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Proton Therapy at PSI

After surgery itself, radiation therapy is the second most effective treatment for malignant tu-
mours, one of the most frequently encountered diseases in our society. The objective of radiation
therapy at the Paul Scherrer Institute is the destruction of tumorous tissue by means of the
charged particles known as protons. Protons are particularly well-suited for this purpose, because
they display their greatest effect deep within the body, inside a tumour itself. Thanks to a univer-
sally unique radiation methodology, the new proton therapy facility at PSI enables a radiation
dose to be adapted very precisely to the generally irregular shape of a tumour, and thus allows
healthy tissue to be even better protected.

PSI specialists, with their experience and skill in this field, have
been developing, refining, and testing their technique with a great
deal of care. Thus, in January 1996, PSI was able to inaugurate
the first proton therapy facility in Europe for deep-seated tu-
mours. Treatment is scheduled to begin in spring 1996 for the
first patients, who will be referred for proton therapy by clinics in
consultation with the PSI Radiation Medicine Division.

Better radiation therapy means:

• More precise adaptation of the
radiation dose to the shape of
the tumour

• Higher doses of radiation in the
target volume (tumour plus
safety margin)

• Lower radiation burden on
healthy bodily structures

• Greater possibilities of cure

• Reduced side-effects

• Better quality of life

• Acceptable treatment costs

1. Radiation therapy and its significance
One in three people in Europe faces the likelihood of suffering from cancer in
the course of their lifetime, and 70% of these will need radiation therapy
during their illness. At present, only about 45% of all diagnosed tumours can
be cured, where the term «cure» means that the person affected will survive
for more than five years without further symptoms. At the present time, 22%
are cured through surgery, 12% by radiation therapy, 6% by a combination of
both methods, and the remaining 5% by other procedures and combinations,
including chemotherapy.

This makes radiation therapy the second most effective form of treatment,
and, in cases involving inoperable tumours, it is often the only one possible.
The great importance of improving the treatment by means of selected types
of radiation and modern techniques is therefore obvious, and, as new
developments at PSI show, the possibilities have not yet been exhausted.

Radiation therapy is, like surgery, a localized treatment method; in other
words, it combats tumours of limited extent. It cannot be replaced by
therapies which affect the whole body, such as chemotherapy and
immunotherapy (systemic therapies).

Radiation therapy is a form of treatment in which either X-rays or gamma
rays (photon therapies) or particle beams (e.g. proton therapy) destroy
tumour cells. The aim of each further development in radiation therapy is to
eradicate tumours entirely, while at the same time giving ever better
protection to healthy tissue.

Photon therapy is today the established form of treatment, but those
treatments involving charged particles, such as protons, show particular
promise for improvement. Proton therapy may not be new, but it is still a
challenge, indeed an art, to utilize its full potential. In the fight against
malignant tumours, proton therapy is a milestone in modern radiation
therapy.
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Proton Therapy at PSI

How radiation therapy works

If a charged particle, such as a proton, passes through a cell, or comes to
rest in it, the cell nucleus is damaged by the energy which the proton
deposits (the dose). Under certain circumstances, however, the cell is
capable of repairing this damage. The challenge of radiation therapy is to
administer the dose in such a way that tumour cells have no chance of
repairing themselves, and, without exception, die off; healthy cells, on the
other hand, should suffer no major damage and be able to recover.

Radiation dose

A radiation dose is a measure of the energy absorbed in a material, such
as bodily tissue. The biological effect of radiation, however, depends not
only on how much energy is deposited in the cells (the energy dose), but
also how it is deposited (the equivalent dose). Different types of radiation
are accordingly given different weighting factors in radiation protection
science; for example, photons are allocated the factor 1, and alpha ra-
diation a factor 20. In each case, it is the energy dose which is measured.

Dose units
- For the equivalent dose:
- For the energy dose:

1 Sv (Sievert)
1 Gy (Gray)

Average annual radiation dose for the population of Switzerland, 1994
(without therapy doses): approx. 4 mSv (milli-Sievert)

Atomic bomb fallout
Chernobyl accident
Nuclear reactors,
industry, hospitals,
minor sources, etc.
0,2 mSv

Radon and its
decay products
1,6 mSv

Radiation due to natural
radionuclides in the body
0,38 mSv

For comparison: Typical proton therapy dose
(locally in a tumour): 60 Gy

Dose limit values per year from controllable radiation sources
- for persons not exposed to radiation in the course

of their professions: 1 mSv
- for persons exposed to radiation in the course

of their professions: 20 mSv
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Proton Therapy at PSI

Fig. 1: PSI Proton Therapy for tumours
of the eye using a proton beam with a
short penetration depth (OPTIS). An
example of the success of treatment is
demonstrated by these photographs of
the inner eye, taken through the pupil;
before proton treatment (top), and one
year after it (bottom).

2. Proton therapy up to now: Worldwide and at PSI

Proton therapy is not in itself something new, but is based on extensive and
positive experience. In contrast, what is new is the PSI treatment method for
tumours deep within the body, the spot-scan technique, with the compact
Gantry, which rotates the proton beam around the patient.

A patient was treated with protons for the first time in 1954 at the Lawrence
Berkeley Laboratory in California (USA), and the first proton therapy
programme in Europe ran between 1957 and 1976 at Uppsala (Sweden). In
the USA, the Harvard Cyclotron Laboratory and the Massachusetts General
Hospital in Boston started proton therapy in 1961, and to date have carried
out the greatest number of treatments. Other countries now maintain proton
therapy facilities, including Russia and Japan. The first treatments with
protons in Europe to follow the Uppsala programme were started at PSI, in
1984. Since then, we have been using a special horizontal proton beam in
the OPTIS facility, with a small penetration depth of up to 3 cm, for the
successful treatment of tumours at the back of the eye. The first clinical
proton therapy project was started in 1990 at the Loma Linda University
Medical Center, California.

Worldwide, at 18 centres some 13,000 patients have been treated with
protons, predominantly those with eye tumours, brain tumours, or tumours in
the area of the neck and pelvis. This broad clinical experience has shown
very clearly that it is the spatial precision in applying the radiation, in
particular, which is of decisive importance. This provided the motivation for
PSI specialists to achieve another milestone in high-precision radiation
therapy, with their new proton therapy facility for deep-seated tumours.
Not least among the advantageous prerequisites for this, in addition to having
the right type of accelerators and an experienced staff at PSI, was the inter-
disciplinary environment which made a major contribution to our ability to
translate such a complex and demanding technique into a practical reality.
Added to this is the double background of experience at PSI:

• On the one hand, we had in earlier days already set up the world's first
system for spot-scanning, using other charged particles, and applied it for
therapy. We have now developed and optimised this know-how further for
proton therapy.

• On the other hand, the PSI Radiation Medicine team now has more than
ten years of outstandingly positive experience with protons. By the end of
1995 we had treated 2000 eye tumours using the OPTIS proton facility.
The therapy success rate, with more than 90% of the tumours being
cured, is excellent (Figure 1), and this pioneering work by PSI within
Europe has helped this form of therapy to make a breakthrough. Today,
there are already four such therapy installations available in other
European countries, with three more planned or under construction.
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3. Protons and their advantages

The Proton pencil beam

Protons are elementary particles which carry a positive charge. As a result,
we can deflect and focus them in magnetic fields, and shape the beam as
desired. In contrast to photons, which are generally used today for radiation
therapy, protons have a quite specific and precisely limited depth of
penetration into the body (Figure 2). This depth, referred to as the range of
the protons, depends on their initial speed and on the material in which they
are absorbed. At the end of their range they stop moving and release their
maximum energy dosage. This generates a dosage peak, the Bragg peak.
Beyond this point the dosage drops to zero within a few millimetres. Along the
path between the surface of the body and the point where they stop, the
material absorbs only a relatively low dosage, causing the velocity of the
protons to continuously reduce.

What this means is that protons deposit the highest radiation dosage deep
within the body in a spot in the tumour, and thereby impose significantly
less damage than photons on the healthy tissue between the body's surface
and the tumour. Figure 3 shows this dosage curve for a single thin pencil
beam of protons. The lower half of the picture shows that the protons
deposit a substantially smaller dosage than photons both before and after the
target region. Such proton pencil beams are carefully measured at PSI under
different conditions and compared with computational prediction. A very high
level of agreement is essential for the exact therapy planning for the PSI
irradiation technique.

Photon

Proton

stops

Figure 2: Photons (electromagnetic
waves) and protons (charged par-
ticles) behave very differently inside
materials.

' Body surface

Target volume
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Figure 3: Radiation dose of a proton
pencil beam along the penetration
depth in water. The range of these
protons is 25 cm. The upper section
shows the dose distribution, re-
presented as contour lines; below, the
proton dose values along the depth are
compared with the photon dose
distribution.
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Proton Therapy at PSI

Figure 4: The Spot-Scan Technique.
We can produce any dose distribution
we wish by displacing and overlapping
single dose spots.

The principle of the Spot-Scan Technique
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, Body surface
Target volume
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With the new treatment technique at PSI it is now possible for a pencil beam
of protons to be controlled by computer in such a way that we can position the
high-dose spot very precisely, for an exactly specified period of time and at
any desired location within a tumour (Figure 4). By superimposing many
individual spots - more than 9000 within a volume of one litre - we can
impose the desired radiation dose uniformly within a tumour, with the dose
being individually monitored for each single spot. This enables extremely
precise and homogenous irradiation, ideally adapted to the shape of the
tumour, which is in most cases irregular (Figure 5). We refer to this
dynamic, three-dimensionally conforming radiation therapy procedure as the
Spot-Scan Technique. Made a reality for the first time at PSI, it is an interna-
tional breakthrough, making it possible for a higher radiation dose to be
applied to a tumour, with reduced damage to the surrounding healthy tissue.

The principle sounds simple, but, as we shall show, putting it into practice
proved a major challenge. Nevertheless, it was a challenge which PSI
specialists were able to successfully master. They even went a step further
and designed the system in such a way that the proton pencil beam can be
applied from almost any direction. This means that proton therapy is just as
flexible as the photon therapy already established in clinics. With the twin
advantage of the Spot-Scan Technique and the rotatable beam line system,
we achieve the optimum conforming of the dosage to the shape of the
tumour.

Figure 5: An application of the Spot-Scan
Technique, showing the dose distribution for
a brain tumour using PSI's new irradiation
technique. The dose is, of course, individual-
ly adapted to the local extent of the tumour
(yellow) at every plane.
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Protons and the generation of a proton beam

Positively charged protons and uncharged neutrons are the building
blocks of all matter. We are able to displace an electron from the shell
of a hydrogen atom, of which the proton is the nucleus (a process
known as ionisation), and so obtain a free proton.

Hydrogen atom

-i. Electron

Proton

Achieving an adequate penetration depth for the protons in tumour
therapy requires an accelerator. PSI operates such a device for basic
and applied research (Figure 6), which accelerates protons to the very
high velocity of 240,000 km/s. We actually only need to separate a small
fraction of this proton beam for treating deep-seated tumours. As just
about half the energy is all that is required to achieve the necessary
maximum penetration depth of 42 cm, we first moderate the therapy
beam accordingly and only then shape it into the desired pencil beam.
Following this, the facility described in Section 4 (the Gantry) controls
the proton beam for tumour treatment, using the unique PSI irradiation
technique. For future use of this method in hospitals, which is really the
long-term goal of the PSI proton therapy project, a considerably smaller
proton accelerator than that at PSI will be adequate.

Photons (X-rays, gamma-rays)

Photons are electromagnetic waves, such as light or radio waves, but of
higher energy than these. They produce a maximum dose close to the
surface of the body, i.e. beneath the skin; as the penetration depth
increases, the radiation dose drops rapidly (exponentially). However,
when irradiating tumours deep within the body, this generates a not
insignificant degree of damage to the surrounding healthy tissue. Mo-
dern procedures can achieve a considerable reduction in unwanted
damage by directing the photons from different directions, which results
in the distribution of the undesired radiation over a larger area of the
body.

Paul Scherrer Institute
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N

10 1,10

1 meters
10

Accelerator Facilities

Particle Physics

Medicine

" j Solid State Physics
! & Materials Sciences

1 Injector 1
2 Injector 2
3 Ring Cyclotron
4 Isotope Production (planned)
5 Eye Treatment, OPTIS
6 Low Energy Areas
7 SUSI Pion Spectrometer
8 Pion Therapy (closed down)
9 SINDRUM II

10 LEPS Spectrometer
11 Spallation Neutron Source, SINQ
12 Proton Irradiation, PIREX
13 Proton Therapy
14 Proton Irradiation, PIF
15 Proton Spectrometer
16 Neutron Spectrometer
17 nSR Areas (planned)
18 Neutron Guides

Figure 6: The accelerator at PSI and its applications. The multi-disciplinary use of
protons at PSI includes the proton therapy programme. In Area 5 (OPTIS), we treat
eye tumours using a horizontal proton beam with very short penetration depth; Area
13 houses the new proton therapy facility for the PSI treatment technique for deep-
seated tumours.
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4. The new Proton Therapy Facility at PSI

Putting the Spot-Scan Technique into Practice

The Spot-Scan technique makes extremely high demands on every part of
the facility, as well as on its control system; in other words, the very latest
technologies had to be used for the Proton Gantry (Figure 7). By using large
magnets, we can guide, focus and direct the protons in the form of a pencil
beam onto a tumour (Figure 8). Step by step, the high-dose spot scans the
tumour in all three spatial directions (dimensions). To do this, we first deflect
the proton beam by means of a special magnet (the first dimension), and then
change its penetration depth with a system of plastic plates (the second
dimension). These movements must only last a few milliseconds. They are
repeated, layer by layer, corresponding to the shape of the tumour, by slowly
moving the patient in his or her individually moulded couch (the third
dimension).

Figure 7: The PSI proton therapy in-
stallation (the Gantry) for treating
tumours deep within the body. The
special fittings for the treatment room
were donated to us by a benefactor
who wishes to remain anonymous.

Figure 8: The longitudinal cross-section through the proton Gantry demonstrates the
principle of the proton beam transport system and the position of the three control
elements: deflection magnet (1), plastic plates (2), and patient's table (3).

The Gantry, which weighs more than 100 tonnes (Figure 9), can be rotated
as one unit about its central axis, and therefore enables irradiation to he
carried out from any desired direction. For all its complexity and
enormous weight, the unit still needs to be extremely precise and stable,
because depositing exactly the right dose in the tumour very homogenously
calls for the utmost precision in delivering every single spot, with regard to
both its location and duration. The extremely short reaction times of the
facility which this requires proved to be an extraordinary technical challenge.
Irradiating a volume of one litre only takes four minutes, but during this time
more than 9000 spots are deposited, every single one with a dose precision
of 1%.

Thanks to the sophisticated beam transport system for the proton beam, and
the intelligent geometrical design, it has proved possible to limit the radius of
the Gantry to 2 metres. This is just a third of the radius of the only other
Gantry currently in existence, at Loma Linda, and is a very important feature
of the unit when it comes to using it in hospitals.

Figure 9: The Proton Gantry.
A view from above of the heavy
magnets in the Gantry, which transport
the proton beam and guide it to the
therapy point. The system as a whole
can be rotated with extreme precision.
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Technical characteristics of the PSI Proton Therapy Facility,
the Gantry

Radius: 2 m
Length: 10 m
Weight: 110 tonnes
Proton beam transport system designed for the Spot-Scan technique
Proton beam rotatable through 360° around the patient
For irradiation of the head, couch also rotatable in the horizontal plane
Patient table mounted eccentrically on the front disk of the Gantry
Patient positioning confirmed by X-ray imaging
Computer Tomography (CT) integrated within the treatment sequence
Manufactured by a Swiss company: Schar Engineering AG,
8416Flaach

Optimum safety

When designing the facility as a whole, including the control system, the
specialists at PSI laid the highest priority on patient safety. We only have
room here to mention a few of these safety aspects:

• The precise positioning of the person being treated, which is extremely
important for the Spot-Scan technique, is ensured in several ways: by an
individually moulded couch; by a very exact patient platform; and by the
repeated X-ray pictures taken before and after each therapy session.

• Monitoring chambers in the irradiation head check the dose and location
of each of the thousands of spots, continuously and individually. If values
deviate from specified tolerances, the proton beam will be switched off in a
fraction of a millisecond.

• The facility has passed a number of important tests, such as the
simulation of complete therapies on a dummy designed to reproduce the
human anatomy. Test measurements of the internal dose distributions
show good agreement with the therapy planning computations.

• Before treatment, every irradiation plan is checked out individually in a test
run.

• Experiences of the effect of the PSI therapy technique are also available.
The treatment of cancers in animal patients within the framework of a joint
project with the University of Zurich were successful.

, Proton therapy with the Spot-Scan Technique is an up-to-date,
optimised, high-precision form of radiation treatment.

Paul Scherrer Institute
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5. Therapy at PSI using the Spot-Scan Technique

This new type of proton therapy at PSI is realized in collaboration with
university clinics and cantonal hospitals. To achieve this, specialists in radio-
oncology organised themselves into a proton therapy users group. From
roughly spring of 1996, after thorough medical analysis, they will refer
patients for proton therapy to PSI. This is an out-patient treatment sequence,
divided into between 20 and 30 sessions (known as fractions) over a six-
week period.

After computer tomograph slice images have been taken, a doctor at PSI will
determine the dosage boundaries on each plane; in other words, the three-
dimensional target volume, including a safety margin (Figure 10). The
therapy planning is based on this; that is, the optimisation, determination and
storage of every setting of the facility using sophisticated computer
programs, as well as the calculation of the resultant dose distribution. This
can be demonstrated, in three-dimensional form, by the example shown in
Figure 10.

Cross-section of the human body Frontal and lateral sectional views

Figure 10: Therapy planning for the Spot-Scan technique of PSI. Three-dimensional
representation of the dose distribution in the human body. The high dose (shaded
red) is homogenous in all three dimensions, and is optimally matched to the shape of
the tumour (yellow).

At each therapy session, the position of the tumour and the situation of the
patient on his or her individual couch are checked by means of X-ray images.
Once therapy has been concluded, follow-up checks will be conducted for at
least five years.

The new proton therapy facility at PSI, with its Spot-Scan technique and
Gantry, is opening up new possibilities for treatment indications, in addition to
those which have already been established. As an example, we have every
hope of achieving better results in the treatment of infantile tumours, as well
as in the combination of radiation therapy with surgery and other methods.

PSI will introduce the new treatment technique in collaboration with clinics
from spring 1996, and wants to prove its feasibility and safety. This is being
done with the greatest care and sense of responsibility. The importance of
this work at PSI goes beyond the actual proton therapy project itself, because
new understanding and improvements in radiation therapy will, for example,
also benefit conventional photon therapy techniques in clinical practice. In
addition to this, the long-term goal of proton therapy at PSI is the future
installation of optimised systems of this type in hospitals.
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A Brief Overview of PSI
The Paul Scherrer Institute (PSI) is a multi-disciplinary
research centre for natural sciences and technology. In natio-
nal and international collaboration with universities, other
research institutes and industry, PSI is active in elementary
particle physics, life sciences, solid state physics, materials
sciences, nuclear and non-nuclear energy research, and
energy-related ecology.

The institute's priorities lie in areas of basic and applied
research, particularly in fields which are relevant for
sustainable development, as well as of major importance for
teaching and training, but which are beyond the possibilities of
a single university department. PSI develops and operates
cornpiex research installations which call for especially high
levels of know-how, experience and professionalism, and is
one of the world's leading user laboratories for the national
and international scientific community. Through its research,
PSI acquires new basic knowledge and actively pursues its
application in industry.
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