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L Introduction

Protontherapy is one of the most powerful irradiation techniques in conformai radiotherapy nowadays [36|.
The ballistic properties of proton beams with energies ranging between 65 and 250 MeV, the technological
approaches, and the procedures applied for the existing clinical protocols and trials are the basis to achieve higher
doses at the clinical targets, while keeping the dose to surrounding critical organs below the tolerance levels
In this work we present an overview of the status of protontherapy in the world (5,34], as well as the basis, the
tools, the clinical applications and some specific examples from the protonlherapy center in Orsay. France, in
clinical operation since 1991 [8,9,16,26,27,28].
Since 1954, a limited number of facilities, devoted to nuclear physics, have been shared or converted to medical
applications following ideas published by Wilson and others [42]. The first large hospital-based protontherapy
facility in Loma Linda, California [35] begun treatments in 1990, based on the experience of centers having treated
a large number of patients, like Berkeley, Boston and Moscow [4.7,10,15,19,31]. Since then, the medical use of
proton beams has gained a worldwide interest. Around 20 facilities are in operation (for protons and heavy ion
therapy), and more than 25000 patients have been treated [34]. More than 10 hospital-based projects arc under
development, mainly in US and Japan. Two facilities (Chiba and Darmstadt) [18, 25], are following the pioneer
•work of Berkeley with heavy particle therapy, to associate the biological and the physical advantages of these
particles over the «conventional» radiotherapy with photons and electrons having lower "Linear Energy Transfer"
(LET).
The main components of a protontherapy facility are: the accelerator with the complementary systems, the beam
transport system (towards one or more treatment or experimental rooms), the building with shielded areas, the
beam shaping devices, the patient positioning system, the control system and the clinical environment (patient and
medical areas, medical imaging, planning and dosimetry areas,...).

II. Beam production and transport

Accelerators producing proton beams for medical use (energies around 200 to 250 MeV, beam intensities of several
tens or hundreds of nA...) are well known in atomic and nuclear physics. A review of the current accelerators and
projects of new systems for protontherapy, including economic and strategic considerations, has been done by
Schwartz et al [32].
Static accelerators (Van der Graaf. Tandems...) are unable to produce the necessary high energies for clinical
applications, but their beams can provide a large amount of information on biological effects and detector response
in the critical region of low energies. Linear proton accelerators are able to provide an adequate beam, with a
principle similar to the electron accelerators of electrons already widely used in medical applications. Several
proposals have been done to build a proton linear accelerator for medical use[2]. However, with current technology
and considering the cost-performance ratio, it seems that circular accelerators represent a better solution than
linear accelerators. • • , - - . •
Examples of synchrocyclotrons used in protontherapy are the centers of Harvard Uppsala and Orsay, where a large
number of patients have been treated with optimal performances. The disadvantage of the synchrocyclotron are the
size, the complexity of the modulating system (to synchronize the high frequency with the frequency of revolution
of the protons in the accelerating chamber) and the resulting pulsed beam instead of a continuous one. But the
usual frequencies are well adapted to clinical applications. The choice today is done mainly between isochronous
cyclotrons with separate sectors and synchrotrons. The proposed cyclotrons produce a «continuos» beam al a
fixed energy, and are followed by a degrading system with an energy analysis in the transport system (eg. the
Northeast Protontherapy Center in development in Boston, by IBA. Belgium, and Kashiwa, Japan, by Sumitomo).
Negative ions can also be accelerated and a proton beam easily extracted by stripping off the electrons of the ions
with a target once they have reached the desired energy, like in Nice, France.
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The inelastic interactions with the nucleus in the beam line and in the patient itself lead to a significant deflection
or disappearance of incidental protons, with production of neutrons and recoil nuclei as well as activation of the
medium with gamma-ray production. These interactions are at the origin of specific considerations in radiation
protection (staff, patient and public) and is one of the cost limiting factors to develop hospital based protontherapy
facilities in urban areas. Concrete walls larger than 1.5 to 2 m in thickness in critical areas arc the most common
solution used for shielding against neutrons and gamma, as a good compromise between attenuation, mechanical
characteristics and cost. [6.27,33,37], The protons and the secondary particles activate the hardware close to the
beam and have large effects on electronics and imaging devices. Some of them are often handle or reconditioned a
short time after the irradiation, with risk of irradiation and/or toxic incorporation of elements. The activation of air
and of water is also a problem to take into account. The possible contamination of the ground and the water of the
underground must be avoided or maintained within the acceptable limits following international and local
regulations[6].
The elastic interactions with the nucleus (Rutherford scattering) cause a deviation of the incidental proton, with a
negligible change in energy. Only some particles undergo single deviations with large deflections. The multiplicity
of small angle deviations along the proton path is known as "Coulomb multiple scattering" [14}.
The proton beams transported from the extraction of the accelerator to the treatment rooms generally have a small
Gaussian profile. A larger beam size with the required homogeneity for the clinical applications can be obtained by
simple or double passive scattering foils (in practice with high Z materials)[7.22.28], or by sweeping the beam
[7.18.29]. The lateral penumbra at the entrance of the medium is strongly dependent on the characteristics and the
localization of the elements interposed in the beam, as well as on the position of the last collimator of the beam.
In-depth: this penumbra is rather determined by the multiple scattering in the medium.
In the patient, this scattering is much lower than what can be seen with electron beams; proton beams have a very
small «lateral penumbra» so critical organs placed laterally to a target volume can also be «easily» spared. The
inverse dependence of multiple scattering with a power law of the proton energy explains the broadening of a
proton pencil beam in the patient near the end of the range.
Complex heterogeneity of the human body combined with this multiple scattering are at the origin of a beam
degradation in clinical applications [12,38,39], even for large beams.
Additionally, for "small" beams (eg. diameter of several mm) with energies in the order of 100 MeV, the multiple
scattering at the end of the range leads to the disappearance of the Bragg peak as a consequence of a lack of proton
equilibrium: protons scattered from the beam axis are not replaced by protons that should come from a lateral
surround of a "large" beam.

Beam shaping can also be done with "dynamic" approaches [7,18.25.29]. Sweeping a small pencil beam in
position, in energy and in intensity allows control of the dose distribution without using the "passive" components
quoted beforehand (scattering foils, absorber, modulator, colhmators, compensator,...). The sweeping can be done
continuously or point by point, allowing the optimization of dose distribution using a limited number of beams,
without loss of energy, without specific hardware for each beam/patient, and minimizing the problem of radiation
protection of the patient and of personnel. On the other hand, the beam control system and the dosimetry are more
complex. In addition, a limited part of the target volume is irradiated with a high dose rate, giving additional
problems of junctions and risks at the time of possible movements. Different teams have presented the potential
advantage of this approach, but the clinical use is still very limited.

IV. Complementary tools

The clinical use of proton beams is only possible if a full set of precision tools is available for the preparation and
the realization of each treatment.
Five aspects can be mentioned among others as practical examples:
i} The treatment planning software [13,17,24,30.43], based on ray-tracing, pencil beam or MonteCarlo

algorithms to calculate dose distributions superposed on CT images, or dose-volume histograms, and to
prepare all the personal accessories (collimators. compensators) and documentation for patient set-up,

ii) The patient set-up[40]\ present systems are based on documentation from the treatment planning system, the
patient being immobilized with a contention system (masks, frames, byte blocks, foams,...) and placed using
radiological verification and a positioning system having 6 degrees of freedom (chairs, tables, and robotics
approaches) to get an accuracy better than 1 mm and 1°.

iii) The beam dosimetry, using ionization chambers, Faraday cups, calorimeters and semiconductors[7,8,201,
following international protocols [1,41] and participating to international dosimetry intercomparisons between
centers [8) to standardize methods and the results.
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One example of a supraconductive cyclotron planned to be partially used for clinical applications is AGOR. built
by the Nuclear Physics Institute in Orsay for the Groningen facility in Netherlands.
Synchrotrons produce a beam with variable energy, with the disadvantage of obtaining a pulsed beam of low
frequency. Typical acceleration cycles are between one and three seconds. One example of a synchrotron developed
for protontherapy is that of Loma Linda, in California [35]. Synchrotrons are also the main choice for heavy ion
facilities (Berkeley, Chiba, Darmstadt and projects like TERA. in Italy 12]). These facilities, and the protontherapy
center in Villigen, Switzerland [29], are leading the development of active delivery systems using sweeping
magnets for beam scanning or spot by spot dose deposition in a given target.
New principles are under study for the acceleration and transport of the particles in the range of interest for
therapy. The use of plasma techniques [32], or the transport of the beam by using a magnetic "guide" along a
superconductor can be considered as promising examples whose practical validity remains to be proven.
The capacity of a facility to rapidly restore the operative conditions after a breakdown or maintenance is of
paramount importance for medical applications.

The beam transport system: the cost and the size of accelerators, the multiple users in research programs, the
different requirements for beam transporting, measuring and focusing the beam, as well as the radiation protection
requirements have been at the origin of the existence of several beam lines for a single machine.
For a medical use, the diversity of the clinical targets results in different technical specifications for each
application, therefore to a certain need for specialized lines and rooms. A fast switch of the beam to different rooms
can optimize the use of an installation, as usually the patient set-up time is much larger than the «beam-on» time
for the treatment itself. Consequently, the beam is transported after the extraction towards various rooms. A
particular case of optimization of the beam transport system is the design of compact and isocentric rotating
«gantries»( similar to those in use with linear electron accelerators, allowing the irradiation with multiple
incidences without moving the patient [2.25,29,35]. The size and the cost of these gantries are still one of the
limiting factors of the present development of protontherapy,

III. Interest and limitations of proton beams in clinical applications: the ballistic advantages and the beam
shaping.

The interactions of protons of intermediate energy» with matter are the basis for the ballistic potential of these
beams, in particular because of their characteristic of high ionization at the end of the range and their weak
scattering [7, 31].

The ionization (inelastic interactions with the electrons) given in a biological media by a broad beam of protons of
« intermediate energy », is a combination between the proton flux, limited to a given range, and the increase of the
stopping power near the end of the range, where the protons slow down.
The depth dose curve for protons and heavy charged particles has an entrance « plateau » and a final peak known
as the "Bragg peak ". The entrance to peak ratio varies between 0.2 and 0.3; the dose beyond the peak is practically
zero, giving the possibility of sparing critical organs beyond the target volume. For heavier particles, secondary
products of nuclear interactions give also an important tail after the peak.
The fluctuation in the path length of clinical proton beams (range straggling) broadens the Bragg peak, decreasing
the peak-to-plateau ratio and the high dose gradient beyond the peak.
The native Bragg peak must be adapted for its clinical use. The maximum depth of a target volume determines the
required range, and consequently the energy of the beam. This range is determined by calculations based on a 3D
reconstruction of the patient body from X-ray computed tomography, and beam modeling based on different
algorithms. These calculations have sometimes large uncertainties, mainly in the presence of complex
heterogeneities in the body (bone, air cavities,.,.)[12,38,39], setting limits on the practical use of a proton beam
aimed to stop before affecting a critical organ'.
The original beam range is adapted in practice either by using an "absorber" (with low Z materials like graphite
or water to minimize the scattering), or by a change of the energy produced by the accelerator. A «compensaton>
[7,38] allows obtaining different ranges for each ray inside the beam, adapted to the distal depth of target volume
according to the direction of the ray.
The width of the native peak is in practice too narrow for most of the clinical applications. A solution consists in
accumulate -during the irradiation- a certain number of peaks placed at various depths with a "modulator" [21] to
ensure a homogeneous covering of the target volume. With this approach, the dose at the surface is increased. This
is one of the principal limitations for the use of a simple incidence of a beam of protons in therapy (but most
applications require multiple «ports» or beam directions), and it is also one of the reasons to combine its use with
photon beams that spare the entrance surface before achieving electronic equilibrium in depth.
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iv) Radiobiological studies: in spite of a large dispersion of values [31]. most centers adopted a common RBE
(Relative Biological Effectiveness) value of 1.1 (compared to Co-60). However, several radiobiological and
microdosimetiy studies show an increase in the RBE at the end of the range of the particles.

v) A quality assurance process [26] for the whole procedure to ensure the required precision and reliability-.

V. Clinical Applications

There is an extensive amount of literature about the clinical basis of protontherapy {4.9,10.15,16,19.25,31,36].
The principal application concerns uveal melanomas 14,9,15], Other ophthalmic targets, such as the angiomes. are
also treated with protons with promising results or under clinical trials.
Radioopaque clips are sutured on the sclera, and are used for a radiological verification of the position and the
orientation of the eye at each treatment session using two orthogonal X-rays. The patient, with a contention mask
and a byte block, is seated on a system able to correct the position with a repeatability of tenths of millimeters and
less than 1°. By optimizing the position of the eye and the direction of the gaze, an optimal plan of treatment based
on a single "anterior" beam is adopted using an specific software [13]. A collimator is done for each patient to
adapt the beam shape to each wbeam's eye view» of the target volume. The treatment is carried out in four or five
sessions, delivering doses around 15 Gy "cobalt-equivalent" per session (the usual adopted biological effectiveness
relating to Cobalt is 1.1).
Usual intracranial targets are chordomas and chondrosarcomas of the base of the skull [4,16,25,36]. The
experience is based on facilities having fixed beam lines, there is only a limited and rather recent number of
treatment facilities with isocentric gantries. So the patient positioning and contention system must be able to place
the patient in different positions (on a chair, on a couch,...). Fiducials references in steel, gold or other materials
are surgically implanted on the skull, and used in a similar way as the clips for the eye treatments, or anatomical
landmarks can be used in a similar way. The reproducibility reached between sessions is approximately + 1 mm
and± 1°.
The treatment of brain targets (tumors, arteriovenous malformations AVM, functional surgery...) in a single
session using stereotactic approaches (vradiosurgeryt>) has been at the origin of protontherapy [10,19,23,]. A
relatively large number (between 3 and 10) of small beams (diameters between 5 and 40mm), with non-coplanar
directions are used to concentrate the dose in a small volume. The submillimetric required precision is ensured by
the use of invasive stereotactic frames. At the beginning of these applications, crossed-fired techniques were used:
the beam energy was high enough to pass trough the head of the patient, getting profit only of the small lateral
penumbra of the proton beam, based on the low scattering of protons into the body at the "entrance" plateau. Later,
the native peak and the spread off (modulated) peak were introduced as treatment techniques getting a full profit of
the potential of proton beams. The use of protons for stereotactic radiosurgery is an alternative to other approaches
of similar complexity such as the " Gamma Unit", or with more conventional approaches using linear accelerators.
Other treatments with a high proven or potential benefit include pediatrics cases, prostates, hepatomas, lung,...

VL Economical and functional considerations

The installation of a new center of protontherapy requires a high investment [3], with figures usually larger than
50 MS for a center with an accelerator and three treatment rooms, with two gantries.
The investment necessary for the conversion of an existing center for nuclear physics research towards a medical
facility greatly varies from one center to another (energy changes, beam transport system, shielding, securities,
beam shaping, patient positioning system, dosimetry. medical areas,... ).In the particular case of the Orsay Center,
in France, this initial phase required an investment of the same order that is necessary for the installation of a
modern linear accelerator (approximately $2M in 1991).
These type of "converted" facilities, on the other hand, require a large technical staff and maintenance! 11]. The
existing centers have a capacity between 20 and 280 patients/year, some share their activity with programs of
research in physics. The new dedicated facilities are planned for approximately 1000 to 2000 patients/year. The
number of fractions per patient is strongly dependent of the clinical protocol in use: 1 fraction for the stereotaxic
irradiations, 4-5 fractions for the ophthalmic treatment, at least 10 fractions for a boost of a photon treatment, and
up to nearly 40 fractions for a full proton treatment at high dose. The evaluation of the personnel necessary is
sometimes difficult, in particular when people who share their activities with a research center ensure the
maintenance and the development. The average is 10 patients/year/staff, with a broad dispersion of the values. An
estimate of cost of operation (except staff salaries) for these facilities oscillates between $250 and $400/hour of
operation, but these values are likely to be an underestimation, in particular for installations which share their
activity with other applications, belonging to institutions of research in physics.
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VTI. Conclusions

There is a worldwide interest in the development of protontherapy as a conformal tool in radiotherapy Whereas
the first facilities were based on research centers in nuclear physics, the current tendency goes towards a
progressive integration within the hospital, with modem equipment developed specifically for this applicauon. For
its inherent ballistic qualities, proton beams can increase the dose to the target volume, lowering the integral dose
delivered to the patient and protecting critical organs. For a certain number of clinical indications, the protons
constitute already the best choice proven by clinical trials. For other indications, the potential benefit of protons
still requires a clinical validation [36], as well as cost-effectiveness studies [3] comparing with alternative
techniques such as conformal approaches with photon beams and, later on, with some still more innovate
techniques, such as the use of heavy ions.
Mutual technological transfer between conformal techniques makes it possible to increase the quality and the
precision of treatments and consolidate the place of protontherapy within the therapeutic arsenal of treatment
against the cancer.
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