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Abstract 

Assessment of the available data indicates that 
proton radiation therapy has more to offer the patient 
than existing x-ray therapy. The physical properties 
of proton beams which allow the major fraction of the 
dose to be confined to a designated volume are reviewed. 
Dose delivery schemes employing protons are discussed 
and treatment plans including dose distributions are 
compared for protons and x-rays. 

Introduction 

Irradiation has an established role in the thera- 
py of cancer. Radiation control of the cancer depends 
on a relative radiosensitivity existing between the 
cancer and the normal tissue contained in the irradia- 
ted volume. If the cancer is more radioresistant than 
surrounding normal tissues, a therapy failure results 
since increasing the dose to a level that controls the 
cancer causes unacceptable normal tissue damage. Con- 
sequently, definition of the volume to be irradiated, 
specification of the radiation, and selection of the 
time-dose schedule that will control the cancer while 
preserving normal tissues become the all important 
functions of the therapist. 

Attempts to improve the therapy results must 
focus on increasing the dose to the cancer relative 
to normal tissues. This may be accomplished either 
by altering the radiosensitivity between the cancer 
and normal tissues or by changing the dose distribu- 
tion of the radiation. The accelerator physicist is 
aware of these requirements and has suggested that 
protons can be usefully utilized to achieve an improved 
dose distribution. 

Proton Beams 

Protons have a fixed range in tissue. The dose 
distribution along this range is such that most of the 
dose is deposited over the last few centimeters. For- 
tunately, this region of increased dose can be arbi- 
trarily widened by suitable variation of the energy 
and flux intensity of the beam. As a consequence of 
these properties the major fraction of the absorbed 
dose of protons can be confined to a designated volume. 

Proton beams for radiation therapy are entirely 
practical.' An energy of 200 MeV corresponds to a 
range of 25 cm of tissue so that every organ in the 
body is accessible. There is very little contamina- 
tion due to unwanted secondary particles. Large treat- 
ment volumes (e.g. 25 cm diameter field, 10 cm axial 
length) require less than 1 nanoampere average current 
for exposure to a dose fraction of 200 rads in 10 min- 
utes treatment duration. Large field sizes are achiev- 
ed by use of quadrupole magnets in the beam transport, 
or by multiple coulomb scattering in a thin absorber, 
or a combination of both. Field shaping is cleanly 
accomplished with lead collimators 5 cm thick. 

Ionization accounts for 94% of the radiation dose 
deposited by the proton beam; 6% is due to nuclear 
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interactions. This simplifies the dosimetry and beam 
calibration. One rad thus corresponds to 1.45 x lo7 
protons per square centimeter of field area, at a beam 
energy of 200 MeV. The conversion factor for other 
values of energy or residual range may be deduced from 
the Bragg curve. An ionization chamber is sufficient 
for dosimetry if the field size is known and is easily 
calibrated versus a faraday cup. 

Scattering and divergence are not nearly the 
problems with proton irradiation that they are with 
conventional x-ray "point" sources. In traversing 25 
cm of water the proton beam increases in radius by 
only 4 mm due to multiple scattering. Proton beams 
have a maximum transverse phase space emittance of 
3-10 centimeter milliradians, resulting in a diver- 
gence of + 0.5 to 1.5 milliradians for a 10 cm diam- 
eter field. (Cobalt teletherapy beams, for example, 
have a divergence of f. 50 milliradians for the same 
field size if the source to tumor distance is 100 cm.) 

Therapy 

The ability to confine the dose allows the thera- 
pist to administer a higher absorbed dose to the can- 
cer without exceeding the tolerance of the normal tis- 
sues, or it will permit him to deliver the desired 
dose to the cancer while reducing the dose to normal 
tissues. Such a capacity should manifest itself clin- 
ically by an increased rate of local control of the 
cancer, a decreased patient morbidity and by an in- 
crease in the number of patients suitable for therapy. 

The feasibility and technical competence for per- 
forming proton irradiation has been clearly demonstra- 
ted in the clinical ablation of the pituitary using 
protons." Cancer therapy using proton beams continues 
in Sweden3and in Russia*but not in the United States. 
As yet, the data are insufficient to demonstrate 
whether proton therapy has a clinical usefulness or 
not. 

Treatment Planning 

This potential of protons for therapy is best 
demonstrated by developing proton treatment plans for 
patients who have already received x-ray therapy. The 
clinical objectives and precautions suitable for x-ray 
therapy are presumed to apply for proton treatment 
planning. 

The cancer containing volume is designated using 
diagnostic x-rays, radio-isotope scans or surgical 
visualization. The projection of this tumor contain- 
ing volume is made on the skin of the patient and the 
radiation beam is then shaped to include the area us- 
ing collimators and shields. The distance between 
the projected tumor and the edges of the irradiated 
field represent a margin of safety that makes up for 
the lack of precision in defining extent of the cancer 
on a histologic basis. 
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Single Field 

A single irradiation field is used when the 
lesion lies close to the skin surface and when the 
dose required is not maximal. This approach is out- 
lined in Fig. 1 for a patient with a cancer of the 
breast that involves the lymph nodes in the shoulder 
region which lie 3 to 5 cm below the skin surface. 
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Fig. 1. Single Field Dose Distributions 
a. Depth dose curve for Cobalt-60 gamma rays 
b. Depth dose curve for mono-energetic proton beam 
c. Multiple proton beam depth dose distribution. 

The energy and intensity of each beam pulse is 
adjusted to obtain uniform dose throughout the 
cancer containing volume. 

When a patient is irradiated with a single x-ray 
ELrld;, tile dose iails off exponentially across the 
irradiated volume as shown in Fig. la. As a conse- 
quence, tissues overlying the cancer containing region 
receive a higber dose than does the cancer. In ad- 
dition, the dose across the cancer is not uniform and 
tissues distal to the cancer containing volume are ir- 
radiated albeit with a lower dose. 

The proton dose distribution is different. With 
nppropriate use of absorbers the depth Iof penetration 
of the Bragg peak can be adjusted to conform to the 
far edge oE the cancer, as shown for a 200 MeV proton 
beam in Fig. lb. In this instance the area of in- 
creased dose is narrower than the tumor containing 
re g 1r: p. . Hcwever, by combining beams of different 
energies and appropriate flux densities the region of 
increased dose can be made sufficiently wide to en- 
8cr:mpass the cancer containing volume, (Fig. 1~) Tf 
J patient were fo he treated with a heam modified as 
ciiiscrihcad , the surface tissues receive a dose 202 
l,lwer than the tissues in the cancer containin;? rexion. 
(Fi.::. 2) Because of the sharp cutoff of the beam, 
the tissues ::eyond the ~oncer Tiolume would not be ir- 
ra~iiated, while the dose across the cancer containing 
resion is ilniform. 
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Fig. 2. Single Field Dose Distribution for Protons and 
X rays from Fig. 1 superimposed on the anatom- 
ical cross section of the patient with breast 
cancer. Solid lines indicate contours of equal 
dose, irregular solid areas are involved lymph 
nodes. 

Opposed Fields 

When the cancer is in the central third of the 
body the use of a single field of x-ray is inappro- 
priate because of the extreme fall off of the dose 
across the field. In these instances a second field 
is employed (usually directed opposite the first 
field). This permits a summation of the dose across 
the field. If tissue sensitivity is restrictive, 
other fields can be utilized or the beam or patient 
can be rotated. 

The approach utilizing two opposed fields is 
illustrated in Fig. 3. In this instance a patient 
having a bronchogenic carcinoma involving the root 
of the lung was treated with x-rays. Again, the 
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Fig. 3. Parallel opposed overlapped field dsse dis- 
tributions for x rays and protons. Curve s 
show dose vs. depth for beans entering an- 
terior and posterior surfaces; lowest curves 
show the result. 

projection ‘of the tumor on c!ze chest wall eras made 
and encompassed by the radiation ticll. The Idose 
#distribution for the opposed fields and thvir summa- 
tion are illustrated on the IcEt. The ~:,e .~f :m,di- 
f ied proton beams and their siGnmntit.>n are sho~m Gn 
the ri’rii: side of the Fil:ure . In X- ray :ll<:rapy the 
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dose to normal tissues outside the cancer containing 
volume is the same as that given the cancer. In pro- 
ton therapy the dose to the normal tissues outside the 
cancer containing volume is about one-third that re- 
ceived by the cancer. (Fig. 4) If a single proton 
field were to be employed the dose to the normal tis- 
sues would have been 80% that received by the cancer 
and tissues beyond the cancer containing volume would 
not have been irradiated. 
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Fig. 4. Isodose Contours for Fig. 3. 

In the first example the integral dose to tissues 
outside the cancer containing volume, the normal tis- 
sue dose, is about five times greater for x-rays than 
for protons. In the second example the normal tissue 
dose for x-rays was approximately two times that de- 
livered by protons. If multiple fields or beam rota- 
tion were employed, the dose to the normal tissues 
would have been decreased even more. Even using the 
simple straight-forward approach of the single and 
overlapped fields of proton irradiation the normal 
tissues receive a lower dose than they would using 
beam rotation or wedged fields of x-rays. 

Discussion 

These two examples demonstrate that the major 
fraction of the proton dose can be confined to a des- 
ignated volume. The net result is a reduction in dose 
delivered to tissues outside this volume. Whether this 
advantage will improve treatment or not must be tested 
by prospective, controlled clinical trials. Since the 
tissue changes produced by protons are equivalent to 
those produced by a similar x-ray exposure, it is an- 
ticipated that the results will at worst be the same. 
'nThen persistance or recurrence of the disease is a 
function of the dose delivered an increase in the frac- 
tion of local control is expected. In general patients 
will experience fewer side effects such as weight loss, 
nausea, vomiting, diarrhea, pain, lethargy and loss of 

appetite because of the decreased normal tissue dose. 
Skin reactions and bone marrow damage can be eliminated 
In addition, the clinician can expect to realize some 
technical advantages for improving treatment planning 
and dose delivery. Treatment will be easier in the 
sense that single field irradiation can be used more 
frequently. Sensitive organs as the rectum, bone mar- 
row, intestine can be spared or the dose to these or- 
gans can be reduced. The dose to the center of the 
cancer can be increased. Some cancers will be able to 
be re-treated or at least the cen,tral portions of the 
lesion can be. 

By reducing the volume of normal tissues (e.g. 
intestine) receiving a high dose, extended or multi- 
ple field irradiation can be used. This will permit 
the irradiation of some patients who are currently 
excluded from treatment because of the extent of the 
disease process. Children requiring radiation should 
benefit from the capacity of localizing the dose in 
that growing organs,such as bone, can be spared. 

Future Development 

Developments in proton therapy will benefit all 
modalities of charged particle therapy. The sharply 
defined range of protons requires better knowledge of 
the location of the tumor to be treated. Techniques 
suggested for this include ultrasonic scanning, surgi- 
cal staging and radioisotope scanning. Methods must 
be developed to define the beam interaction region in 
situ so the beam is properly directed to tl-e target 
volume. One mechanism for this is utilization of high 
spatial resolution detection of the radiation from 
carbon-eleven and oxygen-fifteen generated in tissue 
by the beam.5 Using a large aperture dynamic dipole 
magnet in the beam transport individual beam pulses of 
variable energy and fixed size can be scanned through- 
out the tumor volume. This allows uniform irradiation 
of complex target geometries and increased sparing of 
skin and normal tissue overlying the tumor. 

Conclusion 

This paper presents the conviction that the abil- 
ity to confine the major fraction of the absorbed dose 
in a designated volume makes protons superior to x-rays 
and offers radiation therapy a degree of precision and 
flexibility not available with conventional therapy. 
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