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INTRODUCTION

About 30 years ago, investigators at the University of Chicago

wished to explore the role of high-energy electrons in cancer manage-

ment. Dr. Carpender, Dr. Skaggs and Dr. Lanzl and co-workers attempted

to develop a flexible unit to study this objective.

In June 1959, more than 20 years ago, our first patient was treated

with high-energy electrons from a machine designed by Skaggs and Lanzl. '

These investigators had determined in the early 1950's that a linear

accelerator powered by two high-energy klystrons could provide an elec-

tron beam with variable electron energies between 3 MeV and 50 MeV/ '

From the accelerator, the electrons are guided through two 45° magnets,

followed by a 50° magnet, to the treatment position. An energy-select-

ing collirator is placed between the first and second magnet. A 5 mm

diameter beam in a scanning mode is used in treatment. A shield wall

is placed between the collimator and the treatment *»*ea; thus, any

neutrons or Bremsstrahlunqen produced in the collimator do not reach

the patient (Fig. 1). The magnetic deflection system can be rotated

around the axis of the accelerator, thereby providing rotational or

convergent electron beam therapy. This latter mode of treatment has

been reported on by Lanzl. ^ Figure 2 is a diagram of this mode of

therapy. Exposures of a homogeneous phantom to a convergent electron

beam are shown in Fig. 3. This method of treatment has not been used

extensively, in part because of the complexities of dosimetry particu-

larly in heterogeneous material.
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Therapy with rectilinear scanning, however, has been used ex-

tensively. This is accomplished by linear motion of the 90° bending

magnet and by rotation of this magnet about the axis of the linear

motion, as shown in Fig. 1. Field sizes of 18 x 20 cm and of irregular

shape can be achieved by programmed motion of the pencil beam over the

treatment area. The. energy of the electron beam can be changed during

the scanning procedure. Field sizes of 18 cm x 40 cm and larger are

achieved by linear motion of the treatment cot during treatment.

With pencil-beam scanning, the dose rate at the surface of the

treatment area is extremely high. A 1 usec pulse of electrons is in-

jected into the linear accelerator. This pulse is broken into 2,856

bunches of electrons by the accelerating radiofrequency. Each typical

human cell on the surface of a treatment area received 23 1 psec pulses

made up of the 2,856 smaller bunches.

We have reported on the skin sparing observed with this mode of

treatment. The lack of skin reactions was initially reported by
(2)Carpender.v ' In vitro biological experiments have been carried out

with this ultrahigh dose r ate.^
5 > 6 > 8' 1 0 > 1 3' 1 5^ Follow-up of patients

at 10 and 15 years after treatment indicates that there are no late

reactions, confirming the early observations.

High single exposures of 700 to 1500 rads can be achieved. Even

higher dose rates have been achieved for isotope production with the

gamma-n reaction. Safety equipment has been built into the machine

to provide beam monitoring vit'n two entirely separate ionization cham-

ber circuits and with equipment which monitors the motion of the de-

flection system. A special circuit is provided to turn off the beam
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should the deflection system cease to move during treatment. The

machine has been extremely reliable and easy to maintain.

CURRENT UTILIZATION

An analysis of the current ut i l izat ion of the linear accelerator

indicates that the machine is operated on an extended schedule of be-

tween 9.5 and 11 hours daily in the electron beam mode. Because of

the extensive use of electrons, certain pr ior i t ies have been set in

the u t i l i za t ion of the machine. An analysis of current use indicates

that the machine has been employed for treatment of cutdneous lymphomas

two hours daily and treatment of breast malignancies two hours daily.

During the remaining time, treatment is in the mixed-beam mode,, in

which electron therapy is coupled with neutron radiation therapy de-

livered either at the Fermi Laboratory or with the University of Chicago

cyclotron.

• Cutaneous lymphomas. We have used the Stanford technique for

patient treatment as i n i t i a l l y described by Fuks, Bagshaw, and

Karzmark. ' This technique has been modified somewhat in that we

place both hands above the head throughout the treatment, as shown in

Fig. 4. We have found an excessive dose of electrons at the ankles

from the electron beam scatter off the f loor and have provided a bar-

r ier which prevents these scattered electrons from reaching the pa-

t ient. We have used the six positions described by the Stanford group.

The pencil beam from the accelerating system is scattered in a fashion
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sitnilar to that described by the Stanford group. Patients receive 500

rads weekly. Our treatment consists of a skin dose of 2000 rads in

four weeks, with a two-week rest period, followed by an additional 2000

rads in four weeks. The soles of the feet and the perineum are treated

separately with the electron beam in the field rectilinear scanning

mode. Continuous beam monitoring is provided and the machine is cali-

brated daily for this technique.

The patients have been referred from a comprehensive mycosis fun-

goides program, in which the superficial forms of this disease are

treated with topical therapy or psoralen and ultraviolet light wave-

length-A (PUVA).. Patients not responding to the above treatment and

patients with extensive plaque disease, tumor stage, and erythroderma

are referred directly for electron beam therapy. The outcome of this
(a)

treatment was recently analyzed and published/ ' Further analysis

indicates that 50 patients are in our current group under consideration.

These new results have demonstrated that the survival and disease-free

survival are improved with the utilization of the Stanford technique,

and that the addition of four-drug chemotherapy following total-skin

electron beam irradiation improves the survival and disease-free sur-

vival significantly (Fig. 5 and 6). We have recently obtained an

autopsy report on a patient who died from the group of patients who

received electron beam therapy followed by four-drug chemotherapy.

This patient's disease was confined to the central nervous system.

It may well be that, in this disease as in leukemia, the central

nervous system represents a sanctuary which may require craniospinal

radiation.
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Mixed-beam therapy of cancer. An analysis of the treatment of

patients with fast-neutron radiation indicates that the central nervous
(14)system is extremely sensitive to the effects of fast neutrons/

Similarly, the spinal cord, lungs, and heart are quite sensitive to

fast-neutron radiation. ' An analysis of patients with head and neck

malignancies who were treated in England indicates the superiority of

this treatment. This has recently been borne out by the preliminary

analysis of patients who have been randomly evaluated in the Radiation

Therapy Oncology Group protocols for evaluation of advanced inoperable

head and neck malignancies. We therefore set out to evaluate how best

to utilize fast-neutron radiation and low-LET (linear energy transfer)

radiation with electrons to provide for protection of the spinal cord

in the neck and for minimizing the dose in the spinal cord and the

lungs when treating the esophagus and mediastinal structures. In the

case of ENT malignancies with bilateral neck nodes, we have used a com-

bination of posterior electron beam fields coupled with anterior la-

terally opposed photon beam irradiation, as demonstrated in Fig. 7.

In patients with tumors of the pyriform sinus and hypopharynx, we have

treated the neck with a single anterior field to encompass the primary

plus the bilateral lymph nodes drainage basin (Fig. 8). Isodose curves

in a heterogeneous phantom for this anterior field are shown in Fig. 9.

This technique allows for treatment of the neck with neutron radiation

with opposed neutron fields and minimizes the total biologic dose to

the spinal cord from these two techniques.

In pafents with carcinoma of the esophagus, we have used mixed
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neutron and electron therapy to treat the mediastinum with varying-

energy electron beams. Starting at the neck with electron energies

of 15-18 MeV, we continued along the mediastinum to the lower eso-

phagus with electron energies to 40 MeV. Fig. 10 demonstrates the

isodose curves in a heterogeneous phantom for this technique in cross-

section. The isodose curves for three different energies in sagittal

section are shown in Fig. 11. These curves demonstrate the ability to

vary the depth of penetration and minimize the exposure of the spiral

cord. This allows for exposure arrangement with fast neutrons with

opposing fields. Oblique posterior neutron beams are not needed, and

by this technique the dose to the lungs is minimized. Preliminary

evaluation of nine patients with carcinoma of the esophagus treated

ip this fashion, in which the tumor received 3600 rads of photon ex-

posure and 2400 rads of biologically equivalent neutron exposure, in-

dicate no untoward reactions in the thoracic spinal cord. By the

electron beam technique, we have minimized the radiation exposure of

the lungs. Radiation pneumonia has not been observed.

We believe that high-energy electron therapy will see an ever-

increasing role in the treatment of deep-seated malignancies when

this treatment is coupled with fast-neutron radiation. This technique

should be useful in the management of a number of abdominal tumors as

well, in particular carcinoma of the pancreas, as discussed in this

symposium, whereelectron beams and photon beams have been combined.

Breast cancer. In the treatment of breast cancer with high-

energy electrons, we have modified the technique used at Memorial
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Hospital to treat the chest wall and the draining lymph nodes with
(3)

vary ing-energy electrons. ' This technique has allowed us to treat

the chest wall, with or without inclusion of the intact breast, to

carcinocidal doses without untoward reaction in the lungs and the

deeper structures in the mediastinum.

We have mapped out the treatment plan in three distinct areas:

(1) the chest wall with or without the intact breast; (2) the anterior

mediastinum to include both internal mammary lymph node chains; and

(3) the supraclavicular and axillary lymph node groups, which are

treated as one unit.

The chest wall is marked with a grid, which is projected on the

patient's chest wall by means of the treatment simulator. With the

marked pattern drawn on the patient's chest, the thickness of the chest

wall is measured with ultrasound at 2 cm intervals, and the chest wall

thickness is carefully recorded. From these data, a variable-thickness

bolus is designed. An impression of the chest wall is taken with dental

techniques, and a plaster model of the chest wall is created. With the

same index system and the data from the ultrasound measurements, a

variable-thickness bolus is built on the plaster model so as to provide

uniform thickness of the chest wall to the level of the pleura. Thus

the range of the electrons can be adjusted to end before the electrons

reach the underlying lung.

With the bolus thus constructed, the mediastinal field is de-

signed to be immediately adjacent to the chest wall. Energies of 10-

15 MeV electrons are used, depending upon the particular treatment situ-

ation. Both internal mammary lymph node chains are included in this
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mediastinal field.

The supraclavicular field is shaped to cover the axillary con-

tents and supraclavicular nodes. This field is generally treated with

photon radiation, and field shaping is done with custom, low-melting-

point, high-density blocks. If there is overlap between the supracla-

vicular field and the chest wall field, a lead cut-out is placed on

top of the bclus material when electrons are used so as to stop the

electrons prior to entering the bolus. This overlap occasionally oc-

curs in the axillary region, where the photon beam is used for treat-

ment of-the axillary lymph nodes.

In using this technique over the past five years, we have vir-

tually eliminated the problem of reaction in the lung and have not

observed radiation pneumonia or any other unusual sequelae.
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FIGURE LEGENDS

Fig. 1. Diagram showing beam transport system magnets, shielding

and treatment technique for rectilinear scanning field therapy.

Hg. 2. Magnet motion for convergent electron beam therapy

around the isocenter, the axis of the accelerator.

Fi;. 3. Convergent beam dosimetry film exposures in a chest

phantom at 5, 10 and 15 MeV.

Fig. 4. Photograph showing a patient in the treatment position

for whole-body electron radiation. Note both arms are extended and

a vertical board shields the ankles from the electrons scattered

from the floor.

Fig. 5. Graph of actuarial disease-free interval of patients

treated with localized electron beam fields, whole-body electron

beam and whole-body electron beam followed by multiple drug chemo-

therapy. *1?*

Fig. 6. Graph demonstrating actuarial survival of patients

treated with local field electron beam, whole-body electron beam

and whole-body electron beam followed by multiple drug chemotherapy. "
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Fig. 7. Electron beam isodose distributions combined with

photons used to reduce spinal cord dose in the neck.

Fig. 8. Patient in treatment position for anterior f ield

electron beam therapy of the primary hypopharyngeal lesion and

regional lymph nodes including upper mediastinum.

Fig. 9. Isodose distribution for anterior electron beam

f ie ld used on neck.

Fig. 10. Measured isodose distribution in a heterogeneous

tissue-equivalent chest phantom at 30 HeV.

Fig. 11. Sagittal section isodose curves for treatment of

cancer of esophagus at three electron energies providing various

degrees of penetration.
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