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1. Introduction

In conventional radiation treatment of cancer, radiation oncologists rely mainly on photon and
electron beams for cancer treatment. Electrons, being light and therefore easily scattered, deposit
their energy over a broad peak with an ill-defined distal edge. The energy deposited by photons
is characterized by an exponentially decreasing dose with penetrating depth. In treating a deep-
seated tumor with photon beams, the entrance dose is always larger than the target dose, which is
followed by a very gradually decreasing exit dose. These shortcomings may be overcome to a
certain extent by using newly developed three-dimensional conformal radiation therapy
(3DCRT), in which multiple ports of intensity-modulated beams are used to concentrate the dose
inside an irregularly-shaped target volume, while spreading out, thereby diluting, the entrance
and exit doses over larger surrounding tissues.

Accelerated protons and light ions, being electrically charged and much heavier, have definite
ranges with distinct Bragg peak with sharp distal dose falloffs and sharp lateral dose penumbra.
Radiation oncologists could take advantages of these characteristics to deposit a high dose in
irregularly shaped tumor volume while sparing the surrounding healthy tissues and critical
organs, expecting enhanced tumor controls with reduced complications. Five decades ago,
working at the Lawrence Berkeley National Laboratory (then called the Radiation Laboratory) of
the University of California, Berkeley, Robert R. Wilson worked out the rationale for applying
accelerated proton and heavier ion beams for radiation treatment of human cancer [R. R. Wilson,
Radiology 47, 487-491, 1946]. Soon after Cornelius A. Tobias and John H. Lawrence performed
the first therapeutic exposures of human to protons, deuteron, and helium-ion beams at the
Berkeley Lab's 184-Inch Synchrocyclotron [C. A. Tobias, J. H. Lawrence, J. L. Born, R. K.
McComb, J. E. Roberts, H. O. Anger, B. V. A. Low-Beer, and C. B. Huggins, Cancer Research,
18, 121-134, 1958]. During the ensuing half-century, many clinical trials were performed using
proton and light-ion beams at accelerators originally developed for physics use and recently at
newer proton accelerator facilities specifically constructed for dedicated medical use.

1.1 Particle therapy centers - current status and future plans

Clinical trials using accelerated protons (and helium nuclei) have been undertaken at the
following institutions. Listed in chronological orders of treating the first patient, the following
centers treated large deep-seated tumors: Lawrence Berkeley National Laboratory; Theodore
Svedberg Laboratory in Uppsala, Sweden; Harvard Cyclotron Laboratory in Cambridge,
Massachusetts, USA; Joint Institute of Nuclear Research (JINR) in Dubna, Institute of
Theoretical and Experimental Physics (ITEP) in Moscow, and B. P. Konstantivov Institute of
Nuclear Physics in Petersburg in Russia; the Proton Medical Research Center (PMRC) at the
High Energy Physics Laboratory (KEK) in Tsukuba, Japan; Loma Linda University Medical
Center in Loma Linda, California, USA; National Accelerator Centre in Faure, South Africa;
TRIUMF in Vancouver, Canada; and Paul Scherrer Institut in Villigen, Switzerland. On the
other hand, low-energy protons (up to 75 MeV) were used to treat eye and superficial tumors in
the following centers: National Institute of Radiological Sciences (NIRS) in Chiba, Japan; Paul
Scherrer Institut in Villigen, Switzerland; Clatterbridge Hospital in Merseyside, United
Kingdom; University of Louvain in Louvain-la-Neuve, Belgium; Centre Antoine Lacassagne in
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Nice and Centre de Protontherapie d'Orsay in France; the Indiana University Cyclotron Facility
in Bloomington, Indiana, and the Crocker Nuclear Laboratory, University of California, Davis,
USA; and the VICKSI cyclotron at the Hahn-Meitner Institut in Berlin, Germany. By January
1998 more than 20,000 patients have been treated using accelerated proton beams at these
centers.

Many more proton treatment facilities are proposed at existing or future accelerators built for
physics research. Notable ones are at: TRITRON in Munich and the synchrotron and storage ring
facility COSY at Forschungszentrum, Julich, Germany; the Kemfysisch Versneller Instituut
(KVI) in Groningen, the Netherlands; INFN-LNS in Catania, Italy; HIRFL in Lanzhou, China;
the Storage Ring Project (STAR) in Raleigh, North Carolina, USA; in Bratislavia, Slovakia; in
Krakow, Poland; and the Yerevan Physics Institute in Erevan, Armenia.

Following the dedication of the world's first hospital-based proton synchrotron facility in 1990 in
Loma Linda, California, USA, two additional hospital-based cyclotron facilities are constructed
at the Higashi Hospital in Kashiwa, Japan (completed in 1997); and at the Northeastern Proton
Therapy Center (NPTC) in Boston, Massachusetts, USA (to be completed in 1998). Three
similar cyclotron facilities are under construction for medical centers in the USA. Additional
planned dedicated medical accelerator facilities are at the Tsukuba University Hospital, the
Energy Research Center at Wakasa Bay, and the Shizuoka Cancer Center, Japan; as well as in
Beijing, Taoyuen, and Kaohsiung in China. More future facilities are planned in Osaka
University and Kyoto University in Japan; at ITEP in Moscow, Russia; as well as in Rome,
Milan and Florence, Italy.

It is also noted here that following the closure of the Bevatron at Berkeley Lab in 1993, a
hospital-based Heavy Ion Medical Accelerator in Chiba (HIMAC) was open at NIRS, Chiba,
Japan in 1994, and another hospital-based light-ion medical facility is under construction in
Hyogo Prefacture, Japan, A light-ion therapy trials began at the GSI, Darmstadt, Germany in
1997, and a proposal to build a hospital-based light-ion accelerator facility has been proposed in
Heidelberg. A light-ion facility has been proposed by the CNAO, Milan and Pavia group in Italy.
There is a proposal to build a proton/light-ion facility in Austria (AUSTRON project).

2. Advantages of Proton Beams for Radiation Therapy

At present about 45% of all patients having a cancer diagnosis are "cured", i.e. they have, after
treatment, a symptom-free survival period exceeding five years. In 90% of the cured patients
the success has to be ascribed to local control of the primary tumor. Among the different
approaches to treating cancer (surgery, radiotherapy, chemotherapy and immunotherapy)
radiotherapy is involved in almost half of the curative treatments of loco-regional type. There is a
general agreement that better techniques aiming to deliver doses as much as possible conform to
the tumor volume can increase, even substantially, the probability of success of the radiation
treatment.

The ideal situation in radiotherapy is for a large amount of energy to be deposited in a tumor
volume and none outside in the surrounding healthy tissues. One has to avoid any sideways
spreading out of the beam and to achieve a very well-defined dose distribution in depth.

The primary goal of proton beam therapy is to come close as much as possible to this situation
by exploiting the physical characteristics of the radiation dose distribution of protons penetrating
in matter.



Due to the ballistic property of proton, the penetration range is finite and dependent on the proton
energy with a precisely predetermined relationship. As the particle slows down and stops, the
energy loss per unit distance rises sharply to a peak (the Bragg Peak), before dropping off rapidly
without any tail of released energy. Moreover, the path of the proton beam is linear and causes
very little secondary lateral scatter. Healthy tissues upstream of the stopping point, which is
localized in the tumor volume, receive a smaller dose and those located around the tumor and
behind receive virtually none. By varying the energy during the irradiation in a well controlled
way, using passive (absorbers) or active (accelerated beam) energy modulation, one can
superimpose many narrow Bragg peaks and obtain a Spread-Out Bragg Peak, distributing the
dose over the tumor depth. To cover all the tumor volume not only the energy but also the lateral
distribution of the delivered dose has to be carefully controlled. This can be done again in a
passive way, using scattering material which diffuses laterally the proton beam placed upstream
and a collimator placed close to the patient, or in an active way, using the property of charged
particles that can be bent and directed in a precise and predetermined direction by means of
magnetic fields perpendicular to their trajectory.

These physical characteristics of the proton beam show that, in principle, the curative doses of
radiation can be delivered to tumors in such a way that the dose distribution is more conformed
to the target volume than with any other type of radiation, allowing also the treatment of tumors
in close proximity to critical healthy structures that are vulnerable to radiation injury. Due to its
dose release peculiarities, proton treatment can be performed giving to the patient a considerable
lower integral dose in most cases respect to conventional radiotherapy modalities, the advantages
becoming higher for large volume tumors.

For the same reason, dose escalation is also possible, allowing a higher deposit of dose to the
tumor volume than conventional radiotherapy due to the low dose delivered to healthy tissues.

These characteristics of the protons are well known for decades but only recently we can take
full advantage of them thanks to the new medical imaging tools such as magnetic resonance
imaging (MRI), computed tomography (CT) scanner and positron emission tomography (PET),
allowing a precise localization of tumors, and to enhanced treatment planning system capability.

Radiation therapy with clinical accelerators in conventional facilities is generally performed
using electrons and electron-produced photon beams. To overcome the intrinsically unfavorable
characteristic of these beams regarding the conformity of dose delivery, also in this field new
techniques have been developed in recent years, i.e. Intensity Modulation Radiation Therapy,
Dynamic Arcs, allowing a better conformation of the delivered dose to the tumor volume.
However similar techniques can be and are applied with proton beams also, so in the final
analysis, there will always be the advantage of the lower integral dose for the proton compared to
the photons. As mentioned, this advantage is specially important in the case of large tumors.

The clinical goal that could be foreseen in using proton beams is to achieve:

a) a higher probability of local control of the disease due to the higher delivered dose, specially
in tumors radioresistant to low LET radiotherapy (a dose increment of 15%, from 65 Gy to 75
Gy in a typical case, allows a local-control probability increment of about 20%);

b) a higher percentage of "cured" patients, at least when a local-control of the disease calls for a
complete remission (e.g. prostate and cervico-facial regions);

c) a lower incidence of complications after treatment due to lower doses to healthy tissues;

d) the possibility of conservative therapeutic protocol, avoiding destructive surgical intervention.

On the other hand, the strict relation between proton energy and maximum depth of the irradiated
region determines the energy required to treat tumors according their localization. In order to



reach depths of more than 25 cm in the body, proton accelerators must deliver beams with an
energy not lower than 200 MeV. All clinical needs can be satisfied by energies between 60-70
MeV for shallow tumors (as the uveal melanoma), and 200-285 MeV for deep seated tumors.
The higher energy required for protons with respect to electron/photon and neutron radiotherapic
facilities implies more complex and expensive accelerator installations. The above-mentioned
characteristic of easy handling of proton beam makes natural to have more then one treatment
room attached to the proton accelerator and this reduces the investment cost of the installation
per treatment unit; however the cost remains higher than for conventional radiotherapy
installation.

However a complete comparison of costs must take into account many other aspects connected
with probability of failure or remission, costs of new hospitalization and treatment, quality of
life, etc. This task is beyond the mandate and expertise of this group.

3. Technological Requirements for Proton Therapy Facilities

3.1. Historical evolution

Most of the centers offering the possibility of treating tumors with protons use equipment
initially designed for nuclear physics research. In fact, the development of proton therapy as a
clinical tool has been hampered by the complexity, the size and the cost of the necessary
equipment. Pioneering institutions had to overly complex and inadequate equipment.

Things are changing in this regard. A number of specialists, research laboratories, and
commercial companies are proposing, or working on, systems specially dedicated to proton
therapy. The objective is, or should be, to meet all the clinical specifications of a state-of-the-art
proton therapy facility in the most simple, reliable and cost-effective manner.

One of these specially dedicated facilities is already in use, at the Radiation Oncology
Department of the Loma Linda University Medical Center (LLUMC), Loma Linda, CA, USA,
since the end of 1990. It's a multi-treatment room center based on a synchrotron accelerator, and
it was jointly built by a team of the Fermi National Accelerator Laboratory, the Loma Linda
University Medical Center, the Lawrence Berkeley National Laboratory, and SAIC, a private
company based in San Diego, CA, USA

Two other hospital-based facilities, specifically designed for proton therapy, will start operation
in 1998. One is the Northeast Proton Therapy Center (NPTC) of the Massachusetts General
Hospital (MGH) in Boston, Massachusetts, USA. The other one is the National Cancer Center
(NCC), Kashiwa, Chiba prefecture, Japan. Both are based on a different concept compared to the
one installed at Loma Linda, particularly from the point of the accelerator design. These two
recent facilities are indeed equipped with a cyclotron-based system from a team of commercial
companies (Ion Beam Applications (IBA), Belgium; and Sumitomo Heavy Industry (SHI),
Japan). In addition, three more systems of this type were recently ordered to IBA by a private
hospital chain in the USA and are currently under construction to be ready by the year 2001 -
2002.

In parallel, in Japan, the decision was taken by the government to construct three new dedicated
proton therapy facilities. All three will be equipped with synchroton-based systems. Two of them
were ordered to Mitsubishi, Japan by the Hyogo Ion Beam Medical Center (to be ready by the
year 2001) and the Shizuoka Prefectural Cancer Center (to be completed by the year 2002). The



third facility is being constructed by Hitachi, Japan, for the University of Tsukuba, and should
start operation in 2001.

So, by the year 2002, a total of at least nine hospital-based proton therapy centers should be
treating patients in the necessary conditions to take full advantage of the proton beam
characteristics. This represents a major step forward for proton therapy compared to the situation
in the last decades.

3.2 Typical structure of a hospital-based proton therapy facility

The typical proton therapy facility (PTF) structure is presented below:
- Accelerator,
- Beam transport lines to treatment rooms,
- A number of treatment rooms with patient positioners and alignment systems,
- Beam delivery systems,
- Treatment planning systems,
- Integrated accelerator and treatment control system,
- Dosimetry systems,
- Quality assurance and patient safety systems,
- Ancillary medical equipment.

3.2.1. Accelerator

Basically, proton accelerator of any type (cyclotron, synchrotron, linac) can be used for PTF.
Generally it is desirable to have small medical accelerator, but one should take into account that
accelerator hall area does not considerably contribute to the total PTF footprint provided 3-5
treatment rooms and beam transport lines are used.

3.2.2. Beam transport lines

Beam lines are used to transport protons to treatment rooms. The equipment of these lines
includes bending magnets, quadrupole magnets, steering magnets, control devices, monitors, etc.
These channels are also equipped with devices to adjust beam parameters (energy selection,
beam focusing, collimation). The area required for beam transportation to a number of treatment
rooms usually exceeds the accelerator hall area.

3.2.3. Treatment rooms

PTF would include several (3-5) treatment rooms, designed for both fixed horizontal beam or
rotating gantry. It is certainly possible to use only one treatment room in the facility, but one
should bear in mind that the construction and operation cost of such a facility, normalized to a
total number of patients treated annually, would be much higher than the corresponding cost of a
multichannel facility.

Treatment rooms are equipped with patient positioners, alignment systems and dose delivery
systems.



3.2.4. Patient positioners and alignment systems

These units are used for patient immobilization and for proper positioning of the patient with
respect to the beam line. Treatment couch is used for the gantry irradiation. If fixed horizontal
beam line is used, both treatment couch and chair (in case, for instance, of eye irradiation) can be
installed in the same treatment room to work in series, since relatively small part of patients are
administered to them.

Alignment system comprises x-ray equipment, laser, light and ultrasound markers used to
visualize beam coordinate system, to imitate the beam line and to check the prescribed target
position relative to the beam.

3.2.5. Beam delivery systems

Beam delivery system is used to form patient-specific dose distribution and to deliver it to the
tumor. Two different systems - passive and active ones - are used.

3.2.6. Treatment planning system

Treatment planning comprises several methods for treatment preparation and simulation towards
achieving a reproducible and optimized treatment plan for the patient. This process includes:

• patient fixation, immobilization,

• 3D CT data acquisition and calibration,

• dose prescriptions for target volumes and critical structures,

• selection and optimization of irradiation parameters,

• dose distribution calculation,

• treatment simulation and evaluation,

• generation of the steering file for the plan implementation under computer control.

System includes computer workstations, peripherals and specialized software.

3.2.7. Clinical dosimetry

This system is responsible for dose measurements. Normally it includes computer-controlled
tools for absolute dosimetry, phantom measurements and dose monitoring during the irradiation.

3.2.8. Integrated accelerator and treatment control system

This system controls various facility elements as well as the facility as a whole. Separate control
elements are connected to a local computer net. Data sets (steering file, patient data, facility
status, etc.) are usually downloaded to the physicist console, which controls radiation session and
equipment functioning.



3.2.9. Quality assurance and safety system

Quality assurance program and safety system have the duty to ensure the achievement of a safe
effective treatment and to prevent accidental exposures to the patient, to the personnel and to
general public. They have their software (rules, procedures, inspections) and hardware (control
and safety equipment and network, dosimetric devices, radiation monitors, etc.) components.

3.2.10. Ancillary medical equipment

A CT scanner is necessary for patient topometry data acquisition and proton treatment planning.
Other hospital diagnostic modalities (MRI, PET, ultrasound, etc.) should be readily accessible. A
machine shop for manufacturing of individual patient-specific devices (immobilization tools and,
if required - individual collimators, boluses, compensators and ridge filters) is also necessary.

Typical PTF ( accelerator, beam lines, 3-5 treatment rooms, treatment planning systems, control
system, areas necessary for staff and patients, preparation procedures, etc.) footprint could be as
large as 3000-4000 m2 (Table 1).

Table 1: Typical PTF footprint.

Facility

LLUPTC
(Loma Linda)

NPTC
(Boston)

MPTF
(Moscow)

PTF feetprint
m2

3600

3150

3000

Number of
treatment rooms

(planned in
future)

4

3(4)

3(5)

Accelerator
area, m2

155

100

540

Beam
transport
area, m2

370

320

-

Accelerator and beam
transport area, total m2

Absolute
value, m2

525

420

540

Per 1 treatment
room (in future)

131

140(115)

180(110)

3.3. Clinical requirements of medical beams

The clinical requirements of medical beams (Table 2) include specifications of such physical
quantities as the residual range of the beam in patient, the extent of range modulation to cover
the thickness of targets, the maximum dose rate, as well as the minimum dose rate that can be
precisely controlled, the beam spill structure, the maximum attainable port size, the dose
uniformity across the ports, the effective source-to-axis distance (SAD), the allowable
degradation in distal dose falloffs and lateral penumbrae, which affect normal tissue sparing, and
the attainable precision in delivered dose.

These clinical requirements with many competing specifications drive the designs of medical
beams. For example, clinicians may ask for a large treatment field, up to 40 cm x 40 cm, which
may be provided using a scattering method, necessarily degrading the beam emittance. Another



clinical requirement is the sharp lateral dose falloff (penumbra) required at the boundary of the
treatment field. One may try to achieve it by increasing the apparent source-to-axis distance
(SAD), which is not easily achievable on a treatment beam line mounted on a rotating gantry.
Achieving it using heavy collimation may not be allowed either because it may unacceptably
reduce the beam utilization efficiency. Instrumentation must be constructed weighing the many
pros and cons of competing designs and implementations, and finding the optimal solution that
satisfies all of the clinical requirements.

Table 2: Clinical specifications

Preferred specifications Minimum specifications

range in water 320 mm maximum

35 mm minimum

280 mm maximum

50 mm minimum

2 range modulation (in water) steps of 5 mm or less over full depth steps of 10 mm or less over full depth

(2 mm or less for ranges < 50 mm) (3 mm or less for ranges < 50 mm)

3 range adjustment (in water) steps of 1 mm steps of 1 mm

(0.5 mm or less for ranges < 50 mm)

average dose rate

spill structure

a beam intensity sufficient to treat a

25x25 cm field at depth of 320 mm

to dose of 2 Gy in 1 min or less

"scanning ready"

a beam intensity sufficient to treat

a 25x25 cm field at depth of 280 mm

to dose of 2 Gy in 4 min or less

"scanning upgradable"

field size

dose uniformity

fixed > 40 x 40 cm

gantry > 40 x 30 cm

± 2.5% over treatment field

fixed > 28 x 28 cm

gantry > 26 x 22 cm

± 4% over treatment field

effective SAD

(for gantry beam)

> 3 m > 2 m

9 distal dose falloff (80-20%) not more than 1 mm above physical not more than 6 mm

limit from range straggling

10 lateral penumbra (80-20%) not more than 2 mm over the not more than 4 mm over

penumbra due to multiple scattering the penumbra due to multiple

in the patient scattering in the patient

Based on "Request for Proposals to Design and Construct Proton Therapy Equipment for the
NPTC at the MGH," NPTC-10, MGH, Boston (1992).



3.4. Accelerator types

The beam requirements for cancer treatment, as listed in the above table, must be translated into
detailed technical specifications of the proton therapy equipment. The technical specifications
are strongly related to the choices of accelerator type and beam delivery systems. Various types
of proton accelerators (up to the proton energy of 280 MeV) have been either used or proposed
for dedicated medical accelerator facilities.

3.4.1. Synchrotron

A 250 MeV zero-gradient synchrotron (ZGS), constructed at the Loma Linda Medical Center, is
compact (20 meter circumference), and its weak-focusing and large momentum dispersion
characteristics allow a high space-charge limit (10" protons per pulse) producing a maximum
intensity per unit circumference of the ring. Proton beams are extracted at any desired energy
between 70 and 250 MeV. An ion source delivers 37-keV protons to a short (1.6 m)
radiofrequency quadrupole (RFQ) accelerator, which accelerates the protons to 2 MeV and inject
into the synchrotron. The typical intensity of the extracted beam is 3 x1010 protons per pulse at
27 pulses per minute. This translates to a dose rate of approximately 1 Gy/min for 20-cm
diameter ports, resulting in typical treatment times of 2 minutes.

3.4.2. Isochronous cyclotron

Isochronous cyclotron (constructed at the Higashi Hospital in Kashiwa, Japan and the NPTC in
Boston, Massachusetts, USA) is compact machine (4 m diameter) which accelerates H* beam to
235 MeV, and the proton beam is extracted at the full energy. The extracted proton energy is
degraded using a carbon absorber to provide proton beams, at energies between 70 MeV and the
full energy. The energy can be changed by 10% in less than 2 seconds. The resulting energy
spread straggling is reduced by magnetic momentum analysis and collimators. The extracted
beam is of a continuous nature, and its intensity is controlled within 15 microseconds. Such a
beam characteristics is suitable for both passive and active beam delivery methods. Also, high
available intensity easily allows respiration gating of beam extraction without taxing the
treatment time.

3.4.3. Superconducting cyclotron

A 238-MeV three-sector superconducting cyclotron, as proposed by the Centre Antoine
Lacassagne in Nice, France and Siemens, Germany, is very compact (the cyclotron outer radius
is 1.6 m and the height 2 m), inherently stable, and easy to operate. The proposed neutral beam
injection line makes it simple to switch the beam on and off within microseconds. Combined
with the cyclotron's high beam intensity, this capability naturally accommodates beam scanning.
In a similar vein, a 3-Tesla isochronous superconducting cyclotron was designed by the National
Cyclotron Laboratory in East Lansing, Michigan, USA.

A new type of superconducting ring cyclotron with split sector magnets has been proposed by the



National Accelerator Center in Faure (South Africa). The variable radius extraction could
provide external proton beams from ~100MeV to 220 MeV for direct use in scanning systems
without resorting to absorbers to degrade the proton energy.

3.4.4. H2
+ cyclotron

The novel superconducting cyclotron injector developed in the energy amplifier project at CERN
could be used for proton therapy. A simple and efficient extraction is possible with such a H2

+

cyclotron, and also simultaneous multiple beam extractions at different energies are possible. As
the binding energy of H2

+ (16 eV) is relatively large, ~2.9 Tesla magnetic field may be employed,
allowing the use of superconducting technology for designing such an accelerator to keep it very
compact.

3.4.5. H synchrotron

H synchrotron concept (proposed by ACCTEK in Illinois, USA; the ITEP in Moscow, Russia,
and the ADROTERAPIA collaboration in Italy) is chosen for various clinical reasons: namely,
the extraction (by thin stripping foil) is simple, several extraction channels can be provided for
independent extractions at different energies enabling simultaneous multi-room operations, the
very small emittance (~0.1 n mm-mrad) will provide a small beam spot, which would allow
designing lighter and more economical rotating gantries using smaller aperture magnets, and the
extracted beam intensity is readily controllable by feedback. To reduce the Lorenz force stripping
of H ions, a comparatively low magnetic field (0.54 Tesla maximum) is used, making the
accelerator circumference larger (~60 meters). However, the larger circumference would present
a possibility of a future upgrading of the proton accelerator to accelerate fully stripped light ions
of masses up to O16 to a final energy per nucleon in the range of 120-400 MeV with minor
modifications of the accelerator ring and the ion source.

3.4.6. Linacs

Linac is proposed by the Terapia Oncologica con Protoni (TOP) project in Rome, Italy. A 3 GHz
variable energy linac may be used for proton therapy. The extracted proton beam pulse duration
is 5 microseconds at a repetition rate of 400 Hz. Such an accelerator will provide proton with an
energy from 75 to 250 MeV at a proton current of 0.1 - 20 nA. It would provide a pulse-to-pulse
variation of the number of protons within a dynamic range of 50 at an accuracy of ±2-3%.

3.4.7. Conclusions about accelerator types

As already mentioned, a cyclotron produces continuous beams, and if their intensities are rapidly
controllable, they are suitable for beam scanning. On the other hand, a synchrotron is a pulsed
machine, and to use synchrotron beams for beam scanning, a method of producing slow beam
extraction (with a duty factor probably >0.5) should be developed. In case of a linac, with a very
low duty factor, the extracted beam intensity must be accurately controlled on a pulse-to-pulse
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basis to be useful for beam scanning.

Many have discussed the alternative uses of a proton therapy accelerator for other purposes, such
as isotope productions or neutron production for fast neutron therapy or boron neutron capture
therapy (BNCT). Very general observations in this regard are presented here. To be useful in
isotope production, the beam with the energy of 7-12 MeV and the current of approximately 50
uA from the injector in case of a synchrotron or from the initial part of a linac should be
available. For producing more exotic isotopes, higher proton energies (>70 MeV) may become
useful. For fast neutron therapy one needs to have either proton or deuteron beams of the energy
of approximately 50 MeV, and the time-averaged beam current of >10 uA. To produce clinically
significant epithermal neutrons, either proton beams of the energy approximately 2.5 MeV with a
time-averaged current of >25 mA, or deuteron beams of the energy of about 4-20 MeV with a
time-averaged current of >2mA, are needed.

3.5. Beam delivery systems

Different beam delivery techniques can be used for distributing the protons to cover the target
volume with a uniform dose. The primary goal is to provide a homogeneity of the dose of
typically ±2-3% inside the target volume. The secondary goal is to deposit as little dose as
possible in the surrounding healthy tissues in order to avoid unnecessary treatment
complications. This second goal is especially important when the target volume is surrounded by
radiation sensitive healthy structures, which is the typical indication for protons therapy.

The goal to spare healthy tissues can be achieved by tailoring precisely the dose in all 3
dimensions to the target volume (three-dimensional dose conformation), by using multiple beam
ports and by a careful selection of the angles of beam incidence onto the patient (to avoid organs
at risk in the beam path and to avoid complex density heterogeneities in the body). Here is where
the different beam delivery technologies show their different merits. Here we find the rationale
for the development of dynamic beam delivery techniques and for the utilization of proton
gantries. The quality of dose distribution will depend finally on the achieved degree of
conformity of the dose in all 3 dimensions including the sharpness of the fall-off of the dose in
both the lateral and distal directions. In the comparison of the merits of the different beam
delivery methods we should not neglect other practical aspects like complexity and costs of the
system, reliability, safety and how efficiently a method can be used.

3.5.1. Traditional scattering foil technique

This method is the traditional and most widely used technique. The method is still considered to
be the present state of the art in proton therapy.

The method has been developed in the past in close analogy to conventional therapy with
photons. The proton beam is manipulated in such a way to resemble as much as possible to a
point source of particles. A double scattering system is used to produce a uniform flux of
particles in the solid angle used for applying the beam on the patient. The dose is then tailored in
the lateral direction by using individually shaped collimators. As a difference to the photon
therapy, one needs to tailor the dose in depth. The range of the beam is first adjusted by choosing
a proper energy of the beam (directly at the source or with a range shifter system). The
modulation of the range is obtained by using a spinning disc (range shifter wheel). The precisely
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machined profile of the disc is rotated into the beam and is used to change the range of the beam
as a function of time in order to produce a layer of uniform dose (which must correspond at least
to the maximal thickness of the target volume in depth). An improved dose distribution is usually
achieved by using a compensator bolus in front of the patient. This element is a spatially variable
absorber block fabricated on a computer-controlled milling machine. The programmed variable
thickness of the compensator is used to shift the range of the beam to correspond exactly with
the distal surface of the target volume.

Concerning the advantages of the passive scattering method, we mention the reliability and the
safety inherent with the use of a passive methods and the fact that most of the experience in
proton therapy has been achieved with this method (a well established method). There are
however also some disadvantages. The methods requires the use of a lot of individually shaped
hardware, which must be adjusted for each gantry angle. This could be a factor affecting the
efficiency of utilization of the beam on a gantry.

The method is well suited only for small to medium size fields. For very large field it is difficult
to be realized on a gantry with a short drift space.

The scattering of the beam is produced after directing the beam onto the patient. The space for
spreading the beam, which is usually 2-3 meter, is added to the gantry radius. Proton gantries
dedicated to the passive scattering method are therefore all designed with a diameter of about 10
to 12 meters.

The dose produced by a passive scattering method is not truly 3-dimensionally conformed, since
the modulation of the range is constant over the whole target volume.

The importance of the goal to achieve a good 3-dimensional conformation of the dose using
advanced sophisticated beam delivery methods is being more and more recognized by the
radiation therapy community and a large efforts for the developments of new beam delivery
techniques can be observed also in conventional therapy.

The physical advantages of the protons could soon be challenged by the technological progress
achieved with dynamic beam delivery techniques in photon therapy. However, any new
technique which can be delivered with photons can be applied by protons as well, and this with
the additional freedom to control the dose in depth. From the physics point of view and using
equivalent techniques, protons are always capable of producing superior dose distributions.

It is therefore important for the proton therapy community to follow this development in order to
remain competitive also in the future. The fact that protons are charged particles makes them
ideal for dynamic beam delivery techniques, since it offers the possibility to scan the beam
directly in the patient by magnetic scanning under computer control. This could be another
practical important advantage for the protons in this competition.

5.5.2. Dynamic beam delivery - beam scanning methods

The idea common to all different developed or proposed dynamic methods is to scan pencil
beams of protons directly into the patient. The proton pencil beam deposits its dose along a line
with a maximum at the end where the protons stop in the Bragg peak region. The dose maximum
is well localized in space in all 3 dimensions and resembles to a hot spot of dose (the technique is
therefore called sometime spot scanning technique). Each dose spot can be individually adjusted
in position (both lateral positions and depth) and in dosage adjustment by computer control. The
fast magnetic scanning (applied at least in one transverse direction) allows to deliver under
computer control of a very large number of pencil beam in a reasonably short time. Through the
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superposition of these beams it is possible to construct a complex-shape dose distribution.

The advantages expected from this method are the following:

The methods allows to work with variable range modulation (as opposed to the fixed modulation
of the passive scattering system). In this way it is possible to provide the best possible
conformation of the dose very close to the physical limits. The additional dose sparing provided
by the spot scanning method compared to passive scattering can be quite significant for the
treatment of large irregular volumes.

With the exception of the immobilization mold this method does not require individually shaped
hardware, since everything is done by computer. For the treatment of sequential beam ports in
the same session (without interruption between gantry angles) this is expected to improve the
treatment efficiency and patient throughput.

In combination with a proton gantry the scanning of the beam can be realized within the beam
optics. This allows to reduce the size of a gantry dedicated only to spot scanning by about a
factor of 2.

The spot scanning method is well suited also for the treatment of very large tumors.

From the conceptual point of view the method is simpler than the passive scattering system, and
requires only few elements (one device for each scanning axis). The development of the software
is however more involved and is the real challenging part of the development.

The spot scanning method can deliver homogenous, but also planned non-homogeneous dose
distributions. The flexibility of the delivery allows to work with simultaneously optimised
distributions of the dose from many beam angles, which allows to parallel with protons the future
IMRT developments of photon therapy, but with the additional degrees of freedom to control the
dose also in depth.

The possible disadvantages are: the method is new, technologically more complex to develop,
and less well established. Because it is a dynamic method, special attention must be paid to the
safety aspects, requiring double computers (one for dose delivery and the other for dose
monitoring) and other redundant methods of control.

One should also not forget a higher sensitivity of this method concerning the effect on the dose
of organ motion during scanning. To reduce this disadvantage, as one of the intermediate steps, a
combination of computer controlled multileaf collimator and range modulating system using
wobbled broad beam is under development at NIRS.

Is must be remembered that this method requires a convenient time structure and/or tunable
intensity of the beam such that the target volume can be scanned with a fine granularity within
the specified treatment time.

3.5.3. Proton gantries and patient handling systems

The precision of the beam is useless if the tumor is not correctly recognized and accurately
positioned in space with respect to the beam. The necessary anatomical information is usually
delivered by xCT.

To maintain the quality of the information, the patient is usually scanned and treated
immobilized in an individual mold in the supine position. The supine position is required to
avoid organ shifts and provide some degrees of comfort to sick patients.

This is the rationale for the decision to rotate the proton beam around the patient rather than the
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reverse. This implies a beam line capable of rotating around the patient, the so-called proton
gantry. The major problem in this context is the large size and weight of the rotating beam line.

The first proton gantry of the world has been constructed at Loma Linda, which is presently the
only operational hospital-based proton therapy facility in the world. The 3 gantries of Loma
Linda are of the cork-screw type, are dedicated to the passive scattering method and they span a
diameter of 12 meters.

At PSI a compact proton gantry dedicated to the spot scanning technique, as well as to beam
scanning, has been put in operation by the end of 1996. By integrating the spot scanning into the
beam optics of the beam and by mounting the patient table eccentrically on the gantry the
diameter of the gantry was reduced to only 4 m

Both gantry types have a weight of about 100 tons.

Kashiwa in Japan and Boston in the USA are the next places where proton gantries will go into
operation soon. Since these systems are dedicated to the scattering foil technique they both have
a diameter of about 10 meters.

If one plans a proton facility one should also pay great attention to the patient positioning method
used. The choice of a reliable and quick patient positioning system is an important factor for the
success of the treatment and is known to affects significantly the patients throughput of the
facility. It has therefore a significant impact on the financial plan of the facility.

There are in principle two alternatives. One usually chooses to routinely position the patient
directly in the treatment room. In this case a digital image amplifier connected to the computer
network is the most efficient way to collect and quickly correct positioning errors. Where
possible one should provide corrections directly with the treatment table or with the beam (or
beam modifiers) instead of shifting the patient in the immobilization mold.

Another way is to prepare and position the patient outside of the treatment room and move the
patient on the gantry using a patient transporter after preparation. In this way one can process in
parallel the different phases of treatment and reduce the time in the treatment room. This is the
solution being explored at PSI.

In both cases one can recognize that the different aspects of beam delivery are important for
obtaining a good quality and a high efficiency of the treatment. Contrary to what is usually
assumed, the general costs for the beam delivery system are larger than for the accelerator.

Before the first beam rotation systems (gantry) in Loma Linda and in PSI PTFs were installed,
all other centers used positioners to irradiate patients on fixed horizontal beams only. Patient
chairs (for sitting position) and couches (normally for supine position) were used. These
positioners were capable to rotate a patient or his/her head within anatomically permissible limits
with respect to the fixed proton beam, thus defining irradiation portal.

Gantry1 systems, designed to rotate the beam in vertical plane, changed the situation drastically.
It was possible to employ traditional radiation therapy mode of irradiation: a fixed patient and
rotated within 360° radiation source. Using fixed horizontal beams only for more than 40 years,
proton therapy proved to be applicable in not more than 5-7% of all oncologic structure (5-7%
of all possible tumor localization). According to various estimations, proton gantry irradiation
could extend proton therapy applicability up to 24-29% of all oncologic morbidity structure.
Therefore, it is hardly expedient now to design hospital-based PTF without gantry, despite the
fact that gantry is the most expensive PTF element. Fixed horizontal beam lines are still required

' Gantry may be referred to as an element of the dose delivery system or the treatment unit.
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for the irradiation of a number of treatments (e.g., eye and eye orbit, intracranial targets).

3.5.4. Present status concerning beam delivery and gantry types

The general strategy chosen by all facilities presently operational or under construction is to built
commercial systems with gantries capable of delivering protons with the passive scattering
technique but which are upgradable to beam scanning at a later stage.

In order to be able to treat large target volumes in some design wobbling magnets have been
already included in the gantry nozzle, as an intermediate step towards an active beam scanning.

The successful realization of a working spot scanning system could make these intermediate
steps to be not necessary. The spot scanning beam delivery system could by itself cover all
possible needs, including the inverse planning of the future and the established applications of
the past. Where necessary the scanning system could be used to simulate passive spreading
method in combination with collimators and compensators, with essentially no additional costs.
Even for this kind of applications one can expect to have superior results, due to the better
quality (brilliance and parallelism) of the scanned beam.

The feasibility of the spot scanning method has been recently demonstrated with patient
treatments at two research institutes: at PSI with protons and GSI with ions.

This could be the starting point in this very young field of a new generation of facilities with new
beam delivery and gantry systems.

3.6. Some factors influencing the cost of a hospital-based proton therapy center

In the past, for a number of projects, cost was a limiting factor. It must therefore be recognized
that financial considerations are of first importance. A reliable financial feasibility study requires
precise information on several parameters ranging from capital and operating costs to patient
throughput and treatment reimbursement from medical insurance bodies. Most of them are,
however, beyond the scope of the present report.

As far as the equipment is concerned, the nowadays availability of state-of-the-art equipment
from commercial companies makes it easier to precisely account for equipment prices as well as
to better evaluate the consequences of the equipment characteristics on operating costs and
possible patient throughput. Some figures were recently presented at the last European Hadron
Therapy Group meeting in Innsbruck, at the end of 1997. According to this communication, turn-
key proton therapy equipment (MGH-type clinical specifications) is available on the market
place from commercial companies, on a contract basis, at a fixed price ranging from 15 million
ECU (for a one gantry-room facility) to 29 million ECU (for a facility with four treatment rooms,
three of them with gantries and the fourth one with two fixed beam lines). From this last number,
the accelerator system only accounts for about 20% of the cost of the technical components.

A treatment room should be able to treat 3 to 4 patients per hour (3 to 4 sessions per hour). As a
typical treatment generally consists of 5 (eye treatment) to 20 sessions, it can be concluded that a
typical proton therapy facility is able to treat several hundreds to a few thousands patients per
year, depending on operational conditions such as the number of available treatment rooms and
the number of working hours per day. Patient throughput can therefore be very high for such
facilities, and this has a positive effect on the outcome of a financial feasibility study.
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3.7. Research opportunities

The realization of a new proton therapy can be planned under different point of views. For a pure
commercial endeavor with the only goal to earn money is probably too premature today. If a
project is run by a government organization one can put, on side of the general health purpose,
emphasis on research and development. The facility can be promoted for educational purposes on
the fields of medicine, medical physics, accelerator technology and radiobiology. The parasitic
use of such a machine for other purposes, like isotope production for nuclear medicine, therapy
and PET applications could be a significant factor for the financial and political plan. In view of
the positive public acceptance towards accelerators for medical purposes as compared to nuclear
techniques, a multipurpose facility could be easier to realize rather than pure research project.

3.7.1. Need for further developments and for more centers

Only few of the possible indications for proton therapy were efficiently explored in the past, due
to limitations in the beam delivery (horizontal beam lines), proton range (too low energy) or
missing ancillary equipment (access to modern CT-diagnosis and computer technology for
treatment planning).

Only one single hospital-based proton facility is presently operational in the world. Some more
facilities will soon come into operation and will allow the exploration of the use of protons for
therapy under similar condition as with photons in the hospital. The study of the potential of
protons using dynamic treatments (spot scanning) has just started and there is essentially no
experience in this field up to now.

It is important for proton therapy that more new centers (typically one facility in each developed
country) will be realized, especially in Europe where not a single hospital-based proton therapy
facility has been approved up to now.

From the experience of the past we have learned, that any new center coming in this field, was
able to provide an own valid original contribution to the field (new indications and development,
such as base of skull and eye treatments in Boston, Berkeley and Villigen, liver and respiration
gating in Japan, large pelvic tumors PSI, etc.).

Only through the collaborative effort of many centers around the world working on the basis of
well coordinated protocols, it will be possible to provide enough scientific evidence for the
advantages of protons and identify the medical indications where protons will be used as an
established cure against cancer.

4. Conclusions and Recommendations

The social demand for the cancer control is very strong, especially in a country which has higher
mortality caused by cancer. Proton and heavy ion therapy will be very promising a better quality
of life for cancer patients, from the recent data of the clinical trials of the proton and heavy ion
therapy all over the world. The utilization of proton or carbon ion accelerator for cancer
treatment will contribute a better understanding of radiation and further contribute to the
formation of the national agreement on a policy of nuclear energy.

However, these facilities have been still under the technological development, and it is necessary
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to collaborate with all countries or regional institutes. For this purpose, a Proton Therapy CO-
operative Group (PTCOG) was established in 1983, and the meeting has been held twice a year.
The PTCOG has discussed about not only the technical matters but also the clinical and
fundamental sciences related subjects to the proton and ion beam therapy.

In 1997, the IAEA has organized a Research Coordinated Meeting on "the application of the
charged particle accelerator to the cancer radiation therapy" on the occasion of PTCOG meeting
in Japan. And also the IAEA organized a Coordinated Research Program on "the cord of practice
of the dosimetry for radiation therapy" including proton and ion beam. From the technical point
of view, it is very important to establish a standard quality assurance (QA) program to keep a
reliable and high quality proton and ion beam therapy. Although each advanced institute or
medical center has their own QA program, the proton therapy is now spreading out to the
regional hospital and developing countries.

Recently some developing countries have put forward plans to construct accelerator centers for,
in part, the application of radiation in order to bring up their research activities. In such plans,
they requested to include a medical application of the particle accelerator, especially proton and
heavy ion therapy. However, now it seems difficult to develop and utilize fully such a facility
with own ability. Therefore, it is very important to train the people who will be capable to
operate and maintain such a facility. It is necessary to cultivate medical physicist and radiation
therapist who are familiar to the charged particle therapy.

For promotion and support the spreading of the medically dedicated particle accelerator facility
and technology, the AG recommends that:

1. The Agency should consider organizing seminars, regular meetings and CRPs on topics
relevant to technological developments of proton therapy, such as:

• Quality Assurance program for proton (and heavy ion) therapy facility,

• respiratory-gated irradiation technique for radiation therapy,

• beam scanning technique for conformal dose delivery,

• dosimetry intercomparison,

• regional needs for proton therapy facilities.

2. The Agency should promote and support to make a standard QA program. Even if they used
different type of facility and technique, it would be necessary to assure the basic specification
of the treatment beam and peripheral devices.

3. The Agency should utilize all appropriate funding avenues to support the education and
training of medical physicists, medical doctors and radiological technicians in developing
countries either at regional accelerator centers or elsewhere as appropriate. Some short courses
may be organized at convenient locations for better understanding of the sophisticated proton
or ion beam therapy. Clearly, much relevant training has to take place at established facilities.

4. The Agency should strengthen mechanism for partial support for personnel from developing
countries to attend the related meeting, such as PTCOG.

5. The Agency should strengthen its collaboration with PTCOG meetings.

6. For developing countries which are trying to introduce particle accelerator technology,
constructing a proton medical accelerator facility is a good way as its purposes are well
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defined, and therefore its full utilization is assured. The IAEA should actively support its
member states to promote the use of proton accelerators to combat cancer.

7. Radiation treatment, including proton beam treatment, of cancer is a more economical way to
combat cancer when compared with surgery or chemotherapy. As its initial capital cost is
high, a proton medical facility must be prepared to treat more than 3 to 4 sessions per hour per
treatment room, aiming to reach 1000 treatments for cancer patients per year. The IAEA
should actively support the cancer epideomology studies undertaken by its member states.

8. The full potential of proton therapy will be realized only when the conformal therapy
technique is perfected. The IAEA should actively support development efforts in this field
undertaken at various accelerator centers. Or, the IAEA should facilitate its early
accomplishment by encouraging its member states to support such R&D projects.
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