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In the treatment of cancer,
an ideal radiation source

would deliver a near-uni-
form dose to the target and
nothing outside it. This
paragon is unachievable.
The next best thing would
be a source that delivers
most of the dose within the
target volume and relatively
little outside it. In a seminal
1946 article,1 Robert Wilson recognized that charged par-
ticles such as protons come close to accomplishing this
highly desirable goal. Spurred by his vision, researchers
at a number of centers throughout the world have been
evaluating therapies based on protons and other light ions
for the past four decades.2,3

The research has largely been done in physics labora-
tories, where the necessary accelerators are already in
place. Only recently, prompted by what appear to be very
positive clinical results, have protons moved closer to
mainstream radiation oncology. A number of hospital-
based proton medical facilities are now in use or under con-
struction in several countries. The task now is to ensure
that protons attain their utmost potential and that their
clinical value be critically assessed.

To appreciate the particular benefits of proton ther-
apy, it is essential to understand how protons interact with
matter. As they pass through tissue, protons lose energy—
and hence deposit dose—gradually. Electromagnetic inter-
actions with orbiting electrons constitute the main energy
loss mechanism. The protons’ rate of energy loss is pro-
portional to the inverse square of their velocity, and the
secondary electrons, being short-ranged, give up the
energy they gained from the protons quite locally. Conse-
quently, the local deposition of energy rises sharply as the
protons slow down—that is, as they penetrate farther into
the medium. Range straggling—statistical fluctuations in
energy loss which result in fluctuations of about 1% of
range—somewhat blur the energy loss distribution, which
adopts the characteristic Bragg peak (see figure 2 on page
36 of the introductory article).

Protons also interact with nuclei. Nuclear collisions
gradually reduce the fluence of primary protons in the
beam, while the nuclear fragments broken off by the pro-
tons deposit additional dose locally. Another important
interaction is multiple Coulomb scattering, which spreads
the beam out laterally. Through Coulomb scattering, an
initially infinitesimally narrow beam will acquire a nearly

Gaussian lateral distribu-
tion with a full width at 
half maximum approxi-
mately 5% of the range.

These atomic and
nuclear interactions have
three inescapable conse-
quences for proton therapy.
First, the dose of a monoen-
ergetic proton beam dimin-
ishes sharply downstream of

the Bragg peak, typically dropping from 80% to 20% of the
peak dose in a few millimeters. Second, multiple scatter-
ing in the patient dominates how the dose falls off later-
ally. The resultant penumbra, from the clinical point of
view, is excellent for low energy (<100 MeV) protons; very
good for medium energy protons (100–150 MeV), for which
the dose typically falls from 80% to 20% in about 6 mm;
and a bit larger than one would really like for protons of
higher energy. Third, beam penetration within the patient
can be easily controlled, either by adjusting the beam
energy or by interposing material upstream.

Designing doses
The composition and density of patients’ tissues are highly
inhomogeneous. Because the inhomogeneities affect dose
distribution, proton beams must be designed to account for
the patient’s anatomy. To this end, one needs a map of the
patient’s tissues. Fortunately, CT provides just such a
map. Because they are derived from x-ray transmission
measurements, CT scans are in units of relative x-ray
absorption coefficients. However, quite satisfactory trans-
formations to proton-stopping powers (relative to water)
can be easily derived from the CT data. The spatial reso-
lution needed for such maps is set by the scale of multiple
Coulomb scattering (from one to a few millimeters). Hap-
pily, the resolution of CT data is a good match.

One might think that the ideal way to deal with an
internal inhomogeneity would be to modify the energy of
the incident beam where it shadows the inhomogeneity.
However, because of multiple Coulomb scattering and the
motion of the patient’s body and target organ, one cannot
fully compensate for an internal inhomogeneity. As figure
1 illustrates, one way to deal with this limitation is to
adjust the upstream compensation. If, for example, one
adopts the strategy of complete tumor coverage (at the
expense of over-irradiating healthy tissue), the upstream
compensator can be widened by an amount determined by
the combined extents of multiple scattering and motion.

The estimation of the dose distribution of a proton
beam has been approached in three ways. They are listed
as follows in order of increasing accuracy.4

� Broad beam algorithms are based on measurements
made in homogenous water phantoms. To compute beam
penetration, the measurements are adjusted using calcu-
lations of the integrated effective densities along straight
lines within the actual patient.
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� Pencil beam algorithms compute the dose as a super-
position of pencil beams. These algorithms can take into
account some aspects of differential scattering effects in
laterally inhomogeneous materials.
� Monte Carlo techniques can, in principle, incorporate
all the essential physics of beam penetration, but are com-
putationally intensive. To reduce computation times to
practicable levels, algorithms with more limited physics
have been developed.

Equipment and beam delivery
In part because the equipment is rather bulky, dedicated
proton facilities have been installed in hospitals only
recently. Protons with energies in the useful range of about
100 to 250 MeV have high magnetic rigidity and cannot be
controlled without large, powerful magnets. For efficient
beam use, one accelerator usually serves several treat-
ment rooms, as illustrated in figure 2. The equipment
should be conceived of as a push-button machine that does
not require specialist operators.

The accelerator is the center of the facility, but, from
the point of view of space, cost, and complexity, it repre-
sents only about 20% of the whole system. Both cyclotrons
and synchrotrons have been used for proton beam therapy,
and linear accelerators have also been considered. Driving
the choice of accelerator are the general requirements of
safety, reliability, and ease of operation and maintenance.
The requirements of the beam-spreading technique are
also important. High beam currents, however, are not
required. Currents of tens of nanoamperes suffice. 

Accelerator physics and related technologies have con-
tributed enormously to the field of radiation therapy.
There remain challenging problems. Some relate to the
need to increase reliability while striving for simplicity
and lower cost. Many problems remain in improving the
overall system, and the accelerator in particular, for the
purpose of beam scanning. New ideas include the use of
superconductivity (warm or cold), slow extraction by strip-
ping methods, variable energy cyclotrons, and a pulsed
laser-driven proton source that could be compact—per-
haps incorporated into the gantry head, reducing the cost
and size of the system as a whole.

One of the most costly and technically complex com-
ponents of a proton therapy facility is the mechanism for
rotating the beam around the patient. One of two main

approaches is adopted: a large-throw gantry with a diam-
eter of 10–12 m or a compact gantry with a diameter of
4–7 m, as shown in figure 3. The choice of approach depends
on the space available and on the method of beam delivery.5
Because tumors frequently abut, or are very close to, criti-
cal healthy tissues, an overall beam-pointing accuracy of
about 0.5 mm is needed. The positions of the gantry and
patient must be extremely reproducible and, in the case of
the patient, tightly controlled. Achieving this performance
is a major technical challenge. A moving system that
weighs about 100 tons must be controlled with submil-
limeter mechanical precision. And the shape invariance
and positional stability of the beam must be guaranteed
within a few tenths of a millimeter as the gantry rotates.

Target volumes typically range in size from a few mil-
liliters to several liters, but the beam that emanates from
the accelerator is extremely narrow and typically deposits
80% of its energy in a Bragg peak only six millimeters
deep. As a consequence, the beam generally needs to be
spread out in both width and depth. There are two main
approaches for accomplishing this: passive scattering and
active scanning.

Passive scattering is the more traditional technique.
The box on page 49 shows some of the basic operating prin-
ciples. To widen the beam, scattering material is inter-
posed in such a way as to produce a homogeneous flux of
particles throughout the solid angle covering the tumor. A
sharp boundary to the dose distribution in the lateral
direction is achieved using individually shaped collima-
tors. Rotating range shifter wheels (or ridge filters) mod-
ulate the range. Depending on the size and location of the
tumor, one selects elements from an arsenal of prefabri-
cated scatterers and range shifter wheels. In most modern
facilities, the scatterers and wheels are motorized on the
gantry for automated insertion into the beam. Ensuring
that the distal edge of the proton field coincides precisely
with the posterior surface of the target volume is done
through the use of patient-specific range compensators.
These devices are thin when a large beam penetration is
desired and thick when the target is closer to where the
beam enters the patient.

Passive scattering has the limitation that the dose dis-
tributions are inherently uniform. Tailoring a distribution
to cover the target necessarily involves trimming the pro-
ton field. A more versatile method for spreading the beam
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is known as active scanning. In this approach, also shown
in the box on page 49, both the energy (hence, depth) and
direction (hence, lateral position) of a pencil beam of pro-
tons are dynamically varied to fill the target volume step
by step in an optimal pattern. Any physically possible dose
distribution can be delivered, protons are not wasted, and
no patient-specific hardware is required. Performing beam
scanning safely and accurately does, however, require
sophisticated control-system technology. Now that the
technology is available, active scanning will achieve one of
its major potentials: the implementation of intensity-mod-
ulated radiation therapy with protons. 

Active scanning can be accomplished by magnetic or
mechanical means, or by a combination of the two. Cur-
rently, only one active scanning system for protons is oper-
ational in a clinical setting: the compact spot-scanning
gantry (figure 3) at the Paul Scherrer Institute in Villigen,
Switzerland. At PSI, the beam is spread longitudinally by
magnetic deflection and laterally by moving the patient
table. To modulate the beam range, the amount of mate-
rial in front of the patient is dynamically changed (typi-
cally in 50 ms). A similar scanning system for heavy-ion
therapy has been developed at the Laboratory for Heavy-
Ion Research (GSI) in Darmstadt, Germany. The GSI sys-
tem features magnetic scanning in two lateral directions
and dynamic variation of the beam energy.

The typical pencil beam size chosen for treating deep-
seated tumors is about 5–8 mm full width at half maxi-
mum. Smaller beams are difficult to obtain because of mul-
tiple scattering in the equipment and in the patient. In
practice, one has to cope with practical limitations due to
the granularity of the dose distribution and the speed and
time needed for a full scan (typically 10 000 individual
spots per liter have to be applied in a few minutes).
Because the whole energy of the beam is concentrated in
a spot, safety is a major concern. Active scanning requires
redundant measuring systems, double independent com-
puters, and redundant fast beam abort systems in case a
component malfunctions.

Active scanning’s major weakness is its sensitivity to
organ (and tumor) motion. Organ motion, which is prima-
rily due to the patient’s respiration, can markedly affect
the dose distribution because a given point can either move

away from the beam when it should lie
within it (resulting in a lower than
desired dose) or linger within the
beam as it moves (resulting in a dose
higher than desired). For this reason,
active scanning is presently used to
treat only well-immobilized tumors
located in the head and in the lower
pelvis. An interesting method for
attacking the problem of organ motion
is to trigger the beam delivery within
a given phase interval of the breathing
cycle. This method is the specialty of
the Japanese centers that work with
charged particle therapy, but it has not

yet been applied to a scanning system.
A more futuristic solution to the problem of organ

motion is to apply position corrections to the beam steer-
ing during scanning so that the beam follows the dis-
placement of the tumor in real-time. Positional informa-
tion could be measured, for example, by the tumor local-
ization system developed by the TULOC group at PSI. In
that system, a tiny magnetic coil is inserted through a
biopsy needle into the body and anchored within a solid
tumor. Its position is determined from the signals of sev-
eral induction coils placed outside the patient. Further
progress could be achieved with more advanced scanning
methods in which the dose can be painted repeatedly with-
out increasing the treatment time. This strategy could be
carried out using dynamic control of intensity at the ion
source to shape the dose distribution while the sweeper
magnets run very fast.

Proton dose distributions
For a single field direction, passive scattering can provide
excellent conformation of dose to the distal end of the tar-
get and good conformation laterally (figure 4a). However,
because of the fixed depth-modulation of Bragg peaks across
the whole field, passive scattering provides little conforma-
tion of dose to the proximal side of the target volume. 

In practice, multiple, angularly separated fields are
used to enhance the dose conformation to the target volume
(figure 4b). With multiple fields, the impact of the lack of
proximal dose conformation can be significantly reduced,
and thus provide a more complete, three-dimensional
match of dose and target volume (figure 4b). Field-patch-
ing techniques can yield further improvements in the
delivered dose. For example, the distal end of one or more
fields can be directly abutted against the lateral edge of
another field so that critical structures close to and enclos-
ing the tumor can be avoided. 

Passive scattering is a simple, effective, and mature
method of delivering proton therapy. The history of radio-
therapy, however, is one of progression. Developments con-
tinue to be made in both the planning and delivery of pro-
ton therapy treatments. Although research is proceeding
in many directions, one path can be traced through the lin-
eage of proton therapy delivery: a progressive increase in
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the number of delivery parameters
that are modulated.

Passive scattering uses a single
order of modulation. That is, its deliv-
ery is based on the successive modula-
tion of range-shifted Bragg peaks
along each delivered beamlet. This
one-dimensional modulation is why
the passive scattered field shown in
figure 4a cannot provide conformation
to the proximal side of target: It does
not have enough degrees of freedom.

A natural progression from passive scattering is to
increase the level of modulation inside a single field. One
tactic is to modulate not only the weights of Bragg peaks
as a function of depth, but also the relative fluence of indi-
vidual beamlets across the plane of the delivered field.
Such a third-order modulation is the idea behind active
beam scanning, in which each field is made up of many
(typically thousands) of pencil beams whose energies and
lateral positions are chosen so as to locate their Bragg
peaks within the target wherever they are needed and
whose weights can be individually adjusted. In general,
any physically possible dose distribution can be realized
by using gradient-based optimization algorithms to deter-
mine the appropriate weights. For instance, one may elect
to have each field deliver a uniform dose to the target vol-
ume while ensuring, in contrast to passive scattering, that
the high-dose area of the combined fields conforms also to
the proximal surface of the target volume. Figure 4c shows
one such field (in the same geometry as figure 4a), and fig-
ure 4d shows a plan using three such fields. The dose dis-
tributions are clearly superior to those delivered with
fixed-modulation Bragg peaks. The dose distribution in
figure 4c is clearly superior to that of 4a, and, although
less dramatically, figure 4d is superior to 4b. Moreover,
these improved distributions are achieved without the
need for patient- and field-specific hardware.

Spot-scanning can be used to deliver any desired (and
physically possible) dose distribution. In particular, it can
deliver intensity-modulated proton therapy (IMPT), just
as in intensity modulated x-ray therapy. In IMPT, a uni-
form dose within the target can be constructed from a

number of individually nonuniform proton fields. Strictly,
IMPT does not provide an additional degree of freedom,
but it does allow the full exploitation of all the degrees of
freedom provided by the many thousands of individually
weighted and three-dimensionally distributed Bragg
peaks. Figure 4f shows an example of a dose distribution
produced by IMPT (with only three fields), whereas figure
4e shows the dose distribution of just one of the three
fields. With IMPT, one can shape a dose distribution at all
dose levels, using relatively few delivered fields, while still
selectively avoiding organs that are deeply embedded
within the target volume. The potential advantages of
active scanning are now being recognized, and most facil-
ities plan to incorporate such a capability into their future
machines. 

Clinical experience 
The goal of localized therapies such as protein beam ther-
apy is to so damage the malignant cells that the tumor
loses its capacity to grow. The likelihood of accomplishing
this goal is known as the tumor control probability (TCP).

Since its clinical debut in the late 1950s, proton ther-
apy has been used to treat more than 30 000 patients
worldwide.6 The most widely treated malignancy has been
uveal melanoma, a cancer of the retina. Clinical results for
uveal melanomas are excellent. For the more than 5000
patients treated for that condition at Massachusetts Gen-
eral Hospital (MGH) in Boston and at PSI, TCPs of up to
98% have been achieved—and this with a 90% chance that
the patient retains the treated eye. (The only alternative
therapy with a similar cure rate is surgical removal.) Fur-
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thermore, in a randomized clinical trial at Lawrence
Berkeley National Laboratory, the use of helium ions
(whose effect is very similar to that of protons) to treat
uveal melanoma yielded a TCP of 100% compared with
87% when using iodine-125 plaques. 

MGH has obtained similar impressive results for skull
base sarcomas. Ten-year TCPs of 94% and 54% have been
achieved for the two major types of skull base sarcomas,
chondrosarcomas, and chordomas, respectively. In compa-
rable studies with conventional treatments, TCPs are sig-
nificantly lower.

At MGH, a randomized clinical trial for prostate carci-
noma has been performed, in which treatments with and
without a proton boost were compared. A study consisting
of more than 200 patients showed a significant improve-
ment in seven-year survival for poorly differentiated tumors
in the proton-boosted group (85% compared with 37% for x
rays alone). But no significant difference was found over all
patients in the study. At Loma Linda University Hospital in
California, protons were used to treat a group of more than
600 prostate carcinoma patients. That study has seen tumor
control rates at five years of between 100% and 53%
(depending on the histological activity).

At the same institute, disease-free survival of up to 83%
(for stage 1 patients) has been achieved in the treatment of
lung cancer. A facility in Chiba, Japan, has achieved simi-
larly excellent results in the treatment of lung tumors with
carbon ions at remarkably high doses. Another Japanese
team, from Tsukuba, has reported encouraging results for
the proton irradiation of hepatocellular carcinomas at high
doses. The more than 120 patients in the Tsukuba study
experienced TCPs of more than 90%.

Many smaller studies have investigated the thera-
peutic potential of protons. Examples include paranasal
sinus carcinomas (89% TCP at 3 years), benign menin-
giomas (93% survival at 10 years), atypical and malignant
meningiomas (80% TCP at 5 years), and sarcomas of the
spine (between 100% and 54% TCP depending on the his-
tology). When delivering dose to the spine from the poste-
rior aspect, the finite range of protons is a clear and obvi-
ous advantage over conventional photon therapy for spar-
ing the thoracic and abdominal organs.

As proton therapy becomes more widely available in
hospitals, the range of conditions treated will certainly
increase. One underexplored area is pediatric cancer.
Because they are still growing and evolving, a child’s
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organs are more susceptible to radiation damage than an
adult’s. Thanks to its ability to spare healthy tissue, pro-
ton therapy will almost certainly make a large impact in
the treatment of childhood tumors—particularly by reduc-
ing untoward side effects. Treating very young children
requires anesthetics, so the move toward hospital-based
proton therapy centers is a prerequisite for these patients.

Like children, patients who undergo combined treat-
ments (chemotherapy and radiation therapy, for example)
are also particularly sensitive to the burden that treat-
ment places on healthy tissue. Such patients are poten-
tially more susceptible to adverse reactions to either of the
treatment modalities. The reduced doses delivered by pro-
tons to healthy tissue could improve patients’ tolerance to
combined treatments. For the optimal management of
such treatments, hospital-based facilities are necessary.

Conclusions
Protons have come of age as a clinical tool. They have
moved from the laboratory to the clinic, and from an
obscure activity to a real possibility for healthcare profes-
sionals wishing to provide the most advanced care for their
patients. The routine implementation of IMPT will raise
proton beam therapy to the physical limit of its possibili-
ties. Nevertheless, as we have tried to point out, important
challenges remain that should make proton therapy a
fruitful field for physicists for some time to come.

The economics of proton therapy are critical—and still
quite unclear. At present, the cost of a proton beam facil-

ity is at least a factor of three higher than a conventional
radiation facility of comparable capacity. However, opera-
tional costs dominate the cost of treatment. Those costs are
expected to come down once proton therapy has achieved
a higher degree of operational efficiency than it now has.
Most people are persuaded that, if it cost no more than x-
ray therapy, proton therapy would be preferred. The issue,
then, is one of cost-effectiveness. It cannot be resolved at
this time because we do not know either proton therapy’s
relative cost or its relative effectiveness. However, wide-
spread clinical evaluation is just around the corner. It will
be fascinating to see where it leads.
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FIGURE 4. CALCULATED DOSE distri-
butions for irradiating a form of bone
cancer called Ewing’s sarcoma. Each
panel shows a single transverse section
through the center of the tumor. The
dose distribution is represented as semi-
transparent color-wash (using the scale
depicted at right, in which 100% indi-
cates the desired dose to the tumor)
overlaid on a CT section of the affected
area. The target volume is delineated in
yellow, and critical structures are out-
lined in red. Arrows indicate the inci-
dent field directions. (a) A single passive-
ly scattered proton beam (field). (b) A
three-field approach in which all the
fields are passively scattered. (c) A sin-
gle-field approach using active beam
scanning. (d) A three-field approach in
which all fields use active beam scan-
ning, but each field delivers a near-uni-
form dose to the target volume. (e) One
of three fields used in the intensity mod-
ulated proton plan shown in panel f.
This field alone delivers a highly
nonuniform dose across the target vol-
ume. (f) A three-field, optimized intensi-
ty modulated proton treatment in which
the individual fields deliver a highly
nonuniform dose across the target vol-
ume. The result is a near-uniform, high-
ly conformal dose to the target. Note,
also, the high degree of sparing of the
bone in the center of the high-dose
region.


