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Abstract.- The Harvard Cyclotron Laboratory has treated three major classes of di­
sease with accelerated protons over the past 20 years. Experience at HCL indi­
cates that specialized treatment facilities based on accelerators designed specif­
ically for medical applications can provide clinically proven and cost-effective 
medical service to a regional population. 

1. Introduction.- Experience gained over a number of 
years at the Harvard Cyclotron Laboratory (HCL) indi­
cates that proton beam therapy is remarkably effec­
tive for some disease conditions, and can be deliv­
ered at il cost which is commensurate with the benefit 
to the patient. Furthermore it is evident that this 
one proton beam therapy facility can serve effective­
ly only a relatively small geographic region. 
Equitable distribution of such therapy would require 
the construction of additional new facilities at a 
number of locations around the world over the next 
few years. A serious effort should be made to ex­
plore design options, to determine costs and to lnl­
tiate construction as economic conditions permit. 
The practical requirements to be met differ substan­
tially from the performance characteristics of most 
existing accelerators so that a fresh approach to the 
design problem is indicated. Economy, reliability 
and operational simplicity must be considered of com­
manding priority. Requirements for beam intensity 
and beam quality are modest, on the other hand. 

2. Clinical experience at the Harvard Cyclotron 
Laboratory.- The only demonstrated advantage of the 
proton beam over conventional, less expensive, radia­
tion beams is in the realm of dose localization. The 
sharp end of range, the Bragg peak of ionization and 
the small amount of lateral scatter characteristic of 
a proton beam can be used to deliver relatively high 
doses within a target volume and much lower doses 
throughout most of the surrounding tissues, with a 
transitional margin of only a few millimeters between 
the high and low dose regions. Furthermore, the high 
dose volume can be contoured to irregular shapes as 
dictated by the clinical circumstances. 

Our experience at HCL has identified the follow­
ing classes of disease each of which is better treat­
ed with this high degree of dose localization: 

Class 1: Benign intracranial tumors. 
(ljnder~he direction of Dr. R~jellberg, Neuro­
surger'y, Mass. General Hospital) 

Benign tumors are growths that do not infiltrate 
tissues other than the tissue of origin, nor do they 

spread to other parts of the body to form new growths 
or metastases. Usually a benign tumor can be easily 
and completely removed surgically. In the brain, and 
more generally in the intracranial space, such surgi­
cal removal entails some small risk of serious com­
plication or death from infection, and, if the loca­
tion is deep in the brain, the risk of functional 
damage to the brain from the surgical procedure may 
be serious. An adenoma of the pituitary gland (which 
is situated underneath the brain but wi thin the in­
tracranial space) is a prime example. Such tumors 
can be excised, and some elegant surgical procedures 
have been developed to minimize risks, yet the risk 
of death from infection remains near the 1% level, 
recurrences appear at a rate of 1.5 to 3% per patient 
year, and inability to remove all of the adenoma ap­
pears to account for a failure rate of around 15% 
(1) • 

When a highly concentrated dose of radiation is 
administered to the pituitary gland, utilizing the 
Bragg peak of the proton beam at HCL, somewhat better 
results are obtained. Failure to destroy the adenoma 
is slightly less frequent, there is no mortality, 
there are virtually no recurrences, and the cost to 
the patient in time and money is substantially less 
because of the shortened stay in the hospital and 
since a single treatment session of 1.5 to 2 hours is 
sufficient. In about 10% of cases treated this way 
the effect obtained is too great so that normal oper­
ation of the pituitary is impaired and some substitu­
tion medication is required. (Such a result is also 
seen after surgery.) Temporary effects on the cranial 
nerves have led to episodes of double vision in about 
2% of current patients, usually resolved within a few 
weeks. Visual field defects have been documented in 
8 patients, leading to blindness in possibly 2 out of 
1135 patients who have received pituitary irradiation 
at HCL through June 1981. The principal drawback to 
the radiation treatment of pituitary tumors is the 
delay of several months which is likely to occur be­
fore the full effect is seen. 

Other benign intracranial 
ingiomas, craniopharyngiomas, 
are treated in a similar way, 
dose is usually chosen lower 

tumors including men­
and acoustic neuromas 
although the target 
and the target volume 
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larger. Arteriovenous mal formations (AVM) are some­
what like benign tumors in that the abnormal growth 
pattern is restricted to the tissue of origin, in 
this case the capillary blood vessel walls. The 
proliferation of abnormal blood vessels imposes addi­
tional burden on the feeder vessels and may deprive 
some portion of the brain of adequate blood supply, 
resulting in severe headaches and seizures. The ab­
normal vessels are also likely to rupture and bleed 
periodically, an event which proves fatal 8 to 10% of 
the time. 

Radiographic visualization of the AVM is possi­
ble by introducing radio-opaque dye into the blood 
stream. When the AVM is located superficially in the 
brain it may be operated on, but deep-seated AVM's 
are often not operable. Even superficial AVM's may 
be a poor risk for surgery if they involve large vo­
lumes of brain. In the radiation treatment of these 
lesions the Bragg peak of ionization is applied repe­
atedly, each time with a different depth of penetra­
tion, and with sufflclent integrated intensity to 
produce a nearly uniform dose throughout the AVM. 
The dose level used depends again upon the total vo­
lume to be treated, but it is generally lower than 
for adenomas since the cells making up the walls of 
the capillaries are rather sensitive to radiation. 
Over a period of weeks or months after treatment the 
lumen of the small blood vessels becomes gradu811y 
occluded, leading to complete atrophy and resorption. 
The delayed response is unavoidable but unfortunate 
since it may allow time for another episode of bleed­
ing with its risk of fatal consequences. Although 
the use of well-localized radiation to correct such 
blood vessel disorders is distinctly unusual, the ra­
diographically demonstrable results are dramatic even 
in cases that were acknowledged as inoperable. 
Clinical follow-up results are also good and the tre­
atment is being used more and more frequently (1). 

Class 2: Ocular malignant melanoma. 
(Under~he direction of Dr. E.S. Gragoudas, 
Eye and Ear Infirmary with the collaboration 
H.D. Suit, Dept. of Radiation Medicine, 
General Hospital.) 

Mass. 
of Dr. 

Mass. 

Melanomas within the eye may remain small and 
quiescent for long periods of time but are capable of 
fairly rapid growth, and may metastasize to form new 
growths in other parts of the body. In order to min­
imize the grave risk of metastasis it has been custo­
mary to remove the eye containing an active melanoma. 
Recently published data cast some doubt on the effi­
cacy of this procedure in preventing distant metas­
tasis and have spurred interest in some other method 
to control the melanoma while preserving the eye. 
The use of CO-60 plaques, which are radioactive 
sources sutured to the outer surface of the globe di­
rectly outside the tumor, has led to the conclusion 
that radiation can indeed destroy the melanoma, but 
with this type of applicator the amount of damage to 
the adjacent normal structures is prohibitive (2). 

At HCL we have developed a system for irradia­
tion of ocular melanomas with the Bragg peak of the 
proton beam. As part of the final ophthalmologic di­
agnostic procedure confirming the malignant character 
of the tumor in each case, some small clips made of 
tantalum are sutured to the outer layer of the sclera 
at 4 or 5 points outlining the base of the tumor. 
Their exact position relative to the tumor is mapped 
by examination with an ophthalmoscope using transil­
lumination through the sclera. The tantalum clips 
then serve as radiographic landmarks by aid of which 

the proton beam can be directed. The vexing problems 
of solid geometry involved in deciding the best di­
rection of approach, the amount or margin to allow 
for errors of alignment, the appropriate shape and 
size for the aperture defining the proton beam, the 
effect of the tumor's third dimension projecting into 
the interior space of the eye and so on are all 
sol ved by an interactive computer program rleveloped 
by one of our collaborators (3). The shape of the 
defining aperture is drawn by the treatment planner 
at the hospital, the data are transmitted by a tele­
phone line to a computer at HCL which then controls a 
~nillln2 machine which cuts out the required aperture. 
A compa,able degree of automation is being introduced 
at other stages of the eye-treatment system to deal 
with an extremely rapid increase in the flow of pati­
ents. 

Posi tioning the patient in front of the fixed 
proton beam again relies on X-ray imaging of land­
m8rks relative to fiducials. In this case the tanta­
lum clips are imaged through the defining aperture 
using a phosphor screen and a sensitive CCTV camera 
coupled to an image storage tube. The 
three-dimensional treatment planning program gener­
ates a picture of what the X-ray image should look 
like, allowing for the different amounts of magnifi­
cation in the projection as well as the correct angu­
lation of the patient's eye. This template is very 
helpful in interpreting the alignment pictures. 

We require the patient to keep his gaze fixed on 
an adjustable target. Motion of the eye away from 
the correct position is monitored by another CCTV 
system presenting a 20X view of the eye. If the po­
sition of the eye wanders, which happens rarely, the 
treatment is quickly stopped and the patient real­
igned. It is also customary to repeat the X-ray view 
at the end of each treatment. Comparison of pre- and 
post-treatment alignment images has yielded a sta­
tistical estimate of alignment errors of less than 1 
mm RMS (4). 

In terms of clinical results obtained, it seems 
that the tumor control rate is close to 100%. There 
have been no recurrences; cataract induction (which 
is regarded as an acceptable side effect) is is evi­
dent in only 4 cases of 22 followed for 1 to 4 years, 
and vision is generally maintained even in that por­
tion of the retina within the high dose volume (3). 
There have been 5 deaths, 3 with known metastases to 
other parts of the body, suggesting that the rate of 
metastatic disease is less than that following remo­
val of the eye. It must be remarked, however, that 
unexpected late effects might still alter the very 
favorable results seen so far. The high degree of 
tumor control achieved here may be due in part to the 
use of only 5 fractions to deliver a total dose of 
7,000 to 9,000 rads. Some evidence has been reported 
that melanoma cells show a very large shoulder in 
their survival curve, making a large dose per frac­
tion more effective. The effect on normal tissue 
response in the eye is not well known. 

Class 3: Larger cancers. 
(Under~he direction of Dr. 
Rad iation Med ic ine, ~lass. 

H.D. Suit, Dept. 
General Hospital. 

of 

There are other situations, often involving 
cancers of greater volume than those previously men­
tioned, where the proton beam's sharply defined high 
dose volume together with a new degree of flexibility 
in shaping that volume may lead to a cl inical advan­
tage. In some instances the close proximity of an 
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important organ may make it difficult to deliver as 
much dose to the target volume as is needed for good 
tumor control. The proximity of the rectum to the 
prostate gland, for example, makes it difficult to 
treat cancer of the prostate adequately without dam­
age to the rectum. Similarly tumors developing along 
and around the spinal column are hard to treat wi th­
out risk to the spinal cord. It has also been ob­
served that, even in the absence of specific 
organ-related problems, a smaller volume of tissue 
will tolerate a somewhat higher dose than will a 
larger volume, so that careful planning and delivery 
of the dose to the essential target only should at 
least permit reduction of undesirable damage, and may 
also permit a higher dose and consequently better 
tumor control probability. 

Several other sites besides the prostate and the 
para-spinal region have been treated here, with vary­
ing degrees of success (5). The para-spinal cases 
have done very well and their treatment with protons 
is now being accepted by the medical community. 
Results seen in 55 cases of prostate cancer treated 
with a boost field of protons are excellent. A con­
trolled randomized clinical trial to test this treat­
ment against the best that can be achieved with con­
ventional equi pment is about to beg in. Treatment for 
head and neck lesions are difficult to plan accurate­
ly because of the anatomical complexity of this re­
gion but with increased experience some of these 
begin to look quite promising. 

ln summary, the numbers of patients treated at 
HCL are substantial and show both the pattern of 
growth and the stability of this clinical facility 
(See Table 1). Three classes of treatment can be 
identified each having its particular advantC1ges and 
problems. 

~ Technical requirements 

The clinical programs at HCL have provided an 
opportunity to study the specifications of the proton 
beam needed for each kind of treatment. Proton ener­
gy is determined by the depth of penetration required 
to reach the far side of the deepest target. 
Analysis of a number of patients leads to a distribu­
tion curve from which a maximum likely depth can be 
determined. To this penetration energy must be added 
the amount of energy used up in traversing air space, 
compensating absorbers, beam monitoring instrumenta­
tion, scattering foils and vacuum windows in order to 
arrive at the output energy of the accelerator. For 
some tumor sites which have been proposed for treat­
ment the depth of penetration available at HCL is in­
adequate, thus an estimate of the ideal energy has 
been introduced. 

The external beam current requirement depends on 
what is considered an acceptable length of time for 
the treatment under consideration, the size of the 
proton field used and the efficiency with which the 
beam profile is flattened to meet the clinical re­
quirements. In general the beam current needed is 
much less than that delivered by modern accelerators. 
Furthermore, the beam emittance required for clinical 
work is inferior to that delivered by most accelera­
tors. When a beam transport system is required its 
design may impose further restrictions on beam emi t­
tance. 

Taken together, these factors suggest that a 

fresh approach to the design of accelerators in the 
60 to 250 MeV proton energy range might lead to inno­
vations that would reduce cost, simplify operation 
and increase reliability for strictly clinical appli­
cations. In Table 2 the requirements for the three 
classes of treatments identified in the previous sec­
tion have been listed separately. Combination of 2 
or 3 classes would lead to a greater potential 
throughput of patients and hence greater revenue but 
would also increase cost, complexity, building size 
and administrative overhead. Local conditions at a 
medical center considering such a machine should de­
termine the most appropriate choice. 

A detailed study of space requirements has been 
made at HCL for a building to provide the essential 
functions for our present mix of class 1, 2 and 3 
treatments using a proton beam of 160 MeV energy and 
5 nA intensity similar to the present maching. 
Shielding requirements as well as the size of the ac­
celerator and beam transport systems will be energy 
dependent so that substantial differences in building 
space would be expected for other choices. In par­
ticular, a design for ophthalmological use only might 
result in a layout which could be accomodated within 
existing hospital buildings. 

4. Operating costs 

The Harvard Cyclotron Laboratory is a unique 
source of information about the cost of operating a 
clinical therapy proton facility. It is the only 
installation essentially dedicated to and supported 
by proton therapy. Some interesting comparisons 
might be made with dedicated fast-neutron facilities 
or with charged particle treatment facilities which 
are ancillary to substantial physics research ma­
chines. The fact that HCL has been operating on this 
basis for over a decade gives special credibility to 
the economic stability of such operation. 

Cost accounting at HCL is based on the time that 
the cyclotron magnet is in operation rather than 
beam-on time, thus putting emphasis on smooth and 
rapid procedures for calibration, set-up, patient al­
ignment and any other studies requiring the machine 
to be ready. In the present analysis we have not at­
tempted to factor out studies directly motivated by 
the clinical application, such as measurements of re­
lative biological effectiveness (RBE) in various cell 
and tissue preparations, from the actual treatment of 
patients. The costs that are considered in Table 3 
are those relating to the upkeep of the accelerator 
and beam del i very hardware, the direct operating cost 
of electric power, the cost of personnel to operate 
the cyclotron and carry out dosimetric measurements, 
and recovery of indirect costs such as building ma­
intenance, heating, air conditioning and various ad­
ministrative functions as well. There is no al­
lowance for amortization of the capital cost of the 
original installation nor of major improvements to 
the plant such as the addition of our second treat­
ment room, since these were funded by grants from the 
U.S. government. Clearly the hospital and physician 
related costs are also excluded. With some fluctua­
tions, total personnel costs have remained near 50% 
of the total, electric power near 20%, indirect COSLS 

near 30% and other goods and services purchased only 
a few percent. 

The distinction between our three classes of 
therapy has been maintained in computing the prorated 
cost of cyclotron operation per patient treated. The 
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substantial differences in per-patient cost are ac­
counted for partly by the different fractionation 
patterns, as may be seen from the cost per fraction 
which is also computed. The other cause for such 
differences lies in the differing stages of develop­
ment of the programs. This is illustrated in Fig. 1 
where the costs as a function of time are compared 
with one another and with an index of hospital costs 
throughout the country. The unit costs for eye tumor 
treatment and for large field therapy show a marked 
decrease from initial high values towards a slowly 
rIsIng curve reflecting general inflation trends. 
The cost of the long-established intracranial treat­
ments has merely adjusted to inflation at a somewhat 
slower rate. 

5. Conclusions 

In a.previous report we have discussed the limi­
tations on effective access to specialized health 
care at a single facility, apparently connected with 
the referral of patients from distant locations (6). 
More recent data follow a similar pattern. The ac­
ceptance of eye tumor treatment with protons is de­
monstrated by the nearly exponential increase of pa­
tient flow shown in Fig. 2, yet as shown in Fig. 3, 
the majority of patients still comes from the local 
region consisting of the state of Massachusetts and 
its six nearest neighbor states, generally within a 
radius of 320 miles, and including a population of 
about 30 million. Since the incidence of ocular me­
lanomas in the U.S. white population has been esti­
mated at around 5 new cases per year per million, we 
might expect an equilibrium rate of perhaps 100 cases 
to be treated per year from our local region. A sim­
ilar picture emerges for the intracranial lesions 
(Class 1). To make such treatments accessible to pa­
tients further away it seems necessary to create new 
treatment facilities at some additional major medical 
centers each to serve a population of around 20 to 30 
million. 

The decision to invest in such equipment would 
certainly be a major one for most hospitals, one that 
would require careful assessment of cost and revenue. 
In order to make an accurate cost estimate it will be 
necessary to make detailed design studies of appro­
priate accelerators as well ·as the building arrange­
ments required to house them. The design studies 
which have been made for proton therapy accelerators 
to date are not sufficiently detailed. It is recom­
mended, therefore,that a serious design effort be or­
gani zed lead ing to the construction of a prototype 
acceler ator for test and evaluation. The need for 
additional treatment facilities is imminent so that 
an immediate start for the design effort is desir­
able. 

Acknowledgment.- I am indebted to the staff of the 
Harvard Cyclotron Laboratory and to our numerous col­
laborators for years of cooperation, sometimes under 
trying circumstances. 
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" DISCUSSION " 

H. SCHWEICKERT : Could you please comment on the pro­
posed use of high energy light heavy ions compared to 
protons ? 

A.M. KOEHLE~ : We have demonstrated with protons cer­
tain clinically advantageous applications. The advan­
tage depends only on better physical dose distribution 
and control. Since we believe the radiobiological 
effect to be just like photons. The use of light heavy 
ions for such treatments would represent an interes­
ting line of research to see whether some radiobiolo­
gical advantage might be added to the physical one. 

K. ZIEGLER: In one of your slides, you showed an expo­
nential increase of the number of treatments for the 
eye treatments. Do the other treatments you talked 
about show a similar increase. 

A. KOEHLER: Pituitary treatments showed an initial 
rapid rise followed by many years of nearly constant 
annual rate , apparently limited by the referral 
mechanism through which patients come to us. The blood 
vessel disorders (AVM) show an increase of perhaps 
20 percent per year. 

G. DUTTO : Which type of machine would be, in your 
opinion, most suitable for this application? 

A. KOEHLER : The answer to that question should come 
from machine designers after they have considered care­
fully and without pre-conceived notions how to fulfil 
the specifications outlined. 

G. WOLBER : How do you manage treatment planning, in 
other words, how do you calculate the exact depth of 
the Bragg peak in an inhomogeneous material like the 
human body? 

A. KOEHLER The planning of the large field treatments 
depends heavily on CT scanning with additional informa­
tion added from other tests and from the physicians 
knowledge. The CT data can then be used, with techniques 
developed by some of our collaborators, to specify the 
required depth of penetration of the proton beam at 
each point, and these specifications are used to manu­
facture automatically a compensating absorber. The 
compensation includes adjustments for inhomogeneities. 
For the eye tumors essentially, no inhomogeneity 
exists and planning is relatively simple. For the intra­
cranial targets a correction for the skullbone and for 
the soft tissue penetration is made. 
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