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Glioblastoma multiforme (GBM) continues to be a dif-
ficult therapeutic challenge. Our study was conducted
to determine whether improved survival and tumor
control could be achieved with modern delivery of
fast neutron radiation using three-dimensional treat-
ment planning. Ten patients were enrolled. Eligibil-
ity criteria included pathologic diagnosis of GBM, age
=18 years, and KPS =60. Patients underwent MRI and
18F-fluorodeoxyglucose PET (FDG PET) as part of ini-
tial three-dimensional treatment planning. Sequential
targets were treated with noncoplanar fields to a total
dose of 18 Gy in 16 fractions over 4 weeks. Median and
1-year overall survival were 55 weeks and 60%, respec-
tively. One patient remains alive at last follow-up 255
weeks after diagnosis. Median progression-free survival
was 16 weeks, and all patients had tumor progression by
39 weeks. Treatment was clinically well tolerated, but
evidence of mild to moderate gliosis and microvascular
sclerosis consistent with radiation injury was observed
at autopsy in specimens taken from regions of contral-
ateral brain that received approximately 6-10 Gy. Fast
neutron radiation using modern imaging, treatment
planning, and beam delivery was feasible to a total dose
of 18 Gy, but tumor control probability was poor in com-
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parison to that predicted from a dose-response model
based on older studies. Steep dose-response curves for
both tumor control and neurotoxicity continue to pres-
ent a challenge to establishing a therapeutic window
for fast neutron radiation in GBM, even with modern
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glioblastoma multiforme (GBM), continue to be a

difficult therapeutic challenge, with media survival
of approximately 10 months. Whereas malignancies orig-
inating outside the central nervous system kill their host
primarily by metastasizing to distant organs, gliomas
remain a local disease. Local failure of GBM treatment
predominates even in the face of escalated radiation doses
using photon radiation in the form of brachytherapy, with
or without hyperthermia,’? stereotactic radiosurgery,>
and three-dimensional conformal external beam radia-
tion.* The University of Washington (UW) has reported
results of a phase II trial in which patients were treated
by conformal external beam photon radiation to 79.4
Gy, utilizing MRI for targeting the initial 59.4 Gy, and
8F-fluorodeoxyglucose PET (FDG PET) to target the
final 20 Gy.® Preliminary analysis of the first 27 patients
on that trial revealed that FDG PET defined regions of
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interest that were different from those defined by MRI.
Furthermore, the volume of abnormality on FDG PET
was more predictive than MRI for survival and time to
tumor progression after radiation.® With early indications
of the potential utility of FDG PET guidance combined
with excellent tolerance of 79.4 Gy, it was decided to ini-
tiate a pilot study to investigate conformal fast neutron
radiation using FDG PET guidance.

Fast neutron radiation for GBM was investigated
in several clinical trials two to three decades ago.”~!?
In these trials, fast neutrons were reported to sterilize
GBM in a significant proportion of patients. Histologi-
cal data (biopsy and autopsy) from those trials have been
analyzed with respect to neutron dose.!' Differences in
relative biological effectiveness between the beams used
at participating neutron facilities were used to normalize
doses to approximate equivalent doses for the current
clinical UW fast neutron beam. That analysis revealed
a tightly fit sigmoid dose-response curve (r> = 0.997).
This curve was steep, with calculated control rates of
10%, 50%, and 90% corresponding to 14 Gy, 16 Gy,
and 18 Gy, respectively. Despite the unusual finding
of GBM sterilization in these older neutron trials, no
survival benefit was observed because patients suffered
significant neurotoxicity as supported by histological
findings in normal brain tissue.!?

The treatment delivery of neutrons in previous GBM
trials was primitive by today’s standards. Typically,
whole brain, opposed lateral, and simple wedge pair
fields were used, with limited ability to shield portions of
the fields. Imaging was limited in the era of these stud-
ies to CT at best. Three-dimensional treatment planning
was not yet available. Consequently, large volumes of
normal tissue were treated, with no ability to optimize
dose distributions around tumor volume or to assess and
minimize dose heterogeneity in normal brain. The cur-
rent UW fast neutron facility allows delivery of sophisti-
cated dose distributions designed by three-dimensional
computer planning. In fact, this neutron facility was
used to treat a series of 20 patients with arteriovenous
malformations (AVMs) of the brain with 9 Gy in a single
dose (at isocenter) through 7-14 noncoplanar conformal
fields.! There were no cases of toxicity, including com-
plete absence of new T2 signal abnormality on follow-up
MRI scans. Dose to brain tissue at the periphery of the
AVMs on that study averaged approximately 6 Gy.

Considering these observations with respect to neu-
tron dosimetry, GBM control, brain toxicity, and imag-
ing, a pilot study was designed to utilize MRI and FDG
PET to guide noncoplanar three-dimensional confor-
mal neutron radiation in the treatment of GBM using
sequential target volumes.

Materials and Methods

Patient Eligibility

Patients were required to have histological diagnosis of
GBM or gliosarcoma with the most recent operative pro-
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cedure for the tumor performed no more than 21 days
prior to registration on study. Minimum eligible age
was 18 years. Patients having tumors with evidence of
subependymal spread, meningeal spread, cerebral spinal
fluid dissemination, or gadolinium enhancement within
the brainstem were ineligible. KPS of 60 or higher, plate-
lets greater than 50,000 per microliter, and neutrophils
greater than 1,000 per microliter were required. Preg-
nant or nursing women were not eligible. All patients
were informed of the investigational nature of this study,
and gave written informed consent in accordance with
institutional and federal guidelines.

Neutron Treatment Facility

The clinical UW fast neutron facility (Scanditronix,
Uppsala, Sweden) uses a cyclotron to deliver 50.5 MV
protons to a gantry-mounted beryllium target, produc-
ing a neutron beam with an average energy of 4 MV.
This device administers treatment through an iso-
centric gantry with 360-degree rotation in combination
with 180-degree couch rotation. Fields are shaped by
an infinitely variable multileaf collimator, and wedges
are available internally within the gantry head. An
x-ray source is available within the gantry head for
field verification. The neutron facility is interfaced with
Prism, the UW computerized treatment planning sys-
tem, providing the ability to deliver three-dimensional
conformal neutron radiation comparable to that of con-
ventional linear accelerators.

Imaging and Treatment

All patients underwent postoperative MRI scan with
gadolinium. Within 10 days of study registration,
patients were fitted with a head immobilization mask
and underwent both CT and FDG PET scanning in the
mask. Methods for interpretation of FDG PET, delin-
eation of target volume, and coregistration with MRI
and treatment planning CT scans have previously been
described in detail.®

Three planning target volumes (PTV) were defined.
Two of these PTVs were standard volumes based on
postoperative MRI T2 signal abnormality with 2.5 cm
margin (PTVr,) and T1 gadolinium enhancement plus
resection cavity with 1.5 cm margin (PTVry). The third
PTV was based on the FDG PET region of abnormal
uptake with 1 cm margin (PTVpgr). The three PTVs
were treated with sequential plans, each of which utilized
three noncoplanar beams designed by three-dimensional
computerized planning. Initially PT Vgt received 4 Gy
in two fractions of 2 Gy each. Then PTVr; received 9 Gy
in nine fractions of 1 Gy each. Finally, PTV received
5 Gy in five fractions of 1 Gy each. The three sequential
plans were designed to use unique beam angles in order
to avoid repeatedly traversing nontargeted brain over
the entire treatment course. All doses were prescribed to
isocenter. The composite plan delivered a total of 18 Gy
to PTVpgr, giving one fraction daily, 4 days per week.
In theory, if no abnormal region was identified on FDG
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PET, then PTVpgr would have been eliminated from the
treatment course, and the total dose would have been 14
Gy. In practice, all patients had abnormal FDG PET and
were prescribed 18 Gy.

Patients were placed on dexamethasone at a dose of
at least 2 mg p.o. twice per day at least 2 days prior to
initiating fast neutron therapy. The dexamethasone dose
was tapered during the course of therapy if tolerated by
the patient, but a minimum dose of 2 mg per day was
recommended, along with a histamine-2 blocker.

Follow-up and Study Endpoints

This study was intended to accrue 20 patients. Patients
were assessed by physical exam at least weekly while
receiving treatment. After completing treatment, follow-up
with physical exam and MRI was planned at 3 weeks,
then every 3 months for the first year, every 4 months
for the second year, every 6 months for the third through
fifth years, then every year thereafter. Endpoints were
survival, time to tumor progression, site of progres-
sion relative to initial FDG PET volume of interest, and
toxicity based on the National Cancer Institute Com-
mon Toxicity Criteria (version 2). Tumor progression
was defined as greater than 25% increase in the prod-
uct of the maximum perpendicular axial dimensions of
contrast enhancement on MRI scan from the initial or
nadir measurements after treatment. New sites of con-
trast enhancement distant to the original tumor bed
were also considered to represent tumor progression. All
recurrences based on MRI were confirmed with FDG
PET, MR spectroscopy (MRS), and/or histopathology
by reoperation or autopsy.

Results

Ten patients were enrolled in this study from April
through October 1999. Initially, 20 patients were
planned for enrollment, but the protocol was stopped
early because of rapid tumor recurrence in these initial
10 patients (7 male, 3 female). Median age was 55 years
(range 33-67 years) and median KPS was 90 (range
70-90). Nine patients underwent surgical resection
and one had biopsy only. Eight patients were Radiation
Therapy Oncology Group recursive partitioning analysis
class 4, and two were class 3.'* All patients received the
planned dose of 18 Gy.

Overall survival and progression-free survival from
date of diagnosis are shown in Fig. 1. Median sur-
vival was 55 weeks, with 1-year survival of 60%. One
patient (10%) remains alive 255 weeks after diagnosis.
That patient failed distantly with spinal leptomeningeal
tumor that responded completely to intraommaya topo-
tecan chemotherapy and focal radiotherapy (x-ray) with-
out subsequent recurrence. Median time to progression
was 16 weeks, and all 10 patients failed by 39 weeks.
All but the one patient with spinal leptomeningeal
tumor failed within the initial volume of abnormal FDG
uptake on PET. Tumor progression as determined by
MRI was confirmed by at least one other method in all
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Fig. 1. Overall (A) and progression-free (B) survival after diagnosis.

cases. Seven patients had tumor progression confirmed
by FDG PET. Among those seven patients with PET
confirmation, four had histopathological confirmation
at reoperation, and one had confirmation by MRS and
histopathology at reoperation. Among the 3 patients
who did not have a confirming FDG PET study after
progression on MRI, one had confirmation by histopa-
thology at reoperation, one had confirmation by MRS,
and one had confirmation by MRS plus histopathology
at autopsy.

The autopsied patient had developed a new right tem-
poral enhancing satellite lesion on MRI, 2 cm from the
initial primary enhancing mass, 3 weeks after complet-
ing radiation. The primary site also had increased size of
enhancement. The satellite lesion was within the initial
abnormal uptake volume on the pretreatment FDG PET,
and received the full 18 Gy dose. MRS 1 week later sug-
gested the primary gadolinium enhancing volume was
necrotic tissue and the satellite lesion was tumor. The
patient died 9 weeks after completion of neutron ther-
apy. At autopsy both the primary site and the satellite
contained confluent necrosis with perivascular islands
of viable-appearing gemistocytic tumor cells. In the tem-



poral cortex there were sheets of densely packed pleo-
morphic gemistocytes away from areas of necrosis. In
all areas of the brain sampled ipsi- and contralateral to
the GBM, there was mild to moderate reactive gliosis,
worse in white matter than in gray matter except in the
midbrain, where the red nucleus was the most gliotic
structure. Microvascular sclerosis accompanied these
changes. In ipsilateral white matter, there were areas of
pallor of myelin staining, infiltrates of macrophages, and
reduced density of axons. It is noteworthy that material
from contralateral brain that had no signal abnormality
on T2 MRI showed white matter gliosis and vascular
changes consistent with mild radiation injury where the
neutron dose was as low as 6-10 Gy.

Among the five patients who had reoperation, the
amount of intralesional and perilesional necrosis was
not remarkable compared to findings typical of patients
undergoing reoperation for GBM after photon radio-
therapy.

All patients had a drop in KPS below 70, with median
time from diagnosis to establishing KPS below 70 of 33
weeks (range 21-54 weeks). In all cases, KPS dropped
below 70 after documented tumor progression. The
single living patient eventually recovered performance
status, and currently has a KPS of 100.

Treatments were well tolerated, with no cases of grade
3 or higher acute toxicity. Two patients experienced
grade 2 toxicity (headache in one, and fatigue in both),
while the remainder of patients had toxicity limited to
grade 1 headache, alopecia, dermatitis, and fatigue. No
cases of late neurological decline were observed that
could not be explained by progressive tumor except for
one case of grade 1 tremor that developed prior to docu-
mented tumor progression.

Salvage therapies consisted of reoperation with
implantation of carmustine wafers with or without
systemic chemotherapy in four cases, reoperation with
implantation of carmustine wafers and iodine-125 seeds
on a separate protocol in one case, and systemic chemo-
therapy alone in three cases. One patient did not have
salvage therapy; salvage treatment for the living patient
was described above.

Discussion

Prior fast neutron trials in high-grade gliomas indicated
an increased probability of tumor control compared to
photon therapy.”'° Dose on this trial was selected based
on a dose-response relationship observed in older tri-
als of fast neutrons.!! The isocentric clinical neutron
facility at UW provided an opportunity to reinvestigate
fast neutrons in GBM using modern three-dimensional
treatment planning. Refinement of the fields based on
FDG PET was undertaken to localize the highest neu-
tron doses to the regions of highest risk for recurrence
after establishing the ability to incorporate FDG PET
in the treatment planning process for GBM.’ The plan-
ning process with fast neutrons differed from that on
the photon trial using FDG PET guidance by obtaining
the FDG PET scan for treatment planning prior to ini-
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tiating radiation. Obtaining the FDG PET prior to the
fast neutron radiation allowed the design of a compos-
ite radiation plan for all three target phases, allowing
total plan optimization from the beginning. Because the
overall treatment time was only 4 weeks, the additional
time required in treatment planning with early incor-
poration of FDG PET information did not extend the
overall interval from time of diagnosis to completion of
treatment.

The prior clinical trials of fast neutrons in high-grade
gliomas were plagued by neurotoxicity, precluding
improvement in survival despite higher probability of
tumor sterilization. Conversely, the present trial showed
no improvement in tumor control in comparison to that
commonly observed with photon therapy, and clini-
cally apparent toxicity was remarkably low. Overall and
progression-free survival on the two contemporary pro-
tocols using FDG PET guidance were similar (Table 1),
with a trend toward better outcome among the patients
treated with photons. However, one patient in the neu-
tron trial, the youngest at age 33, continues to survive
approximately 5 years after diagnosis after salvage che-
motherapy and radiotherapy for spinal leptomeningeal
recurrence. That patient’s clinical course is more indica-
tive of unusual tumor behavior than efficacy of the local
neutron therapy. The counterintuitive results of the cur-
rent neutron trial may be explained by the conditions of
treatment in older neutron trials and estimates that were
used to derive the relationship between neutron dose and
probability of tumor control based on those older trials.
The dose-response relationship incorporated estimates of
relative biological effectiveness of each beam in order to
normalize the data.'" The resulting dose-response curve
had a steep slope, giving the potential for significant dis-
crepancies between actual and predicted tumor control
probability at a given dose. The dose of 18 Gy selected
for this trial was predicted from the dose-response rela-
tionship to provide a 90% probability of control, but
that point exists on the threshold of the steep portion of
the sigmoid curve. Furthermore, the older trials were not
conducted with the modern noncoplanar beam delivery
and three-dimensional planning used on the current
trial. It is likely that the actual delivered dose on the
older trials was substantially more heterogeneous, with

Table 1. Comparison of overall and progression-free survival times
from diagnosis between the fast neutron and photon trials using
FDG PET guidance

Survival Category Fast Neutron Photon*
Median OS 55 weeks 70 weeks
1-year OS 60% 70%
2-year OS 10% 17%
Median PFS 16 weeks 24 weeks
1-year PFS 0% 18%
2-year PFS 0% 3%

Abbreviations: OS, overall survival; PFS, progression-free survival.

*Douglas et al.®
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regions of high dose in narrower areas of the head away
from the central axis of treatment. Consequently, actual
dose delivered on the older neutron trials may have been
somewhat higher to some regions of tumor than the pre-
scribed dose. Such heterogeneity was compensated by
wedges and beam weighting in the present study, also
explaining the lack of clinical toxicity observed on this
trial.

Based on these findings, it is tempting to explore a
higher dose of fast neutrons with three-dimensional
treatment planning. However, caution must be exer-
cised as the steep dose-response curve for tumor control
likely applies as well to that for toxicity. Histopathol-
ogy from contralateral brain uninvolved by tumor at
autopsy showed changes consistent with radiation dam-
age. That region of brain received approximately 6-10
Gy based on the neutron isodose curves correlated to
the anatomical position of the specimen. Other options
could include utilization of a boron neutron capture
agent with selective tumor uptake to take advantage of
a small thermal neutron contaminant that is available
within the UW fast neutron beam,' or combining fast
neutrons confined to the highest risk target volume with
photons to lower risk regions.

Conclusions

Use of modern three-dimensional conformal treatment
planning based on MRI and FDG PET targeting with an
isocentric fast neutron delivery system was feasible for
treatment of GBM. The total dose of 18 Gy resulted in
tumor control that was worse than predicted based on
past trials of fast neutrons for high-grade gliomas. Clini-
cal tolerance was excellent. However, there was patho-
logic evidence of subclinical radiation brain injury at
6-10 Gy. The dose-response relationship is likely steep
for both tumor control and neurotoxicity. Consequently,
a therapeutic window for fast neutron radiation therapy
of GBM remains elusive.
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