87 mm thick dclrin build
up cap. The calibration of the chamber, as well as of 
the digital barometer and mcrcury-in-glass 
thermometer used in all the measurements, were 
undertaken at the national standards laboratory. The 
chamber calibration was checked during all 
measurements with a ^ S r reference source. 

Measurements were made in an acrylic-sided 30 x 30 
x 30 cm' water phantom which permitted highly 
reproducible positioning of the ionization chamber. 
The graphite thimble of the ionization chamber had a 
close fitting 1 mm thick polystyrene cap for 
waterproofing purposes, for which suitable 
corrections were applied (5,6). Doses were 
determined in each beam at depths of 5 cm and 15 
cm with the water surface at the normal SAD. For all 
linear accelerator energies measurements were also 
made at 20 cm and 10 cm at constant SDD such that 
SDD=SAD in order to determine the ratio ot tissue 
maximum ratios at 20 cm and 10 cm, which is 
required for accurate determination of the physical 
constants used in the dose calculations (2,3). All 
measurements were made with a vertical beam and 
with collimator settings which defined 10 x 10 cm^ 
fields at the SAD. 

Measurements were made at each hospital (A-H) in 
beams of two different qualities (if applicable), viz., 
6 MV or 8 MV and ^ C o (or another quality if ^ C o 
was not available). Only is available at 

Hospitals B and F while no **®Co is available at 
Hospital E. In the latter case measurements were 
made at 16 MV in addition to 8 MV. At Hospital D 
measurements were made in °^Co and at 6 MV as 
well as at 5 MV, at the request of local staff. The 
values of all the physical constants used in the dose 
calculations were taken from the literature (2,3,7). 

Results and Discussion 

The ratios of the doses determined by hospital 
personnel to those measured by NAC personnel arc 
given in Fig. 1 together with the mean (0.988) and 
standard deviation (0.018) of all the ratios measured. 
There is some indication from mis representation that 
there is a systematic difference between the NAC 
and hospital mcasurcmcnis but this is not of 
importance in the present work, since the NAC 
measurements arc only being used as the vehicle to 
establish differences in dose determinations between 
the various radiotherapy centers. The length of the 
line joining measurements at the same energy is a 
measure of discrepancies in relative depth dose. 

Using the reasonable criterion (in view of the small 
numbers of centers involved) that the data lying 
within the band of 0.988 ± 0.020 i.e. from 0.968 to 
1.008 arc acceptable, three hospitals viz., D, E and 11 
have data lying outside this range. These same three 
hospitals also have relatively large depth dose 
dcscrcpancics (>2%) for their linear accelerator data. 
The fact that the same three hospitals exhibit the 



Largest differences in both absolute and relative doses 
indicates that perhaps new measurements are 
required in order to establish the cause of the 
differences. 
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7te ratios of the doses specified by the hospital staff 
to those measured by NAC personnel. An x alongside 
a data point indicates thai the relevant measurement 
was actually made by hospital personnel on the day 
of the intercomparison. The mean ratio is 0.988 
0.018. 

In general the results obtained in this study arc 
reasonably satisfactory, with a total spread of data of 
about 8%. However, it is clear that improvements in 
dosimetry practices could be implemented. For 
multiccnter trials to be undertaken better uniformity 
should be achieved and it is recommended that the 
AAPM protocol be implemented at each hospital and 
that similar equipment be used for all dose 
measurements. 

N.B. Following this intcrcomparison, both hospitals 
E and H made new measurements in their 8 MV 
beams. Their data now fall well within the 2% 
criterion. 
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Proton Therapy at ITEP 

Ye.Y. Minakova, L.L. Goldin, V.S. 
Khoroshkov, G.V. Makarova, G.D. 
Monzul, K.K. Onosovski 

Introduction 

Up to 1988, 8000 patients were treated with protons 
in the world, 2500 of them in the USSR. So, the 
Russian clinical experience is 1/3 of the total. There 
are three proton therapy facilities in Russia: Moscow 
(ITEP), Leningrad (LNPI) and Dubna (LNP of 
JINR). 77% of the patients treated in Russia have 
been irradiated in Moscow, 20% in Leningrad and 
3% in Dubna (1). 

The Leningrad facility uses an external proton beam 
of a 1 GeV cyclotron. Beam energy is not variable. 
The beam is used to treat intracranial diseases by 
high energy plateau (through-and-through 
irradiation) (2,3). 

In Dubna the reconstruction of the 680 MeV cyclo
tron is finished. Three proton channels with variable 
proton energy, one Ji-meson and one fast neutron 
channel (350 MeV) are ready. Nowadays - after a 15 
year long interruption - clinical work is resumed, and 
the first 6 patients (cervix uteri cancer) have been 
treated. Patient irradiation in Leningrad and Dubna 
requires special cyclotron time and can not be 
accomplished parallel to high energy physics expe
riments (4). 

The ITEP facility - beginning in 1969 - uses proton 
beams with 70 to 200 MeV energy. The Energy is 
determined by the time of beam ejection from the 
synchrotron and may be chosen at will. One bunch of 
protons from the four accelerated is used for 
medicine. The remaining 3 bunches are accelerated 
further and used by physicists. For treatment, instal
lations placed in three treatment rooms arc current 
used; that for stereotactic multidirectional 
irradiations of intracranial targets, that for eye and 
orbit tumors irradiations, that for urogynaccological 
tumors, and that for general oncology. The therapeu
tic dose, for one field, requires 3-4 accelerator 
cycles, that is 1/4 of a minute (5,6). 

Patient distribution according to target localizations 
is presented in the table. 

Proton Therapy at ITEP 

Intracranial targets 
Advanced breast cancer 
Prostate cancer 
Cervix uteri cancer 
Eye and orbit tumors 
Miscellaneous 

Total Number of Patients 

1297 
678 
82 
160 
355 
77 

1993 

The last number is not equal to the sum of the pre
vious ones because many patients are listed in two 
lines on the table. 

Moscow clinical results 

a) In the last years, we have succeeded in some im
provements of breast cancer therapy results. Begin
ning in 1974, Dr. Minakova performed one-session 
pituitary proton irradiations (combined with local ir
radiation of bone metastases and other treatments) of 
several affected patients. Up to 1979, 98 incurable 
patients with generalized breast cancer have been 
treated. Pain syndrome reduction and objective gene
ral health improvements have been observed in all 
cases (7-10). 

Beginning in 1979, Dr. Monzul used n-irradiation of 
all skeleton metastases combined with proton 
pituitary suppression. Average life time of 362 
patients was raised to 56,5 months which is close to 
5 years. In 1981 she started additional proton irra
diation of metastases located in the vicinity of criti
cal structures (or in other places of the patients' 
body). As a result, the number of outpatients in this 
group reached 85%. The treatment improved quality 
of life and increased the lifetime. The author of this 
method thinks that the improvemer' of the results is 
due to skeleton metastases stabilization which is of 
benefit because radiation-caused hypophyscclomy 
needs time to develop (11-13). 

b) Beginning in 1969, Dr. J. Kissel has treated 110 
patients with cervix uteri cancer by protons, prior to 
surgery. The irradiations with 3045 Gy doses (all 
the doses in this paper are physical; RBE of protons 
had not been taken into consideration) had been 
made transvaginal^. Clinical effects achieved did 
not differ much from that of the conventional radia
tion treatment but there have not be found any se
rious radiation-caused complications in 15 years of 
observation. 
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In 1980 she started also radical proton treatments. 
Cervix uteri tumors, as well as the upper part of the 
vagina (1/3), have been irradiated up to 40 Gy. The 
treatment has been complemented by 28 Gy y-
irradiation of the pelvis. 90% of the 50 treated 
patients lived more than 3 years. No complications 
have been observed (14). 

c) Beginning in 1984, Dr. G. Makarova used protons 
to tread 82 primary prostate cancers in Tl 4N0 3M0 
stages. In treatments, 30-40% of the given dose were 
delivered locally by protons, and the remaining 60-
70% by y-rays according to the conventional 4-fields 
"box" technique. The total dose in the target center 
was 71-74 Gy (isoeffectively 74-76 Gy) for localized 
carcinomas and 74-78 (according 76-82 Gy) for 
advanced cancer. Protons irradiation was performed 
through the perineal portal. A water-filled balloon 
made of rubber was inserted into the rectum (IS). 

The first group consisted of 17 patients. In 4.5 years 
of observation 12 patients are alive without any 
delayed complications, including 9 patients without 
clinical signs of disease. 4 of the patients have had 
tumor recurrences. The second group (65 patients) 
had been treated at the new installation with 
improved proton dose distribution. The treatment 
started in 1987. It is too early to discuss the end 
results. In the group of 42 patients, observed longer 
than 6 months, 38 men have had complete tumor 
regression during the first 6 months. No serious 
complications have been observed. 74% of these 
patients retained sexual potency. 

d) Stereotactic multidirectional proton irradiations of 
intracranial targets have been performed at ITEP by 
Minakova, Krymsky and Luchin in the cases of 
neuro-oncology, vascular pathology and functional 
stereotactic radioneurosurgcry (16-21). As a rule, 
single session treatments with high doses have been 
performed, which is quite possible in the case of 
small pathological volumes, if the volumes arc small, 
narrow beams of high energy protons have been used 
in the through-and-ihrough technique. If the target 
diameter exceeds 15 mm we prefer to stop the beam 
behind the target (Bragg peak irradiation). 

Since 1976, pituitary adenoma irradiations have been 
performed on patients of the Burdcnko Neurosurgery 
Institute (Ye.Minakova) and of the Institute of 
Experimental Endocrinology and Chemistry of 
Hormones (Y. Marova). Total patient number has 
reached 330. The treatment is especially successful 

for microadenomas and macroadenomas with 
endosellar localizations not invading (or locally 
invading) the hard cerebral coat. There are no age or 
somatic contra-indicauons for the treatment which 
can be performed on children with grave Cushing 
disease as well as on old patients with hormonally 
non-active tumors. The clinical remission (with 
hypersecretion control) has been achieved in 75% of 
cases for acromegaly and in 95% for Cushing disease 
(22-24). 

Since 1982 we have treated 56 out-patients with 
parasellar meningiomas of the cavernous sinus. 
Proton irradiation can be advised as an effective and 
safe treatment method of radically inoperable 
cavernous sinus meningiomas, including tumors with 
orbital spreading (25-28). Proton treatment of 
intracranial vascular pathology begun in 1983 (61 
patients). It is very successful and well tolerated by 
patients (29-31). 

e) Beginning in 1976, 355 patients have been proton 
treated because of malignant tumors of the eye 
and/or surrounding tissues (A. Brovkina, G. Zarubei) 
(32-34). The treatment had been given in 4 to 6 
sessions with 2-3 day intervals with up to 80-100 Gy. 
Follow-up time varies from 1 to 12 years. Complete 
tumor regression was observed in 53% of the cases, 
partial tumor regression in 38%. In 9% of cases 
(when tumor diameter was greater than 15 mm and 
its thickness exceeded 13 mm) the treatment failed. 
4% of patients have had metastases in 2 to 5 years. 
The eye has been cosmetically retained in 70% of 
large intraocular melanomas and its visual function 
(35-36). 

We are sure that the possibilities of proton treatment 
are far from being exhausted and only starting to 
become evident. Proton treatment expenses appeared 
at first to be excessive but do not seem so now. 
Proton accelerators and beam distribution lines are 
getting simpler and cheaper, and the prices of 
diagnostic equipment and those of hospitals arc 
rising perpetually. 

References 

1. V.S. Khoroshkov, L.L. Goldin, Medical proton accelerator 

facility. Int. J. Radiation Oncology Biol.Phys., 15, 1988 No.4. 



2. N.K. Abrosimov. A.A. Vorobiev, V.A. Eliseev et al. Medical 

proton beam complex. Med. Radiol. 32(8), 1987, pp. 10-16 (in 

Russian). 

3. N.K. Abrosimov, A.A. Alexandrov, G.Z. Borukhovich et al. 

Development of a two-compartmeni medical complex for 

proton beam therapy. Med. Radiol. 32(B), 1987. pp. 26-29 (in 

Russian). 

4. V.P. Dzhelepov. O.V. Savchenko, B.V. Astrakhan. A.I. 

Ruderman. Six-compartment clinico-physical facility. Med. 

Radiol. 32(8). 1987. pp. 81-84 (in Russian) 

5. I.V. Chuvilo, L.L Goldin. V.S. Khoroshkov et al. ITEP 

Synchrotron proton beam in radiotherapy Proc Jnlconf.applic. 

of physics to med. and biol. Tries!, Italy, March-April, 1982, 

World Scientific, pp. 45-46.1982. 

6. I.V. Chuvilo. L.L. Goldin, V.S. Khoroshkov, S.I. Blochin et 

al. TTEP synchrotron proton beam in radiotherapy. 

IntJ.Radiai. Onco. BioLPhys. 10:185-195.1984. 

7. Ye.I. Minakova, Single large dose proton irradiation of 

pituitary for the dyshormonal malignant tumors. Preprint JINR 

E-9035, Dubna. 1975. pp. 124-141. 

8. Ye.I. Minakova, N.N. Vasil'eva, O.V. Svyatukhina. Irradiation 

of the hypophysis with single large dose of high energy 

protons by advanced breast carcinoma. Med. Radiol. 22(1), 

1977. pp. 33-39 (in Russian). 

9. Ye.I. Minakova, I.G. Davidova, A.P. Savinskaya et al. Clinical 

and physiological analisis of the results of pituitary proton 

irradiation in patients with dishormonal tumours. Proc. of the 

First Intern. Seminar on the Use of Proton Beams in Radiation 

Therapy, Moscow, Dec. 6-11, 1977, Alomizdat, Moscow, 

1979, v. m, pp. 36-47, (in Russian). 

10. A.A. Savinskaya, Ye.I. Minakova, Proton hypophysectomy 

and inducion of breast cancer. Med. Radiol. 24(2), 53-57, 

1979, (in Russian). 

11. D. Monzul, V.P. Letyagin, T.G. Rattier, Yu.S. Riaboukhine et 

al. Proton beam mediation of the hypophysis and gamma 

beam therapy of multiple bone metastases in multimodality 

metastases of breast cancer. Med.Radiol. 1987, No.8, pp. 49 

55 (in Russian). 

12. G.D. Monzul, A.P. Kondratyeva, T.G. Rainer, S.P. Lisovels. 

Proton irradiation of bone metastases, Med.Radiol. No.6, 

1984, pp 7-17 (in Russian). 

13. G.D. Monzul, T.G. Rawer. Irradiation changes after 

conservative treatment of primary mode breast cancer by 

156 

proton beams. "Diagnosis and treatment of late local 

irradiation damages" (Abstracts of All-Union-Symposium, 

Obninsk, 28-29. June 1988). Obninsk 1988. pp. 43-45 (in 

Russian). 

14. V.N. Kisseleva, AX Rudermamt, M.F. Lomanov et al. Late 

results of cervix utery proton treatment. Med. Radiol. 

(Moscow) 1988, No.6, pp. 49-54 (in Russian). 

15. G.V. Makarova. B.P. Matveev, N.S. Leonova, T.G. Ratner, et 

al. First experience in the application of the proton beam 

prostatic cancer. Med.Ridiol. 1987, No.8. pp. 66-70 (in 

Russian). 

16. G. Khazanov. Hypophysectomie in the complex trea:ment of 

prostate cancer. Urol-Ncfr. (Moscow), No.4, pp. 68-72, 1981 

(in Russian). 

17. N.A. Lopatkin, V.G. Khazanov, Ye.I. Minakov, V.A. 

Krymsky. Proton irradiation of the hypophysis in the 

combined antiandrogenical treatment cancer of prosutae. 

Chirurgia, No.3, pp. 1-3.1988 (in Russian). 

18. Ye.I. Minakova, Ye.I. Marova, V.A. Krymski, LYe 

Kirpatovskaya et al. Application of proton beams in 

neurosurgery and endocrinology. XI All-Union Congress of 

Roentgenologists and Radiologists; Report abstracts, pp. 580-

581, Moscow-Obninsk, 1984 (in Russian). 

19. Ye.I. Minakova, Review of twenty years proton therapy 

clinical experience in Moscow. Proc. of 2nd Intern. Charged 

Particle Therapy Workshop, Oct 12-14 1987, pp. 1 -23, Loma 

Linda, University Medical Center, USA. 

20. Ye.I. Minakova, V.A. Krymsky. Ye.I. Luchin, F.A. 

Serbinenko et al. Proton beam therapy in neurosurgical clinical 

practice. Med.Radiol. 32(8), pp. 36-42,1987 (in Russian). 

21. Ye.I. Minakova, V.A. Krymsky, Ye.I. Luchin. Proton therapy 

on synchrotron of ITEP in Moscow (Abstr.). Proc. of Intern. 

Workshop on Proton and Narrow Proton Beam Therapy. June 

8-10,1989, pp. 18, Oulu, Filmland. 

22. F.M. Lyass, Ye.I. Minakova, S.A. Rayevskaya, V.A. Krymsky 

et al. The role of radiology in the treatment of pituitary 

adenomas. Med. Radiol. 34(8): 12-24,1989 (in Russian). 

23. Ye.I. Marova, N.T. Surkova, S.A. Kirpatovskaya et al. 

Results of treatment for Icenko-Cushing Disease with proton 

beam irradiation of the pituitary body. Med.Radiol. 32(8): 42-

49,1987 (in Russian). 



24. YeJ. Minakova, LYe. Knpuovskaya. KM. Lyass. R.Ya. 

Snigjryova, V.A. Kiymsky. Proton therapy of pituaiy 

adenomas. Med. Radiol. 28(10): 7-13.1983 (in Russian). 

25. YeJ. Luchin, YeJ. Minakova. G.A. Gabibov. V.V. Vabky. A. 

Krymsky. Pre-inadiation effect in Tolosa-Hunt pseudotumoral 

syndrome. MedRadiol. 31(10): 8-12,1986 (in Russian). 

26. YeJ. Luchin, YeJ. Minakova, V.A. Krymsky, Proton beam 

irradiation effect in Tolosa-Hunt pseidotumoral syndrome. 

MeARadiol. 32(8): 55-57.1987 (in Russian). 

27. Y d . Luchin, Ye.1. Minakova, V.A. Krymsky. Proton beam 

irradiation of cavernous sinus meningiomas. ProcJntemaL 

Workshop on Proton and Narrow Photon Beam Therapy, 

Oulu. Finland, June 8-10,1989, pp. 99-100. 

28. YeJ. Luchin, Y d . Minakova. G.A. Gabibov. V.A. Kiymsky. 

Proton irradiation of cavernous sinus meningiomas with 

orbital spreading. Intern. Symposium "Diseases of orbit", Dec. 

8-10, 1987, Suzdal, USSR. Report abstracts, Moscow, 1989, 

pp. 140-143. 

29. V.A. Krymsky. F.A. Serbmenko, Ye I. Minakova, Y d . 

Luchin et al. Proton beam irradiation of spontaneous aneriosi 

nusal fistulas of the cavernous sinus. Med. Radiol. 32(8). 57-

61,1987 (in Russian). 

30. V.A. Kiymsky, F.A. Serbiniko, Y d . Minakova. Ye I. Luchin, 

E.A. RubL ova. Regression of ophtalmological symptoms after 

the proton beam irradiation of spontaneous arteriosinusal 

fistulas in cavernous sinus. Intern. Symposium "Diseases of 

the orbit". Dec. 8-10. 1987, Suzdal, USSR, Report Abstracts, 

pp. 148-150, Moscow, 1989 (in Russian). 

31. A. Kiymsky. Ye.1. Minakovi/ Y d . Luchin, Proton beam 

irradiation of spontaneous irterio-sinusal fistulas of the 

cavernous sinus and deep seated cerbral aiterio-venus 

malformations. Proc. of Intern. Workshop on proton and 

Narrow Photon Beam Therapy June 8-10, 1989, pp. 101-102. 

Oulu, Finland. 

32. G.D. Zarubei, Ye.I. Minakova, I.M. Reshetnicova, V.S. 
i 

Khoroshov, N.A. Kubynina. Experimential and clinical 

approaches to proton irradiation on ophulmology, Proc. 5th 

All-Union Congress of Ophulmologisu, Moscow, 1979, v.3., 

pp. 153-154 (in Russian). 

33. A.F. Brovkina, G.D. Zarubey, I.M. Reihetnikova, N.A. 

Kubynina, A.A. Meleihko. Proton therapy of intraocular 

tumours. XI AU-Union Congress of RoenlgenrologisU and 

Radiologists; Report Abstracts, pp. 534-535, Moscow-

Obninsk, 1984 (in Russian). 

34. A.F. Brovkina. G.D. Zarubey. Ciliorfioroidal melanomas 

treated with a narrow medical proton beam. Arch. 

Ophthalmol., 104:402-404.1986. 

35. A.F. Brovkina, G.D. Zarubey. Managment of ocular tumours 

with a medical proton beam. Med. Radiol. ,32(8): 61-66, 1987 

(in Russian). 

36. G.D. Zarubey, N.A. Kubznina. Possibilities of proton beam 

therapy for the treatment of secondary malignant orbital 

tumours. Intern. Symposium "Diseases of the Oibita", Dec. 8-

10,1987. Suzdal. USSR, Report abstracts, Moscow. 



158 

Twenty Years Clinical Experience 
of Narrow Proton Beam Therapy in 
Moscow 

Ye.I. Minakova 

Burdenko Neurosurgical Institute Academy of 
Medical Sciences (AMS) of the USSR, Dept. of 
Radiology, 5 Fadeev St., Moscow 125047, USSR 

Introduction 

Since 1969 about 2000 oncological, neurosurgical, 
ophthalmological and endocrinological patients have 
been treated on the ITEP Proton accelerator (Institute 
for Theoretical and Experimental Physics). The ITEP 
accelerator is a strong focusing 10 GeV proton 
synchrotron (4). The energy of its external horizontal 
medical beam can be varied from 70 to 200 MeV (5 
fixed values). The therapeutic proton beam is 
monochromatic and has only a slight angular 
divergence. Its intensity provides a dose rate 

from 1 to 100 Gy per min. The narrow beam cross-
scciion can be from 3 to 30 mm. We have an 
opportunity to irradiate by spread-out Bragg-pcak 
and by high energy plateau (through-and-through 
irradiation). Charged-particlc beams are readily 
collimated to conform to the projected cross-
sectional area of the target volume. 

Clinical trials with narrow proton beam irradiation of 
various intracranial targets were started in Moscow 
in 1972. The major earlier clinical experience has 
been gained in irradiation of normal hypophysis for 
treatment of advanced breast or prostate cancer 
(16,17,18,25). Later in 1976, we began clinical 
research trials to destroy or inhibit the growth of the 
pituitary tumors, intraocular, cpibulbar and orbital 
malignant tumors. (23,26). 

Four main branches (Table 1) have been created 
during the almost 20-year-existcnce of the use of 
narrow proton beams. These are: 

Table 1 

1. STEREOTACTIC PROTON IRRA
DIATION IN NEUROONCOLOGY 

A. PITUITARYENDOSELLAR 
ADENOMAS 

B. PITUITARY ADENOMAS 
INVADING CAVERNOUS SINUS 

C. MENINGIOMAS OF CAVERNOUS 
SINUS 

D. SOMECRANIO-ORBITAL 
MENINGIOMAS 

E. PINEALOMAS AND DEEP 
BENIGNGLIOMAS 

2. STEREOTACTIC RADIOSURGERY 
FOR VASCULAR DISEASES 

A. INTRACEREBRAL ARTERIO
VENOUS MALFORMATIONS 

B. SPONTANEOUS 
SINUSAL FISTULAS 
IN CAVERNOUS SINUS 

3. FUNCTIONAL STEREOTACTIC 
RADIONEUROSURGERY 

A. PITUITARY ABLATION FOR 
HORMONAL RESPONSIVE CR 

B. RADIATION TRIGEMINAL 
GANGUOTOMY 

C. PSEUDOTUMORAL SYNDROME 
OF CAVERNOUS SINUS 

4. PRECISION PROTON THERAPY OF 
MALIGNANT EYE AND ORBITAL TUMORS 

A. INTRAOCULAR MELANOMAS 

B. EPIBULBAR MELANOMAS AND CR 

C. SECONDARY ORBITAL MELANOMAS 
(AFTER ENUCLEATION) 

Clinical branches of the use of narrow proton beam 
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1) Stereotactic proton irradiation in neurooncology 
(proton therapy of small intracranial tumors); 2) 
Stereotactic proton radiosurgery for vascular 
pathology (deeply seated cerebral arterio-venous 
malformations and spontaneous arterio-sinusal 
fistulas); 3) functional stereotactic radioneurosurgery 
(pituitary ablation for control of advanced breast or 
prostate carcinomas, radiation trygeminal 
"gangliotomy" for intractable facial pain); 4) 
Precision proton therapy of the malignant eye and 
orbital tumors. Several kinds of targets are listed in 
Table 1. 

Narrow proton beam therapy has been applied most 
often as a method of safe, self-sufficient, curative 
treatment as an alternative to surgery (22). More 
rarely has been used as an adjuvant to surgery (pre-
and postoperative irradiation). Sometimes proton 
therapy also plays an important rule in palliative 
treatment of incurable patients. For example, the 
proton pituitary suppression in patients with 
advanced generalized breast or prostate cancer 
reliably increases the average survival and improves 
the quality of life. We have a large group (over 600) 
of severely affected oncological patients with whom 
combined therapy, including proton 
"hypophysectomy", were successful (5,9,18,24). 

As a rule we tried to perform single session 
irradiation in high doses but it is not always possible. 
When on intracranial target has a diameter of more 
than 15 mm, we use the Bragg-peak and fractionate 
the dose into 2-4 fractions during 10-14 days. For the 
eye tumors we use from 4 to 6 fractions. In various 
clinical situations the target volume is included 
within 50-80% isodose contours, most often within 
the 50%- contour, using the summed dose field made 
by multidirectional narrow beams from 5 to 30 mm 
in width. 

The irradiation of intracranial targets located near the 
sagittal plane of the head is a very promising area of 
the use of proton beams because of the difficulties 
and danger of the open surgical treatment of these 
lesions. One of the targets of the middle is adenomas 
of the pituitary and, connected with it, 
neuroendocrine syndromes (acromegaly, galac-
torrca-amenorrea, Cushing disease and other). Proton 
irradiation was applied in over 330 patients with 
pituitary adenomas were admitted to Budenko 
Neurosurgical Institute and to Institute of 
Experimental Endocrinology and Chemistry of 
Hormones AMS USSR (19,20). 13-years of 
experience has shown that it is advisable to apply 
proton therapy for microadenomas and for 
macroadenomas with cndoscllal localization not 
invading the dura mater or invading it locally, and 
for adenomas with little suprasellar extension or 

sharply asymmetrical parascllar growth (in the last 
two cases it is necessary to conduct Bragg-peak 
irradiation). Indications for the selection of patients 
with pituitary adenomas are listed in Table 2. 
Precision irradiation must be mainly used as a self-
sufficient method of curative radical treatment, but if 
necessary (after non-radical surgery) it can also be 
used for the irradiation of the non-removed parts of 
the tumor. If there are contraindications to the 
surgery we use partial irradiation of large adenomas 
for minimizing mass-syndrome (palliative radiation 
therapy). There is no age or somatic contraindication 
to die proton therapy of pituitary adenomas. We 
successfully treat children with grave Cushing 
disease and adults with hormonally non-active 
adenomas. 

1. Endosellar micro- and macroadenomas 
A. Not invading the dura mater 
B. Locally invading the dura mater 

2. Adenomas with little suprasellar extension 

3. Adenomas with sharply asymmetrical 
parasellar growth to cavernous sinus 

4. Large adenomas (if there are contra
indications to surgery) 

5. Part of non-removed adenomas in surgical 
operation 

Indications for the selection of patients with pituitary 
adenomas for proton therapy 

The proton therapy of pituitary tumors is conducted 
in an out-patient manner during a short course (from 
10 to 14 days) or at a single session. Total doses are 
45-100 Gy at the 100% isodose. In this group of 
patients we have two cases of transient partial third 
nerve palsies 6-7 month after irradiation. We have no 
recurrences and neurological complications, which is 
not rare after surgery. Variable degrees of 
hypopotuitarism developed in about a third of the 
patients, although endocrine deficiencies were 
corrected with hormonal replacement therapy. 
Diabetes insipidus has not been observed in any 
patient. Proton therapy is cheaper than the surgical 
treatment and at the same time it gives a stable 
clinical positive effect. Follow-up CT-scans showed 
the resorption of the tumor tissue during the period 
of 1-3 years after proton irradiation without the 
development of empty sella syndrome and visual 
loss. Cystic cavity developed in the adenomas, 
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suggesting greater radiosensitivity of the tumor than 
the surrounding normal anterior pituitary tissues. No 
radiation changes were found in the posterior 
pituitary gland and surrounding vital structures of 
brain. Clinical remission with control hormonal 
hypersecretion has been achieved in 50% of 
acromegaly patients in the period up to 2 years, and 
75% of patients from 2 to 5 years (14,21). Remission 
in Cushing disease occur in greater number of cases 
excising 90% (IS). The young patients with Cushing 
disease (aged 12-20) reached remission faster than 
patients of the other age groups. 

Proton therapy is also very promising in cases with 
small intracranial tumors, particularly those which 
are inaccessible to radical surgery, for example, 
meningiomas of cavernous sinus, pinealomas and 
others. The experience (since 1982) of proton 
therapy of 56 patients with paraselar meningiomas of 
cavernous sinus, penealomas and others showed that 
after stereotactically directed irradiation, pain 
syndromes reduced, exophtalmos regressed and 
oculomotor function partly rehabilitated. Follow-up 
CT revealed no tumor progression in cases with good 
quality of irradiation. The stereotactic proton beam 
radiation therapy is effective and a safe treatment 
method of radically inoperable cavernous sinus 
meningiomas, including tumors with orbital 
spreading (10.11,12,13). 

Stereotactic Bragg-peak proton beam radiosurgery of 
the vascular diseases of brain (deep-seated AVM and 
spontaneous arterio-sinusal fistulas in cavernous 
sinus) was started in 1983. At present 61 patients 
have been treated. In some cases patients were 
treated with proton irradiation after endovascular 
surgery. Follow-up angiography revealed positive 
changes in pathological vascular network. 
Improvement of neurological and ophthalmologic^ 
symptoms were observed in most patients. More 
details about the results of proton treatment of 
vascular brain pathology will be found in the articles 
of VAKrymsky (6,7,8). 

We think that the areas of use of the spread-out 
Bragg-peak proton beam in neurooncology will 
increase. Some types of craniopharyngiomas, 
chordomas of skull base, neuromas of acoustical and 
trigeminal nerve, tumors of basal ganglia, low-grade 
gliomas and other (Table 3) are candidates for proton 
therapy. Precision proton radiotherapy of malignant 
eye tumors is conducted in Moscow Helmholz 
Institute of Eye Diseases. Up to now 355 patients 
were treated by proton irradiation. The melanomas or 
tumors were located on conjunctivae, eyelids with 
the extension to the upper or lower arch. In other 
patients tumors were located on the edge of cornea, 
epycanthus and lacrimation caruncle. Some 

UhkJ. 

A. 

B. 
C. 
D. 

E. 
F. 

Chordoma and Chondrosarcoma of skull 
base 
Some types of craniopharyngiomas 
Acoustic and trigeminal neuinomas 
Tumors of brain basal ganglia (near the 
saggital plane) 
Some types of low-grade gliomas 
Pinealomas 

Some targets perspective for narrow proton beam 
irradiation in neurooncology 

patients have intraocular melanomas of the ciliary 
body and choroid. Patients of the one more group 
have recurrent melanomas in the orbita after 
enucleation. The follow-ups in eye tumor patients 
varied from 1 to 12 years (see Table 4). 

Complete tumor regression was observed in 187 
patients (53%). Partial resorption was observed in 
136 patients (38%). Failures occurred in 32 patients 
(9%) - in this group the size of the tumors was 
greater than 15 mm in diameter, and over 13 mm 
thick. Summarized clinical efficiency is 91%. 27 
patients were subjected to enucleation due to the 
progression of the tumors or postradiation 
complication. In 70% of patients with intraocular 
large melanomas, the eye was retained as a cosmetic 
organ. Half of the intraocular melanomas patients 
have preserved the visual function. The mortality 
rate from the metastases after the irradiation was 
lower than after the enucleation. We believe that 
proton radiation therapy for large intraocular and 
epibulbar tumors gives satisfactory results (1,2,3,27). 

Unfortunately, the proton therapy cannot be based 
directly on the experience with conventional 
radiation therapy and can not use directly the 
experience with heavy charged particles therapy 
gained at the other accelerators, because many 
parameters of therapeutic beams differ considerably: 
the means of forming the dose fields, the definition 
of target volume and methods of irradiation. So, the 
comparison of clinical results and summarizing of 
world experience are of great importance, but it is 
necessary to have cooperative protocols for the study 
of proton therapy in different countries. 

In the last years a discussion of advantages of proton 
radiosurgery as compared to gamma- and 
megavoltage photon radioneurosurgery has taken 
place. We think (it is the point of view of Moscow 
physicians and physicists on the subject) that cross-
firing through-and-through irradiation of small (up to 
15 mm) intracranial targets by narrow 
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Table 4 

Localization 

CONJUNCTIVA (74 Pat.) 
EYELIDS (130 Pat.) 
CHOROID (100 Pat.) 
0RB1TA (51 Pat.) 

Total (335) 

Complete Regression 

57(77%) 
81 (62%) 
22 (22%) 
27(52%) 

187(53%) 

Partial Regression 

16(21%) 
45 (35%) 
56(56%) 
19(38%) 

136(38%) 

Failure 

1(2%) 
4(3%) 
22 (22%) 
5(10%) 

32 (10%) 

Results of proton therapy for ocular tumors 

photon and proton beams gives approximately the 
same results. But the growth of the target size results 
in a rather quick rise of the dose received by the 
surrounding tissues and structures which are passed 
by the beam and this leads to inevitably exceeding 
die tolerance level for normal brain tissues. In die 
case of proton beams, this difficulty can be easily 
overcome by changing technique from dirough-and-
through high energy plateau to Bragg peak 
irradiation. Such a change diminishes the above 
mentioned doses by factor of 2 to 4. That is not 
possible for any radiations except protons and heavy 
ions. It seems obvious, therefore, that protons and 
heavy ions can be used in ncurooncology much more 
effective than it is possible with photons. Due to this 
particularity the sphere of its application is much 
wider. 

The working conditions on physical accelerators of 
heavy charged particles merely adapted for the 
medical purposes and not specially designed, 
therefore, entail many technological and medical 
problems that undoubtedly slow down die 
development of this modem and promising type of 
radiotherapy. Hence, every radiation oncologist 
welcomes the fact that special centers with own 
medical accelerators for proton and heavy ion 
therapy have been organized in die USA (Loma-
Linda), USSR (Moscow) and Europe. 
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Introduction 

Meningiomas exactly located in cavernous sinus 
(CS) are rare (about 1% of all intracranial 
meningiomas), whereas secondary invasion is often 
found. Because of anatomical complexity of CS and 
peculiarities of the meningiomas growth in CS 
region (encasement of carotid artery, invasion of 
cranial nerves, sella turcica and apex of orbita) 
surgical treatment is very difficult and produces a lot 
of complications. Radical excision of the tumor is in 
most cases impossible. Radiation therapy with 
conventional photon beams gives satisfactory clinical 
effect in some cases, but tumor tissue usually remain 
unchanged on CT. Proton beam irradiation permits to 
increase the dose to the tumor and gives the real 
opportunity to control the meningiomas growth and 
obtain radiation resorption of neoplastic cells. 

Since June 1982, 56 patients with meningiomas of 
CS have been treated in Burdenko Neurosurgical In
stitute by the medical proton beam of the Institute for 
Theoretical and Experimental Physics (ITEP) in 
Moscow. 

We distinguished our CS meningiomas the three 
topographical groups. A special technique of 
irradiation was created for each group. 

First group consists of small, round or ovoid shaped 
tumors (till 18 mm in dimension). Cross-firing 
ihrough-and-through technique was implemented for 
these tumors. Multicentcr irradiation was also used. 

For the second group (larger round meningiomas - up 
to 30 mm in diameter) - spread-out Bragg-pcak 
method was applied. Because of complex inhorno-
gencity on the opposite side of the skull base (sella 
turcica, sphenoid bone and air cavity), ipsilatcral ap
proach to the tumor by the proton beam from 

four/five directions was developed. Position of the 
patients during the irradiation above for mentioned 
above groups is supine. The head was immobilized 
by individually performed thermoplastic mask. 

The third topographical group includes the menin
giomas spreading predominantly in anterior/posterior 
direction. These meningiomas have oblong ovoid 
shapes and often invade cranio-orbital junction and 
apex of orbita. Practically, they are cranio-orbital 
meningiomas. Original spread-out Bragg-pcak me
thod was created for the treatment of these tumors. 
The Patient lies on the left or right side. His head is 
fixed by a specially designed device. The beams 
approach the target anteriorly through the orbita and 
frontal region and posteriorly from four occipito
parietal fields. Resulting dose field conform the 
shape of the tumor. 

The size of used beams was 10-25mm in diameter. 
Tumor doses varied from 50 to 70 Gy in 100% 
isodose and were delivered by 2-4 fractions during 1-
2 weeks. The margin of meningiomas was usually 
included the 40% isodose. The eye lens of the 
patients in the third group received less than 10% of 
maximal dose (5-7 Gy). As this dose is the limit for 
the lens tolerance, for the first experience blind 
patients were selected. 

We present the analysis of 33 cases with a follow-up 
of more than 12 months. Histological diagnosis were 
obtained in 9 patients who were operated before 
proton irradiation. The diagnosis of the other 24 pati
ents were established by the clinical and radiological 
investigations. 

The clinical picture of CS meningiomas is quite cha
racteristic. Initial symptoms in the group of primaral 
(growing from ihe dura of lateral wall) CS menin
giomas (17 patients) were diplopia (70%), moderate 
headache (47%), slight ptosis (29%), proptosis and 
trigeminal symptoms (11%). An interval from 6 
months to 7 years elapsed between clinical onset and 
admission. 5 male and 28 female patients with an 
average age of 50 years were treated. Admission 
signs were as following: deficit of ocolomolor nerve 
(88%), abducens nerve (35%), trigeminal symptoms 
(59%), prominent loss of vision (35%), proptosis in 
the range of 2-6mm (88%), headache and retrobulbar 
pain (65%). 29% of the patients had decreasing 
short-term memory due to the influence of tumor on 
the medial part of temporal lobe. 
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The hyperostosis was the valid radiological sign of 
meningiomas in plain radiograms and CT-scans. Ca
rotid angiography revealed the tumor symptoms in 
80% of the cases: displacement and various degree 
encasement of carotid artery, the present of tumor 
vessel network. On CT the CS-meningiomas appea
red as circumscribed mass with intense contrast en
hancement. Diagnostic information of these radio-
graphical methods were taken into account for radia
tion treatment planning (Fig.l) [Ye.I. Luchin et al., 
1986]. 

Fieure 1 

Treatment planning for Bragg-peak proton beam ra
diation therapy in the case of quite large miningio-
mas of cavernous sinus: axial and coronal planes. 

The treatment was conducted on the stereotactic 
machine for proton irradiation of the intracranial 
targets. It permits linear moving of head holder in 3 
space directions with discrepancy of about 0,1 mm. 
Moreover, rotational movements are provided in two 
planes, that permits to irradiate the target from 
various directions. In the procedure room there are 
two pairs of roentgen tubes at the distance of two 
meters and electron-optical intensificr. There are also 
three pairs of lasers marking three planes in space for 
external set-up of patients. Usually we use bloodless 
fixation of the head. But, an adaptor was designed 
for fastening rigidly the head stereotactic ring to the 
machine for proton irradiation of intracranial targets. 

Average follow-up of the analyzed group is 40,6 
months (max. 84, min. 13). Total clinical effectives 
achieved 87% of total number of cases. Under total 
clinical effectiveness we understand: significant 
clinical improvement (22%) • positive changes of 
most clinical symptoms; clinical improvement (39%) 
- some symptoms recovered; and stabilization of cli
nical signs (26%). 

Local tumor control was obtained in 84% of the 
cases. Five patients with the continuing growth of 
tumor received the prescribed high dose only to the 
part of tumoras volume. Follow-up CT revealed the 
changes of the tumor tissue in 13 of 33 cases (39%). 
These changes were as following: two small 
meningiomas disappeared; areas of decreased density 
are found within 7 tumors (Fig.2 and 3); diminished 
contrasting of the tumors was observed in 3 patients 
and 1 meningioma slightly decreased in size without 
changing of density. The other 15 meningiomas 
appeared in stable conditions. Morphological 
changes in the meningiomas after irradiation were 
investigated, fortunately, only in one case. This 
patient was operated for the first time seven years 



Figure Z 

Small cavernous sinus meningioma. Left: before 
proton irradiation (beam -15 mm, dose 69 Gy in 3 
fractions during 2 weeks); right: 15 years after tre
atment - decreasing CT-density of the tumor. 

ago because of a large medial sphenoid wing 
meningioma. Up to the beginning of proton therapy 
she had two knots recurring tumors. One knot was 
located in the orbita, another in cavernous sinus. 
Combined treatment for her cranioorbital me
ningioma was planned. At the first stage of treatment 
the patient received the proton beam irradiation of 
the cavernous sinus part of the tumor (through-and-
through method, beam - IS mm in diameter, total 
dose 65,8 Gy was delivered in 3 fractions during 1,5 
weeks). Ten months later she underwent the second 
operation for intraorbital knot of meningioma. Short 
time after the surgery an unpredictable blood 
transfusion conflict has developed and the patient 
died. Autopsy showed a spreading of menigioma to 
the other side of sella turcica. Tumor cell islands 
were found in opposite cavernous sinus. According 
to the autopsy to find the inclusion of sella turcica to 
me dose field is necessary for prevention of 
recurrence. In the meningioma itself the following 
radiation changes were found: dispersing 
microscopic foci of necrosis, the fibrosis and 
considerable thickening of external shirt of the tumor 
arteries and general fibrosis in meningioma tissue. 
Nowadays there is no complete knowledge about the 
tolerance of normal brain to single or large fraction 
proton irradiation. Therefore, the risks of radiation 
brain damage still exist. We know one case of brain 

necrosis. This patient with quite large (30 mm in 
diameter) meningioma of cavernous sinus was 
treated by Bragg-peak proton irradiation. Diameter 
of beam was 25mm. Total dose 68,7 Gy was deli
vered by 3 fractions from 5 fields in ipsilatcral 
temporo-fronto-parietal region during 10 days. After 
2 months the patient complained about headache, 
nausea, general weakness. At that time CT-pictures 
were unremarkable. Medicamentous therapy 
(dehidratation, corticosteroids) had only a temporal 
effect. Clinical symptoms appeared again two 
months later. CT-scans revealed the complete picture 
of cerebral necrosis. Restricted region of decreased 
density (first zone of necrosis, doses 27-20 Gy) was 
observed near the other margin of the meningiomas. 
It was surrounded by narrow enhanced hemiring 
(second zone of the necrosis, dose 20-17 Gy). And 
more laterally extensive brain edema was observed 
(third zone -17-10 Gy and less). The patient received 
another two courses of complex medicamentous 
therapy, including high dose of corticosteroids with 
good effect. Complete disappearance of clinical 
symptoms took place 8 months after the beginning. 
CT changes disappeared also at that lime. We 
believed that the reason of necrosis in that case was 
the relatively large volume of irradiated brain and, 
perhaps, individual hypcrradiosensitivity. For thai 
size of beam (25 mm) for following patients the toial 
dose has been decreased, and the number of fractions 
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has been increased. We should, however, emphasize 
that localized necrosis after radiosurgical treatment 
can be treated successfully. 

Figure 3 

Large meningioma in the region of cavernous sinus. 
Above: before irradiation (multicenter through-and-
through proton irradiation); 4 years after treatrrxnt 
size is stable; calcified capsule around tumor was 
formed: within the tumor decreasing density is seen. 

Beside the meningiomas wc also treated some other 
histologic kind of tumors of CS. These are pituitary 
adenoma invading parascllar structures and 
pseudotumoral Tolose-Hunt Syndrome. Patients with 
steroid resistant rccidivous Tolosa-Hunt Syndrome 

recovered completely after irradiation and arc for 6 
years without disease [ Ye.I. Luchin ct al., 1987]. 

Therefore, stereotactic proton beam radiation therapy 
is a useful method for the treatment of CS 
meningiomas and some other benign inoperable 
tumors and pseudotumoral Tolosa-Hunt syndrome. 
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Telegamma- or X-ray irradiation (XRT) arc often the 
treatment of choice for patients with prostate 
carcinomas limited to the pelvis. 

In the early stages of prostate cancer, the efficiency 
of XRT is comparable with that of radical 
prostatectomy and is better than estrogcntherapy 
alone in advanced stages (1). However, analysis of 
failures in pelvis limited prostate cancer treatment 
performed by external beam irradiation indicates that 
these modem techniques yields 10-44% of local re
currences (2). 

As Haubs reported in his elegant paper (3,4), the fre
quency of local control depend on the value of the 
summary dose which is different for different stages 
of primary tumors. For stages T3 and T4, given dose 
must be higher than 70 and 75 Gy. Conventional ir
radiation techniques exclude the possibility to deliver 
such doses because of limited tolerance of normal 
tissues, especially of rectum and of lower urinal 
tract. Proton beam irradiation (PRT) as has been al
ready reported, Shipley (5), may be used for prostate 
treatment in order to concentrate given dose to the 
gland and to decrease radiation reactions of critical 
pelvis organs. 

This study is based on the clinical results achieved 
with 82 patients treated for pelvis limited prostate 
cancer in the All Union Research Cancer Cenicr of 
AMS of the USSR, Moscow, in 1984-1985 and 
1987-1989. Diagnostic evaluations in addition to 
histqry, physical examination and histological proof 
of adenocarcinomas of prostate, included excretory 
urography, chest X-ray, endoscopy, bone scan, 
lymph nodes scan, ultrasonography and CT, 
radioimmunoassay of acid phosphatase, PSA, clini
cal analysis of blood and urine, biochemistry of 
blood, bacteriology of urine. 

All the patients have been examined at regular inter
vals by a radiation therapist and by an urologist 
Proton beam irradiation therapy has been provided at 
the proton synchrocyclotron of the Institute of theo
retical and experimental physics with 190 MeV pro
ton beam using modified Bragg peak. 

External X-ray therapy has been provided by 
standard "box" technique. 

The main aim of I phase of investigations was to 
work up the proton beam irradiation technique and 
the method of CT and X-ray topometric preparation 
of the patient (6,7). 

In the I phase of the clinical investigations, 1984-
1985, seventeen patients in different clinical stages 
had been split-course treated by XRT+PRT in the 
summary dose 68-73, Gy-equiv. (6). After 4.5 years 
of the follow-up 70.6 % (12/17) of the patients are 
alive including 9 without clinical signs of disease. 
Chronic and long-term radiation inquires have not 
been observed in the group of patients who are alive. 
The rate of failures is 23.5% (4/17). 

The. results of the I phase of investigations confirmed 
our expectations about beam quality and precision of 
Bragg peak localization in die target. 

Next two years were spent to improve proton dose 
distribution and to fabricate new treatment equip
ment. 

Figwcl 
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Table 1 

TUBP or SNB 

8-12 vk 1-5 da 

Local irradiation 
with 190 HeV protons 
perineal portal 
3-3,5 Gy/fx 

S 3 fx/week ' S . 
Local computer / 6-8 fx ^ s . 
optimized XRT / i 
irradiation 
6-9 field3 
2 Gy/fx >v Local optimized XRT jf 
5 £x/wk \ • irradiation y ^ 
13-15 fx ^ % 6-9 fields 

3 Gy/fx 
3 fx/wk 
6-8 fx 

Assess eligibility: Total dose in 

Primary prostatic adenocarcinoma combined 79. 
X-rays only 

eligible stage Tl-2 NO MO 

7 
76 

eligible for external megavolt therapy T - 49-52 days 
NO (known) distant metastases 

Local optimized 
XRT irradiation 
6-9 fields 
2 Gy/fx 
5 fx/wk 
12-10 fx 

Gy equivalents 

± 2.4 
.5 ± 1.5 

Proton Irradiation as Boost Therapy (continious Course) for Prostatic Cancer T1-2N01 '0 Schematic Design Phase II 
Study 

Schematic sagittal cross-sectional view of a patient 
for perineal portal proton irradiation is shown in 
Fig.l. During topometry and treatments, a rubber 
probe with water filled balloon had been inserted 
into rectum in order to displace rectal gas and the 
anterior rectal wall from the treatment volume and to 
reproduce treatment conditions. 

Beginning December 1987, we started the second 
phase of unrandomized clinical investigations. Sixty 
five patients have been treated up to August 1989. 
Using new clinical protocols (see Table 1 for stages 
Tl-2 and Table 2 for stages T3-4). The summary 
dose maximum evaluates 79.7 ± 2.4 Gy-equiv. for 
early stages of cancer (minimum target dose equals 
56-68 Gy-equiv) and 84.0 ± 2.2 and 70-76 equiv. for 
advanced stages of prostate cancer. 

Clinical characteristics of 65 patients who underwent 
XRT. <>RT in 1987-1989 are shown in Table 3. 

Due to short time of follow-up (81.5% of patients 
were observed longer than 6 months and only 33.8% 
more than 1 year) we discuss here preliminary results 
of treatment of 40 patients who are alive more than 6 
months. 

The rate and time of complete tumor regression after 
XRT+PRT, as evaluated by rectal examination, arc 
seen in Table 4. According to Table 4, 97% of 
patients have a complete tumor regression in the first 
6 months after XRT+PRT. Two patients with partial 
(up to 6 months) tumor rcgressi.'.i manifested lumbal 
lymph nodes metastases. Three patients had bone 
metastases during first 6 months. The evaluation of 



169 

TURP or SUB 

8-12 wk 1-5 ds 

'f 

Whole pelvis XRT 
megavolt X-rays * 
4 field box 
2 Gy/fx X, 

5 fx/wk 
13-15 fx 

Assess eligibility: 

Primary prostatic 
adenocarcinoma 
Clinical stage T3-4N0-
Eligible for external 
megavolt therapy 

-3M0 

NO (known) distant metastases 

190 MeV protons 
perineal portal 

r 3-3,5 Gy/fx . 
3 fx/wk N. 

7-8 fx \ 
^ 

Megavolt X-rays w 
with computerized ' 
optimization 
2 Gy/fx 
5 fx/wk 
6-7 fx 

Total dose 

Combined 84.8 ± 2 
X-ray only 76.9 ± 

T = 49 - 52 days 

Whole pelvis XRT 
megavolt X-rays 
4 field box 
2 Gy/fx 
5 fx/wk 
10-12 fx 

.2 Gy equiv. 
3.1 

Proton Irradiation as Boost Therapy (Continious Course for Prostatic Cancer T3-4N0-3M0 Schematic Design Phase 
II Study) 

Jahkl 

Age distribution 

50-60 : 16 pat 
61-70 : 34 pat 
71-80 : 15 pat 

Average age; 63, 4 
Mediane: 63 

Morpholigical proof 
of diagnosis 

Histology 
Cytology 
Histology + Cytology 

38 
16 
11 

pat 
pat 
pat 

Tl-
T3-
MO 
MO' 

•2 

•4 

TNM 

20 pat 
45 pat 
12 pat 
12 pat 

NO 
Nl-2 
N3-4 
NX 

Preliminary treatment 

Primary patients 
Patients after en 
methods and/or su 

docrine 
rgery 

39 

26 

1 
57 pat 

2 pat 
3 pat 
3 pat 

pat . 

pat 

Clinical characteristics of 65 patients who underwent XRT-PRTin 1987-1989 
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Table 4 

Time, months 

1 
3 
6 
9 

12 

(1 

Number ot patients 

died from 

' 11 
15 
12 

3 
1 

Total 42 
intercurrent disease) 

Percentage 

26.8 \ 
34 - 89.8 
29 / 

7 
2 

Time and rate of complete prostate tumor regression after CRT+PRT was recorded (as evaluated by rectal 
examination) 

TabltS 

Patient* 

Grad 
0 
1 

2 
3 

Grad 
0 
1 
2 
3 

Combined XRT+PRT 

Urinary symptoms 
Asymtomatic 
Mild Disuria 
increased frequency 
Moderate Disaria 
Severe Cyctitis 
Hematuria 
Begnin Stricture 

Rectal Symptomes 
Asymptomatic 
Mild Proctitis 
Moderate Proctitis 
Severe Proctitis 

No. 

49 
7 

7 
9 

5 
3 

51 
5 
8 
0 

H-€4, USA 

< 

77 
11 

? 

7 
8 
5 

80 
8 

13 
0 

. Combined XXT+PRT 

No. 

34 
19 

12 
0 
1 
1 

55 
4 
6 
0 

N-65, USSR 

1 

52 
29.3 

18.5 
0 
1.5 
1.5 

84.6 
6.1 
9.2 
0 

Comparison of treatment morbidity in sovjei and american investigations ofXRT+PRT 

XRT+PRT morbidity to compare our and American 
investigations is shown in Table 5. 79% of patients 
retained sexual potency. 

Colonsigmascopy control found 7 patients with ca
tarrhal and catarrhal-hemorragic proctitis (with the 
petechia] hemorragies) limited usually to anterior 
wall of the middle and/or lower ampullar part of 
rectum without clinical signs. 

Preliminary clinical analysis demonstrates promising 
results in the number of complete tumor regressions, 
decreased time of regression and degree of morbidity 
of treatment. 

We suppose that increasing the summary dose wc 
will be able to improve the results of local control, to 
shorten the time of complete tumor regression. It will 
improve the end results for survival, for disease-free 
survival, for local recurrence-free survival and for 
quality of life. 

We suggest to finish the II phase clinical 
investigations till January 1990. After this we will 
have a short technical interruption for next 
improvements of proton dose distributions. 
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Introduction 

Fractionation modifies the biological effects of 
radiation. For low LET-irradiation (x-rays) recovery 
from sublethal damage is observed for most cells and 
tissues (2). Recovery is decreasing with increasing 
LET (1). However, with very high LETs even 
enhancement of radiation injury has been observed 
mostly using neutrons. 

Experiments at Berkeley suggested a potentiation of 
cytotoxicity after fractionated neon particle 
irradiation in V79 Chinese hamster cells. Also the 
dose response to a sequential x-ray -» neon 
irradiation was enhanced (4,6). To look at possible 
mechanisms we started experiments to study the 
sensitivity of human tumor cells in vitro to heavy 
particles of very high LET using the Unilac and to 
explore fractionation effects. 

Experiments are reported comparing the effects of 
Krypton 15 MeV/u ions to low LET ̂  Co-y rays. 

Materials and Methods 

The CASKI CELL LINE (Courtesy Tumorbank 
German Cancer Research Foundation) is a recently 
established human squamous cell carcinoma line of 
the cervix. Plating efficiency is about 40% in 
monolayer culture. The ceil cycle time (BdUrd-
Method) is 23 hours. Celb are cultured in 50ml cell 
culture flasks (Falcon) in MEM Dulbecco Medium 
(Biochrom), FCS 15% and Glutamin (Serva) at a 
CO2 concentration of 5.5%. 

Irradiation was carried out at a °" Co-Gammatron 
(240 cGy/min) and at the UNILAC for heavy panicle 
experiments at ambient temperature. The setup for 
heavy particle irradiation has been described before 
(5). 

Cell survival measurements: For particle irradiation 
cells are trypsinized and ccntcrplatcd in pctri dishes 
24 hr before treatment at a concentration of 10^ cells 

per dish to guarantee homogeneity. 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. 
After exposure, the cells are harvested by 
trypsinization, counted and diluted and plated in 
triplicate into Fakon-TC-flasks according to 50 to 
100 colonies/flasks. Cells are incubated for 10 to 12 
days to allow for progression delay at higher doses 
and colonies are stained with cristalviolet 
Aggregates of more than 50 cells are scored as 
colonies. Survival curves are fitted using exponential 
least square regression. 

A more simple procedure can be used for ̂ 0 Co-
irradiation. The cells are plated in triplicate into TC-
flasks at appropriate cell numbers 12 to 24 hours 
before treatment At the time of treatment a point 0 
control is fixed for multiplicity correction. 

After 10 to 12 days colonies are counted. Survival 
curves are fitted using the linear quadratic algorithm. 
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Cell Cvcle Analysis 

105 ccntcrplatcd cells are removed from pctridishes 
by EDTA/Trypsin after different incubation intervals 
post irradiation. Trypsin action is stopped with FCS 
15%. Cells arc fixed with cthanol 70% at 4° C for 30 
min. Single cell suspensions are prepared by drawing 
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through 27g needles. Analysis of DNA-Distributions 
is done using DNA-staining by RNAse/Propidium 
Iodide (60ug/ml) and a FACScan (Becton Dickinson) 
or Hoechst 33258 and a PHYWE ICP 22. Cellcycle 
distributions were estimated using squared rectangle 
approximations. 

Results 

Fig. 1 shows the typical shouldered dose response of 
the Caski cells to Low-LET "" Co irradiation. For a 
single dose exposure survival at 2 Gy is 0.58. Linear 
quadratic fitting gives a alpha/beta quotient of 19.S 
Gy. These data are consistent for squamous cell 
carcinomas (3). Split dose exposure leads to 
cytotoxicity sparing attributable to sublethal damage 
repair. A dose recovery factor of 1.3 is seen at the 
1% survival level after a split course interval of 14 
hours. 

Irradiation of this cell-line with krypton (IS MeV) 
particles (Fig.2) gives a linear logarithmic dose 
response relationship for clonogenic survival at 
fluencies between 0.5 to 5 x 10" particles/cm .̂ At 
the energy used this means exposure of the cell 
monolayer to the Bragg peak of the particle path at a 
LET of around 3000 keV/ and a statistical 
probability of one hit/nucleus at a fluency of about 
CStolxK^/cm 2 . 

Figure 2 
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Split dose exposure yields an enhanced dose 
response to krypton heavy particles giving a dose 
modifying factor of 1.25 after 8 and 12 hours. 

Sequential DNA-flow cytometry after irradiation 
with either gamma rays or krytpon-heavy particles 
(Fig.3 and 4) show cell cycle perturbations with 
accumulation of cells in S- and G2/M-phase. For 
comparative levels of overall survival progression 
delay, especially in S-phase, seems to be more 
pronounced after heavy particle exposure. The data 
suggest that, contrary to Low-LET irradiation, a 
considerable ratio of the cells do not complete cell 
division and suffer premitotic death. Moreover, 
accumulation of cells in S-phase seems to be 
correlated with the finding of enhanced sensitivity 
for a splitdose irradiation. 
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Conclusions 

For comparable levels of overall survival there is a 
different degree of damage inflected per cell with 
more pronounced cell cycle perturbations for heavy 
particles and probably considerable premitotic death 
of damaged cells suggesting a different type of lesion 
or a different spatial distribution of lesions. 

Fractionation experiments with IS MeV Krypton 
suggest a time dependent increase in cell killing as 
incidentally observed by other groups. Potentiation 
could be caused by increases in nuclear size dunng 
cell cycle leading to an increased target area at the 
time of the second irradiation for cells spared in Gl-
phase at the first exposure. 
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Introduction 

Because heavy charged particles like Carbon, 
Oxygen and Neon ions exhibit many advantages for 
the treatment of deep seated tumors, the installation 
of a radiotherapy facility at GSI, Darmstadt has been 
proposed by the Heidelberg-Strahlenklinik, the 
German Cancer Research Center (DKFZ) and the 
GSI. The main advantages of heavy ion beams are 
the small lateral and range straggling combined with 
an increasing energy deposition with increasing 
penetration depth. Both effects yield a physical dose 
distribution superior to any conventionally used 
radiation. In addition to the improved physical dose 
distribution, for the lighter ions the biological 
efficiency is larger in the region of increased dose 
deposition (Bragg peak) than in the entrance channel. 
This yields a higher cell killing rate at the end of the 
particle track. However, in the region of high cell 
killing efficiency also other biological parameters 
relevant for therapy are changed such as the radiation 
response in different cell cycle stages, response to 
fractionated exposure and long term genetic effects. 
In order to investigate these differences, cell cultures 
have been exposed to low energetic heavy ion 
beams. 

For the experiments reported here, diploid V79 
Chinese hamster cells with a cell cycle time of 12 
hours were us:d. For the investigation of cell cycle 
delays and cell cycle dependent radiosensitivity, 
synchronous cell popluations have been used, which 
were prepared by centrifugal clutrialion. For various 
biological endpoints some remarkable differences in 
the response of cells to densely ionizing radiation 
(heavy ions) and sparsely ionizing radiation (X-rays) 
have been found: 

1. Cell evele dependent radiosensitivitv 

After exposure to heavy ions of low energies (5-20 
MeV/u) the survival is the highest for G |-phase cells 
and decreases when cells are irradiated in later 
phases of the cell cycle with a minimum value for 

late S-phase cells and G2M cells (1). This is in 
contrast to X-ray irradiation, where S-phase cells are 
the most radioresistant cells (Fig.l). 
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Cell cycle dependent survival ofV79 cells irradiated 
with Ne-ions and X-rays. Cells were synchronized in 
Gyphase and irradiated up to 16 hours after 
synchronization. The upper panel shows the 
percentage of surviving cells; the lower panel shows 
the proportion (%) of cells in the different cell cycle 
stages at irradiation time. 

2. Delay in the cell evele progression 

Cell cycle delays induced by heavy ions have been 
investigated by irradiation of synchronous G j-cclls. 
Unirradiated control cells proliferate from Gj- to S-
and G2M-phasc successively, then divide and reach 
the next G]-phase and so on (Fig.2, Panel 1). 

The cell cycle delays induced by heavy ion 
irradiation depend on LET and atomic number. 
Particles which deposit less energy inside the cells 
only retard the transition of cells through late S-
phasc and G2-phase - a similar effect was observed 
after X-ray irradiation (Fig.2, Panel 2,3). 
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However, irradiation with high Z particles which 
deposit more energy leads to a drastic delay in all 
cell cycle phases (Fig.2, Panel 4). In addition, a 
portion of highly damaged cells is probably unable to 
proceed to mitosis after irradiation and dies in 
interphase (2). 

3. Induction of chromosome aberrations 

A special aberration type, the disintegration of whole 
chromosomes or parts of them can be observed after 
heavy ion irradiation. This aberration type was never 
found after X-ray exposure. Additionally, die 
frequency of different aberration types varies (Pig.3): 
heavy ions induce mainly breaks and fragment- -
exchanges are found at a lower extent This tendency 
is more pronounced after irradiation with high Z, 
high LET particles. X-ray irradiation however 
favours die induction of exchange-type aberrations 
(3). 
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100 metaphases were scored. Cell survival was 
about 20%. 

These different frequencies might be attributed to the 
high local energy deposit of charged particles. DNA 
breaks produced by heavy ions seem to be more 
severe so dial they can not be rejoined. This finding 
is supported by other experiments, which showed 
that die repair capacity of cells is drastically reduced 
after heavy ion irradiation (4). 
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5232 Villigen-PSI, Switzerland 

Inlroduction 

In the early times of pion application at PS I (Paul 
Scherrer Institute, formerly Swiss Institute for 
Nuclear Research: SIN), 1982-1983, biological 
advantage was the main argument for pion treatment 
and not the dose distribution given by our application 
technique. 

Subjects of first phase I/II studies were non-invasive 
and later invasive bladder cancer 
(1,23.4,5,10,11,12,13). 

Definition of the target volume at that time followed 
the rules of conventional photon irradiation 
concerning X- and Y-diamctcrs but followed the 
shape of the bladder of the planning CT concerning 
the Z-diameter. That bladder shape was considered 
like a steady anatomical structure - unknown volume 
on planning CT, no checking during treatment. 

Table I 

High rate of vesical and extravesical late reactions 
stopped the bladder cancer studies (5,11,12) and 
today we know, that bladder as hollow organ, 
changing volume continuously, cannot be the organ 
of choice to study the dependence of tumor control 
and radiation effect from dose, without checking the 
bladder volume at the planning CT, pre- and after 
pion-irradiation (11,13). 

Methods and Materials 

Currently, conformal pion irradiation of bladder 
cancer is performed by preventing a considerable 
part of the bladder surface from being included in the 
treatment volume. Our patients were told to keep 
their bladders as full as possible. In every patient 
with a pclvine target volume, the planning CT 
bladder volume is measured by miction and this 
volume is checked every day before pion-irradiation 
by ultrasound (see Table 1): Siemens Sonoline LSI 1 
(6,7,8.9). 

Fig. I and 2 show the bladder volumes of a patient 
with prostate cancer at the beginning of each fraction 
of the pion irradiation without and with the 
connection by us: generally when the measured 
bladder volume was greater than the volume at the 
time of planning CT, the patient was instructed to 
lose urine, if the volume was less, the patient was 
given water to drink and he was instructed to wait. 

Dosis no.of BV b . C T n B V v . R T 2 ) Group n m/f age 
cGy f r a c t . (x ) ml ( x ) ml 

Rectum-Ca 1:2 73±1 27O0± 18 
260 

250 200*36% 

B ladder -Ca 4 0:4 65±6,8 3275* 20 
50 

235±82'» 150i46% 

Prostate- 10 0:10 69*4,4 3129 ± 19 
Ca 67 

253 ±36% 206i23% 

Soft tiss. 5 4:1 36i23 3132 ± 20 
sarcoma 155 

227*35% 150*52?; 

Cervix-Ca 12 12:0 54*13,8 2655* 16 
863 

224*47% 173*3 7% 

8V Bladder volume RT = Radiotherapy with pions 

1} mean bladder volume at the time of the planning-CT (measured by 
miction) - the numbers in % are the standard deviation 

2) mean bladder volume at the beginning of the pion irradiation -
the numbers in % are the standard deviation 
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Figure I Fifure2 
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This Figure shows 1 person's (prostate cancer) 
bladder volume at the beginning of each fraction of 
the pion-irradiation during 20 fractions. The bladder 
volume at the time of planning CT was 400ml. 

Bssulis 

1. Bladder volume and shape arc extrcmly variable. 

2. Even for patients who were informed daily about 
keeping their bladder as full as possible and 
whose bladder volume was checked daily, it 
was not possible to keep their bladder volume 
constant. 

3. Every patient has been asked about his feeling of 
the bladder content. There was no patient with 
continously correspondent subjectively assumed 
and objectively measured bladder volume. This 
behaviour was not dependent on target organ 
and treatment volume. 

4. There was no general bladder shrinkage during 
4-5 wccks-trcatmcnt. 

5. Conformal radiotherapy must take into account 
the unpredictable changing of the bladder 
volume from fraction to fraction. 

These are the improved values of bladder volume at 
the beginning of the radiotherapy by the same patient 
shown in Fig. 1. 
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Introduction 

The UCL cyclotron of Louvain-La-Neuve is able to 
accelerate protons up to 90 MeV (46). The small 
penetration of the beam (6 cm) could allow us to 
treat rather superficial tumors such as uveal 
melanoma or non deeply located brain tumors in 
children. 

Brain tumors represent the second leading 
malignancy in children just after leukemia (44). 
According to different epidemiological studies, the 
incidence of braintumors in children varies between 
17 and 39 new cases pe- year and per million people 
(male and female) under IS years (35). About 2000 
new patients are expected per year in the European 
Communities and about 50-60 in Belgium. 

Malignancies in children have always been a 
challenge for the therapist. This is particularly true 
for brain tumors where increase in control rate must 
be obtained without any increase in morbidity. As a 
matter of fact, one must keep in mind that efforts 
have to be made to conserve as much as possible the 
quality of life of young patients whose long life 
expectancy is expected. 

In this respect, among the different treatment 
approaches, high precision radiotherapy - such as 
proton beams - could bring a benefit in term of a 
better local control and a lower rate of late sequellae. 

In this paper, this potential benefit is analysed 
according to the tumor location and histology, the ac
tual treatment modalities and the outcome of the 
patients. 

Histological Classification 

Table 1 presents the main histological type of brain 
tumors in children; three studies have been compared 
(15,23,48). All the tumors have been classified 
according to three localizations which appears to be 
relevant from the irradiation ballistics point of view. 

Table 1 

Distribution of Brain Tumors in Children 

to Location and Htstologj 

Infratentorul structures: 

Astrocytoma 

MedullobUstoma 

Ependymoma 

Others (a) 

Supratentorial midline 

structures: 

Craniopharyngioma 

Pinealonia/CenrLnoma 

Optic glioma 

Basal ganglia 

and thalamic glioma 

Others (•> 

Cerebral hemispheres: 

Astrocytoma 

Ependymoma 

OihersW 

Jacobiand 

Komhuber 

(23) 

50% 

16% 

16% 

4% 

14% 

25% 

8% 

3% 

3% 

7% 

4% 

25% 

11.5% 

1.5% 

12% 

Farwell 

etal. 

(15) 

62% 

27% 

25% 

4% 

6% 

14% 

9% 

1% 

2% 

n...(b) 

2% 

24% 

11% 

5% 

8% 

according 

Yates 

etal. 

(48) 

57% 

29% 

18% 

9% 

1% 

15% 

6.5% 

2% 

5.5% 

«...<»>> 
1% 

28% 

14% 

4% 

10% 

a) including choroid plexus papilloma, sarcoma, 
meningioma, angiomas, hamartoma, pituitary 
adenoma, metastasis, unclassified tumors 

b) not stated 

On average more than half the tumors are located 
infratentorially in the posterior fossa; one quarter are 
located in the cerebral hemispheres and the others in 
the supratentorial midline structures (~ 15%). As far 
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as histology is concerned, about 40% of the tumors 
are astrocytomas whose 80-90% are of low grade 
(24). 

Present Treatment modalities 

Based on data derived from die literature, tables 2 , 3 
and 4 summarize the recurrence and survival rates of 
the different brain tumors in children after different 
treatment modalities; the tumors have been classified 
according to the same location and histology as 
presented in Table 1. 

For low grade astrocytomas (grade I.II) of the 
cerebellum, surgery is the treatment of choice and 
complete resection is oiien possible; post-operative 
radiotherapy is only recommended by some authors 
in case of incomplete resection (14,16,18). For high 
grade astrocytomas (grade III and IV or anaplastic 
astrocytomas and glioblastomas), post-operative 
radiotherapy is always mandatory (13,28). 

The role of radiotherapy is well documented in 
medulloblastoma, after a surgical resection as 
complete as possible; it includes the posterior fossa 
and the cranio-spinal axis because of a high rate of 
dissemination through the CSF; then a boost dose 
should be applied to the site of the primary tumor 
(5,8,9,10,20,21). 

Nevertheless, taking into account the morbidity 
following irradiation of so large target volume 
especially in young children, some authors have 
recommended the use of chemotherapy in order to 
decrease the dose to the cranio-spinal axis or to avoid 
it (3,7,31,32). 

The same policy of treatment than for 
medulloblastomas is recommended for infratentorial 
ependymomas although the usefulness of cranio
spinal irradiation is still debate for low grade tumors 
(12,40,42). The benefit of chemotherapy need to be 
tested as for medulloblastomas. 

The treatment of brain stem gliomas raises special 
considerations. As a matter of fact, because of their 
infiltration in normal brain stem structures, these 
tumors are unresectable and radiotherapy represents 
often the only alternative (1,19,29). Nevertheless, for 
the same reasons, normal vital structures should be 
included in the target volume; this represents a li
miting factor to deliver the optimal dose to the 
tumor. 

Table 2 

Astrocytoma 
grade 1 - II 
grade III - IV 

Medulloblastoma 

Ependymoma 

Brain stem glioma 

PRESENT TREATMENT MODALITIES, RECURRENCE AND SURVIVAL FOR 
INFRATENTORIAL AND BRAIN STEM TUMORS IN CHILDREN. 

SURGERY W 

CR often possible 
CR/PR 

CR/PR/B 

more often PR 

only B 

TREATMENT MODALITIES 

RADIOTHERAPY 

tumor whole brain spinal cord 

40-60 Gy <W 
40-60 Gy 

20-55 Gy 20-50 Gy 

40-60 Gy 30-45 Gy (<" 24-40 Gy W 

50-60 Gy 

CHEMO 
THERAPY 

-

yesW 

yes<<=> 

RECURRENCE 

turror cranio-spinal 

13% 
>90 % 

10-51 % 6-38 % 

50-65 % 23 % 

>35% 

SURVIVAL 
(5 years) 

90 - 95 % 
<1C% 

27-81 % 

18-45% 

13-30% 

(a): CR. Complete Resection PR. Partial Resection B: Biopsy 
(b): recommended by some authors in case ol incomplete resection 
(c): potential benefit in order to avoid spinal irradiation 
(d): still debate for low grade ependymoma 
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Different quite rare tumors are located in the supra-
tentorial midline structures. For craniopharyngioma, 
a high recurrence rate is reported after uncomplete 
resection or even after macroscopically complete 
surgery. Besides, complete resection is often 
associated with important sequellae particulary when 
large tumors are concerned (4,6). Long term tumor 
free survival can be achieved with post-operative 
radiotherapy after a subtotal resection or a biopsy 
(26,27,45). 

For pinealomas and germ cells tumors, radiotherapy 
is considered as (he more appropriate treatment mo
dality r'ter a stereotactic biopsy have been per
formed to confirm the diagnosis and allow the best 
selection of the target volume (2, 25, 36, 
38,39,41,43,47). As a matter of fact, some authors 
recommend the spinal irradiation for non-germ cell 
tumors only whose prognostic is worst as compared 
with germ cell tumors (17). 

Iahkl 

Craniopharyngioma 

Pineaioma and 
suprasellar germ 
cell tumors 

Basal ganglia and 
thalamic tumors 

Optic glioma 

PRESENT TREATMENT MODALITIES. RECURRENCE ANO SURVIVAL FOR 
SUPRATENTORIAL MOUNE TUMORS IN CHLDREN. 

T 

SURGERYW 

CR 
PR + B 
PR+B 

C R / P R / B 

B 

more often B 

REATMENT MODALITIES 

RADIOTHERAPY 

tumor cranio-spinal 

45-66 Gy 

20-64 Gy 20-40 Gy 

50-60 Gy 

50-65 Gy 

CHEMO 
THERAPY 

-

yesW 

-

• 

RECURRENCE 

tumor cranio-spinal 

15-50 % 
7 0 % 
1 6 % 

7-38 % 7-38 % 

ns.W 

n.s. 

SURVIVAL 
(5 years) 

S years 10 years 

7 7 % 
<14% 

75-83% 

58-81 % 

33% 

n.s. 

4 7 % 
< 7 % 

75-83% 

n s (c) 

26% 

75-100% 

(a): CR: Complete Resection PR: Partial Resection B: Biopsy 
(b): potential benefit in order to avoid spinal (cranio-spinal ?) irradiation 
(c): not stated 

Mkl 

PRESENT TREATMENT MODALITIES. RECURRENCE AND SURVIVAL FOR 
TUMORS OF THE CEREBRAL HEMISPHERES IN CHILDREN. 

SURGERYW 

TREATMENT MODALITIES 

RADIOTHERAPY 

tumor whole brain spinal cord 

CHEMO 
THERAPY! 

RECURRENCE 

tumor cranio-spinal 

SURVIVAL 
(5 years) 

Astrocytoma 
grade I - II 
grada ill - IV 

Ependymoma 

C R / P R 
C f l / P R / B 

PR/B 

50-55 Gy l») 
50-55 Gy 30-40 Gy 

40-60 Gy 30-45 Gy 30-45 Gy W 

yesW) 

yesW 

n.s. W 
>90% 

50-65 % 23 % 

30-60% 
0-20% 

1 8 - 5 0 % 

(a): CR: Complete Resection PR Partial Resection B: Biopsy 
(b): recommended by some authors in case of incomplete resection 
(c): not staled 
(d): modest benefit pointed out by some authors 
(e): recommended only for grade III - IV ependymomas 
(t): potential benefit in order to avoid spinal irradiation 
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Tumors of the basal ganglias and thalamus are 
unresectable and even open biopsies considered too 
dangerous; nevertheless, with the use of stereotactic 
surgery, one demonstrates that these tumors are often 
low grade gliomas. Radiotherapy is die only way of 
treatment but with poor results (23). 

At least, for optic gliomas, radiotherapy is recom
mended for low grade tumor incompletely resected 
or for high grade tumors. Long term survival with a 
conserved vision is net so uncommon (3033,34). 

For hemispheric tumors, the recommended treatmo.it 
policy are quite similar than for die other locations of 
the same tumors (13,14). For ependymomas, spinal 
irradiation is only recommended in grade III and IV 
tumors or in case of positive CSF on cytologic exa
mination (12,40,42). 

Discussion and conclusions: The benefit of proton-
therapv 

On average, radiation therapy is mandatory or re
commended in 60-75% of the children with a brain 
tumor after various surgical procedure (complete or 
partial resection, biopsy only). 

As far as high precision radiotherapy - eg pro-
tonlherapy - is concerned, a benefit could be 
expected for these children taking into account that a 
higher dose and a better dose distribution in the tar
get volume could be achieved. 

Nevertheless, special considerations must be raised: 

1. The use of proton therapy or other high precision 
radiotherapy doe;n't modify the selection of the 
target volume -and planning volume- which are 
pure oncological concepts (22). On the contrary, 
it necessitates a more accurate definition of these 
volumes in order to fully benefit of the advantage 
of die higher physical selectivity of die beam. 
Only the irradiated and treatment volume will be 
reduced, to ideally fit to die target volume. 

2. It f omes from die above consideration that die 
benefit of proton beam therapy will be maximum 
for small, deep, located near vital sensible 
structures or complex in shape target volumes. 
Large target volumes such as die whole brain or 
die spinal axis will be better treated by photons, 
electrons or other therapeutic modalities 
(chemotherapy?). 

3. so that, in the clinical point of view, 
protondierapy will be used alone - eg 
craniopharyngioma- or as a boost after cranial or 
cranio-spinal irradiation - eg medulloblastoma. 

4. Protomherapy will necessitate an optimal patient-
target volume-/beam positioning: patient 
immobilization with a stereotactic frame or a 
mask, check-up with a X-ray device before each 
treatment. 

Taking into account die frequency of die different 
brain tumors in children, their locations and their 
treatment modalities, one can consider that at least 
one patient out of two could benefit from 
protonlhcrapy or other high precision radiotherapy. 
In Louvain-La-Neuve, only hemispheric or some in-
fraicntorial tumors could be treated (25-30% of all 
brain tumors). 

The different indications can be summarized as 
follow: 

- supratentorial midline tumors: craniopha
ryngiomas, optic gliomas, basal ganglia 
and thalamic tumors 

- infratcntorial tumors: incompletely resected or 
high grade astrocytomas, and even brain stem (?). 

- hemispheric tumors: astrocytomas as for those 
located infratentorially. 

For die odiers tumors - medulloblastomas and epen
dymomas (boost?), pinealoma or germ ceil tumors 
(boost?) -, die benefit of protontherapy is less 
obvious panly because die treatment failure will 
come as a great pan from recurrence outside die pri
mary tumor. This emphasize on die importance of 
multidisciplinary approach of brain tumors in 
children. 
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Neutrontherapy of Prostatic 
Adenocarcinoma at Louvain-la-
Neuve 

F. Richard, L. Renard, A. Wambersie 

UCL - antiques Universittires St. Inc. 1200 
Brussels (Belgium) 

lnftVAirmTH 

From March 1978 to December 1988.1047 patients 
were treated at the UCL Cyclotron of Louvain-la-
Neuve. 

Due IO the high energy neutrons available d(50)+Be 
neutrons up to 1982 and later on ?(65)+Be neutrons, 
a special effort has bees made to treat deep sealed 
tumors, mainly gynecological tumors and prostatic 
adenocarcinomas (Table 1). 

A total number of 192 patients with prostatic tumors 
were referred to neutrontherapy. Among them, 159 
completed their treatment. 

A combination of p(65)+Bc neutrons and 18 MV X-
rays was used. The RTOG protocol designed for 
locally advanced tumors (C and D|) was followed 

Table 1 

but 3 neutron fractions and 2 photon fractions are 
given per week (2 Gy "photon equivalent" per 
session). 

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

A "clinical* RBE of 3 was chosen for d(30)+Be 
neutrons and of 2.8 for p(6S)+Be neutrons. 

62 patients were treated for stage C disease. Due to 
the excellent tumor response and tolerance observed 
for these locally extended tumors, some patients with 
more limited tumors were also • referred to 
neutrontherapy (33 stage A and 32 stage B patients). 
In addition, 32 stage D patients were treated. 

Only the results obtained for the 62 patients with 
stage C disease are analyzed in the present paper. 
The tumor was present (biopsy only) in 34 cases and 
a transurethral resection of prostate (TURP) was 
performed in 28 cases. 

The local recurrence rates and survivals are 
presented in Table 2 (follow-up 1-5 years). 

Total number of patients treated at the cyclotron 'Cyclone' of louuain-la-Neuue 
(March 1978 - December 1980 ) 

Tumour type / site 

Soft tissues sarcomas 

Osteosarcomas 

Gynaecological tumours 

Head and neck tumours 

Dfodder carcinomas 

Oronchus carcinomas 

Prostate carcinomas 

Salivary gland tumours 

Miscellaneous 

Total 

venn 

19
78

 

5 

2 

6 

S 

1 

-

-
-

-

17 

19
79
 

17 

7 

42 

2 

5 

9 

4 

2 

0 

96 

19
80
 

21 

4 

35 

-

0 

24 

12 

2 

12 

110 

19
81

 

14 

7 

32 

-

12 

13 

12 

3 

3 

96 

19
82

 

10 

4 

29 

-

12 

9 

10 

2 

13 

89 

# 
tn 
09 

11 

2 

20 

1 

7 

4 

11 

-

6 

62 

09 

6 

-

17 

-

3 

6 

19 

-

1 

52 

19
85
 

15 

-

26 

7 

f t 

16 

20 

-

17 

120 

9861 

9 

8 

38 

6 

I I 

5 

15 

3 

23 

118 

19
87

 

13 

3 

40 

4 

I I 

8 

29 

3 

10 

121 

19
88
 

18 

8 

45 

-

10 

2 

52 

3 

20 

158 

Total 

139 

45 

330 

23 

91 

96 

192 

10 

113 

1047 

* Oreak of 3 months In 1903 and of 6 months in 1904 for enlargement of the facilHies. 
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At 4 yean (21 patients). 9 patients were alive and 
NEO; 1 patient was alive with a positive biopsy but 
no clinical evidence of evolution, 2 patients were 
alive with metastases but no local recurrence. 6 
patients died with metastases but no local recurrence, 
2 patients died with local recurrence and metastases 
and I 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 stricture and necrosis of the 
prostatic area) was observed in one patient, with 
stage A of prostatic adenocarcinoma treated with 
radiation after multiple TURP. 

r»fc. .» 
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• h r T V U T T a M 
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1 1 
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M ^ T U I P T X M 

M i ion* IWZ7 
13% 

I 1 

l / l l 1/15 2/2* 

• 1 .1 »3 

VII 2/15 5/16 

• I " 
• t a f x T U i r T A I 

4/7 l / U 1201 
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1 1 

W 1/15 1 M 

• 1 - »l 

I T 1/IJ MO 
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» l/I 1(13 

2* 1/7 3/13 

Lifcki 

Alive NED 

Alive REC-META+ 

Alive REC+META+ 

Alive REC+META-

Dead REC-METAt 

Dead REOMETA+ 

Dead intercurrent disease 
(REC-META-) 

Total 

Clinical Local Recurrence 

Positive Biopsy 

Total Local Rcc. 

Alive 

* Patients with positive biopsy. 

Biopsy 

6 

-

-
V 

2 

1 

-

11 

1 

2* 

3 

8 

No clinical 

TURP 

9 

-

-
1* 

4 

I 

!•• 

16 

I 

l» 

2 

10 

.vidence of evolution. 

Total 

IS 

-

-
3* 

6 

2 

!•• 

27 

2 

3» 

5 

18 

Local Rtcurrcnci and Survival at J years 

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

At 2 years (39 patients). 32 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 (27 patients), IS were alive and NED. 3 
patients had a persisting positive biopsy but no 
clinical evolution. They were considered as local 
recurrences (Table III). 6 patients died with 
metastases but no local recurrence, 2 patients died 
with local recurrence and metastases and 1 patient 
died from intercurrent disease. 

Tabid 
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RBE Variation Between d(50)+Be 
and p(75)+Be Neutrons, 
Determined for Chromosome 
Aberrations in Allium Cepa 

M. Beauduin , G. Laublin , J. 
Gueulette , A. Wambersie^ 

^Hopital de Jolimont. Haine-St-Faul (Belgium) 

nJniversite" Catholique de Louvain (Belgium) 

Introduction 

The advent of high energy neutron beams raise the 
problem of comparing the radiobiological properties 
of the beams. As a matter of fact, RBE varies as a 
function of the neutron energy, which could 
significantly influence the choice of the optimum 
therapeutic doses to be applied. 

In this respect, a RBE comparison of d(50)+Be and 
p(75)+Be neutron beams produced at the variable 
energy cyclotron "CYCLONE" of Louvain-la-Ncuvc 
(Belgium) has been carried out: the former beams 
was previously used for clinical applications as well 
in Louvain-La-Ncuve (1972-1981) as in Houston, 
USA; the latter should represent the highest neutron 
energy that could be adequately used for therapy. 
The present paper reports the results obtained in 
Allium Ccpa onion roots, for the induction of 
chromosome aberrations. 

Material and methods 

/ ) biological system: 

Induction of chromosome aberrations in Allium ccpa 
(variety "Forme Faiblc des Vcrtus") was used as 
biological system (1). The seeds are incubated at 
22°C in a water saturated atmosphere. After about 2 
days, small roots appear on the seeds. After 3.S days, 
the roots which arc 0.5 to 1 cm long are selected one 
by one in order to provide homogeneous batches of 
plants having more or less equal development Both 
radiation qualities were tested during each 
experiment and precautions were taken to keep the 
environmental conditions as constant as possible. 

After irradiation, the roots are again incubated; 
rcincubation times of 3,4,5,6, and 7 hours were 
systematically investigated. The roots arc then fixed 
in Carnoy liquid (3/4 alcohol, 1/4 acetic acid) and 
kept at 4°C until they are examined. The classical 

Fculgen method was used for the preparation of the 
squashes: the roots ar hydrolyzed in normal HCI for 
8 min., rinsed in distilled water and coulored in Sniff 
base for 1.5 hours. The excess of dye is then 
removed with distilled water and squashes are 
obuined in acetic acid (45%). 

As far as die cytological observations are concerned, 
each meristem was explored systematically and die 
cells in anaphase and telophase counted as well as 
their chromosome aberrations. Since it is impossible 
to avoid a certain degree of subjectivity when 
counting the aberrations, a code system has been 
used and die person who performed the counting was 
tinware of the dose level as well as of die radiation 
quality or incubation time. Three types of aberrations 
were scored: 

a) Fragments (breaks): due to the variable size of 
the fragments, and frequent dubious cases, we 
include in this class not only fragments clearly 
separated from the chromosomes, but also 
"gaps" or fragments separated by an "achromatic 
zone". In our system, fragments are by far the 

- most frequent type of aberrations. 

b) Bridges: in our conditions, the percentage of 
bridges was small, probably due to a 
progressive loss of bridges from early anaphase 
to telophase. The bridges were scored separately 
and were not reported together with other types 
of aberrations. 

As far as the biological criteria are concerned, our 
previous experiments have led to the conclusion 
that die best criteria for RBE studies arc: 

- Criterion 1: me average number of aberrations 
per cell in anaphase or telophase. 

- Criterion 2: the fraction of cells in anaphase or 
telophase showing no aberrations (intact cells). 

2. Neutron beams and dosimetry: 

The irradiations were performed at the Cyclotron 
"Cylone" of Louvain-la-Ncuvc. The d(50)+Be 
neutrons were produced by bombarding a 10 mm 
thick beryllium target with 50 MeV dcuierons. The 
p(75)+Be neutrons were produced by bombarding a 
30 mm thick beryllium target widi 75 MeV protons. 
For die latter beam, an additional 30 mm thick 
polythene filter was used in order to reduce the lower 
component of the neutron energy spectrum. 
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The dosimetry was performed according to the 
ECNEU protocol (2). The doses are the total 
absorbed dose, d(n+Y). measured with a A-150 tissue 
equivalent chamber, positioned in a polystyrene 
phantom. A same dose rate of - 0.10 Gy/min. was 
used for the two beams; the gamma component at the 
depth of the biological system was nearly identical 
(-7%). A value of 0.9S was adopted for Wg/Wn 
(ratio between the average energies required to 
produce an ion par for gamma and neutrons 
respectively). 

3. Irradiations conditions: 

For both qualities, the onion roots were irradiated in 
small Prespex boxes, filled with aerated water. The 
volume occupied by seeds was cylindrical in shape: 
25 mm in length and 6 mm in diameter. The Persptx 
boxes were positioned at 3.5 cm in depth in a 
polystyrene phantom (30 cm x 30 cm x 30 cm). The 
distance between the target and the surface of the 
phantom was 157 cm. The uniformity of the 
absorbed dose distribution in the biological system 
was better than 1% for both radiation qualities. 

Results 

Six independent experiments were performed and a 
total number of about 2000 mcristems were 
examined. Withing each experiments, as an average, 
5 roots were irradiated for each of the six explored 
dose level (from 0.04 to 0.5 Gy), for each of the five 
explored incubation times (from 3 to 7h). 

As an example. Fig. 1 shows the dose/effect 
relationships obtained for criterion 1, for an 
incubation time of 4 hours. As a matter of fact, no 
influence of rcincubation time for both biological 
criteria has been demonstrated, as well for d(50)+Be 
neutrons, for all dose levels (Table 1). 

As an example, Fig. 1 shows the dose/effect 
relationships obtained for criterion 1, for an 
incubation time of 4 hours. As a matter of fact, no 
influence of reincubation time for both biological 
criteria has been demonstrated, as well for d(50)+Bc 
neutrons, for all dose levels (Table I). 
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Average number of aberrations per cell in anaphase 
and telophase as a function of absorbed dose, for 
d(50)+Be and p(75)+Be neutrons. Data for gamma 
rays obtained in another serie of experiments are 
added for comparison. The indicated values are the 
means of six independent experiments. 
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5 
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Number of aberrations 
in 1000 cells* 

(Criterion 1) 

d(50)+Bc 

534 ±106 
530 ±102 
654 ± 71 
589 ±113 
557 ± 55 

p(75)+Bc 

451 ±70 
455 ± 37 
479 ±61 
512±42 
551 ±97 

Number of "intact" cells 
out of 1000 cells * 

(Criwrion I I) 

d(S0)+Bc 

645 ±48 
656 ±25 
642 ±52 
636 ±46 
654 ± 27 

p(75)+Bc 

686 ±17 
694 ±29 
679±3I 
669 ±14 

675 ± 29 

* Absorbed dose level: 0.22 Gy) 

Influence of the incubation time on the number of 
aberrations and on the number of "intact" cells, after 
irradiation by d(50)+Be and p(75)+Be neutrons in 
Allium cepa. 

The RBE values of d(50)+Bc with respect to 
p(75)+Be arc listed in Table 2 and arc presented as a 
function of absorbed dose for the two biological 
criteria. RBE varies significantly as a function of 
dose, increasing from -1.15 to ~ 1.40 for doses 
decreasing from 0,5 to 0.04 Gy. 
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Table 2 

Dosc/Gy 
<forp(75)+Bc) 

0.04 

0.08 
0.16 

022 

035 

0 5 0 

RBE ofd(50)+Bc neutrons, 
wiih respect to p(75)+Bc neutrons 

Criterion I Criterion II 

1.39 ±0.10 
1.35 ±0.17 

1.32 ±0.09 

1.23 ±0.05 
1.16±0.09 

I.!5±0.10 

1.32 ±0.15 

1.27 ±0.08 

1.25 ±0.08 

1.19 ±0.08 
1.18 ±0.07 

1.12 ±0.04 

RBE variation ofd(50)+Be neutrons with respect to 
p(75)+Be neutrons, as a function of dose, for 
induction of chromosome aberrations in Allium cepa. 

PiKUSlOT 

The RBE vales obtained for chromosome aberrations 
in Allium cepa are even higher than those obtained 
previously in our laboratory for growth inhibition in 
Vicia faba (3). This RBE difference - for two vegetal 
systems - is likely to result from the biological 
endpoint itself, since RBE's for chromosome 
aberrations are generally higher than those obtained 
for endpoint based on cell lethality, like growth 
inhibition. Moreover, RBE values for both 
chromosome aberrations and growth inhibition arc 
significantly higher than for early intestinal tolerance 
in mice (LD50/5) (4), which could be related to the 
higher dose range explored with this system (6-10 
Gy). 

In other respects, with Allium ccpa, the RBE 
difference between d(50)+Be and p(75)+Be varies 
with the dose (see Table 2) while, with Vicia faba, no 
variation was observed (3). This observation 
suggests that the dosc/cffcct curves for both radiation 
qualities exhibit a different shape in the 
corresponding dose range. What is unforeseen 
considering the small energy difference between 
these high energy neutron beams and should require 
additional experiments with regard to 
radioproteclion. 

From a clinical point of view , the use of vegetal 
systems can be justified in so far as they make it 
possible to explore easily small doses, comparable 
with those used in therapy: the high RBE values 
yielded by these systems could be regarded as the 

upper limit of those expected for late responding 
tissues (i.e. lung). The experimental RBE studies for 
late responding tissues is proved to be difficult to 
carry out However, the late tolerance has necessarily 
ID be taken into account for the determination of the 
"Clinical Neutron Iniercomparison Factor* (CNIF) 
(5). 
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Introduction 

Currently, the patients with sarcomas of soli tissue 
are managed by multimodality approach. For small 
low grade lesions in fleshy parts, treatment may well 
be by wide and radical surgical resection alone. For 
most odKr lesions the treatment will be die combi
nation of radiation with less than radical surgery, and 
in some patients, chemotherapy. A great problem 
remains in the local control of inoperable tumors or 
tumors with gross residual tumor mass after surgery. 
A further problem concerns local control of 
"radnreststent" high differentiated tumors (Gl and 
G2). Neutron dicrapy offers radiobiological 
advantages in the treatment of these tumors. Neutron 
therapy widi a 14 MeV-DT-gencrator started at the 
Department of Radiodierapy, University Hospital 
Harnburg-Eppendorf, in 1976. We report on 147 
patients with soft tissue sarcomas treated at our de
partment over the period from January 1984 through 
September 1988. 

Methods and Materials 

Over the period from January 1984 through Septem
ber 1988 147 patients with soft tissue sarcomas were 
irradiated with fast neutrons of a 14 McV-DT-gene-
rator at die University Hospital Hamburg-Eppcndorf. 
72 patients were male and 75 patients female. 92 pa
tients were treated for primary tumors and 55 
patients for recurrences. The mean age of these 
paticnis was 51.5 years with a range from 13 years to 
86 years. Common histologics were liposarcoma, 
malignant fibrous histiocytoma, fibrosarcoma, 
leiomyosarcoma and malignant schwannoma (sec 
Table 1). 

T&fl 

Histology 

Liposarcoma 
Malign, fibrous histiocyt. 

Fibrosarcoma 
Leiomyosarcoma 
Malignant Schwannoma 
Odier histologies 

Number of patients 

36 
27 
26 
18 
13 
27 

Grading was evaluable for 135 patients : Gl-tumors 
in 34 patients, G2-tumors in 35 patients and G3-lu-
mors in 66 paticnis. 

The relative distribution of tumor locations is shown 
in Tabic 2. 

T«W(2 

Tumor location 

Thigh 
Forearm 
Head and neck 
Shoulder 
Lower leg 
Rctropcriioncum 
Other locations 

Number of patients 

35 
17 
17 
12 
11 
10 
45 

Tumor location was dominated by the lower and up
per extremity (75 patients). The staging of the pri
mary tumors showed TI in 35 cases and T2 in 108 
cases. Metastases to the regional lymph nodes was 
demonstrable in 11 cases. 39 patients had distant 
metastases at die time of diagnosis or developed di
stant metastases during die further foilow-up. Nearly 
all patients had surgery one or several times, ranging 
from 1 surgical intervention to 17 surgical inter
ventions. The residual tumor classification at die 
lime of radiotherapy: R0 in 56 cases (38.1%), Rl in 
24 cases (16.3%), R2 in 61 cases (41.5%) and Rx in 
6 cases (4.3%). The rcscciability depends on grading 
and tumor stage. 

All patients were irradiated with fast neutrons of a 14 
McV-DT-gcncralor. Most of the patients were irra
diated witfi neutrons only. In general patients 
received as a minimum target dose 14.4 Gy DT, for 



193 

postoperative radiotherapy after radical resection; the 
other patients with microscopic or macroscopic tu
mor mass received a minimum target dose of 16.0 
Gy DT. The target volume includes the tumor region 
and the whole involved compartment as a region of 
risk for relapse. In some special cases involved 
lymph nodes were irradiated. In most of the cases, 
especially in cases of tumors of the extremity a wax 
bolus was used for neutron therapy for homogenizing 
of dose. CAT scan was done to allow computerized 
treatment planning. We used one ore more fields. 
Especially in cases of extremity tumors we used op-
poning fields. 

Results 

For this preliminary analysis data were calculated for 
survival rates and local control rates by a modified 
Kaplan-Mcicr-method. Differences were proved for 
significance by a double-sided Wilcoxon-Test, p-
value should be smaller than 0.01. 116 patients are 
alive. 31 patients died. 18 of these patients died with 
local control, 13 patients died with recurrence or 
progress. Fig.l shows the probability of survival for 
all patients. 
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Factors of prognostic value for survival with statisti
cal significance arc: 1. tumor situation at the time of 
neutron therapy (R-classification) and 2. the occur
rence of distant metastases (Fig. 2). Mean survival 
for patients with poor prognostic factors are: Grading 
3: 2,4 years, distant metastases 1.6 years, Fibrosar
coma 2.2 years, tumor location at the upper extre
mity 2.6 years. Fig. 3 shows the probability of local 
control for our patients independent on the tumor si
tuation (primary tumor or recurrence). Factors of 
prognostic relevance for local control arc: grading, 
T-stagc, histology (significant) and R-classificatioi: 
(significant). Liposarcoma do benefit from neutron 

therapy with a recurrence rate of only 3% 2 years 
after the beginning of radiotherapy. Recurrence rates 
for other histologies 2 years after radiotherapy are: 
fibrosarcoma 65%, malignant fibrous histiocytoma in 
27%, leiomyosarcoma 29% and malignant schwan
noma in 54%. Recurrence rates in grading 1 24% and 
in grading 3 34%, in Tl 22% and T2 31%, in R0 
17%,inR123%andR2 43%. 
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Discussion 

Clinical data from several centers strongly support 
the combination of radiation with less than radical 
surgery in the treatment of soft tissue sarcomas. 
Nowadays over 90% of all patients with soft tissue 
sarcomas arc treated by the combination of surgery 
and radiotherapy. A grrit problem remains in local 
control of inoperable tumors or tumors with gross re
sidual tumor mass after surgery. In the group with 
R2 tumors the local control rate is 57% 2 years after 
radiotherapy. These preliminary data are in accor
dance to the published data from other neutron 
centers (Table 3). 
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Neutral center 

Hammersmith 

NIRS 

Feintiiio 

MANTA 

TAMVBC 

Edinburgh 

Hamburg (76-80) 

Heidelberg/Essen 

Louvain 

Amsterdam 

Seattle 

Total 

Author Local control 

Pickering et al. 

Tsunemotoetal. 

Cohen etai. 

Omitz et al. 

Salinas et al. 

Duncan etal. 1986 

Franke et al. 

Schmin et al. 

Schmitl et al. 

Wambersie 

Batteiman 

Pelton et al. 

No. 

26/50 

7/12 

13/26 

4/10 

18/29 

5/12 

27/45 

31/60 

4/19 

8/13 

15/21 

158/297 

% 

52 

58 

50 

40 

62 

42 

60 

52 

21 

61 

71 

53 

Summary of local control rates for soft tissue sarco
mas treated definitively with neutron therapy. 

Summarizing high dosage radiotherapy with photons 
or electrons for macroscopic tumor mass, local con
trol rates arc about 38% (Table 4). 

Neutron therapy offers special advantages for 
macroscopic tumor mass, because 1. neutrons are 
better able to kill hypoxic cells, 2. the damage by 
neutrons is less readily repaired by the cells and 3. 
there is less variation in radiosensitivity across the 
cell cycle in comparison to photon treatment (Hall). 
Distant metastases in gross tumor mass and grading 
3 tumors remain an unsolved problem in spite of op
timized local treatment. In many patients the distant 
metastases are the limiting factor for survival. 

Liposarcomas may benefit from neutrons. This phe
nomenon has not been published before. A reason for 
this fact may be a higher dosage of neutrons of about 
10-15% in lipophilic tissues. 

A further problem concerns local control of 
"radioresistant" high differentiated tumors (grading 1 
and 2). The preliminary results demonstrate that 
neutron therapy may be of advantage for these tu
mors. At this time there is no study evaluating this 
question. A randomized trial comparing neutron the
rapy with high dosage photon therapy should be per

formed to come to definite conclusions. Treatment 
results will be optimized in the future by optimizing 
the neutron machines and treatment techniques. Ge
nerally, patients with soft tissue sarcomas should be 
treated by a well trained sarcoma team at a major 
cancer center. 

Table 4 

Author 

McNeer et al. 
Windeyeretal. 
Duncan & Dcwar 
(1985) 

Tepper & Suit 
Leibel et al. 

Total 

Local control 
No. 

14/25 
13/22 
5/25 

17/51 
0/5 

49/128 

% 

56 
59 
20 

33 
0 

38 

Summary of local control rates for soft tissue sarco
mas treated definitively with photon or electron the
rapy. 
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Introduction 

Locoregional recurrence of rcctosigmoidal carci
noma occurs after surgery with an incidence of 25% 
to 50% depending on tumor stage. Most of the 
patients (70-80%) were symptomatic within two 
years (1,4). The treatment of choice for presacral re
currence is radiation tnerapy. Photontherapy gives a 
good palliative response in about 70% of patients but 
lasting only about 6 months. Longtcrm survivors are 
seldom (3,6). From radiobiological data can be ex
pected, that neutron therapy will improve the local 
results. 

A clinical trial using combined photon-neutron the
rapy for recurrent carcinoma in rectum was started in 
Heidelberg (2). Since 1986, 30 patients with unre
sectable recurrence of the rectum have been treated. 

Clinical status, computer tomography (CT), metabo
lic examinations with positron emission tomography 
(PET) and tumor marker studies (CEA) were 
checked prior, during therapy and in the follow-up 
period at 3 months intervals. 

A particular problem for follow-up of patients with 
colorectal tumors arc residual masses after 
irradiation. CT is only meaningful if tumor masses 
show significant changes. Seldom a complct 
decrease in tumor volume measurements is seen in 
CT post irradiation. The question is whether the 
masses represent only scare tissue or contain viable 
tumor cells. 

Using F-18 dcoxyglucosc (FDG), we assessed 
whether PET can give additional information about 
changes in tumor metabolism prior, during and after 
radiation therapy (5). 

96 

CEA is secreted by a large number of colorectal 
adeno-carcinomas. CEA serum levels measured by 
radioimmunoassay (RIA) are particularly helpful in 
monitoring the therapy effect. 

Material and Methods 

Patient population 

Since 1986 30 patients with recurrent colorectal car
cinoma were treated. All patients had unresectable 
adenocarcinoma involving the sacral area. Therefore 
pain was the most dominant symptom mainly located 
in the sacroperineal area occasionally radiating to the 
legs. 

Treatment schedule 

All patients were treated with combined photon-
neutron therapy. First 40 Gy photons in 20 fractions 
over four weeks was given to the whole pelvis using 
a box technique. 

Following photon-therapy, the neutron therapy was 
applied as a boost, utilizing a 180° moving arc 
technique. The relative high fluctuation in dose out
put of the 14 MeV dT generator was controlled and 
compensated by a computer aided system. Patients 
without metastases were treated with a curative at
tempt wiUi 10 Gy (3 x 1 Gy per week). Patients with 
spread of disease who were treated for palliation 
only, received 6.6 Gy (3 x 1.1 Gy per week). 

Follow-up 

Patients were seen six weeks after treatment and than 
in three months intervals. Treatment efficiency were 
determined on clinical examination, tumor marker 
studies, CT scans and metabolic studies with ' 'ET. 

Clinical evaluation of pain symptoms was assessed at 
the initiation of irradiation during and during the 
follow-up according to the EORTC/RTOG pain 
score. 

The determination of the CEA-levcl was performed 
before, several limes during therapy and in the fol
low-up. All prcthcrapcutic CEA concentrations were 
in the pathological level (>5 ng/ml). 

Patients were referred to PET to evaluate the poten
tial of perfusion and metabolic measurements before 
and during photon-neutron therapy and in the follow-
up. Perfusion measurement was done by 0-15 labc-
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led water (2331-3700 MBq, 80-100 mCi) metabolic 
study was done with FDG (126-440 MBq, 3-12 
mCi). For quantitative evaluation of PET images, 
ROIs were placed over the tumor ugion as well as 
the gluteal muscles, which served as normal refe
rence tissue. Time activity curves were calculated 
from each of tlie image series. 

Results 

Therapy response was clinically evaluated in terms 
of relief of symptoms. To get an objective measure
ment of pain we considered the amount of pain, the 
frequency of pain and the frequency of pain medica
tion (EORTC/RTOG pain scoreX7). The severe and 
progressive pain symptoms before radiotherapy 
could be relieved by all patients. The palliative effect 
lasted for 18 months or for the rest of their lifetime in 
77% (Fig.l.). Progression of local disease could be 
significantly demonstrated by an increase in pain and 
pain medication in 5 patients. 

Figure? 

CEA(%) 

IS 20 

time (month) 

Serum CEA values for Mo-patients performed be
fore, during and in the follow-up period of combined 
therapy. Increase in CEA were detected 6 to 8 
months after irradiation correlating with further tu
mor progression. 

Figure I 

S io 

More than 3 follow-up PET studies were performed 
in 11/17 patients. Tumor infiltration of the os sacrum 
was noted in PET cross sections in two patients, 
while the CT image gave no evidence for 
morphological alterations. The post irradiation me
dian tumor-to-soft-lissue ratio of FDG was 2.S7 for 
recurrencies compared with 0.95 for scare lesions. 
FDG levels decreased within 60 days after onset of 
irradiation in all patients ranging from 0.95 to 1.4 
(Fig.3). While the FDG uptake decreased, we noted 
in only 5/11 patients FDG concentration values be
low 1.0 comparable to normal soft tissue. 

Fieure 3 

Pain symptoms before and pain response 6 weeks 
after therapy. 77% of patients showed significant re
lief of symptoms lasting for the rest of their lifetime 
or at least 18 months. 

A decrease of CEA levels was seen starting 
immediately after irradiation in all patients even in 
those with metastases. In all patients without meta
stases a normalization of the CEA appeared in 
agreement with the clinical course. Progression and 
dissemination of the disease were indicated by an 
increasing CEA level to more than 5 ng/ml (Fig.2). 
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Perfusion and glucose metabolism of a patient prior 
and after irradiation. The FDG concentration values 
were abnormal in all follow-up studies. 
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By combined photon-neutron therapy the palliative 
effect in all patients treated has been nearly complete 
six weeks after irradiation. In 77% of patients, the 
relief of pain symptoms has held for the rest of their 
lifetime or at least 18 months. 

CEA levels decreased after irradiation and was nor
malized in all patients without dissemination. The 
increase of CEA corresponded to a local progression 
demons!! xd by clinical symptoms and CT. It is a 
sensitive parameter to determine therapy effect and 
to demonstrate further tumor regrowth. However, 
from an increase in CEA we can not exclude local 
progression from distant metastases. 

Tumor response as measured on CT scan was sel
dom. We have seen only S patients with reduction in 
tumor size greater than 50%. 25 patients had 
responses less than 50% or showed no change in tu
mor size. 

Further information can be expected by metabolic 
examinations with PET using F-18 deoxyglucose. 
All colorectal recurrencies were visible in the PET 
images prior to radiotherapy (5). Change in 
metabolism and perfusion following radiation treat
ment was seen in all patients but only in 5 patients 
the FDG concentration values were normalized. 
Three patients developed procures and abscesses 
with an increase in FDG levels. We found no 
distinction between carcinomas and these inflam
matory processes. 

Five patients had an increase in clinical symptoms, 
CEA levels, CT and PET 6 to 10 months after the
rapy, due to renewed tumor progression. From all 
clinical and diagnostic imaging procedure the measu
rement of FDG-uptake in patients with colorectal re
currences is the most sensitive parameter when tu
mor response to therapy is evaluated. 
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Introduction 

Since 1981, 63 patients with soft tissue sarcomas 
have been treated at the Orleans NeutronUierapy Fa
cility. Results were evaluated in June 1989; 23 
patients had to be excluded: 8 of them were lost of 
follow-up immediately after treatment and IS, 
referred for palliative treatment, received inadequate 
doses. 

Table 1 

HISTOLOGY 

FIBROHISTIOCYTOSARCOMA 

FIBROSARCOMA 
LIPOSARCOMA 
LEIOMYOSARCOMA 
SYNOVIOSARCOMA 
RHABDOMYOSARCOMA 
CHORDOMA 

MISCELLANEOUS 

TOTAL 

NUMBER 

10 
6 
5 
4 
2 
2 
5 
6 

40 

Table 2 

Local Status 

Surgical act 

Complete 
Resection 
n=ll 

Incomplete 
Resection 
n=12 

Gross Tumor 
or Inoperable 
Recurrence 
n=I7 

Persistent 
local control 

9(82%) 

9(75%) 

6(35%) 

Recurrences 

2* 

3*» 

3 

Persistent 
disease 

-

-

8 

* ] Surgical salvage, 1 brachytherapy salvage 
* 1 Surgical salvage, 1 relapse out of field limits 

IS patients have been referred for neutrontherapy 
after a first serie of X-Rays. 13 were treated using a 
mixed schedule regimen and, recently, 8 patients 
have been treated with neutrons only according to the 
Hammersmith Hospital protocol. 

Concerning the 40 evaluated 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 tu
mor and one had a very advanced tumor of oral ca
vity. 11 patients had complete surgical resection, 12 
had incomplete resection and 17 had inoperable tu
mors. 

Table 3 

TUMOR SIZE 
DIAMETER 

LOCAL CONTROL 

8-10cm 

4/4 

11-28cm 

2/13 
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Immediate local control was observe** in 29 patients. 
S relapsed from 10 to 22 months after treatment, 3 of 
them profited by surgical or Brachytherapy salvage. 

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. 

For die uncontrolled patients there was M> evidence 
of difference according to the neutron dose. On 
another hand, die low rate of local control may be 
explained by die proportion of very large tumors 
(75% of diem being larger than 10cm in diameter). 
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As far as complications are concerned, side effects 
were not evaluate in 14 patients: 9 because of lack in 
local control, 3 because of an additional treatment 
(Surgery for 2, Brachytherapy for 1). For the last 2 
patients die only information was that they were lo
cally free of disease. 

26 patients were evaluated: 11 had no complications, 
12 showed mild or moderate side effects, 3 had se
vere intestinal complications requiring surgical 
attention. 

Considering die survival rate according to surgical 
procedure, a large difference in the survival rate 
appears between complete or incomplete resection. 
This disparity has to be balanced by the small num
ber of patients in each group after 2 years and die 
high number of intercurrent diseases for patients with 
incomplete resection. 

Conclusion 

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

After surgical act, 86% of patients were alive with no 
evident disease. 

In our experience, when a gross tumor was present, 
only 30% of patients were alive and free of disease. 
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Introduction 

From 1981 to 1988, 910 patients have been treated 
with fast neutrons at the Orleans Facility (TabL 1). 

Tahiti. 

TUMOR LOCATION 

HIGH GRADE ASTROCYTOMAS 
UTERINE CERVIX 
BRONCHUS CARCINOMAS 
RECTUM 
HEAD AND NECK 
SARCOMAS 
PROSTATE 
BLADDER 
MISCELLANEOUS* 

TOTAL 

NO. OF 
PATIENT 

188 
143 
113 
107 
115 
83 
34 
26 

101 

910 

* OTHERS + METASTASIS 

Several clinical trials are managed with Parisian 
centers (grade IV astrocylonas, locally advanced 
uterine cervix carcinomas, inoperable rectal adeno
carcinomas...). Other studies such as sarcomas and 
prostatic adenocarcinomas are performed by the Or
leans radiotherapy department. 

Irradiation of locally advanced prostatic adenocarci
nomas (stage C & D) with fast neutrons was initiated 
in 1982. Only a small number of patients were trea
ted from 1982 to 1985. Actual inclusion of patients 
began in 1986 after the positive preliminary results 
of R.T.O.G. randomized trial (1). 

From 1982 to 1988, 34 patients with locally 
advanced prostate cancer were treated according to 
two different protocols without consideration of the 
clinical stage: 4 patients are not evaluaMe: 3 because 
of inadequate doses, one because evoluative metasta
sis have led us to interrupt the treatment. 

15 patients were treated with the Lcuvain-La-Neuve 
mixed schedule protocol (megavoltage X-Rays and 
fast neutrons). The 15 other patients received a neu
tron boost after a first series of X-Rays performed in 
cooperative centers. 

For the two treatment regimen, tumor dose was 66 
Gy or gamma equivalent Gy, specified at the inter
section of the central axes (Table 2). 

Table 2 

Treated patkats 

a = 3t 

Large Vohna.-

Redaced Votome 

Ntatraa aaast Miicd xfccdale 

a = 15 a=15 

Total a). Dose: 66 Gy 

•"(Gy) 

40 to 45 

N(Gye«j.) 

20 to 25 

K«(Gy) 

20 

4 

N(Gy*a,) 

30 

12 

The Clinical Relative Biological Effectiveness used 
for the Orleans neutron beam is 3. Patients follow-up 

' was assessed with clinical examinations, radiological 
investigations and specific prostatic antigen dosages. 

In the neutron boost group, the mid follow-up is 27 
months. Local control at 24 months was obtained for 
12 patients, one recurred at 30 months and died with 
metastases at 49 months. Moderate side effects were 
observed for 3 patients, and one patient presented 
proctitis with hemorrhages requiring blood 
transfusions (Table 3). 

In the mixed-schedule group, the mid follow-up is 28 
months. Local control was obtained for 12 patients 
but 2 died from intercurrent disease and one from 
metastases. As far as complications are concerned 4 
patients have presented mild side effects, 3 severe 
proctitis were noticed and the patient quoted grade 
IV died post opcratively after colostomy for 
digestive haemorrhages (Table 4). 
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lablcJ. 

Neutron Boost JI = 75 

MEDIAN FOLLOW-UP: 27M(12TO65) 

ALIVE 11 
-LOCALLY CONTROLLED 11 
(MED.24 MONTHS) 

DECEASED 4 
-LOCALLY CONTROLLED (M+) 1 
-RECURRENCE AT 30 MONTHS 1 
-UNCONTROLLED PRIMARY+ META 2 

COMPLICATIONS G1/G3 3 
G3 I 
G4 0 

Table 4 

n = 15 

MEDIAN FOLLOW-UP: 28M (12 TO 77) 

ALIVE 9 
-LOCALLY CONTROLLED 9* 
• 1 WITH METASTASIS 
(MED. 16 MONTH) 

DISEASED 6 
-LOCALLY CONTROLLED 3* 
•META 2 INT. DISEASE 
-UNCONTROLLED PRIMARY 3 

COMPLICATIONS G1/G2 4 
G3 3 
G4 1 

TahleS 

PSA 

Tumor-

•tatua 

L-M-

L-M+ 

normal 

18 

lncraaaad 

5 

1 

no doaaga 

1 

5* 

Total 

19 

5 

6 

•Diseased before 1987 

At the end of 1986, PSA dosage became available. 

Out of the 19 disease free patients. 18 have nonnal 
dosages at the time of evaluation (Table S). 

Discussion 

According to the general evolution of prostatic 
adenocarcinoma and as far as survival is concerned. 
the follow-up is still too short because most of the 
patients have been treated since 1986. If we consider 
the local control, two parameters can be pointed out: 

- in these groups, transurethral resection has no 
influence on local control 

- in return, the prognosis is related to the tumor 
volume (all the 6 locally uncontrolled patients had 
stage D disease). 

What are complications related to? 

latlsA 

Stag*? 

Hautron Dos*? 

Gy aq. 

Fialdalza? 

(maan-em) 

larga vol. 

zaduead vol. 

Neutron Boost 

0:8/15 

20 to 25 

red. vol. 

12x12 

8x8 

Mlxad mchadula 

D-.6/15 

42 

30 large vol. 

13x13 

8x8 

When we compare the results of the two treatment 
regimens, we notice a higher number of 
complications in the mixed-schedule group. This dif
ference is not related to the tumor size (Table 6). 

In both series there was no compulsory relation bet
ween the field size and the complications. 

Analysis of a higher number of patients could spe
cify the incidence of the neutrons/photons dose ratio. 
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European Collaboration "Boron 
Neutron Capture Therapy of 
Tumors" 
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Introduction 

The Commission of the European Communities has 
decided to fund, within their program "Europe 
Against Cancer", a Concerted Action "Boron 
Neutron Capture Therapy of Tumors". The task of 
the Concerted Action is to coordinate the work of the 
participating groups in Europe involved in the 
different aspects of neutron capture therapy. 

Principles of Neutron Capture Therapy 

Neutron capture therapy utilizes the high cross 
section of boron-10 for thermal neutrons of 3800 
bams to deliver a high and locally well-defined 
radiation dose to tumor cells. The elements making 
up biological tissue hydrogen, nitrogen, oxygen, 
carbon) possess so small cross sections for thermal 
neutrons that a tumor accumulation of 30 |jg per 
gram tissue will result in a dose increase of around 
300% compared to tissue not accumulating boron. 
The dose delivered is limited to the cells 
accumulating boron and their immediate neighbors. 

Past trials of neutron capture therapy in the United 
States of glioma patients have resulted in failure. The 
reasons for the failure are now well understood. 
Tumor accumulation of the boron compounds used, 
and clearance from the surrounding tissues, 
especially blood, was poor. Furthermore, penetration 
of the thermal neutrons to the deeper-seated tumors 
was insufficient. 

The emergence of new and improved tumor seekers 
for both gliomas and melanomas has made neutron 
capture therapy attractive again. Efforts arc 
underway to initiate neutron capture therapy with 
cpithermal neutrons in the United States, and 
treatment of gliomas and melanomas with thermal 
neutrons is currently being carried out in Japan. 

Goals of the European Collaboration 

The European Collaboration "Boron Neutron 
Capture Therapy of Tumors" has two goals: 

1. to initiate, at the High Flux Reactor in Pcllcn, 
therapy of glioma and melanoma patients by 
1991 

2. to create the basis for treatment of other 
cancers and with other neutron sources. 

As neutron source for the first treatment center in 
Europe, the High Flux Reactor at the Joint Research 
Center in Petten, Holland is presently being 
modified. The modification (financed through the 
Commission of the European Communities) will 
result in the installation of a therapeutically useful 
epithermal neutron beam at the beam port HB11. 

The beam will deliver an epithermal neutron flux of 
over 10" n cm ^ s"' and an average energy of less 
than 6 keV. The filter producing this beam consists 
of AI, Ti, V, and Ar. The maximum thermal neutron 
fluence in tissue will occur at around 2-3 cm depth, 
with treatment possible for tumors anywhere within 
the skull. 

Following physical characterization, the 
radiobiological effectivity of the installed beam will 
be determined. 

In order to arrive at safe initial irradiation conditions, 
neutron irradiations following the administration of 
compounds considered (see below) will be carried 
out in suitable animal models for skin damage and 
for damage to the central nervous system. 

Compounds for Tumor Therapy 

For gliomas, Na2Bj2H]jSH will be used. This 
compound is presently used by H. Hatanaka in 
Tokyo for treatment of gliomas with thermal 
neutrons. 

For melanomas, p-dihydroxyboryl phenylalanine and 
5-dihydroxyboryl-2-thiouracil will be investigated.. 

For all three compounds, no data have been gathered 
to date regarding the pharmacokinetics of boron in 
tumor, blood, and surrounding tissue. Without such 
data, the treatment of patients cannot be justified 
ethically. Several clinical centers arc involved in 
collecting these data. 

The treatment of glioma will consist of initial 
surgery, followed by probably several fractions of 
neutron capture therapy over the course of a week. 
The exact fraction size and fractionation scheme will 
be determined following the outcome of the above-
mentioned animal studies. 

New compounds for neutron capture therapy can 
consist of either known tumor seekers that are 
conjugated with boron-containing moieties, or of 
boron compounds that by themselves show tumor 
localization. For both types of compounds an intense 
effort is underway to prepare useful derivatives. 



Thus, several groups are actively working on the 
modification of tumor-specific antibodies. Ether 
lipids, borancs, porphyrins, and phenothiazines are 
other compounds investigated. 

Following their synthesis, these compounds will be 
tested for biodistribution and therapeutic efficacy in 
animal models. 

Neutron sources for adjuvant neutron capture therapy 

Accelerators for neutron production and fission 
neutrons are being investigated for their use in 
neutron capture therapy. The thermal neutron fluence 
generated at depth is to be used as boost to the 
primarily therapeutic fast neutron dose. 

Efforts are underway to determine the maximum 
therapeutic gain possible with presently available 
neutron sources, and to investigate the use of 
spalation neutron sources. 

Organizational structure 

The coordination of the program is effected by a 
project leader, assisted by a project management 
group. Project leader is Deiicf Gabcl, University of 
Bremen, FRG. The project management group 
consists of Dino Chiaraviglio, University of Pavia, 
Italy; Luc Dcwit, Netherlands Cancer Institute, 
Amsterdam, The Netherlands; Keith Durrani, 
Churchill Hospital, Oxford, UK; Rene Huiskamp, 
ECN Petten, Petten, The Netherlands; BOrjc Larsson, 
University of Uppsala, Sweden; Raymond Moss, 
JRC Pctten, The Netherlands; Peter Schoficld, AEA 
Harwell, UK. 

A total of over 25 groups from 11 of the West 
European countries participate, namely from Austria, 
Belgium, Federal Republic of Germany, France, 
Greece, Ireland, Italy, Netherlands, Sweden, 
Switzerland, United Kingdom. 


