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ABSTRACT

Twenty-five patients with biopsy proven malignant
supratentorial astrocytomas were entered into a Phase I/II study
of misonidazole combined with neutron radiation at Fermilab
Neutron Therapy Facility (NTF) between August 1979 and April 1981.
The main objectives were to determine tissue tolerance in terms of
acute and late effects, and to estimate tumor clearance and
survival rates. The total dose was 18.0 Gy given 1in weekly
fractions of 3.0 Gy over 39 days. Four hours before each
irradiation, 2.5 gm/m2 misonidazole was administered orally.
Patients' ages ranged from 28-69 years. Karnofsky status for most
patients was 80 or 90; the lowest grade was 60. The majority of
patients had glioblastoma multiforme. Most were already on

steroids prior to initiation of therapy.

The median survival for the whole group was 12.0 months; 25%
were alive at 18 months with some neurological compromise. The
median survival remained unchanged for subgroups of patients with
ages between 40-60 vyears and with Karnofsky performance status
above 80. Among the 12 patients with glioblastoma multiforme, the
median survival was 10 months. Acute toxicity was within
tolerable limits. Details of toxicity and tissue analysis from

post mortems and second craniotomy samples are presented.



INTRODUCTION

Primary brain tumors have continued to be a difficult problem

4 jndicate that

for oncologists. Recent United States statistics
approximately 12,800 new cases of primary brain and central
nervous system tumors occur each year, and approximately 2.5% of
all cancer related deaths are from primary brain tumors.
Malignant astrocytomas tend to be infiltrating in character and
can rarely be completely excised. Even after apparent total

. 22
resection, recurrence occurs frequently.

Radiation therapy is

therefore an important part of overall management. Post-operative

conventional radiation therapy with photons prolongs median
. . . 25,27,33

survival and enhances the quality of survival. However,

reported survival frequencies range from 55-67% at 6 months to

8-20% at 24 months. Patients are killed by relentless local

growth of tumor rather than metastases.

Investigators 1in recent vyears have shown considerable
interest in exploring new therapeutic options. Higher doses in

conventional photon irradiation,26'27r33

and combining photon
irradiation with chemotherapeutic agentsg'lg'za'32 that cross the
blood brain barrier have been studied. High linear energy

transfer (LET) radiations such as neutrons or pi-mesons have been

used alone and in combination with conventional radiation.



Hypoxic cells are known to be present surrounding the
necrotic areas in all solid tumors, and most malignant gliomas

have multiple areas of necrosis. 20

Possibly, the necrosis may bhe a
further indication o©f the hypoxic state. The hypoxic cell
population is thought toc be less responsive to the effects of
conventional photon radiation since the presence of oxygen is
important in determining tissue response to ionizing radiations.l4

Attempts to improve the killing of hypoxic cells have involved the

use of hyperbaric oxygen,8 hypoxic cell

sensitizers>r+1:17,19,30,31, 6,7,16,18,21

and high-LET radiation.
Neutron irradiation potentially has the radiobiological advantage
of a lower OER (oxygen enhancement ratio) which is expected to be
beneficial when large hypoxic cell populations are
present.12'14'15 O0f the sensitizers, the misonidazoles have been
used the most in c¢linical studies, Animal experiments have
suggested a reduction of OER from about 1.6 for neutrons alone to

nearly 1.0 in combination with hypoxic cell sensitizers.1?

A Phase
IT study was conducted at the Fermilab NTF to evaluate the
feasibility and toxicity of combining neutron irradiations with
misonidazole at weekly intervals. The results are described in

detail in this report.



METHODS AND MATERIALS

From August 1979 to April 1981, 25 patients with malignant
astrocytomas were entered into a Phase IT study (RTOG 79-03) at
Fermilab NTF. Informed consent was obtained from all patients
after explaining the nature of the treatment program. Fast
neutrons are produced by bombarding a 22 mm thick beryllium target
with 66 MeV protons from a linear accelerator.1r10 phe gkin
sparing and depth dose characteristics are similar to those of

2’3’24,29

6 MeV X-rays from a linear accelerator. The relative

biocological effectiveness (RBE) of the beam is approximately 3 for

most tissues,ls'23

but is considered to be higher for the central
nervous system. Patients were treated in a sitting position in an
adjustable chair. Immobilization of the head was achieved with
individually made plastic masks. (8)  The neutron beam is fixed
horizontally. However, all the relative movements provided by
conventional isocentric therapy can be achieved with the chair,
since it moves 1in three dimensions and rotates about a vertical
axis. The source axis distance is 190 cm. Four intersecting
laser beams help in the proper alignment of the patient. Planning
X-rays are done and individual treatment plans are generated in

the same chair. The neutron doses reported are actually total

absorbed doses which include the gamma ray component.



TREATMENT TECHNIQUE

Patients were treated once a week for 6 weeks with 3.0
neutron Gy per fraction. The whole brain received 12.0 Gy in 4
weeks and boosts to the tumor bed brought the total dose to 18.0
Gy. The whole brain treatments were done with parallel opposing
lateral fields with dose calculated at the midplane. The bocost
was given with single or multiple fields using wedges as needed.
Target volume for the boost was determined with the help of CT
scans. Figure 1 1is a representative isodose distribution.
Misonidazole, 2.5 gm/mz, was given orally 4 hours prior to each
neutron irradiation. Blood levels of misonidazole were determined

each week.

FOLLOW-UP

Patients were seen in first follow-up 2-3 weeks after
completion of planned treatment and every 2-3 months thereafer. A
physical examination, including a detailed neurological
examination, was done to assess the toxicity as well as the
effectiveness of therapy. CT scans were done at referring
institutions and received at our follow-up clinic to help in these
evaluations. In addition, many of the second craniotomy or
autopsy specimens were studied in detail by the same pathologist

who reviewed the original biopsy material.



The objectives of ocur study were (1) to lay the basis for a
Phase TIII study with photons versus neutrons in combination with
misonidazole; (2} to determine the tolerance of the brain to the
unusual radiation dJdoses and fractionation in terms of acute and
late normal tissue reaction; and (3} to establish the tumor
clearance rate, disease free interval, and the prospect for

long-term tumor control.

RESULTS

Of the 25 patients treated with fast neutrons in combination
with misonidazole, one patient is not eligible for evaluation
because she was a 14 vear-old girl with a brain stem lesion. Two
other patients who did not complete the whole course of

irradiations are included in the analysis.

Age, Sex and Performance Status. Ages ranged from 28-69% years

(median: 52 years). Eight patients were under 40 vyears at the
time of diagnosis and 5 were 60 years or more. The male to female
ratio was 2:1. Karnofsky performance scale was used to evaluate
the general condition of the patient. Karnofsky status for 21 out

of 24 patients was B0 or 90.



Location and Size of Tumor and Extent of Surgery. Many of the

lesions involved the frontal Lobe. Parietal, temporal and
occipital lobes were involved with equal frequency in this series.
The sizes of the tumors were estimated from pre-operative CT
scans; 21 of the 24 patients had lesions measuring 5-10 cm. In
one patient the lesion measured less than 5 cm and two had tumors
larger than 10 cm. Except for one patient who underwent biopsy
only, all others had subtotal resection of their tumor at the time

of craniotomy and initial diagnosis.

Pathology. Diagnoses o©of glioblastoma multiforme or Grade IV

astrocytoma were made on 16 patients at their referring
institutions. The tumor from one patient was diagnosed as a Grade
III-IV lesion. Seven patients had a diagnosis of anaplastic
malignant astrocytoma or Grade III astrocytoma. The pre-—-treatment
slides of 24 of the 25 patients were submitted by the referring
institutions and reviewed by one of the authors (J.S.N.). The
review diagnosis in 19 patients (including the ineligible patient)
was glioblastoma multiforme. The tumors from the 5 other patients
were each diagnosed as astrocytoma with atypical or anaplastic

foci.20

The patient whose pre-treatment slides were not available
for pathology review died after receiving only one radiation
treatment. The pathology review examination of histologic
sections taken at autopsy from the tumor site disclosed a mixed

glioma (cligodendroglioma and astrocytoma) . Some atypical

appearing tumor cells were present. Radiation necrosis was not



evident.

Neurological Status. In 16 patients, the major symptoms at

presentation were due to increased intracranial pressure, e.g.,
headache, nausea, and seizures. Six patients had weakness of
muscles or partial paralysis, and four had sensory symptoms.
Visual problems were reported by seven patients while six patients
were noted to have had personality changes. Major neurological
deficits were present in only two patients. Six patients had
moderate impairment of motor and/or sensory functions. No
neurological deficit was seen in 16 ©patients prior to neutron

irradiation.

Treatment. All patients received steroids concomitantly.

Neutrons were delivered in full doses to 22 patients. One patient
received only 3.0 Gy and another received only 9.0 Gy. Nineteen
of the 24 patients received "a full course of misonidazole, as
required in the protocol. The two patients who did not complete
the 1irradiation also did not receive the full misonidazole dose.
In the remaining three patients, five out of the six doses of
misonidazole were given. The omission of the last dose was
because of acute reactions in one of these patients., Two patients
each missed one neutron irradiation because of accelerator
problems after taking the misonidazole as scheduled. When the
neutron dose was given, the misonidazole could not be repeated

because of limitations on total dose.



10

Survival. Actuarial analysis of survival for the whole group is
shown graphically in Figure 2. Overall median survival is 12.0
months. The influence of important prognostic factors such as
age, Karnofsky performance status, and histology was studied.
Median survival for the eight patients under 40 years is 20.0
months and for the group 40-59 vears, it is 12.0 months. In the
older group of patients (five of them over 60 years}) median
survival is only six months. Twenty-one of the 24 patients had a
Karnofsky performance score of 80 or over, with a median survival
of 12.0 months. In the five patients with diagnoses of atypical
or anaplastic astrocytoma, the duration of survival after therapy
ranges from 15.0 to 36.0 months, with a median survival of 20.0
months., Median survival in the group with glioblastoma multiforme
(18 patients) is 10.0 months. Among the 24 evaluable patients,
25% were alive at 18 months and 12.5% at two years. Only 2

patients lived 3 years post-treatment.

Quality of Survival. Five patients did not show any improvement

following treatments. The rest had improvement in their general
and neurological status for periods ranging from 3-16 months. 1In
6 patients, deterioration started within 6 months of treatment
while 10 patients had good neurological function for up to 12
months. Only three patients had good quality neurological

function for more than 12 months.
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Acute Reactions. Nine patients reported no acute reactions with

this treatment schedule. Ten patients exper ienced nausea,
vomiting and headaches of short duration. These symptoms were
well controlled with medication. Such symptoms are often produced
by intracranial pressure. Transient skin rashes were noticed by
two patients. These patients were also taking steroids, phenytoin
and phenobarbitol. Four patients developed the sensory symptoms
of numbness and hyperesthesia of the extremities. Recovery was
spontaneous in all patients within one to four months. Only one
patient developed a fever of 40°C with chills, and another patient
had transient episodes of left ear deafness which resolved

spontaneously in two to three months.

TUMOR CLEARANCE AND LATE EFFECTS

Radiographic
cT scans were used to estimate tumor clearance
radiographically. Thee first follow-up scan was done two to three

months after the initiation of therapy. Of the 22 patients where
scans were available, 10 showed definite improvement in the
radiographic appearance. Figure 3a is the CT scan of a patient
taken one month prior to initiation of neutron therapy. A large
left frontoparietal tumor is demonstrated. An excisional biopsy
was performed prior to neutron irradiation. Figure 3b is a CT

scan of the same patient taken 7 months later. The lesion is no
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longer obvious. Appearance was stable in three patients and there
was a suggestion of progression of tumor in 6 patients. In
another three patients, although tumor itself was not progressing,
there was a low density area suggesting edema, which was thought

to be a radiation reaction.

Histopathological

Brain tissue including the tumor site was available for
histopathological examination from 13 patients following
treatment. The histologic specimens were obtained from second
craniotomies and debulking surgery and/or autopsies (Table 1).
The following account 1is a brief summary of the prinicpal
pathologic findings in these tissues. A detailed study of this
material by one of the authors (J.S5.N.) 1is in progress and will
be reported in a separate paper. Residual tumor was identified in
12 of the 13 tissues studied. 1In 6, the histologic diagnoses on
the pre- and post-treatment specimens coincided. 1In each of the
other 6 patients the pre-treatment histologic diagnosis had been
glioblastoma multiforme. The post—-treatment tumor in these
patients, however, lacked the cell density, pleomorphism, and
other characteristic features of glioblastoma multiforme. The
cell density in these tumors was moderate, and the degree of
cellular pleomorphism was wvariable. Vascular hyperplasia and

pseudopalisades with central necrosis were absent. Evidence of
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radiation necrosis with typical wvascular changes, chiefly
affecting the white matter, was evident in each of the 13 cases.
The patient with the mixed oligodenroglioma-astrocytoma is not
included in the above statistics. This patient had only one dose
of misonidazole and one fraction of neutron radiation. The
pre—-treatment specimen from this patient was not available for

pathology review.

COMPARISON WITH OTHER RTOG GLIOMA STUDIES

Another group of 31 consecutive patients was subsequently
treated with the same neutron schedule, but without misonidazole.
Their median survival was 12.0 months (unpublished data). Since
88% of the evaluable patients in the neutron with misonidazole
study had initially favorable Karnofsky performance scores of 80
or higher, the comparison between the two neutron treated patient
groups was restricted to patients with such favorable scores. The
patient characteristics for both groups are shown in Table 2.
Figure 4 shows the historical survival comparison between the
patients treated with neutrons and misonidazole versus neutrons
only. The two survival curves are very similar, suggesting no
augmentation by the misonidazole. Subsequently, patients treated
with neutrons with or without the misonidazole were grouped
together for comparison with two treatment schedules from other

9,13

glioma studies. One schedule employed conventional photon

radiation to a total dose of 60.0 Gy and was a part of a previous
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Radiation Therapy Oncology Group (RTOG) study.9

The other schedule employed a conventional photon radiation
with a total dose of 70.0 Gy which included a boost of 10.0 Gy.
This schedule was the control arm of the RTOG randomized study

comparing a photon boost against a neutron boost.13

The subsequent survival comparison was restricted to
glioblastoma multiforme patients with initially favorable
Karnofsky performance scores of 80 or over, in order to reduce the
amount of non-homogeneity among the treatment groups with respect
to significant prognostic factors. The distribution of patients
according to various prognostic criteria is shown in Table 3. No
survival advantage is shown for patients treated with neutrons
only or in combination with misonidazole when compared with
conventional radiation (60.0 Gy) (Fig. 5). The group that was
treated with photons (60.0 Gy) with a boost (10.0 Gy) showed
slight but statistically insignificant differences in the latter

part of the survival curves (p=.21).

DISCUSSION

This report deals with a unique study in which an attempt was
made to attack the 'hypoxic' cell population in a situation where

relentless regrowth of tumor in the local area has been the major
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problem. Fast neutron irradiation was used in the past, and pilot
studies demonstrated the potential for tumor control.7’18'2l
However, many of the patients so treated died of radiation
necrosis and other related complications. Combining neutrons with
conventional photon irradiation,13 or reducing the dose of
neutrons,16 resulted in failure with persistent tumor.
Misonidazole combined with conventional radiation yielded survival
rates similar to conventional radiation therapy
alone.>s11,17,30,31 No augmentation for misonidazole (plus
radiation and BCNU) was shown in a randomized study where the

control patients received radiation and BeNul? without

misonidazole.

The present study has combined high-LET radiation with the
hypoxic cell sensitizer misonidazole. The major difference in
prognostic factors compared to other studies is in the Karnofsky
performance status. Twenty-one out of 24 patients from the
present series had a Karnofsky performance status over 80. Also,
the majority of patients did not have any major neurological
deficit since tumors were located in non-critical areas. All
underwent subtotal resection, except for one patient who had only
a biopsy prior to neutron irradiation, This particular patient

died after one fraction of neutron treatment.
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One of the authors (J.5.N.) has demonstrated that the
presence of coagulation necrosis involving astrocytic tumor cells
is a major prognostic criterion with regard to malignant

supratentorial astrocytomas.20

The usefulness of this criterion
with regard to prognosis, however, is limited in the case of
malignant astrocytomas following radiation treatment. This type
of therapy frequently induces necrosis within the tumor that is
indistinguishable from the spontaneously occurring necrosis
characteristic of glioblastoma multiforme. 1In the present study
the diagnosis of glioblastoma multiforme was made on
post—-treatment specimens only when the following histologic
features were present: marked cell density and pleomorphism:
pseudopalisades with central necrosis; and vascular hyperplasia
with formation of glomeruloid structures. As noted previously, in
6 patients the histologic characteristics of the post-treatment
tumor had changed from those characteristic of glioblastoma to
those suggestive of a somewhat less aggressive type of malignant
astrocytoma. Little 1is known, however, about the correlation
between the histologic appearance of malignant astrocytomas
following neutron treatment and their subsequent biological
behavior. It is not clear whether the residual less aggressive
tumor would eventually develop into frank glioblastoma multiforme
or continue to grow in a less aggressive manner. This area

requires further investigation.
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No augmentation for misonidazole could be shown when the
survival curves of the two groups of patients treated with similar
doses of neutron radiation, with or without misonidazole, were
compared (Fig. 4). No survival advantage was shown for neutron
treated patients compared to conventional radiation (Fig. 5). The
survival curve of patients treated with 18.0 Gy (Fermi) was almost
identical to the photon group receiving 60.0 Gy. Also, persistent
or recurrent tumor was identified in post-irradiation specimens

whenever tissue was available for histopathological examinations.

Animal experiments and pilot studies with fast neutrons7'18
had suggested the possibility of a higher RBE for the central
nervous system. Results from the current study seem to suggest
that the RBE may be higher for normal tissues in the central
nervous system but not necessarily for central nervous system
Lumors. The absence o©of survival advantage over conventional
radiation suggests that re-oxygenation may take place much more
effectively than we believed. Hence, the presumed advantage of
low OER becomes merely theoretical. Attempts to improve hypoxic

cell killing by hyperbaric oxygen8

5,1,17,19,30,31

and hypoxic cell sensitizers
with conventional radiation were also shown to be

ineffective in clinical situations.

CONCLUSIONS

{1l) Acute tolerance of brain tissue to the unusual combination of

dose and fractionation is acceptable.
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(2) Comparison of survival rates for the current study de not show

any advantage over conventional irradiation.

(3) Histopathological analysis reveals the absence of a
therapeutic window since residual tumor and radiation necrosis are

both documented with the treatment schedule used.

Since residual tumor and radiation necrosis are both
documented with the treatment schedule used, the histopathological
analysis appears to indicate the absence of a therapeutic window,
that is, a treatment level at which tumor ablation can be achieved

without radionecrosis.
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Neutrons and Misonidazole for Malignant Astrocytomas

Table 1

Histopathological Analysis

Source Number of Residual Radiation
Patients Tumor Necrosis

Autopsy 10 10 10

Post RT

Craniotomy 5 5 5

Random

Biopsy 1 ? 1
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Neutrons and Misonidazole for Malignant Astrocytomas

Table 2

Comparison Between Neutrong + Misonidazole and Neutrons Only

(Regtricted to Patients with Initial KPS 80-100)

Patients Neutron + Neutron
Characteristic Misonidazole Only
Number o©f Evaluable Cases 21 23
Histology

% Astrocytoma with atypical

or anaplastic foci 29 17*

$ Glioblastoma Multiforme 71 79

% Unknown/Missing 0 4
Age

Mean 48 .4 48,0

% <40 years 33 22

% 40-59 years 48 52

% >60 years 19 26
Extent of Surgery

$ None/Biopsy 0 39

% Partial Resection 100 44

% Complete 0 17

% Dead 100 83

*Only five of originally eight patients classified as astrocytoma
were centrally reviewed.
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Neutrons and Misonidazole for Malignant Astrocytomas

Table 3

Comparison of Neutrons + Misonidazole,

Phcoton Only, Photon + Boost

{Restricted to Patients with Initial KPS 80-100 and
with Glioblastoma Multiforme)

Patient Neutron + Photon Photon +
Characteristics Misonidazole Oonly Photon Boost

Number of Evaluable

Patients 33 44 33
Glioblastoma

% Centrally Reviewed 58 100 100
Age

Mean 50.5 47.2 48.6

% 40 vears 18 27 30

% 40-59 years 55 59 46

% 60+ years 27 14 24
Extent of Surgery

% None/Biopsy 21 17 l6*

% Partial Biopsy 67 57 68

3 Complete 12 26 16

% Dead 91 96 97

*Extent of prior surgery unknown in 1 patient.
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List of Figures

Figure 1. Typical neutron isodose distribution for a patient

treated for malignant astrocytoma.

Figure 2., Survival curve of 25 patients treated with neutrons and

misonidazole for malignant astrocytomas.

Figure 3a. Pre—therapy CT scan. A frontoparietal malignant

astrocytoma is demonstrated.

Figure 3b. CT scan of the same patient taken 7 months after

neutrons and misonidazole.

Figure 4. Survival curves of 44 patients treated with neutrons

only (~==—-— ) and with neutrons plus misonidazole (

), mean

survival in either case was 12.5 months. Patients had a Karnofsky

performance scale >80.

Figure 5. Survival curves of patients treated with neutrons only
(——) mean survival 12 months, photons only (**°"°), mean
survival 10 months, and photons + photon boost or neutron boost

(==~—- } mean survival 12 months.
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