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Introduction

In 1990, there were approximately 505,000 cancer related
deaths in the United States (Boring et al., 1994). 1In the
same year, there were 20,500 new cases of primary brain tumor
and 20,700 new cases of metastatic brain tumor. The
estimated number of deaths in the United States due to
primary brain tumors is approximately 11,000 (Prados and
Wilson 1993). The estimated number of 1992 cancer deaths due
to metastases from: lung, breast, colon and rectum, and skin
was 41,600 (Wright et al., 1993). Gliomas, tumors of
transformed glial cells, comprise 50% of all primary brain
tumors (Radhakrishnan et al., 1994). The most common forms of
glioma are astrocytoma, oligodendroglioma, and glioblastoma
multiforme (Laws and Thapar 1993).

Glioblastoma multiforme (GBM) is at the extreme scale of
malignant astrocytic tumors. There is a slight proclivity
for the disease to occur in males (Schiffer 1993). The mean
age for a patient who is diagnosed with GBM is 54 years
(Prados and Wilson 1993). In addition to endothelial
proliferation, hypercellularity, pleomorphism, and atypical
mitotic figures, GBM is characterized by large areas of
necrosis which distinguishes it from anaplastic astrocytoma.
The tumor is usually located in the white matter of the
cerebral hemispheres. They occur in many different regions

of the cerebral hemispheres including the: frontolateral,
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temporolateral, parietodorsal, and occipitodorsal regions.
GBM can also occur in the corpus callosum, basal ganglia, and
the thalamus. GBM is also characterized by their infiltrative
nature, as they are known to actively invade the cortex and
white matter (Schiffer 1993). GBM has been classified by the
World Health Organization (WHO) as a Grade IV tumor (Kleihues
et al., 1993). Over a ten year period, Salcman et al. (1994)
treated 289 patients (73.7% Grade IV and 26.3% Grade III) who
had gliomas. Fifty-three patients received only surgery and
radiation therapy, and an additional 74 patients were also
given some form of nitrosourea chemotherapy. In 113 cases,
the patients were administered some form of experimental drug
therapy, surgery, and radiation therapy in addition to or in
place of nitrosourea. Thirty-seven patients were given
interstitial implants in addition to surgery, radiation
therapy, and chemotherapy. Also, 58% of the patients
underwent repeated surgery at some point during their
clinical course. Of the patients who underwent surgery and
radiation therapy, those that were less than 40 years of age
had a median survival of 20 months, and patients who were
older than 40 years had a median survival of 7 months.
Patients under the age of 40 who were given nitrosourea
chemotherapy in addition to surgery and radiation therapy had
a mean survival of 26 months, and the patients who were older
than 40 had a median survival of 11 months. 1In the group of
patients who underwent experimental drug therapy, patients

under the age of 40 had a median survival of 24 months, and
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those that were over 40 years had a median survival of 14
months. Of the 37 patients who also underwent interstitial
implants, patients under the age of 40 had a median survival
of 29 months, and patients over the age of 40 had a median
survival of 14 months. In this study, patients with Grade
III tumors who were younger than 40 years (n=27) had a median
survival of 37 months, and those who were older than 40 years
(n=49) had a median survival of 15 months. Patients with
Grade IV tumors who were younger than 40 years (n=62) had a
median survival of 24 months, and those who were older than
40 years (n=151) had a median survival of 12 months. Those
patients who underwent repeated surgery had an additional
survival time of 9 months.

Anaplastic astrocytoma (AA) is a malignant brain tumor
that has been classified as a Grade III tumor by the WHO
(Kleihues et al., 1993). The median age for individuals
diagnosed with anaplastic astrocytoma is 45 years (Prados and
Wilson 1993). As with GBM, there is a slight tendency for AA
to occur more often in males (Ziilch 1986). Compared to lower
grade astrocytomas (Grade I and II), AA is more infiltrating,
and they show a greater propensity to invade the cortex
(Schiffer 1993). AA is characterized by moderate
hypercellularity and moderate pleomorphism. They also
undergo vascular proliferation which is inversely related to
the length of survival. AA lacks necrosis (Jellinger 1987).

For patients with GBM or AA, surgery is usually

performed in order to remove as much of the tumor as safely
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possible, to alleviate symptoms, to make a diagnosis, and to
preserve life. However, due to the infiltrative nature of
these tumors, surgery is not able to remove 100% of the
tumor. In patients with GBM and AA, surgical resection is
usually followed by radiation therapy (Prados and Wilson
1993). Different radiation therapy regimens have been
studied. Some investigators favor whole brain radiotherapy
while others prefer partial brain irradiation. Conventional
radiotherapy has been defined as a tumor dose of 50-60 Gray
(Gy) given in single fractions of 1.8-2.0 Gy per day, 5 days
per week (Sheline 1990). A Gray is the unit by which the
quantity of radiation is expressed. One Gray is equal to 1
Joule/kilogram which is also equal to 100 rad.

Dosimetry is the determination of how much dose should
be deposited within different biological tissues. It is both
a crucial and a complex aspect of radiotherapy. Many
variables are considered when determining dosage. The target
volume is an import factor used to determine the radiation
dosage. Also, there are many different sources of radiation
in use. Some of the sources produce radiation by decay;
therefore, the half-life of the source whether it is iodine-
125 (60.2 days) or cobalt-60 (5.3 years) is an important
element of dosimetry.

Computed tomography (CT) and magnetic resonance imaging
(MRI) produce anatomic images in multiple planes using x-rays
and high frequency radio waves respectively (Khan 1994).

Computed tomography relies upon the attenuation of x-rays
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within tissue. Attenuation is the removal of x-ray photons
from the beanmn. There are many different attenuation
properties within tissue. Regions of brain edema and
necrosis are areas of low attenuation and hypodensity.
Compared to edema and necrosis, gliomas are regions of
greater attenuation. By their very nature, they are
hypercellular; therefore, they appear as regions of
hyperdensity on CT (Lee et al., 1992).

Magnetic resonance imaging relies upon the abundance of
protons within the body. The protons are present in the form
of water. At equilibrium, there is a net magnetization of
the proton nuclei in a parallel direction. Excitation in the
form of a radio wave provides torque to the longitudinal
magnetization vector. There 1is a decrease in the
longitudinal magnetization and an increase in the transverse
magnetization. Once the radio wave is turned off, there is a
loss of the excitation energy to the overall thermal
environment, termed spin-lattice interactions. The time
course associated with the recovery of 1longitudinal
magnetization is Tl. Also, there is an exchange of energy
between neighboring nuclei termed spin-spin interactions.
The time course for the loss of transverse magnetization is
T2. In tumors and areas of edema, water is widely dispersed;
therefore, the ability of the protons to impart energy to
their environment is poor. This is manifest as a slow decay
of the excited state and a low signal. Subsequently, tumors

and edematous tissue appear dark on Tl weighted MRI. Solid
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tissues are able to give up energy more rapidly because there
is a more direct coupling between molecules. This results
in: a rapid decay of the excited state, a high signal, and
the appearance of solid tissue as lighter areas on TI1
weighted MRI. On T2 weighted MRI, tumors and edematous
tissue appear as lighter regions while solid tissues appear
darker (Lee et al., 1992).

Contrast enhancing substances such as iodine and
gadolinium are used in CT and MRI respectively. The presence
of contrast enhancement indicates a disturbance in the blood
brain barrier. Normal brain vasculature has an intact blood
brain barrier composed of tight junctions between endothelial
cells, a surrounding basement membrane, and an investment of
astrocytic foot processes. Regions of the brain where there
is GBM or AA usually tend to contrast enhance, corresponding
to endothelial proliferation and neovascularization (Woodruff
1993).

Determining the microscopic margins of the target is
impossible even with the best CT and MRI available;
therefore, the radiation therapy target must include a margin
beyond the target defined by CT or MRI. At the University of
California San Francisco, the target volume includes at least
3 cm beyond that indicated by CT and 2 cm beyond what is
determined by MRI. There are many prognostic factors of
success related to the radiation therapy of GBM and AA
including: tumor necrosis, age, Karnofsky performance status,

extent of resection, and decrease in tumor size after



radiotherapy (Sheline 1990).

Metastasis is defined as a migration in the blood and
lymphatic system of tumor cells that gives rise to tumors
elsewhere in the body (Mahadevan and Hart 1990). The
incidence of cerebral metastases varies from 2.8 to 11.1 per
100,000 (Schiffer 1993). Autopsy studies have shown that up
to 50% of people dying of cancer will possess intracerebral
metastases, of these 40% are single lesions (Pickren et al.,
1983). Tumors of the skin, breast, lung, kidney, and the
digestive tract are responsible for 95% of cerebral
metastases. Metastases from 1lung cancer are the most
prevalent, representing more than 50% of all cerebral
metastases. There is a tendency for cerebral metastases to
occur in males; the incidence is 9.7 per 100,000 for males
and 7.1 per 100,000 for females. Approximately 80%-86% of
cerebral metastases are localized supratentorially within the
frontal, temporal, and parietal regions (Schiffer 1993).

Metastases from melanoma and renal cell carcinoma are
considered to be radioresistant, while those from
adenocarcinoma and squamous cell carcinoma are classified as
radiosensitive (Loeffler et al., 1991). The median survival
of patients with a cerebral metastasis is usually only a few
months if left untreated. During this period there is a
progressive neurological deterioration (Engenhart et al.,
1993). Maor et al. (1988) treated 39 patients who had renal
cell carcinoma metastatic to the brain with whole brain

irradiation (30 Gy in ten fractions). Of the 33 patients who



were followed-up, 23 patients did not respond or
deterjiorated. Ten patients responded to the radiotherapy and
had a median survival of 17 weeks. The entire treatment
group had a median survival of 8 weeks. Vecht et al. (1993)
treated 31 patients who had a single metastasis to the brain
with whole brain irradiation (2 fractions per day of 2 Gy
each for a total of 40 Gy). The origin of the metastases
were: lung (n=16), breast (n=6), renal cell (n=1), melanoma
(n=4), and others (n=4). The patients had a median survival
of 6 months.

Patchell et al. (1990) conducted a randomized trial of
surgery and radiotherapy in the treatment of single
metastases to the brain. One group underwent a treatment of
surgical removal of the brain tumor followed by whole-brain
radiation therapy (surgical group). The second group of
patients underwent needle biopsy and whole-brain radiation
therapy (radiation group). The results indicated that the
recurrence at the site of the original metastasis was less
frequent in the surgical group than in the radiation group (5
of 25 [20%] versus 12 of 23 [52%]. The overall length of
survival was significantly longer in the surgical group
(median 40 weeks versus 15 weeks in the radiation group;
P<0.01). Also, the patients treated with surgery remained
functionally independent longer (median, 38 weeks versus 8
weeks in the radiation group; P<0.005).

In order to measure a patient’s quality of life, most

clinicians will make an evaluation using the Karnofsky
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Performance Score (KPS) (Karnofsky 1945). The KPS ranges
from 100% to 0% (Table 1).

X-rays were discovered by Roentgen in 1895. Since then,
radiotherapy has played an integral role in the treatment of
cancer. Radiotherapy has become the standard post-operative
procedure for patients with malignant astrocytomas and
metastases. Recently, radiosurgery (Linear Accelerator and
Gamma Knife) has been introduced into the United States, and
many hospitals have been using this procedure to treat a
myriad of lesions. This paper is being written to explore
the role of radiosurgery in the treatment of malignant brain
tumors. Also, the biological and physical principles that
underlie radiosurgery will be discussed. Furthermore, this
paper will review many of the radiosurgical studies that have
been performed in the treatment of malignant brain tumors.
Finally, an experiment will be proposed’to study the effects
of growth factors on the total obliteration time course of a

rat model for arteriovenous malformations.
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Table 1

From: Karnofsky DA, Burchenal JH: The <c¢linical evaluation of
chemotherapeutic agents in cancer. In MacLeod CM ed. Evaluation of

Chemotherapeutic Agents, Columbia University Press, New York, 191-205,
1945.

Karnofsky Performance Score

Percentage Comments
100% Normal, no complaints, no evidence of
disease.
90% Able to carry on normal activity,

minor signs or symptoms of disease.

80% Normal activity with effort, some
signs or symptoms of disease.

70% Cares for self. Unable to carry on
normal activity or to do active work.

60% Requires occasional assistance, but
is able to care for most needs.

50% Requires considerable assistance and
frequent medical care.

40% Disabled, requires special care.

30% Severely disabled, hospitalization is
indicated, although death is not
imminent.

20% Hospitalization necessary, very sick.

10% Moribund.

0% Dead.



Radiobiology

The goal of radiation therapy is the sterilization or
loss of reproductive integrity of malignant cells
(Weichselbaum 1993). The primary cellular event that results
from radiotherapy is DNA damage which can be classified as:
double-strand breaks, single-strand breaks, cross-linking of
DNA to DNA or to other molecules, or base damage. Repair may
be undertaken in some tumor cells by enzymatic systems such
as nucleases and ligases (Schiffer 1993). Unrepaired or
misrepaired double strand breaks are believed to be the
critical component involved in producing proliferative cell
death. Proliferative cell death will eventually result in
necrosis and degeneration of target tissues of radiotherapy
(Larsson 1992).

Gamma rays and X-rays are classified as low linear
energy transfer radiations which yield relatively low doses
of energy along their path (0.3-2.0 keV/micrometer). When
photons interact with water, they produce free radicals (OH-
and H-) which damage DNA by extracting hydrogen ions. This
is termed indirect DNA damage. Under hypoxic conditions,
reducing agents such as sulfahydryl compounds may repair the
damage. Direct killing of cells generally involves radiation
doses in excess of 100 Gy and has been termed interphase
death (Schiffer 1993). Interphase death is characterized by

the lysis and destruction of the cell at approximately one to

11
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four hours after irradiation. Interphase death does not
require the cell to pass through mitosis. The most likely
targets include cellular or nuclear membranes. It has been
hypothesized that damage to mitochondrial membranes could
have an adverse effect on energy production. Also, a
breakdown of the lysosomal membranes would cause internal
lysis of the cell. The targets for direct damage are
primarily nondividing cells such as neurons (Kilmer 1994).
Within the cell cycle, cells in mitosis (M phase) or

those in late G, phase are radiosensitive. Cells which are in

the late S phase are radioresistant (Hall 1991). Tumor cells
by their very nature undergo a high rate of mitosis. All
tumor cells are thought to contain a population of hypoxic
cells (up to 15%). Hypoxic cells are not present in normal
brain tissue. They are more radioresistant than oxygenated
cells. In order to produce the same radiobiological effect,
hypoxic cells must be subjected to a radiation dose three
times larger than that required by oxygenated cells. This
has been termed the oxygen enhancement ratio (Schiffer 1993).

When a cell is irradiated by either X-rays or gamma
rays, some portion of cells do not undergo lethal damage.
These cells have endured sublethal damage which can be
repaired usually within an hour. However as the radiation
dosage is increased, the proportion of cells which are
lethally damaged increases. Therefore, the proportion of

cells which are able to undergo repair decreases (Schiffer
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1993).

The reactions of the brain to irradiation can be placed
into three categories. An acute reaction may occur during
the course or a few days after irradiation. This reaction
manifests itself through uncharacteristic headache and signs
of increased intracranial pressure such as nausea and
vomiting. The symptoms are generally reversible within
hours. The early-delayed reaction occurs within a few weeks
or months after radiotherapy. This reaction is characterized
by lethargy and somnolence. The effects are temporary in
nature, and they may be reversible within a few weeks without
treatment. Late reactions generally manifest themselves
within months or years after irradiation. The results are
usually irreversible, progressive, and they eventually lead
to death. Late reactions result in vascular damage,
necrosis, and perifocal edema (Sauer 1987).

When the brain is irradiated with high doses (14-70 Gy),
the first cell populations to be eradicated are those with
the highest rate of mitosis. Within normal brain tissue,
endothelial and oligodendroglial cells are the most sensitive
to the effects of irradiation (Larsson 1992).
Oligodendroglial cells are involved in early delayed
radiation damage. Endothelial cells are identified with late
delayed radiation injury (Rosander et al., 1991).

The term radioresistant describes a tumor cell that is
able to repair damage or produce self replacement at a rate

equal to the surrounding normal brain tissue. High-grade
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astrocytoma cells are considered to be very radioresistant
(Sauer 1987). One of the objectives of radiosurgery is to
overcome the radioresistance of certain malignant brain
tumors. Radiosurgery enables the delivery of high doses of
radiation (gamma rays or X-rays) to a stereotactically
demarcated target without exposing the surrounding normal
brain tissue to toxic doses of radiation (Alexander and

Loeffler 1992).



Interstitial Brachytherapy

Interstitial brachytherapy is an invasive procedure
which allows for the stereotactic delivery of tumoricidal
doses by radioactive sources which are implanted directly
into the tumor. In the United States, the procedure was
first used to treat malignant gliomas at the University of
California San Francisco in 1977. Radioactive sources that
have been used include: gold-198, iridium-192, and iodine-
125. Two advantages of interstitial brachytherapy include: a
sharp dosage drop off as the distance from the tumor
increases, and the favorable radiation biology of a low dose
rate of irradiation (approximately 0.4 to 0.6 Gy per hour)
(McDermott et al., 1991). Interstitial brachytherapy trials
have been conducted in the initial management of patients
with glioblastoma (Loeffler et al., 1990b). Also, this
treatment modality has been used to treat patients with
recurrent malignant gliomas (Leibel et al., 1989).

Generally speaking, proliferating cells are most

sensitive to radiation at the G, and M phases of the cell

cycle. During the continuous low dose irradiation emitted in
brachytherapy, cells in the resistant phases of the cell
cycle may proceed to the sensitive phases. This phenomenon
of redistribution allows for a more effective killing of

tumor cells. It has been hypothesized that the total dose

15
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per cell cycle is an important factor in halting mitosis. 1In
vivo and in vitro studies have shown that most cell systems
require between 7.2 and 9.9 Gy per cycle to inhibit mitosis.
Since most brachytherapy protocols use a dose rate of between
0.4 and 0.6 Gy per hour, and malignant gliomas have cell
cycle times anywhere between 24 and 120 hours, the delivered
dosage will wusually be above the <critical value for
inhibiting cell mitosis (McDermott et al., 1991).

The most popular isotope in North America is iodine-125.
The isotope is absorbed onto resin balls and surrounded by a
0.05 mm thick titanium capsule that is approximately 4 mm in
length and 0.8 mm in diameter. This conformation is what
makes up the so called “seeds”. There are two forms of the
125T seeds: high activity (10-50 mCi) seeds which are used for
cerebral metastases and malignant gliomas, and low activity
(0.5 mCi) which are used for the permanent implantation of
skull base neoplasms. A Curie (Ci) is a unit by which
activity is measured. One Curie is equal to 3.7 x 1010
disintegrations per second. The iodine-125 isotope decays by
electron capture with the subsequent emission of gamma rays,
x-rays, and electrons. The electrons and the x-rays are
absorbed by the titanium capsule. The gamma rays that are
emitted have an energy of between 27 and 35 keV (McDermott et

al., 1991).



What is Radiosurgery?

In 1951, ©Lars Leksell innovated stereotactic
radiotherapy of the brain (Leksell 1951). The technique
utilized a stereotactic apparatus that he developed in 1949
(Leksell 1949) and a collimated 200 kilovolt x-ray tube.
This apparatus allowed the beams to enter the brain
throughout the convexity of the skull and converge upon the
targeted structure (Leksell 1951).

Presently, the term radiosurgery is used to describe a
noninvasive procedure using a single fraction of radiation
that can usually be performed on an outpatient basis. The
purpose of radiosurgery is to deliver a high dose of
radiation to an intracerebral target without the exposure of
adjacent normal tissue to clinically significant doses of
radiation. Most of the cerebral neoplasms that have been
treated with radiosurgery are recurrent or inoperable. A
tumor is considered to be inoperable if it is deeply
localized, or if the patient’s condition (example,
respiratory or cardiac disease) preclude craniotomy (Larson
1990). The two most widely used devices for radiosurgery are
the gamma knife and the linear accelerator. The gamma knife
uses gamma radiation emitted by the beta decay of cobalt-60.
The linear accelerator produces x-rays by microwave power
(Bova 1990). Both devices have been used to treat benign and

malignant brain tumors such as: meningiomas, metastases,

17
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anaplastic astrocytomas, and glioblastoma multifome. The
majority of the treatments have been for vascular
malformations such as arteriovenous malformations and
angiographically occult vascular malformations (Larson 1990).
Arteriovenous malformations (AVM) are fistulous
communications between cerebral arteries and veins (Okazaki
1989). Additional information concerning AVM may be found on
page 68.

The general protocol involved with treatment with either
the gamma knife or 1linear accelerator is similar. A
stereotactic frame is attached to a patient’s head using four
pins placed circumfrentially 1" above the supraorbital line.
The regions where the pins are placed are injected with 10 cc
of local anesthetic (lidocaine-1% and epinephrine-0.5%). 1If
an arteriovenous malformation is being treated, biplane
angiography of the main vessels supplying the 1lesion is
conducted. This is followed by an enhanced CT scan,
performed with a CT localizing frame attached to the head
ring. A series of 1.5 mm transverse CT slices are taken
through the lesion. For brain tumors, an enhanced CT and or
an MRI is taken (Shields et al., 1993). Prior to the
development of computed tomography in the 1970s and magnetic
resonance imaging in the 1980s, radiosurgical procedures were
dependent upon the localization of tumors via angiography or
skull roentgenography (Lunsford and Kondziolka 1993).

After the imaging tests have been conducted, a team

consisting of neurosurgeons, radiation oncologists,
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neuroradiologists, and medical physicists generates a
treatment plan. The treatment plan is devised using computer
software and the data obtained from the imaging tests. The
volume of the lesion or brain tumor and its stereotactic
coordinates are determined. The neurosurgeon and the
radiation oncologist determine the radiation dose. 1Isodose
distributions and the characteristics of the treatment arcs
are determined by the treatment planning system (Shields et

al., 1993).



LINAC Radiosurgery

During the 1950s, linear accelerators (LINAC) were
developed simultaneously in the United States and in the
United Kingdom. Linear accelerators accelerate electrons to
near the speed of light. Microwaves with frequencies in the
3-GHz range are used to accelerate the electrons which takes
place on a wave guide. The electrons are injected onto the
microwaves at an energy of between 30 to 50 kilovolts, which
is roughly 30% of the speed of 1light. The wave guide
concentrates the electrons onto a portion of the wave where
they can be most efficiently accelerated. The maximum energy
of this acceleration is dependent upon the design of the
linear accelerator. Energies ranging from 4 MV (99.5% of the
speed of light) to 25 MV (99.97% of the speed of 1light) are
commonly used. The electrons are then focused onto a heavy
metal target. The electrons lose energy as they come into
contact with the heavy metal target. The majority of the
energy is lost as heat, but there is an element of radiative
loss. The radiative loss of the electron’s energy is a
result of an interaction between the high velocity electrons
and the 1large nuclei of the heavy metal target. This
interaction produces a deflection of the electron and a
subsequent change in its acceleration. The result of this
radiative loss is the emission of x-rays or photons. The x-

rays are focused by primary and secondary collimators (Bova
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1990).

Linear accelerators are the most commonly used devices
in conventional radiotherapy. A linear accelerator consists
of a gantry which houses the photon producing appratus and a
couch which is used to position the patient. During the
treatment process, the gantry rotates around the patient
delivering the prescribed dose of radiation. Since they have
been in use for decades, linear accelerators are designed and
produced to meet very stringent standards (Friedman et al.,
1992).

In February of 1986, doctors at the Brigham and Women'’s
Hospital in Boston treated the first radiosurgery patient
with a modified 6 MeV linear accelerator (Alexander and
Leoffler 1992). The very first patient treated was a 31 year
old woman with a left motor strip AVM (Alexander, personal
communication). Lutz and Winston (1988) developed various
modifications to the Boston linear accelerator that enabled
its use in treating small, precisely located lesions (0.5 to
8 cc) within the brain. They developed a collimation system
(Figure 1) that enabled the collimators to be placed closer
to the isocenter (approximately 23 cm) than the conventional
linear accelerator (70 cm). The conventional collimator
system was inadequate for radiosurgery because small
movements of the radiation source would result in magnified
movements of the beam at the isocenter. The newly devised
collimator system was designed to accept one collimator

insert ranging from 2.5 mm to 30 mm in 2.5 mm increments
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(Figure 2). This would enable a very precise enclosure of the
target within the isodose 1lines. During treatment, the
patient’s body is supported by the couch while the head is
supported by the Brown Roberts Wells (BRW) floor stand via
the BRW head ring (Figure 3). The stand is mounted to the
plate of the couch floor bearing. This system enables rapid,
accurate, rigid, and reproducible setups. The stand has a
mechanism which enables the patient’s head to be moved to the
desired cartesian coordinates (antero-posterior, lateral, and
vertical). The development of the Gill Thomas Cossman
relocatable head holder (Figure 4) allows fractionated
stereotactic radiosurgery to be performed. During the
different fractions, the accuracy of the head hold position
can be checked using a depth helmet and a depth probe with a
millimeter scale (Figure 5). The BRW system can be used in
conjunction with a BRW localizer frame to precisely identify
the target via CT. Localization of an arteriovenous
malformation is via angiography using a specially designed
localizer box and the BRW localizer system. The imaging
procedures allow for the precise stereotactic localization of
the intracerebral target.

A very important result of the linear accelerator
modifications developed by Lutz and Winston (1988) is the
capability to verify the alignment of the setup. A steel
ball is used to represent the intracranial target at the
exact isocenter. The steel ball is localized in the precise

cartesian coordinates as the patient’s lesion (Figure 6).
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The verification procedure exposes film to the linac x-rays
at a combination of at least eight possible gantry and
turntable positions. If the steel ball is centered within
the acceptable limits of all eight exposures, it can be
concluded that setup is correct and properly aligned (Figure
7). The verification procedure can detect such errors as: a
misalignment of the collimator insert or the BRW stand, or an
incorrect setting of the cartesian coordinates. Basically,
this verification procedure checks all aspects of the
treatment except localization of the lesion via computerized
tomography or angiography (Lutz and Winston 1988).

Lutz and Winston (1988) also calculated the accuracy of
the imaging sources and the precision of the 1linear
accelerator beam. They found that localization via CT
resulted in an error of 1.3 * 0.7 mm. Angiography produced a
smaller margin of error of 0.2 +* 0.2 mm. The linear
accelerator produced an isocenter localization error of 0.48
+ 0.16 mm.

Other linear accelerator centers have made changes that
decreased the isocenter localization error produced by the
LINAC. At the University of Florida, Friedman et al. (1992)
designed a system that produced a 1localization error
comparable to any existing radiosurgical system. During
treatment, the prescribed treatment arc is produced by
rotating the gantry from a vertical to a horizontal position.

Due to the weight of the gantry, this movement causes a

sagging of the gantry resulting in a misalignment of the
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collimator. This misalignment will result in a photon beam
that is focused below the isocenter. Also, error is
introduced into the treatment plan when the patient is
repositioned between arcs. To solve these problems, they
devised a system of high-precision bearings. The bearing
system for the gantry and the patient rotational device were
mechanically coupled to ensure that both rotational axes
coincided. Also, another bearing system was devised for the
collimator that effectively separated it from the gantry and
avoided any transfer of torque between the gantry and the
collimator. The three bearing systems produce an isocenter
accuracy of 0.2 * 0.1 mm (Friedman et al., 1992). This is
approximately 1% of the average beam diameter used in linear
accelerator radiosurgery (Bova 1990).

The treatment planning phase is the most critical aspect
of radiosurgery. The +treatment team consists of
neurosurgeons, radiation oncologists, radiation physicists,
and neuroradiologists. There are many objectives which must
be met during the planning phase. One of the most important
decisions to be made is what dosage should be used. This
determination is generally made by the neurosurgeon and the
radiation oncologist (Podgorsak 1992). The radiation
oncologist may rely upon past experience or published
clinical trials to determine the dosage. When prescribing a
dosage, factors such as the target’s shape and volume, the
collimator size, and dose inhomogeneity are considered.

Also, the risk of brain necrosis is an important factor when
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determining radiation dosage.

Dose inhomogeneity plays a crucial role in the resulting
complications of radiosurgery. The total dose inhomogeneity
(TDI) is defined as the difference between the maximal tumor
dose and the minimal tumor dose (Nedzi et al., 1991). Dose
inhomogeneity may result from treating larger or irregularly-
shaped targets. The collimators used in both 1linear
accelerator and gamma knife radiosurgery produce a spherical
dosage distribution. Some lesions may not conform to a
spherical shape; therefore, multiple isocenters can be used
to more fully circumscribe the target. In LINAC radiosurgery,
multiple isocenters are created by moving the convergence of
radiation beams a predetermined distance between treatments.
This will cause an overlapping of radiation fields. Certain
regions of the treatment volume will receive more than two to
three times the dose of the single isocenter (Nedzi et al.,
1991). Inhomogeneity may seem to be an insignificant factor
if the tumor volume contained only tumor cells, but some
tumors and treatment designs include normal tissue within the
target volume. Nedzi et al. (1991) treated 64 recurrent or
inoperable intracranial tumors in 60 patients (40 primary, 24
metastatic) with a 6 MeV linear accelerator. They determined
that tumor dose inhomogeneity was the most significant factor
related to complications due to toxicity. Other variables
that were highly correlated with tumor dose inhomogeneity
included: maximum tumor dose, number of isocenters, maximum

normal tissue dose, and tumor volume. They determined that a
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low risk of complications existed for lesions with volumes
less than 10 cc treated with a single isocenter with a
maximum dose of 25 Gy and a minimum tumor dose inhomogeneity
of less than 10 Gy.

During LINAC radiosurgery, the tumor is surrounded by a
beam of x-rays whose diameter is determined by the size of
the circular collimator. Collimator sizes range from 5 to 40
mm in diameter (Friedman et al., 1992). The photon beams all
intersect at the target from a number of noncoplanar arcs.
This causes the tumor to be surrounded in three-dimensions by
the photon beam, usually in the shape of a sphere (Podgorsak
1992). The geometric center of the tumor is the usual
isocenter, i.e. the point where 100% of the prescribed dose
is concentrated. Moving away from the geometric center of
the tumor toward the outlying normal tissue, there is a
decrease in the radiation dose. The concentrations of
radiation throughout the +tumor and normal tissue is
represented by isodose lines. During the planning procedure,
there is a superposition of isodose distributions on the CT,
MRI, or angiographic images which have been transfered to a
computer via magnetic tape (Figure 8). This enables the team
to view in three dimensions the path of the photon beam
(Podgorsak 1992). The arcs are defined in terms of arc-start
angle, arc-end angle, and couch angle. Each arc may
contribute an arbitrary fraction of the total dose to the
target. If they find that the beam is going through any

critical or dose sensitive structures such as the optic
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nerves and chiasm, eyes, area postrema, or the brain stem,
they must modify the arcs (Alexander and Loeffler 1992).

The presence of a sharp dose fall-off immediately
outside of the target is another objective that must be met.
This enables only the target to receive biologically
significant doses of radiation while the outlying normal

brain tissue is spared from high doses of radiation

(Podgorsak 1990).
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Figure 1: Linear Accelerator Collimation System (Courtesy of
Radionics Inc., Burlington, Massachusetts).
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Figure 2: Collimator Inserts (Courtesy of Radionics Inc.,
Burlington, Massachusetts).
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Figure 3: Brown Roberts Wells Floor Stand and Head Ring.
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Figure 4: Gill Thomas Cosman Relocatable Head Holder.
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Figure 5: Accuracy of the Head Holder placement being
checked via a Depth Helmet and a Depth Probe.



Figure 6: LINAC Verification Procedure
Radionics Inc., Burlington, Massachusetts).

(Courtesy
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Figure 7: X-ray film of 9 arcs taken during the LINAC
Verification Procedure.
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Figure 8: 1Isodose Distributions. Yellow-red color
represents the 80% isodose line. Green represents the 50%

isodose 1line (Courtesy of Radionics 1Inc., Burlington,
Massachusetts).



Theoretical Physics of the Interaction Between

Tissue and Photons

As the photon beam penetrates tissue, there is a rapid
rise in dosage from a relatively low value at the surface of
the skin toward a maximum dosage reached at a depth termed

the dpax. The dpax represents the depth at which the maximum
dosage is reached. The region between the surface and dp.x is

termed the dose buildup region. Beyond the depth of maximum
dosage, there is an exponential decrease in the dosage. The
tissue build-up region depends upon the source. X-rays in
the orthovoltage range do not have a tissue buildup region;
their maximal dosage occurs at the surface. X-rays with
sources of 6 MV and 10 MV have build-up regions of 1.5 cm and
2.5 cm respectively. Gamma rays produced by the beta decay
of 60Co have a dose build-up region of 0.5 cm. Photons in the
megavoltage range, therefore, exhibit a skin sparing effect
(Podgorsak 1992).

The dominant interaction that occurs between the photon
and the tissue medium is the Compton interaction (Khan 1994).
The photon interacts with the free electrons in the absorbing
medium. The photon collides with an outer loosely bound
orbital electron. This scatters the incident photon and
imparts a kinetic energy upon the electron. These high

energy Compton electrons are scattered toward the forward
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direction, which imparts a skin sparing effect (Weichselbaum
et al., 1993). There is a point in depth where the electrons
created near the surface approach the end of their range. At
the same point, the decrease in the number of photons will
result in a decrease in newly created high-energy electrons.
The depth where the electron density will reach its maximum

is known at the dp.x or maximum dose. All other points within

the medium will have a lower electron density and therefore a

lower dose, called the fall-off region (Bova 1990).



“Boost” versus Single Dose Radiosurgery

Recently, there has been some debate regarding the
method by which the prescribed radiation dosage should be
delivered to malignant brain tumors. Using radiobiological
theory, Hall and Brenner (1993) believe that the delivery of
radiation in a single dose to a malignant brain tumor will
result in a suboptimal therapeutic ratio. However, they
believe that treatment of benign 1lesions such as
arteriovenous malformations is optimal under single fraction
radiation dose treatment. Their reasoning is based upon two
different radiobiological principles. Malignant tumors of
all sizes contain some portion of hypoxic cells. Hypoxic
cells are resistant to killing by either X-rays or gamma
rays. A single fraction of radiation will kill a larger
fraction of the metabolically active (radiosensitive) than
the hypoxic cells. After irradiation, a large portion of the
tumor is hypoxic. Given a short period of time there will be
a re-establishment of the original proportions of oxygenated
and hypoxic cells. This allows many of the previously
hypoxic cells, which have become metabolically active, to be
killed by a second and subsequent fractioﬁs of radiation.
Although many human tumors have been eradicated with
radiotherapy doses of 60 Gy given in 30 fractions, it is not
known whether or not human tumors rexoygenate (Hall 1994).

Tissues have been classified into two different categories:
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late responding and early responding. Arteriovenous
malformations and normal brain tissue are said to be late
responding tissues. The effects of radiation are manifest
weeks to months after the radiation treatment. Malignant
tumors are classified as early responding tissues in that
they are affected within hours or a few days of the radiation
treatment. Due to the differing dose-response relationships
of early and late responding tissues, a fractionated
treatment schedule will produce a greater sparing effect on
late responding normal tissues than would a single dose of
radiation. A fractionated treatment will result in less
damage to normal brain tissue and a greater degree of
malignant tumor cell death than single dose treatment. Since
arteriovenous malformations and normal brain tissue are both
late responding tissues, there will be no gain in
preferential killing of the lesion and sparing of normal
tissue via fractionated therapy (Hall and Brenner 1993). One
of the advantages of single dose radiosurgery is its ability
to kill radioresistant tumors such as metastases from renal
cell sarcomas and melanomas. This is because radiosurgery
uses a higher single dose of radiation than fractionated
radiotherapy. Hall and Brenner (1993) proposed a system
using a noninvasive relocatable stereotactic head frame and a
treatment plan consisting of five or six fractions. They
believe that keeping the number of fractions low will not
cause a significant decrease in radioresistant tumor death.

This protocol incorporates the advantages of fractionated
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radiotherapy with a high tumor dose (Hall and Brenner 1993).
Larson et al. (1993) believe that despite the two
radiobiological principles cited by Hall and Brenner (1993)
there is little to be gained by fractionating treatments for
most small intracranial targets. Larson et al. (1993)
developed a graphical model comparing the fractionated dose
at 2 Gy per fraction that is required to produce the same
radiobiologic effect for a given radiosurgical dose. The
graph included late and early responding tissues. Their
reasoning is based upon the differing composition of
malignant tumors (early responding tissue). Malignant tumors
can be embedded within late responding normal tissue as is
the case with low grade astrocytomas. The term embedded
means that the target contains malignant tumor tissue and
normal brain tissue. Also, malignant tumors can be
surrounded by late responding normal tissue which would
include GBM and metastases. Within low grade astrocytomas,
reside normal glial cells, neuronal cell bodies, axons,
microglia, and blood vessels. With a single treatment dose
of 30-40 Gy, the malignant tissue experiences a radiobiologic
effect of 50-100 Gy of fractionated radiotherapy. The normal
tissue within the target experiences the radiobiologic effect
of 100-200 Gy of fractionated radiotherapy (Larson et al.,
1993). Although Pozza et al. (1989) reported a favorable
therapeutic ratio in the treatment of low grade astrocytomas
with radiosurgery, few, if any low grade astrocytomas are

being treated with radiosurgery in North America (Larson et
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al., 1993). GBM and metastases fall into the category of
early responding tissue surrounded by late responding normal
tissue. There is 1little if any normal brain tissue within
the target. During radiosurgery, the target receives 20-40
Gy which is radiobiologically equivalent to 50-100 Gy of
fractionated radiotherapy. The normal brain tissue in the
areas immediately surrounding the target receive 5-10 Gy
during radiosurgery which is radiobiologically equivalent to
10-30 Gy of fractionated therapy. In general, malignant
tumors that are treated with radiosurgery are exposed to a
high dose of radiation. The surrounding normal tissue

receives a significantly lower dose of radiation.



Different LINAC Radiosurgical Techniques

Currently, there are three methods of linear accelerator
radiosurgery in use; the techniques vary with regard to their
dose gradient drop-offs. The degree of radiation dose drop
off 1is an important consideration in evaluating a
radiosurgical system. Dose regions below 20% are not
considered to be significant (Podgorsak et al., 1989). One
of the goals of radiosurgery is the deposition of a high dose
of radiation to the target while subjecting adjacent normal
tissue to biologically insignificant doses of radiation.
Podgorsak et al.(1989) calculated the dose drop-offs for
various systems based upon a spherical target with a 1 cm
diameter. Please see Table 2 for a comparison of the dose
fall-offs.

Single plane rotation (Houdek 1985) is almost identical
to the rotational techniques used in standard rotational
radiotherapy. Single plane rotation differs in that the dose
is given in a single session, a stereotactic frame is used
for treatment, the radiation field is smaller, and the
patient is immobilized during therapy. During treatment, the
gantry rotates around the patient in a 360° arc (Podgorsak
1992). The dose fall-offs that occur in the plane
perpendicular to the plane of rotation are very steep. From
the 90% isodose line to the 50%, 20%, and 10% isodose lines

the distances are 2.0 mm, 2.5 mm, and 3.0 mm respectively.
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However, the dose fall-offs in the plane of rotation are very
shallow. This is because there is an infinite number of
parallel opposed beams. During the 360° rotation, the entry
pathway for one beam coincides with the exit of another beam.
From the 90% isodose line to the 50%, 20%, and 10% isodose
lines the distances are 3.5 mm, 14.4 mm, and 32.0 mm
respectively (Podgorsak et al., 1989).

Varying numbers of multiple noncoplanar converging arcs
are in use at many different linear accelerator facilities.
This technique involves a different treatment couch position
for each arc which allows the dose to be spread out over as
large a volume as possible. The arc angles are usually
smaller than 180° to avoid parallel opposed beams. Lutz and
Winston (1988) used a system of 4 converging noncoplanar
arcs. One arc (couch angle = 0°) is in the transverse plane
from o = 50° to @ = 310°. Three 100° arcs were produced with
couch angles of 90°, +45°, and -45°. The steepest dose fall-
offs from the 90% isodose line to the 50%, 20%, and 10%
isodose lines were 2.1 mm, 4.0 mm, and 7.6 mm respectively.
The shallowest dose fall-offs from the 90% isodose line to
the 50%, 20%, and 10% isodose lines were 2.9 mm, 8.0 mm, and
19.3 mm respectively (Podgorsak et al., 1989). Hartmann et
al. (1985) used a system of up to 11 noncoplanar converging
arcs for their treatment protocol. Depending upon the
position of the treatment couch, the arc angles were from 20°

to 160° or 200° to 340°. The steepest dose fall-offs from
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the 90% isodose line to the 50%, 20%, and 10% isodose lines
were 2.3 mm, 4.6 mm, and 7.3 mm, respectively. The
shallowest dose fall-offs from the 90% isodose line to the
50%, 20%, and 10% isodose lines were 2.6 mm, 6.9 mm, and 11.4
mm (Podgorsak et al., 1989).

Podgorsak et al. (1988) developed a system of linear
accelerator radiosurgery termed dynamic radiosurgery.
Dynamic radiosurgery incorporates continuous and simultaneous
rotation of the gantry and the treatment couch throughout the
treatment procedure. The gantry rotates 300° from 30° to
330°, and the treatment couch rotates 150°, from 75° to -75°.
The mechanics of dynamic radiosurgery enable the entry points
of all beams to lie in the upper hemisphere while the beam
exit points reside in the lower hemisphere. This ensures
that there are never parallel opposed beams produced which
would degrade the steep dose fall-off outside of the target.
The steepest dose fall-off for this technique from the 90%
isodose line to the 50%, 20%, and 10% isodose lines was 2.0
mm, 3.8 mm, and 5.0 mm, respectively, which is quite similar
to the gamma unit value of 2.0 mm, 3.5 mm and 5.0 mm,
respectively. The shallowest dose fall-off for dynamic
radiosurgery from the 90% isodose line to the 50%, 20%, and
10% isodose lines was 2.5 mm, 7.7 mm, and 18.0 mm
respectively. Respective gamma unit values were 4.0 mm, 12.0

mm, and 22.0 mm (Podgorsak et al., 1989).
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Fall-Off Distances from the 90% Isodose Line (Table 2)

Isodose Line

50% 20% 10%
Radiosurgical
Technique
Single Plane:
Steepest 2.0 mm 2.5 mm 3.0 mm
Shallowest 3.5 mm 14.4 mm 32.0 mm
4 Noncoplanar
Arcs:
Steepest 2.1 mm 4.0 mm 7.6 mm
Shallowest 2.9 mm 8.0 mm 19.3 mm
11 Noncoplanar
Arcs:
Steepest 2.3 mm 4.6 mm 7.3 mm
Shallowest 2.6 mm 6.9 mm 11.4 mm
Dynamic:
Steepest 2.0 mm 3.8 mm 5.0 mm
Shallowest 2.5 mm 7.7 mm 18.0 mm

Gamma Knife:
Steepest 2.0 mm 3.5 mm 5.0 mm
Shallowest 4.0 mm 12.0 mm 22.0 mm



Malignant Gliomas

Anaplastic astrocytomas (WHO Grade III) and GBM (WHO
Grade 1IV) are malignant tumors with varying degrees of
hypercellularity and changes in blood vessels. Their cells
divide rapidly, and they are characterized by their
infiltrating nature (Schiffer 1993). Tumors cells have been
verified histopathologically at several centimeters away from
a lesion defined by imaging techniques (Alexander and
Loeffler 1992). However, a patient’s death is usually
attributable to the inability to locally control the tumor
(Wallner 1989). Regardless of subsequent therapy, the median
survival for patients who have undergone an excision of a GBM
is twelve months. Patients with AA have a median survival
rate of 27 months (Chang et al., 1983).

Studies have been conducted to determine the efficacy of
radiosurgery as a boost to conventional radiotherapy for AA
and GBM. Loeffler et al. (1992) used LINAC radiosurgery
after the patients had undergone surgical resection or biopsy
and fractionated external beam radiotherapy. They treated 37
patients, 23 who were diagnosed with GBM and 14 who had an
AA. Participants of the study were selected upon the basis
of strict criteria: 1) a minimum Karnofsky performance score
of 70%, 2) a radiographically well-defined tumor; and 3) a
lesion no larger than 4 cm in greatest diameter after

surgery. Twenty patients underwent a surgical resection
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procedure, and 17 patients underwent biopsy. All of the
patients were subjected to conventional radiotherapy
beginning 2 weeks after surgery. Each patient received a
total of 5940 cGy given in 33 fractions. Approximately 2 to
4 weeks after radiotherapy, radiosurgery was performed. The
median tumor volume was 4.8 cc which included a 2-4 mm
margin. The median follow-up period for the study was 19
months. Almost all of the patients had to wundergo
corticosteroid therapy at some point after radiosurgery due
to symptoms resulting from peritumoral edema. Fourteen of
the 30 patients who were followed for over one year still
required corticosteroids on an intermittent basis. Patients
who were diagnosed with GBM had a median survival of 26
months. At the time of publishing, the median survival for
patients with AA had not been reached. As of June 1994, the
addition of 35 AA patients treated by the radiosurgical
protocol has not allowed for the median survival to be
reached (Loeffler, personal communication). Among the 23 GBM
patients, 16 were alive and 15 were disease free. The 7
deaths could be attributed to failures at the margins of the
treatment volume and local progression of the tumor within
the treatment volume. Among the patients diagnosed with AA,
2 died. One death was attributed to bulbar amyotrophic
lateral sclerosis while the other was due to a seizure in a
patient who had refused anticonvulsant medication. Eleven of
the surviving patients with AA were followed for one year,

and they all remained free of disease progression. The
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authors concluded that the use of LINAC radiosurgery as a
boost treatment for GBM and AA compared favorably with other

therapies.



Treatment of Brain Metastases with LINAC

Radiosurgery

Although surgical resection followed by radiation
therapy is the method of treatment for solitary cerebral
metastases, approximately 60%-80% of patients are not
suitable for surgery. The criteria that must be met for a
patient to undergo surgery include: solitary and surgically
accessible metastases, limited systemic disease, and good
Karnofsky performance status. Radiosurgery may be an option
for patients who have single or multiple cerebral metastases
that are recurrent, persistent, radioresistant, or are
inaccessible by surgery. Most cerebral metastases are
amenable to radiosurgery because they are usually spherical,
well circumscribed, and have radiographically distinct
enhancing margins. Also, microscopic infiltration of
surrounding normal brain tissue is infrequent (Engenhart et
al., 1993).

Sturm et al. (1987) studied the effects of LINAC
radiosurgery on radioresistant and deeply localized cerebral
metastases in seven patients. Single doses of 20-30 Gy were
given at the 80% isodose line. During the follow-up period
of greater than three months, all of the patients presented
an arrest in the growth of the tumor and in four cases, there

was a shrinkage in the tumor mass. In all of the patients who
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had edema, there was reduction of the edema which could be
directly attributed to the irradiation. There were no
recurrences in the growth of the irradiated tumors and there
were no reported side effects. All patients, showed clinical
and radiological improvement within the first few days
following irradiation. At the time of publication, most of
the patients (four) died due to a generalization of the
metastases or the occurrence of other brain metastases.
Loeffler et al. (1990) reported the results of a
clinical investigation on the treatment of recurrent brain
metastases with LINAC radiosurgery. Their 18 patients had a
Karnofsky performance score greater than or equal to 70 and
no evidence of systemic disease. Also, the patients must
have failed prior radiotherapy and surgery. The volumes of
the treated lesions were less than 27 cc. The median dose of
prior whole-brain radiotherapy was 36 Gy with a mean interval
between radiotherapy and radiosurgery of 10 months. Of the
21 lesions that were treated, there was either a decrease in
size or a stabilization of their contrast-enhancing volume.
Also, the majority of the patients showed an improved
neurological condition and were able to be discontinued from
steroid therapy. Lethargy, headache, nausea, and vomiting
which are considered to be clinical symptoms of increased
intracranial pressure, were eliminated or decreased within 6
weeks of radiosurgery. Surprisingly, despite previous
exposure to radiotherapy there were no signs of symptomatic

radionecrosis in any of the patients.
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The clinical investigations of Loeffler et al. (1990)
and Strum et al. (1987) had relatively short follow-up
periods. Engenhart et al.(1993) conducted a long-term
follow-up of 57 patients with inoperable brain metastases who
were treated with LINAC radiosurgery. The mean follow-up was
8.6 months (range, 1-56 months). Complete remission was
found in 20%, partial remission in 35%, stable disease in
40%, and relapse in 5% of the cases. Of the 22 patients who
had metastases located only within the brain, 5 remained

alive for greater than two years.



Low Grade Astrocytomas

Treatment of primary low grade astrocytomas with
radiosurgery is not recommended because normal and malignant
glial cells reside within the target volume (Larson et al.,
1993). Larson et al. (1993) devised a model to predict the
effects of a single dose of radiation on the early responding
tumor cells and the late responding normal tissue within the
target volume. They determined that a dose of 30-40 Gy
produced a radiobiologic effect of 50-100 Gy of fractionated
radiotherapy on the tumor cells and a 100-200 Gy
radiobiologic effect on the normal tissue within the target.
According to Larson’s model, radiosurgery for low grade
astrocytomas will cause a greater radiobiologic effect on the
normal tissue within the target than on the tumor cells.
Their model suggests that normal tissue in addition to tumor
cells are killed as a result of radiosurgery for low grade
astrocytomas.

Using LINAC radiosurgery, Pozza et al. (1989) treated 14
patients with inoperable 1low grade (WHO I or 1II)
astrocytomas. All of the tumors were spherical in shape, no
larger than 30 mm in diameter, and had clear-cut margins. A
dosage of between 16-50 Gy was given via multiple noncoplanar
arcs during 1 or 2 fractions separated by 8 days. The
patients were followed for a period of 11-48 months. Ten of

the 14 patients showed significant improvements in their
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functional status. One patient who had a pre-radiosurgery
Karnofsky score of 50% was scored at 100% at a follow up
time of 48 months. In three patients, there was no
improvement or only a slight improvement in their clinical
conditions. One patient died 38 months after treatment. The
two patients who received two 25 Gy fractions were the only
subjects who displayed signs of acute toxicity which were
manifest as headaches. They were treated with 4 mg of
dexamethasone 3 times per day, and the symptoms subsided
after 7 to 21 days. Three patients showed worsening of motor
disturbances or increases in intracranial pressure from
months 3 to 6 after treatment. These symptoms were
attributed to a marked increase in the swelling of the tumor
of up to 95% and were observed in 8 out of the 14 patients.
Swelling occurred at a median time of 4.5 months after
treatment. The swelling subsided from 12 to 24 months after
treatment.

Although Pozza’'s clinical +trial for 1low grade
astrocytoma using LINAC radiosurgery demonstrated impressive
results, there have been no other published trials for the
radiosurgical treatment of low grade astrocytomas. More
clinical trials should be conducted to determine the accuracy

of the radiobiologic model developed by Larson et al. (1993).



Gamma Knife

The first stereotactic gamma unit was installed in 1968
at the Karolinska Institute in Stockholm. The unit was
created through the combined efforts and extensive research
of Lars Leksell, Borje Larsson, and Kurt Liden. Their
prototype was designed to produce slit-like radiation lesions
for the purpose of functional radiosurgery. Neurological
symptoms that were treated included: involuntary movement
disorders, behavioral disorders, and the relief of
intractable pain. A second gamma knife was developed and in
use at the Karolinska Institute in 1975. It contained 179
60Co sources. This unit was designed to produce spherical
lesions in order to treat arteriovenous malformations (AVM)
and brain tumors (Leksell 1983). 1In the 1980s, the third and
fourth gamma units were installed in Buenos Aires, Argentina
and Sheffield, England respectively. Each of these contained
201 60Co sources (Figure 9) (Wu et al., 1990). The fifth
gamma knife was installed at the University of Pittsburgh
Medical Center in 1987 (Lunsford et al., 1989). There are
now approximately 42 gamma units in operation worldwide. As
of January 1993, over 9,000 patients have been treated with
gamma knife worldwide. Approximately half were treated for
vascular malformations, and the other half for brain tumors.
Functional radiosurgery with gamma knife represented roughly

four percent of the procedures (Lunsford 1992).
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Unlike the LINAC, which can be used for conventional
radiotherapy to all body regions, the gamma knife is a unit
dedicated to radiosurgery for the brain. The gamma knife
must be housed within its own suite. At the University of
Pittsburgh, the suite is located in the basement of the
hospital and consists of: a patient preparation area used for
the application of the stereotactic guiding device, a
treatment room, an image evaluation area, a control area, and
a computer physics site (Lunsford et al., 1989).

The gamma knife consists of a permanent 18,000 kg cast
iron shield which surrounds a central body consisting of 201
60Co sources arranged in a hemispheric array. 60Co has a
half-life of 5.3 years. At the time the sources are loaded,
each had an average activity of 30 Ci (Lunsford et al.,
1989). Each of the 201 69Co sources consists of 20 pellets 1
mm in diameter that are stacked atop one another. The
pellets are doubly encapsulated in a stainless steel capsule.
The gamma knife also consists of four interchangeable
collimator helmets with diameters of 4 mm, 8 mm, 14 mm, and
18mm. Other components include: a patient treatment table, a
control console, a hydraulic system, and a treatment-planning
computer system. Each of the 201 beams are directed through
a beam channel which includes a tungsten alloy precollimator
and a lead collimator. Depending upon the size of the
lesion, one of the four different sized collimator helmets is
used in the final collimation. The collimator helmets

possess 201 channels which are perfectly aligned with the
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central body. All of the 201 beams converge upon a single
point at the center of the radiation unit (Figure 10). The
distance from the collimator channel to the single point is
40.3 cm and is termed the focal distance. Any of the
collimators may be plugged in order to prevent irradiation of
the lenses or other critical structures near the target.
Within each helmet, there are a pair of trunions which serve
to affix the Leksell stereotactic frame. The central beam of
the 201 sources is at a fixed angle of 55° to the horizontal
plane. The sources are evenly distributed in an arc of *48°
along the treatment table and *80° across the treatment table

from the central beam (Wu 1992).
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Figure 9: Gamma Knife (Courtesy of Elekta Radiosurgery
Atlanta, Georgia).
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Figure 10: Collimator Helmet and the convergence of 201
beams upon the focal point (Courtesy of Elekta Radiosurgery
Atlanta, Georgia).



Gamma Knife Radiosurgery Procedure

Patients undergo the application of the Leksell Model G
stereotactic head frame under local anesthesia. For children
and teenage patients, frame placement and radiosurgery are
done under general anesthesia (Coffey and Lunsford 1990).
Next, the intracranial target is visualized. For
arteriovenous malformations (AVM), biplane angiography is
used. High resolution CT or MRI is used to visualize tumors.
From these images, the precise rectilinear (x, y, and 2z)
stereotactic coordinates of the target are determined
(Lunsford and Kondziolka 1992). In order to account for the
contours of the patient’s skull, a special plastic helmet is
used. The helmet is attached to the stereotactic frame and
measurements are taken from the center of the frame to the
surface of the skull at 24 preselected points. The gamma
angle, which is defined as the angle of the patient’s head
with respect to the stereotactic frame, is also determined
(Wu 1992). Multiple isocenters may be used to irradiate
lesions that are too large to be circumscribed by one
isocenter, or whose irreqular shape necessitates the use of
more than one isocenter. Dose selection is undertaken by the
neurosurgeon and the radiation oncologist. They select
dosage with respect to prior therapy, location and size of
the target, and tumor pathology. In gamma knife

radiosurgery, an 18 mm collimator is the 1largest one
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available for use. Targets exist whose diameters are larger
than 18 mm which may necessitate the use of multiple
isocenters (Lunsford and Kondziolka 1992).

Using the estimated stereotactic coordinates, the
collimator size, and the gamma angle, the treatment planning
system will calculate the isodose distributions for all three
axes. After the coordinates of the target have been
determined, the patient and the stereotactic frame are
affixed to the trunions of the collimator helmet. A
flashlight is directed through the collimators to determine
through which collimator radiation might reach the lenses of
the eyes. Those collimators will be plugged. The plugging
patterns and the dose prescription are entered into the
treatment planning computer system which calculates the time
for each isocenter required to deliver the prescribed dose to
the lesion (Wu 1992). The gamma knife software system allows
for the viewing of all of the 201 beams as they pass through
the cranial vault and converge upon the focal point (Figure
11). The goal of the treatment planning session is to fully
enclose the lesion margin within the 50% isodose line or
greater. This will enable the maintenance of a steep dose
fall-off beyond the target margin. The treatment planning
may take from 20 minutes to several hours. The entire
radiosurgery process from the application to the removal of
the stereotactic frame may take from 2 to 5 hours (Lunsford

and Kondziolka 1992).
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Figure 11: Gamma Knife System Software (Courtesy of Elekta
Radiosurgery Atlanta, Georgia).



Initial Experience at the University of

Pittsburgh

The gamma knife facility at the University of Pittsburgh
treated the first patient in North America on August 14,
1987. Over the next 16 months they treated 207 patients (113
had arteriovenous malformations, 78 had extra-axial skull
base neoplasms, 9 had glial neoplasms, and 7 had metastatic
tumors). In order to be considered for radiosurgery, the
patients had to fulfill one or more of the following
criteria: 1) the patient had an AVM or intracranial tumor
that was considered unresectable; 2) the patient was elderly
or had a significant medical condition that posed excessive
surgical risks; 3) although the patient had undergone
surgical or endovascular embolization techniques, recurrent
or residual tumor or AVM remained; 4) the patient refused the
recommendation of direct surgical removal and requested
radiosurgery instead. During this initial gamma knife
radiosurgery experience, there was no surgical mortality.
Approximately half of the patients required antiemetics to
alleviate nausea and/or vomiting and mild analgesics to
control postoperative headaches. One patient with a
subcortical AVM and a known seizure disorder, had 2 grand mal
seizures 8 hours after radiosurgical treatment. The seizures

ceased after therapeutic anticonvulsant 1levels were
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established (Lunsford et al.,

1989).
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Glioblastoma Multiforme and Anaplastic

Astrocytoma

From August, 1987 to July, 1990, the University of
Pittsburgh Gamma Knife Center treated 40 patients, nine with
a GBM (mean Karnofsky performance score = 77) and four with
an AA. Six of the GBM lesions had volumes between 1-10 cc
and 3 were greater than 10 cc. Three of the AA tumors had a
volume of between 1-10 cc and the fourth was larger than 10
cc. Three of the patients with GBM and 3 of the patients
with AA were diagnosed via biopsy. The other patients had
been diagnosed having undergone previous craniotomy.
Radiosurgery was performed as a “boost” to fractionated
external beam irradiation which had consisted of a total of
between 55 to 60 Gy administered in 30 to 35 fractions (1.72-
1.83 Gy/fraction). All of the tumors except one GBM were
completely enclosed within the 50% or greater isodose lines.
The mean dose to the tumor margins was 16.1 Gy and the mean
central tumor dose was 29.7 Gy. Of the 13 patients treated,
follow-up imaging studies were available in 6 patients with
GBM and 4 patients with AA. Three AA and 4 GBM had
stabilized or decreased in size for as long as 18 months
after radiosurgery. However, 2 GBM and 1 AA continued to
grow. Three patients with GBM died between 3 and 39 weeks

after radiosurgery. No patient with AA died during the
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follow-up of up to 24 months, but radiographic and clinical
evidence of tumor progression developed in one patient.
“Boost” radiosurgery was used in addition to fractionated
external beam radiotherapy to achieve local tumor control in
75% of the AA and 67% of the GBM within the image defined
treatment volume. However some patients with GBM died or
underwent clinical progression due to the infiltration of
neoplastic cells (Coffey et al., 1992).

From January 1990 to August 1992, 18 patients with 20
malignancies (glioblastoma multiforme or anaplastic
astrocytoma) were treated at the Mayo Clinic. All of the
tumors were diagnosed via biopsy or craniotomy and surgical
resection. The patients had a mean Karnofsky performance
score of 83%. All patients received conventional
fractionated radiotherapy before or after radiosurgical
treatment (10 days after treatment for newly diagnosed
tumors). Half of the tumors were located in lobar regions
and the rest were located in the basal ganglia, thalamus, or
brainstem. The dose prescribed to the tumor margins was
determined by a protocol based upon tumor volume. Of the 14
tumors that were followed-up with postoperative imaging,
eight decreased in size. Six tumors increased in size, and
in some instances this occurred after initial tumor
shrinkage. Six of the patients remained neurologically
stable, one patient’s condition worsened, and seven patients’
neurological conditions deteriorated, and they died. All of

the patients’ deaths were attributed to growth of the treated
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lesion. The mean survival time was 10 months after

radiosurgery (Coffey 1993).



Cerebral Metastases

Twenty-six patients with twenty-six cerebral metastatic
tumors were treated with the gamma knife at the Karolinska
Institute from 1975 to March of 1988. In most of the cases,
the gamma knife radiosurgery was the only treatment. The
median treatment volume was 4.4 cc, the median average dose
was 53 Gy and the median minimum tumor dose was 31 Gy. 1In
all but one of the tumors, there was “striking” shrinkage of
the tumors beginning 2-4 months after treatment. Two
metastases from melanomas and three from adenocarcinomas
disappeared completely between two months and one year after
treatment. Four of these five tumors had volumes of 1 cc or
less, the other had a pretreatment volume of 5 cc. Nineteen
tumors that ranged in volume from 2-13 cc decreased by 75%
over a 3-6 month follow-up period. The patient that did not
respond to treatment had a metastasis in the brain stem from
an ovarian carcinoma. She received only a dose of 13 Gy as

the minimum dose to the tumor (Kihlstrdm 1991).
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Arteriovenous Malformations

Arteriovenous malformations (AVM) are fistulous
communications between cerebral arteries and veins. The lack
of an intervening capillary network results in an increased
rate of blood flow (Okazaki 1989). The core of the AVM is
the nidus which is responsible for the arteriovenous
shunting. The nidus is interposed between feeding arteries
and terminal veins. Arteries that feed the AVM include:
branches of the anterior, middle, and posterior cerebral
arteries, their perforating branches, and the choroidal
arteries. The main venous drainage is via a single large
vein. The draining vein is usually situated at the center of
the lesion, and they empty into one of the venous sinuses
(Yasargil 1987). The feeding arteries and the draining veins
are usually enlarged. The nidus is composed of a tangled
mass of structurally abnormal blood vessels. The internal
elastic lamina may be interrupted. Within a vessel, the
muscular media may vary greatly in thickness. Thinning of
the media may lead to the formation of an aneurysm (Russell
and Rubenstein 1989). The vessels of the nidus have also
been characterized as “arterialized” veins consisting of a
thickened intima and muscularis but lacking elastic tissue.
Also, the vessels have been characterized as having either a
“closed” or a fenestrated endothelial layer (Yasargil 1987).

Typically, an AVM lies within the subarachnoid space and
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extends through the gray matter in the shape of the cone.
The apex of the cone points towards the ventricles (Okazaki
1989).

Radiosurgery is performed in order to cause a total
obliteration of the AVM secondary to the occlusion of the
nidus. The precise mechanism of obliteration has not yet
been found. Pathological evidence has shown that endothelial
proliferation may be the most important factor in causing
occlusion. Radiation has been shown to cause obliteration in
small vessels due to endothelial cell swelling. Post-
irradiation changes in vessels can be characterized as having
an early or late time course. Early changes, occurring weeks
after irradiation, have been shown to include endothelial
cell swelling, degeneration, and necrosis. Subsequent
thrombosis of the vessel walls has also been observed. Weeks
to months after irradiation, late changes are manifest by the
proliferation of endothelial cells and subendothelial
connective tissue with subsequent narrowing and occlusion of
vessels (Bunge et al., 1992). Also, it has been noted that
the arterial vessels of AVM incur obliteration more
frequently than normal arterial vasculature within the
treatment field. An AVM that has not undergone complete
obliteration has approximately a 2-3% per year probability of
undergoing spontaneous bleeding. The time course for
complete obliteration of an AVM can range from 8 months to 27
months (Levy et al., 1992). The rate of total obliteration

at two years after radiosurgery was shown to be approximately
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86%. During the time after radiosurgery but before total
obliteration, the patient is still at risk for hemorrhage

(Steiner 1985).



Experimental Design

Hypothesis

The addition of Vascular Endothelial Growth Factor
(VEGF) and Basic Fibroblast Growth Factor (bFGF) after the
irradiation of a microsurgically created arteriovenous shunt,
in laboratory rats, will result in a faster time course for

vascular obliteration than irradiation alone.

Background

Vascular Endothelial Growth Factor (VEGF) is a heparin
binding 45 KDa cationic protein that is specifically
mitogenic for vascular endothelial cells in vitro. VEGF was
identified in the conditioned media of bovine pituitary
follicular cells (Ferrara and Henzel 1989). VEGF has a
signal sequence; therefore the protein is secreted (Leung et
al., 1989). Conditioned media from a human glioblastoma cell
line enhanced the proliferation of bovine capillary
endothelial cells (BCE) in vitro. The number of BCE
recovered from cultures treated with the conditioned media of
the glioblastoma cell line was over three times greater than
those cultured in 10% calf serum. The major activity in the

conditioned medium was found to be VEGF (Goto et al., 1993).
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In rats, binding sites for VEGF have been demonstrated in
sections of kidney, brain, pancreas, and heart. The binding
site distribution reflects the vascularization of the organ.
The VEGF binding sites have been associated with the vascular
endothelial cells of fenestrated and nonfenestrated
capillaries and the endothelium of large vessels. Binding of
VEGF has been associated with quiescent and proliferating
endothelial cells. This may support the hypothesis that VEGF
plays a role in the maintenance and induction of endothelial
cells. Also, a high density of binding sites has been
demonstrated in the endothelial lining of the heart valves
which are constantly subjected to the shear forces of blood
flow under high pressure. VEGF could therefore play a role
in the continual repair and maintenance of endothelial cells
(Jakeman et al., 1992). However, it is not known whether the
VEGF expressed in normal tissues is stored intracellularly or
is secreted continuously (Senger et al., 1993).

Basic Fibroblast Growth Factor (bFGF) is an 18-25 kDa
protein whose in vitro vascular targets include: endothelial
cells, smooth muscle cells, and fibroblasts. This growth
factor is a potent mitogen for the endothelial cells of small
and large vessels. Like VEGF, bFGF has a strong affinity for
the glycosaminoglycan heparin. However, bFGF does not have a
signal sequence; therefore, the protein is not secreted
(D’'Amore 1992). Due to its lack of a signal sequence, it has
been hypothesized that bFGF is released in response to cell

injury. Damage to the vascular endothelial cells could
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prompt the release of DFGF (D’Amore 1990).

VEGF and DbFGF have been shown to synergistically
increase the rate of vascular endothelial cell proliferation
in vitro (Goto et al 1993). Endothelial cell swelling,
necrosis, and 1lysis does not appear until weeks after
irradiation. This may imply that bFGF is not released from
the endothelial cell cytoplasm until weeks after irradiation.
The addition of bFGF and VEGF at some point after irradiation
may shorten the time course of vascular occlusion due to
intimal thickening. Decreasing the time course for vascular
occlusion following irradiation could decrease the time
necessary for the complete obliteration of the AVM following

radiosurgery.

Experimental Design

The time course of a microscopically discernable
response of vascular endothelial cells to irradiation should
be determined. This would allow for a characterization of
time dependent endothelial cell changes such as: swelling,
necrosis, lysis, and proliferation. The addition of growth
factors to vascular endothelial cells at a time when they
have demonstrated phenotypic change and/or endothelial
proliferation may cause an increase 1in proliferative
activity. Also, the growth factors may induce the

proliferation of quiescent endothelial cells lying within the
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irradiation field.

In order to simulate an AVM in vivo, a 1-1.5 mm diameter
arteriovenous shunt is microsurgically created between the
abdominal aorta and the vena cava of 24 laboratory rats as
described by Altschuler et al. (1992) and Mickle et al.
(1981). A small radiopaque metal clip is left at the site of
the fistula to enable radiosurgical targeting. The fistula
is allowed to mature for several weeks. The rats are divided
into six groups (1A, 1B, 2A, 2B, 3A, 3B, n=4). Those rats in
the A groups will not be irradiated. Using an animal
modification of the Leksell Model G stereotactic frame and a
4 mm collimator, the rats in the B groups will be subjected
to a maximal dose 40 Gy (Altshculer et al., 1992). After
irradiation or sham, the rats will be sacrificed according to
the following time schedule: 1A and 1B (3 weeks), 2A and 2B
(6 months), 3A and 3B (18 months) (Table 3). At one hour and
nine hours before sacrifice, the rats will be injected with
tritiated thymidine as described by Linder et al. (1990).
The rats will be sacrificed with an overdose of pentobarbitol
and perfused with 4% paraformaldahyde in phosphate buffer
(0.1M, pH 7.3) at physiologic flow for 4 minutes as described
by Linder et al. (1990). Next, the abdominal aorta and
inferior vena cava will undergo Hautchen Preparation
(Lupinetti et al., 1993). These en face preparations will
allow the determination of the percentage of endothelial
cells that are in the S-phase via autoradiographic techniques

described by Linder et al. (1990). Also, portions of the
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arteriovenous shunt, the abdominal aorta, and the inferior
vena cava will be embedded, sectioned, and stained with
hematoxylin and eosin. Their histopathology will be studied
under bright field microscopy in order to determine the
presence of endothelial cell: swelling, necrosis, lysis and
thrombus formation. The sections of the arteriovenous shunt
will also be prepared for autoradiographic analysis. If a
phenotypic change is discovered at any of the three time
points, additional experiments should be conducted in order
to pinpoint the time course of post-irradiation changes.
After determining the time course of post-irradiation
phenotypic changes and/or endothelial cell proliferation, a
separate experiment will be conducted to study the effects of
growth factors on post-irradiation endothelial cells. A 1-
1.5 mm diameter arteriovenous shunt is microsurgically
created between the abdominal aorta and the vena cava of 36
laboratory rats as described by Altschuler et al. (1992) and
Mickle et al. (1981). A small radiopaque metal clip is left
at the site of the fistula to enable radiosurgical targeting.
The fistula is allowed to mature for several weeks. The rats
are divided into four groups (1 - 4, n=9). Animals in group
1 will not be irradiated and will be infused with 4 ml of
saline. Members of group 2 will not be irradiated, and they
will be infused with 2 ml of VEGF and 2 ml of bFGF. Group 3
rats will receive 40 Gy via gamma knife radiosurgery, and
they will be infused with 4 ml of saline. Rats in group 4

will also be subjected to 40 Gy and infused with 2 ml of VEGF
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and 2 ml of bFGF. The groups will be further subdivided into
A, B, and C groupings. This designation corresponds to the
time of sacrifice after infusion. Rats that make up the A,
B, or C group will be sacrificed at 3 weeks, 6 months, and 18
months respectively (Table 4). The infusion of growth factor
or saline is started at the post-irradiation time when there
was a high endothelial cell tritiated thymidine index and
microscopically observed phenotypic change.

The concentration of the growth factors that are to be
administered are 19.2 mg of VEGF diluted in 2 ml of saline
and 1.2 mg of bFGF diluted in 2 ml of saline. The infusion
is to take place over an 8 hour time period via a catheter
placed in the abdominal aorta. Initially, 0.5 ml of the VEGF
and 0.5 ml of the DFGF solution or 1 ml of saline are to be
administered in a bolus (Linder et al., 1990). The time
period of infusion and the concentration of the DbFGF were
derived from an experiment conducted by Linder et al. (1990).
Linder et al. (1990) studied the effects of 0.06 mg/ml of
human bFGF on the proliferation rat common carotid artery
endothelial cells which had been subjected to mechanical
denudation. There was no reason given for the choice of the
bFGF concentration. Twenty-five percent of the growth factor
was given as an initial bolus and the rest was infused over 8
hours. Endothelial cells that received the bFGF infusion had
a tritiated thymidine index of 38% versus 2% for those
endothelial cells given saline. The proposal to administer a

bFGF concentration of 0.6 mg/ml is being made in hopes of
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increasing the replication index and therefore the quantity
of endothelial cells in the arteriovenous shunt. Goto et al.
(1993) found that VEGF and DbFGF act synergistically to
increase endothelial cell proliferation in vitro. They cited
a VEGF:bFGF concentration ratio of 16:1. This ratio
corresponds to the concentration of growth factors in the
proposed experiment.

After the groups have been sacrificed, the abdominal
aorta, vena cava, and the arteriovenous shunt will embedded,
sectioned, and stained with hematoxylin and eosin. The
tissue sections will be subjected to planimetry measurements
of the areas of wall layers and lumens using a computerized
planimetry system as described by Gillette et al. (1989).
Measurements of the areas of the: intima, media, adventitia,
and lumen will be made. Any thrombi present can be measured
and expressed as a percentage of the lumen it is occupying.
Also, the extent of thrombi covering the intimal surface can
be measured by dividing the length of the thrombus covering
the intima by the total length of the intima (Gillette et
al., 1989). Statistical analysis will be used in order to
determine the significance of any increases in vessel wall

thickness or decreases in luminal area.
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Time Course of Sacrifice (Table 3)

Time
3 weeks 6 months 18 months
Dose
0 Gy 1A (n=4) 2A (n=4) 3A (n=4)
(Control)

40 Gy 1B (n=4) 2B (n=4) 3B (n=4)
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Conditions

0 Gy &
4 ml saline

Q

Y &
VEG

0
2 ml
2 ml bF

40 Gy &
4 ml saline

40 Gy &
2 ml VEGF+
2 ml bFGF

Experimental Conditions and Schedule of Sacrifice (Table 4)

3 weeks

1A (n=3)

2A (n=3)

3A (n=3)

4A (n=3)

Time

6 months

1B (n=3)

2B (n=3)

3B (n=3)

4B (n=3)

18

1C

2C

3C

4C

months

(n=3)

(n=3)

(n=3)

(n=3)



Conclusion

Radiosurgery using the Linear Accelerator or the Gamma
Knife has proven to be an effective treatment modality for
malignant brain tumors. In comparison to other treatments,
radiosurgery can be performed on an outpatient basis and is
noninvasive (Table 5). Due to the functional properties of
radiosurgical devices, they are ideal for patients who are
unable to undergo surgical removal of their brain tumors.
The sharp dose drop-off beyond the tumor margin allows for
high dosage tumor irradiation while sparing normal brain
tissue. Many procedures that involve radiosurgery use it as
a “boost” therapy in conjunction with surgical resection and
whole brain irradiation. “Boost” therapy enhances the
standard treatment procedure for malignant brain tumors.

Unfortunately, radiosurgery is not always able to halt
the progression of malignant brain tumors. ©Patients with
metastatic brain tumors usually succumb to systemic disease.
Patients who have gliomas generally die due to the inability
of local tumor control. However, the use of radiosurgery can
contribute to increasing a patient’s quality of life. Often,
treatment is followed by a decrease in corticosteroid
administration and an improvement in a patient’s neurological
status. The future directions of radiosurgery could include

the development and implementation of a randomized studies to

80



81

determine a dose-volume protocol for gliomas and the
different forms of metastases. Also, an investigation should
be undertaken to determine whether the use of high (50 Gy or
more) radiosurgical doses as the only treatment for gliomas
and cerebral metastases would prove to be a more effective

use than “boost” therapy.
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Summary of Treatment Modalities for Malignant Brain Tumors (Table 5)

Modality

Whole Brain Brachytherapy Gamma Knife LINAC
Aspects
Invasive No Yes No No
Total 30-60Gy 50-150Gy 16.1-71Gy 9-50Gy
Radiation
Total Treatment 2-5 weeks 72 hrs - 2-5 hrs 2-3 hrs
Time permanent
Tumor
Dimensions N/A less than 6cm 0.3-13cc 0.5-27cc

in greatest
dimension
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