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ABSTRACT

This report is a summary of the progress and research produced for the Idaho National
Engineering Laboratory (INEL) Boron Neutron Capture Therapy (BNCT) Research Program
for calendar year 1995. Contributions from the principal investigators about their individual
projects are included, specifically, physics (treatment planning software, real-time neutron
beam measurement dosimetry), and radiation biology (large animal models efficacy studies).
Design of a reactor based epithermal neutron extraction facility is discussed in detail. Final
results of boron magnetic resonance imagining in included for both borocaptate sodium (BSH)
and boronophenylalanine (BPA) in rats, and BSH in humans. Design of an epithermal neutron
facility using electron linear accelerators is presented, including a treatise on energy removal
from the beam target. Information on the multiple fraction injection of BSH in rats is
presented.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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INEL BNCT RESEARCH PROGRAM
ANNUAL REPORT 1995

INTRODUCTION

The Idaho National Engineering Laboratory (INEL)
Boron Neutron Capture Therapy (BNCT) Research
Program completed its 9* year as a Department of
Energy (DOE) funded program with a continuing
increase in interest from the medical community, as
evidenced by the negotiation of a Cooperative
Research and Development Agreement (CRADA)
with a medical startup company (Ionix) and
Washington State University (WSU). This CRADA
represents an attempt to move the INEL research from
the national laboratory setting into the private sector.
The Program goal remains: to move BNCT into a
clinically useful therapy through applications of
supportive research. This publication summarizes the
research accomplished during calendar year 1995.
Calendar year 1994 was the last year the INEL
Program funded university research, but some of the
studies were not fully reported in the 1994 Annual
Report. This remaining research, including magnetic
resonance imaging, some large animal studies and
borocaptate sodium (BSH) toxicity, is also included
in this report. References are included at the end of
each section for that section.

EPITHERMAL NEUTRON BEAM
EXTRACTION FACILITY

An advanced epithermal neutron beam extraction
facility for BNCT research, including a neutron filter
and a treatment room, is planned for construction at
the WSU Nuclear Research Center reactor. INEL has
developed a conceptual design and an integrated
Project Management Plan (PMP) describing the
activities that support design and construction of this
facility. This project is a key piece of a large
CRADA with lonix and WSU.

The research reactor at WSU will be modified to
produce a research-quality epithermal neutron beam.
WSU will provide pharmacological and toxicological
support, and will make its state-of-the-art veterinary
school facilities available for clinical testing. The
epithermal-neutron beam at WSU will be used to
study treatments for primary malignant gliomas of
the brain (glioblastoma multiforme), metastatic brain
tumors (e.g: from breast and lung cancer), and head
and neck cancers.

The neutron beam at WSU will contain incident
neutron energies predominantly in the epithermal

energy range. The graphite will be removed from the
thermal column, and a neutron filtering material
installed to produce the epithermal neutron beam.
INEL physicists have designed the neutron filtering
media; INEL will purchase the filtering material; and
Tonix will fund the actual construction of the filter.
The filter design is discussed in detail in this
document.

TREATMENT PROTOCOL
DEVELOPMENT

WSU researchers report that the three tumor dogs
treated at Brookhaven National Laboratory (BNL)
with boronophenylalanine (BPA)-fructose are doing
fine as of February 1996. Two of the three tumor
dogs had surgery prior to BNCT. Normal tissue
tolerance dogs treated with four BNCT fractions are
being monitored for late effects of the treatment.
There have been some neurological changes, enough
that two of the dogs were euthanzied within five
months of treatment. The single fraction tolerance
studies were also completed at the lower doses, and
those dogs are being monitored for neurological and
physical changes. This will complete the normal
tissue tolerance studies.

BORON-11 MAGNETIC RESONANCE
IMAGING IN TUMOR-BEARING
ANIMALS AND HUMANS

The final report from researchers at the University of
Utah (U of U) highlights progress within 1995 as
well as serving as a summary of the major
accomplishments during the five years of support to
U of U from INEL. Three major areas are considered:
1) Determination of BSH pharmacokinetics in the
canine brain tumor model; the major accomplishment
was the development of a non-invasive quantitative
method for BSH pharmacokinetics, 2) BSH
pharmacokinetics in human patients with high grade
brain tumors; the major accomplishment was the
demonstration of the ability to non-invasively follow
BSH uptake and elimination in high grade human
brain tumors, and 3) Boron-11 magnetic resonance
imaging (MRI) of several BNCT agents in rats; the
major accomplishment was direct, on-line, non-
invasive observations of pharmacokinetics of several
BNCT agents in tumors and organs of elimination




the in the rat model. Images from all three areas are
included to show the ability to image boron-11 in
dogs, rats and humans.

All imaging work was carried out on a clinical
scanner in the U of U Department of Radiology MRI
Center.  Coils of the appropriate dimensions
incorporated the inductively driven quadrature
birdcage design. All boronated compounds examined
were natural abundance (80% boron-11 isotope).

ELECTRON ACCELERATOR BASED
EPITHERMAL PHOTONEUTRON
SOURCE

BNCT research in the United States and Europe has
been focused on the use of an epithermal-neutron
beam as the most effective method for generating the
necessary thermal neutron field in deep-seated
treatrment volumes. Epithermal-neutron beams can be
generated by small nuclear reactors and by accelerator-
based neutron sources. So far, only reactors have
actually been used to produce therapeutically-useful
epithermal-neutron beams for BNCT. Some low-
intensity prototypes of accelerator-based sources,
generally featuring the use of proton or deuteron
beams and beryllium or lithium targets, have been
constructed. Scaling of these devices to nutput levels
suitable for clinical application will in many cases
require additional developments in the relevant
accelerator technology, as well as the resolution of
some rather difficult issues associated with target
cooling. This report describes an alternate approach
to the realization of a clinically-useful accelerator-
based source of epithermal neutrons for BNCT that
reconciles the often-conflicting objectives of target
cooling, neutron beam intensity, and neutron beam
spectral purity via a two-stage photoneutron
production process driven by an electron linear
accelerator rather than by a heavy-particle accelerator.
A description of the basic concept is provided and the
results of initial proof-of-principal experiments using
a low-current benchtop model of the proposed device
are presented.

CONCEPTUAL STUDIES OF TARGET
COOLING FOR AN EPITHERMAL
PHOTONEUTRON ACCELERATOR

Accelerator-based epithermal-neutron sources may
constitute the basis for a more deployable technology
for BNCT than reactor-based sources in the long
term. However, accelerator target cooling is a
potential Achilles heel of this concept. Current
estimates are that the target cooling system must
remove energy at a rate of about 12 Mw/m” or more

to be successful. This heat flux is an order-of-
magnitude above typical critical heat flux (CHF) in
saturated pool boiling.

The report on target cooling examines the question
whether it is possible to provide adequate cooling of
the accelerator targets in the INEL photoneutron
source concept and, if so, how it might be done. The
current study has examined the orders-of-magnitude
of heat fluxes attainable via some possible
approaches. It is anticipated that the thermal energy
transfer from the target to the water must be by
subcooled nucleate boiling in order for the target to
survive. Therefore, the CHF of the technique chosen
must exceed 12 Mw/m’ by a safe margin. Cooling
techniques  comsidered include wall  jets,
Hypervapotrons, modified flow channels and
impinging jets. From this review, it appears that it
should be possible cool the targets adequately but
that it will not be an easy task.

OPTIMIZATION OF TREATMENT
PLANNING FOR BNCT

Treatment planning for epithermal neutron capture
therapy (NCT) applications to date has relied on
rigorous Monte Carlo calculations for dose
predictions.  Although many improvements have
been made, the Monte Carlo process still requires a
large amount of computer time and planning labor.
With single-field, fixed-aperture irradiations, a
near-optimum field can be found with an
intuition-aided trial and error approach, however
methods to more rapidly determine an optimum
irradiation configuration will significantly aid the
planning process. As treatment efforts become more
aggressive, with the ability to select aperture size and
number of fields, it will be a tremendous effort to
manually find the optimum plan for a given patient.
Also, as the modality moves to clinical applications,
patient throughput will not permit the labor
resource-expenditure currently utilized in clinical
trials.

An approach to improvement in the planning process
has been initiated. Improvement requires: 1) a rapid
method to calculate (or closely approximate)
three-dimensional dose patterns; 2) an organized
method to investigate variation in aperture size and
beam orientation for one or more fields; 3)
validation of the results of the optimization and; 4) a
method of presenting results to the evaluator
(oncologist).

Currently, evaluation of various plans relies on
detailed inspection of dose contours and dose/volume
histograms. For the optimization search, an integral
measure is required so the process can be automated.




For the study presented, the integral measure used is
the tumor control probability (TCP). As a trial
study, the optimization has been tried for actual
patients at BNL. The optimizer agreed with the
previously determined beam locator. Work still
needs to be done to address the multifield
irradiations.

BNCT-RTPE: BNCT RADIATION
TREATMENT PLANNING
ENVIRONMENT

Several improvements have been developed for the
BNCT radiation treatment planning environment
(BNCT Rtpe) during 1995 and incorporated into
version 1.2 and version 2.x. These versions also
include the non-proprietary NURBS (Non Uniform
Rational B Spline) library and data structures.

In version 2.x of BNCT Rtpe all of the U of U
proprietary NURBS libraries were replaced with a
non-proprietary set derived from the ARL-CAD
(Army Research Laboratory) (Computer Aided
Design) distribution. A new ray tracer based entirely
on searching a nested hierarchy of bounding volumes
enclosing the point of intersection was developed
using the new NURBS libraries. This is a much
faster method of testing and determining the
intersection point than the method which employs a
coarser hierarchy of bounding volumes coupled with
Newton iteration. All of the Utah data structures,
display lists, and macro functions were also replaced
in version 2.x.

Several improvements were made to the BNCT dose
contouring function, which displays the radiation
transport in tissue, Monte Carlo (rtt MC) dose data.
New colormap manipulation utilities have been
included.

A new magnetic media (QSH) format conversion
utility was developed which includes raw, QSH and
Siemen’s (KOP) formats. The dicom3 standard
format will also be incorporated. @ New image
colormap, contrast, and brightness tools have been
developed along with a vertically and horizontally
scroliable image container widget.

REAL-TIME PATIENT MONITORING
SYSTEM

The objective of this work is to develop a small
neutron dosimetry system that can be remotely
monitored in real time, so that medical personnel can
monitor BNCT patient doses in real time during a
therapeutic irradiation. Presently available neutron
dosimeters either are so bulky that their presence

would perturb the therapeutic beam, or they cannot be
monitored in real time.

Two candidate real time neutron dosimetry system
were tested in 1995. INEL and Pacific Northwest
National Laboratory (PNNL) researchers, along with
representatives of International Sensor Technology
(IST) Corporation (Pullman, WA) conducted initial
tests on two candidate real time dosimetry systems.

The PNNL system uses a small neutron sensitive
fiber optic scintillation detector that has been
successful in other applications. In this device, a
short (1 to 3 cm) length of neutron-sensitive glass
fiber with a diameter of a few hundred micrometers is
coupled to a fiber optic transmission line. Neutron
(and gamma-ray) interactions in the scintillating fiber
create light pulses that are transmitted to a set of
detection electronics which scale the pulses and
determine their rate. The detection rate is
proportional to the neutron (and gamma-ray) dose
rate.

A system marketed by IST consists of a small
thermoluminescent dosimeter (TLD) chip located at
the probe end of a fiber-optic transmission cable.
The opposite end of the cable is coupled to a set of
optical equipment that incorporates a small laser. It is
designed to expose the TLD and then remotely read
out its response using a laser to heat the TLD. The
fiber optic cable serves to both transport the laser
light to the TLD to heat the phosphor and to
transport the thermo-luminescence light emitted by
heating the TLD back to a photo-multiplier tube.
The IST TLD chips used in this measurement work
were made from magnesium metaborate. To
accentuate the separation between neutron and
gamma-ray response, one set of chips were enriched
in neutron-sensitive '°B, while another set was
enriched in neutron-insensitive ''B. The electronics
system is well packaged and supported by a personal
computer.

Experiments were conducted at WSU to test both
probes under irradiation conditions. These
experiments were successful to the point that
additional experiments are being planned.

REPEAT DOSE ADMINISTRATION TO
RATS

Initial U.S. clinical evaluations of BSH mediated
BNCT are likely to employ BSH doses similar to
those used in Japan and Europe, i.e., BSH doses no
greater than 100 mg/kg. BSH has been administered
clinically in both Japan and Europe (typically at
doses less than 100 mg/kg), and experience suggests
that single doses of BSH in amounts less than 100




mg/kg are reasonably safe for healthy volunteers and
for the brain tumor patient populations evaluated to
date. There are biological reasons to believe that
BNCT clinical protocols utilizing fractionated
therapy (including repeat dosing of BSH) may be
superior to those using a single fraction (single dose
of BSH). However, the toxicological and
pharmacokinetic effects of repeat dosing of BSH are
largely unknown. Idaho State University (ISU)

researchers report that rats tolerated multiple
injections of BSH at levels comparable to those
expected for human therapy. Rats were followed for
7 days after the infusion of BSH stopped. The main
concern as a result of these studies is that there is a
build up on boron in tissue of the rats, and it is not
readily apparent what tissue is ‘storing’ the boron.
Results of the experiments on the elimination by the
rat of BSH from multiple injections is reported.




DESIGN OF THE WSU EPITHERMAL NEUTRON BEAM EXTRACTION
FACILITY FOR BNCT

J. M. Ryskamp, F. J. Wheeler, C. A. Wemple,
K. D. Watts, D. W. Nigg, and P. J. Matonis,
(INEL)

An advanced epithermal neutron beam exfraction
facility for BNCT research, including a neutron filter
and a treatment room, is planned for construction at
the WSU Nuclear Research Center reactor. INEL has
developed a conceptual design and an integrated PMP
describing the activities that support design and
construction of this facility.

This project is a key piece of a large CRADA. The
purpose of this CRADA is to work with the private
sector in determining the effectiveness of BNCT as a
treatment for a variety of different types of cancer.
Highly-advanced boronated pharmaceuticals will be
used that promise a significantly greater efficacy than
has heretofore been possible with the agents currently
in use for BNCT. Activities under the CRADA that
support this overall goal include radiobiological
testing of BNCT in animal models, development of
human - biodistribution data for  advanced
pharmaceuticals, and the development of certain
supporting technologies and protocols. These
activities will be focused on bringing all of the
relevant science and technology to the point where
human clinical trials can be conducted in a controlled
scientific study.

The research reactor at WSU will be modified to
produce a research-quality epithermal neutron beam.
WSU will provide pharmacological and toxicological
support, and will make its state-of-the-art veterinary
school facilities available for clinical testing. The
epithermal-neutron beam at WSU will be used to
study treatments for primary malignant gliomas of

the brain (glioblastoma multiforme), metastatic brain -

tumors (e.g. from breast and lung cancer), and head
and neck cancers.

The neutron beam at WSU will contain incident
neutron energies predominantly in the epithermal [0.5
electron volts (V) to 10 kilo-electron volts (keV)]
energy range. Epithermal neutrons are surface
sparing; they penetrate a few centimeters into tissue
before producing the peak thermal-neutron flux.

REQUIREMENTS

The epithermal neutron flux level must be high
enough to provide an acceptable dose delivery rate

while keeping the fast and thermal neutron flux, and
gamma dose to an acceptable minimum. The
epithermal neutron flux level at the patlent position
should be greater than 10° n em™ s, while the fast
neutron dose per unit mmdent flux at thls position
should be less than 5 x 10" ¢Gy cm s, and the
gamma dose should be less than 107" ¢Gy cm’ s.
Neutrons with energies above 10 keV (fast neutrons)
are very damaging to healthy tissue due to the recoil
protons produced when neutrons undergo elastic
scatter reactions with hydrogen. Therefore, it is
important to design the neutron beam such that the
relative intensity of these fast neutrons is low. Also,
there are incident gamma rays in any neutron beam
due to neutron capture events in the structure, and it
is necessary to minimize this component. The
thermal-neutron flux in the free beam should also be
minimized to reduce surface-tissue damage. A well-
collimated beam is desirable, although not entirely
necessary, for effective therapy. The aperture should
be variable between 8 and 30 c¢m diameter. The
collimation (neutron current to flux ratio) should be
greater than 0.75. The whole body dose to the
patient during treatment should be less than | Gy.

OBJECTIVES

The main objective of this project is to design and
construct an epithermal neutron beam extraction
facility in the WSU reactor for BNCT. The PMP
details a set of minor objectives or tasks that have
been developed to accomplish this objective:

1. Remove the current thermal column graphite at
the WSU reactor and prepare this location for
insertion of the epithermal neutron filter.

2. Design all the neutron and gamma filtering and
shielding components to be installed within the
existing WSU thermal column region.

3. Construct and install all of the neutron and
gamma filtering and shielding components in the
thermal column region.

4. Design a shielded treatment room (beam stop) to
be located adjacent to the exit port of the planned
epithermal-neutron beam facility.

5. Construct the treatment room to be located
adjacent to the exit port of the planned
epithermal-neutron beam facility.




6. Modify the WSU reactor core fuel loading
pattern within the established safety limits to
achieve a high neutron flux at the core/thermal
column interface region.

7. Modify the WSU reactor facility and treatment
room as needed to achieve safe operation as
required for animal studies and human therapy.

8. Receive all the necessary approvals required for
animal studies and human therapy at the facility.

FACILITY DESCRIPTION

The Nuclear Radiation Center at WSU houses a 1
MW convectively-cooled, light-water, pool reactor.
The facility was originally a General Electric reactor,
but was later modified to utilize Transient Reactor
Irradiator-General Atomics (TRIGA) fuel elements,
and is now referred to as a TRIGA facility. A bridge
over the pool is used to configure the core and insert
experiments. A reactor operator can safely occupy the
bridge while the reactor is in operation. Figure 1 is
an elevation plan showing the relationship of the
pool, core, bridge, thermal column, and beam room.

The TRIGA fuel in the core consists of standard
elements (20% enriched) and FLIP fuel (70%
enriched). The reactor is inherently safe because the
fuel elements contain a large amount of zirconium
hydride which, when heated, decreases core reactivity,
preventing reactor runaway. Figure 2 shows a sketch
of the thermal column and reactor core. The bridge is
mounted on tracks, allowing the core (suspended
from the bridge) to be positioned immediately
adjacent to the thermal-column wall, providing a
large neutron leakage flux into the thermal column.
Likewise, the core can be moved into the center of
the pool to reduce the radiation into the thermal
column.

The thermal column consists of a graphite blocks in a
container sealed to the pool to withstand the pressure
of the water. The container is made up of an
aluminum cone-shaped transition section near the
core and steel sections in the shielding wall. The
aluminum section is tapered on the sides so as to not
interfere with the beam ports. The thermal column
contains (from inside out) many blocks (stringers) of
graphite, lead shielding bricks, and a final light-water
tank, which is recessed about 15 cm into a heavy-
concrete wall. All of these internals must be
removed to make room for the epithermal neutron
filter.

THERMAL COLUMN REMOVAL

The thermal column had not been removed for many
years, necessitating an investigation to see how
difficult removal would be. Questions on the
radiation level inside the liner also needed to be
answered. WSU personnel drained and removed the
water wall separating the beam room from the
thermal column. A few of the tightly fitting lead
bricks along the top were then removed, and probes
were inserted along the liner as far as possible into
the thermal column to measure the radiation levels
(the reactor was shut down and moved to the center
of the pool). The radiation levels were low enough
that workers will be able to work extended periods of
time in the thermal column to remove the lead and
graphite. The graphite stringers are wedged in tightly
and may be difficult to remove, or may break when
removed, creating carbon dust which may be
contaminated. Therefore, a removal plan including
contamination control must be developed before this
task can proceed.

After the graphite stringers and lead bricks are
removed, the empty thermal column must be cleaned
and the inside measured carefully. The actual
dimensions must be known before fabricating the
filter = components. The boral (boron
carbide/aluminum) liner that covers the steel liner
should be left in place to reduce activation in the
steel liner and concrete. The lead thermal shield in
the area adjacent to the core should also be left in
place to reduce gamma streaming.

NEUTRON FILTER DESIGN

The goal of the WSU reactor epithermal neutron filter
conceptual design effort was to provide a low cost,
simple filter design that is easy to fabricate and
install while meeting or exceeding the nuclear
performance requirements of the BNCT program. A
design approach was selected that allows the filter to
be pre-assembled to verify interfaces prior to
installation at the reactor. The filter will be
assembled in layers to allow for easy handling while
working in the empty thermal column. The filter can
also be easily disassembled and reconfigured to allow
for future adjustments in the nuclear performance.

The conceptual neutron filter design is shown in
Figure 3. The reactor core is positioned at the far left
of the figure, and the patient’s head is placed at the
far right of the figure against the right end of the
collimator. Neutrons and gamma rays born in the
core stream through the various filter components
before arriving at the patient’s head. The final design
selected consisted of alternating 6.35 cm (1/4 inch)
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thick sheets of pure aluminum (Al 1100) and Teflon
(CF;). Most of the fast neutrons are moderated to
epithermal and thermal energies as they scatter
through the plates of aluminum and Teflon. Because
thermal neutrons are not desired at the surface of the
patient, a material that absorbs thermal neutrons is
also required in the filter. Similarly, gamma rays are
not desired at the patient’s head. Many of these
gammas will be absorbed in the dense lead shields.
The patient then will receive an appropriate dose of
epithermal neutrons along with undesirable, but
tolerable, doses of fast neutrons, thermal neutrons,
and gamma rays.

Purge Lines

After construction air will fill the empty space
between the lead thermal shield and the beginning of
the aluminum/Teflon plate assembly. During reactor
operation, argon-4! will be produced in this air
space. To avoid the argon-41 production, an air
purge system will be installed to remove the air from
the space in front of the filter. Nitrogen was selected
as the best purge gas to use. Other gases such as
helium and neon are too expensive, even though they
may be superior from an activation standpoint.
Purge tubes will be located in the top and bottom of
the filter assembly to allow nitrogen gas to be
circulated through the volume. The tubes will be
routed through staggered slots in the filter assembly
immediately adjacent to the boral liners so that there
is no shine path from the reactor to the room.

Ten volume exchanges will be required to effectively
remove the air. The exhausted air and nitrogen will
be routed to the facility exhaust. The nitrogen will
be supplied from compressed gas cylinders.

Filter Component Selection

The aluminum-Teflon combination was selected
because it produces good beam characteristics, and
the materials are available and not too expensive.
However, consensus about induced radiation damage
in the Teflon filter material led to the conclusion that
Teflon cannot be depended on for structural strength.
In addition, although the basic integrity of Teflon is
maintained at the radiation fluence levels expected in
the proposed facility, experiments show that some
fluorine will be released upon irradiation.  The
fluorine is expected to quickly bond to the adjacent
sheets of aluminum.

A thermal neutron absorber is required in the filter
sandwich region to reduce the number of thermal
neutrons streaming toward the patient, and to
eliminate many of the gamma rays produced by
thermal neutron capture in aluminum.  Natural
lithium was selected as the best thermal neutron
absorber because few gamma rays are released in the
process (neutron capture in lithium-6 produces
tritium).  Approximately 2% by weight of natural
lithium is required to provide the absorber.
However, an issue remains how to get natural lithium




in or on the aluminum plates. Alcoa produces
aluminum lithium alloy (Al 2090), which is 1.9-2.6
wt % Li. However, Al-2090 is quite expensive (33
to 78 $/kg) and difficult to form into sheets. About
1000 kg of Al-2090 will be required, so alternatives
were investigated. The Savannah River Site (SRS)
has excess lithiated aluminum available. However,
the quality assurance records documenting the
composition of this material may not be available.
In addition, this material is not in the desired form,
and would need to be shipped to and fabricated into
sheets by a company such as Alcoa. Alcoa considers
Al-2090 plates difficult to fabricate (and therefore
expensive) because the [ithium produces a hard alloy.

An alternative is to spray lithium onto sheets of Al-
1100. Lithium fluoride (LiF) is available,
inexpensive, and can probably be plasma sprayed
ontc aluminum sheets. Tests of spraying LiF onto
aluminum will establish the feasibility of this
process. If the process works well, comparison of the
cost of spraying LiF onto Al-1100 with the cost of
purchasing Al-2090 will be made. Other items such
as the lithium distribution and the overall time
required to obtain the desired product will also be
compared.

Finally, if lithium cannot be used within the
available budget, thin sheets of cadmium as a thermal
neutron absorber can be substituted. Cadmium is an
excellent thermal neutron absorber, but hard gammas
are given off in the process. Therefore, thicker lead
or bismuth shielding would be required to attenuate
the gammas, slightly reducing the neutron beam
performance,

MCNP calculations were also conducted to evaluate
the performance of gadolinium as the thermal neutron
absorber in the neutron filter. Based on these
calculations, gadolinium is not a suitable thermal
neutron absorber for this application.

The thickness of the aluminum plates was examined
from the neutronics standpoint. The region
containing aluminum, lithiated aluminum, and
Teflon plates was originally analyzed as
homogeneous in the neutronics models.
Heterogeneous  calculations show  that the
homogeneous model is reasonable accurate, and that
the use of 6.35 mm-thick plates is acceptable. This
means that thinner plates are not required, easing the
problem of assembly.

For the first filter constructed at WSU, lead will
probably be used instead of bismuth to provide
gamma shielding. Lead performs almost as well as
bismuth, is less expensive, and is easier to handle
after irradiation. The bismuth supply currently exists
as cast ingots, which are not square and cannot be
stacked. The bismuth must be melted, cast into

larger blocks, then clad with aluminum.  The
cladding is desired because polonium-210 is
produced upon irradiation of bismuth. It may be
difficult to find a foundry willing to perform this
task, and the task could be expensive. Lead bricks
are already available at WSU, but they should be
tested to determine the neutron activation from the
impurities. .

Filter Construction and Assembly

The filter will be assembled by attaching the front
aluminum support plate in the thermal column
penetration. The front support plate will have a rim
welded to all four sides to form a “U-like” assembly,
which can be attached to the existing reactor
penetration boral liner. The attachment is made
using screws that pass through pre-drilled holes in
the front support plate and are secured in the boral
liner, with great care taken not to penetrate the water
seal. The screws are located along the entire
perimeter of the support plate. The front support
plate must be aligned perpendicular to the
penetration. Any gaps between the front support
plate and the reactor penetration walls will be filled
with lead wool to eliminate streaming paths.

After the front support plate is in place and aligned,
the filter “sandwich” can be assembled one plate at a
time. The filter sandwich plates are 6.35 mm thick
and are assembled in the following repeating order:
Al, CF,, Al + 2% Li, CF,, AL; Al, CF;, Al + 2%
Li, CF,, Al, ... Al. There are 44 aluminum 1100
plates, 22 aluminum/2% lithium plates, and 44
Teflon plates. Each aluminum plate will be attached
to the previous aluminum plate with aluminum
screws. The two piece construction is required
because of the 1.2 m limits on the size of material
that can be procured. The joints and the screws are
staggered for each successive layer of the filter to
avoid streaming paths. In addition, any gaps
between the filter sandwich and the reactor
penetration wall will be filled with lead wool to
avoid streaming paths. The steel and boral liners are
stair-stepped, which will also help reduce streaming
paths from the reactor.

The filter could be prefabricated and assembled off
site if the interior column measurements are
accurately known, then disassembled and transported
to WSU for re-assembly. The process of fabricating
and putting the sandwich together will be labor
intensive because of all the plates that must be cut
and the many holes that must be drilled and tapped.
Pre-assembled - multi-layer sandwiches  quickly
become too heavy to manually be positioned inside
the thermal column. Vacuum handles will be used to
lift each plate into place in the thermal column.
Fastening all layers together with screws will create a
structurally sound block.




Lead Gamma Shield

The next section to be installed will be the lead
shielding. This section is 10.16 ¢m thick and is
constructed of bricks that are 6.35 x 10.16 x 20.32
cm in size. The bricks will be stacked behind the
last aluminum plate in the filter sandwich. Because
the stack of bricks will be about 1.5 m high, a small
amount of silicone adhesive will be used to adhere
the bricks to themselves and to the aluminum plate.
This approach should ensure that the stack does not
fall down during assembly. After the lead brick
shield is in place, the back support plate will be
positioned adjacent to it to provide permanent
support to the bricks. The back support plate
(aluminum 1100) is fastened to the boral liner with
screws in the same way as the front support plate.

Collimator Assembly

The next item to be installed will be the collimator
assembly. The collimator directs epithermal neutrons
towards the aperture and absorbs thermal neutrons.
The collimator will be constructed of lithium 6
loaded polyethylene slabs. The lithium-6 is
contained in highly enriched lithium carbonate
(Li:CO;) distributed within polyethylene.  The
hydrogen in the polyethylene moderates neutrons to
thermal energies, and the Li-6 absorbs the thermal
neutrons without producing undesirable gamma rays.

Since polyethylene slabs are much easier to fabricate
than a large polyethylene cone, the collimator will be
made of 4 flat sheets of the lithium-6 enriched
polyethylene fastened together at the edges with
polyethylene screws to form a pyramid shape. The
bottom sheet will be supported by a polyethylene
structure that holds the entire assembly in place
against the filter. The support structure will have
built-in slots to allow the collimator assembly to be
handled with a forklift and be placed in the reactor
penetration. The final section of the filter is the
lithium-6 enriched polyethylene sections that set the
final diameter (delimiter) of the epithermal-neutron
beam. These sections are 7.62 cm thick, are square
on the outside and have a tapered round hole on the
inside. The outlet hole diameters are 8, 12, 16, 20
and 24 cm. These sections will be attached to the
collimator using polyethylene screws at the four
corners. The collimator will be locked into place via
screws in the boral liner.

A series of calculations were performed to analyze the
performance of different collimator designs. The
collimator design with flat plates is acceptable,
however, a circular cone is needed at the very end.
The end tip should come out at a constant cone
angle. Excess material on the outer edges of the cone
tip should be removed to allow better positioning of
the patient. The calculations indicate that an

excellent beam can be obtained recessed some
distance into the thermal column. There are two
significant disadvantages, however, to the recessed
beam: (1) patient positioning capability, and (2)
higher background-dose exposure to patient and
therapist.

Optimization studies were conducted on the shape
and size of the collimator. Several collimator
configurations were examined and compared to the
base case to determine if the gains justified the
expense involved in manufacturing and materials.

The different collimator geometries are characterized
by two parameters: the focal length and the viewing
area. The focal length is defined as the distance from
the base of the collimator to the apex of the inner
pyramid. The viewing area is the area of the base of
the inner pyramid. The performance parameters of
interest are the current-to-flux ratio at the aperture
(which measures the forward-bias of the beam), the
thermal and fast flux to epithermal flux ratios (which
measure the beam contamination levels), the beam
intensity (defined here as the epithermal flux), and
the neutron and gamma doses in brain tissue at the
aperture (which define the performance in actual
irradiations).

The viewing area was varied at constant focal length
to determine whether simply viewing more of the
exiting neutrons from the filter could increase the
beam intensity. The beam epithermal flux and
aperture neutron dose increase as the viewing area
increases. The focal length was also increased to
place the aperture at the entrance to the beam stop to
improve the current-to-flux ratio. These results
demonstrate that the beam performance cannot be
easily enhanced by simple variations of the
collimator configuration. Either the beam intensity
or the current-to-flux ratio can be improved slightly,
but there is always a penalty paid on the other
parameter. For example, extending the aperture out
to the beam stop entrance increases the current-to-flux
ratio by about 10%, but at the cost of a factor of three
loss in beam intensity, primarily because of the
increase in focal length. The present collimator
design provides a reasonable match to the design
goals.

Other calculations show that enriched lithium must
be used at the aperture end of the collimator. The
design goal for gamma dose cannot be achieved with
only natural lithium/polyethylene. The use of Li-6
in the collimator will substantially improve the filter
performance.

Column Wall Lining

The reactor penetration perimeter (column wall)
adjacent to the collimator must be lined on all four




sides with 5.08 cm of natural lithium/polyethylene
sheets to prevent neutron interaction with the reactor
concrete and other structural materials. The bottom
will be lined first, followed by the sides and the top.
The pieces will be fastened together using
polyethylene screws. The side sections will be
stepped to allow the top sections to interlock and be
supported by these sections. Additional sheets of
natural lithium/polyethylene will then be placed as
needed up against the lead wall, surrounding the base
of the collimator. This will help reduce the neutron
whole body dose to the patient.

Calculated Performance

The neutron spectrum at the collimator aperture is
shown in Figure 4. A high epithermal neutron flux
is achieved with minimum fast and thermal neutron
contamination. Table 1 presents the calculated values
of several parameters at the aperture. Reasonable
agreement is achieved between the MCNP Monte
Carlo code and the DORT discrete ordinates code.

Treatment Room Design

A treatment room, or beam stop, must be constructed
around the beam facility to isolate the radiation field
and reduce radiation to acceptable levels in all other
areas of the facility. The radiation dose rates outside
the treatment room must be less than 1 mR/hr at the
viewing window, 5 mR/day at the side wall of the
treatment room, and 10 mR/hr at the back wall of the
treatment room (exclusion zone).

The dimensions of the treatment room are shown in
Figure 5. The entry does not require a heavy door
shield because this area is an exclusion zone (no
personnel other than the patient may enter during
reactor operation), and an earthen berm rests against
the outside of the building. The room walls and
ceiling will be cast-in-place normal concrete
containing a neutron absorbing boron compound
(borosilicate glass). The thick-walled room will
therefore be permanent. The room size was selected
based on shielding calculations, the need for patient
access, and the need for a hallway around the
treatment room for construction and patient
maneuvering.

case filt09: 70-cm AI/CF ,/Li, 6-cm lead shield

10° . _— — —_— : S —
' ]
—_— & L —‘-‘J_dj T
‘-9 | T
=
=
-
e 10" - L‘ ]
H L
< | m,
2 ]
< i’
e 10° | Epithermal Flux = 1.11E+09
é Fast KERMA =4.67E-11 1
105 - bttt aaal A detidgal ISP N S T AW | 1 leoldaaal siseal SR RT T R S S ST
19’ 10° 10’ 10° 10° 10° 10° 10° 10
Energy (eV)

Figure 4. WSU Epithermal Beam: DORT Neutron Spectrum.
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Table 1. Beam parameters at the collimator aperture for a comparison case (focal length = 80.91 cm; viewing area
=100 cm X 100 cm; lead shield = 6 cm).

Parameter MCNP DORT*
Thermal flux 1.087 x 10° 1.991 x 10°
(em’s™)

Epithermal flux 1.085 x 10° 1.106 x 10°
(em?s™)

Fast flux 6.249 x 10 7.205 x 107
(cm?s™)

ICRU brain tissue 234.8 185.82
neutron dose (cGy/hr)

ICRU brain tissue 131.9 132.3
gamma dose (cGy/hr)

Current to flux ratio 0.770 0.81

* Case 9 results; current to flux ratio crudely estimated from balance tables.
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Figure 5. Approximate WSU treatment room layout.
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Seismic requirements preclude the use of non-
reinforced concrete blocks for the treatment room
shielding. Normal concrete is less expensive than
high density concrete and is more easily poured.
Normal concrete can be pumped into the treatment
room walls and ceiling. High density concrete
requires increased manual labor to place and may be
susceptible to voids, which affects its shielding
capabilities. Therefore, normal concrete with
borosilicate glass is desired. A geotechnical
engineering evaluation is proposed to assess the
subsurface soil conditions in the freatment room area
and to provide recommendations that assist project
planning and design. About 1 m by 1 m trenches of
existing soil may need to be excavated before the
wall foundations can be placed. This should not be a
big problem, but it could be labor intensive due to
the limited heavy equipment access within the
building. Preliminary investigation indicates that
undisturbed soil under the existing concrete floor can
remain in place. The site soil can be evaluated by
drilling 4 borings within the current beam room.
Additionally, the compressive strength of the
existing concrete can be assessed.

Jack hammers may be required to break up parts of
the existing concrete floor in order to pour the
concrete walls. This could cause vibration in the
thermal column area that could possibly lead to the
collapse of the filter sandwich components. This can
be avoided placing the concrete before installing the
neutron filter. This will also reduce the dust in the
neutron filter. The 12.7 cm thick floor slab is
independent of the thick high density concrete around
the thermal column. This will help reduce the
vibration in the thermal column area. The cast-in-
place concrete must be cured, unloaded, typically for
1-2 weeks.

Steel beams could be used to support the ceiling, but
they would become activated. A 30.5 cm thick
reinforced concrete ceiling can span 3.66 m.
Therefore, the use of structural steel beams will be
avoided. The reinforcing steel in the concrete can be
placed 8 cm from the inner concrete surface, which
will greatly reduce its activation.

A detailed three-dimensional MCNP model of the
treatment room layout has been developed.
Calculations of neutron dose and gamma dose at
various positions outside the treatment room are
presented in Figure 6. These doses are acceptable,
especially if the exclusion zone keeps personnel away
from the treatment room opening. Further
calculations will be performed to ensure that the
skyshine to the floor above the beam room are
acceptable. Good agreement between MCNP and
DORT was obtained for neutron and gamma dose
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rates along the outer back wall of earlier versions of
the treatment room. This provides good confidence
for the shielding calculations.

NEW FUEL LOADING PATTERN

A new fuel loading pattern that increases the neutron
flux on the surface of the reactor core facing the
neutron filter has been selected.  Preliminary
calculations on the new core configuration surrounded
by  water were  performed  using the
EXTERMINATOR 1I diffusion code. There are
several features to check with calculations to make
sure that the core would not violate the reactor
Technical Specifications and would be viable. First,
the calculated core excess reactivity was $6.56, which
meets the requirement to be < $8.00. Second, the
ratio between the power in the hottest fuel element
relative to the instrumental fuel element has to be <
1.5. It was calculated to be 1.437 in the worst case.
Third, the distribution of thermal flux is acceptable
for the instrumentation on the core corners. Fourth,
the distribution of flux on the control blades is

acceptable.  Finally, the thermal flux in the
irradiation tubes, although a little lower, is
acceptable.

MCNP calculations show the reactivity impact of
moving the reactor (with the new fuel configuration)
away from the thermal column and towards the center
of the pool. The core reactivity drops slightly and is
relatively insensitive to core movement.  This
implies that it is safe to move the operating reactor
away from the thermal column, but not toward it.

REACTOR FACILITY
MODIFICATIONS

Several modifications must be made to the reactor
facility before using it for human therapy. For
example, the Nuclear Regulatory Commission (NRC)
suggests using shutters on neutron filters to stop the
radiation during an emergency (independent of reactor
scram). There is no beam shutter in the present
facility, and it would be a major campaign to
construct a large shutter. It is deemed not necessary
to have a shutter for the WSU concept because the
reactor can be scrammed to a small percentage of full
power in a matter of seconds. The reactor core then
can be retracted several feet back into the center of the
pool and away from the thermal column in just a few
seconds to reduce the gamma field even more. The
reactor bridge and core movement can be made
automatic by installing an electric motor drive
system. A shutter device (possibly flooding the cone
or rotating the filter) could be designed, but it may
not be very practical.
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The NRC has requested additional information on the
proposed revision to the WSU TRIGA Technical
Specifications. The most difficult questions are:
“How rapidly must the bridge move to shut off the
neutron beam compared, for example, to a shutter?
What are the design criteria for this function?” The
traverse time of the shutter at Brookhaven National
Laboratory is 10 to 11 seconds. This is negligible
compared with patient treatment times of several tens
of minutes. By exerting a steady force of 44
Newtons (10 1b.) on the bridge crank at WSU, the
bridge can be moved 30 cm in 8 seconds. MCNP
calculations show that the neutron flux drops by two
orders of magnitude as the core moves back 30 cm (at
full power). With reactor scram, the drop will be

much greater. The 30 cm of water will also decrease
the gamma flux by about a factor of 2. With a lower
number of neutrons in the filter region, even fewer
gammas will be produced from neutron capture in the
filter. Thus, movement of the bridge with concurrent
reactor scram provides an effective method of
reducing the dose to the patient in an emergency.

!
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ANSI Neutron dose (mremvhr)
ANSI Gamma dose (mrenvhr)

FACILITY APPROVALS

Several approvals must be received from different
groups. The WSU Reactor Safeguards Committee
has approved the new fuel loading and the addition of
a beam room scram button to the SCRAM chain.
Approvals must also be obtained from the NRC and
Food and Drug Administration (FDA) before human
therapy can be performed.

SUMMARY

A conceptual design has been developed for the WSU
epithermal neutron beam extraction facility. This
facility will be used first for animal studies of Boron
Neutron Capture Therapy and then eventually for
human clinical trials. This design contains novel
features that have not been used in other neutron filter
designs. The design achieves (calculated) an
acceptable epithermal neutron flux within tolerable
neutron and gamma whole body doses. Except for
changing the fuel loading pattern, no core
modifications are required. A treatment room with




thick concrete walis and ceiling will be constructed to
keep the radiation dose to the outside facility walls
and staff at an acceptable level. No technical or
procurement obstacles are foreseen that would prevent

15

completion of this project. Completion of these
modifications will lead to a world-class facility for
BNCT research.




TREATMENT PROTOCOL DEVELOPMENT

C. Johnson, P, Gavin, DVM, PhD, PI, WSU,
College of Veterinary Medicine (CYM)

Tumor Treatment Dogs

Three dogs with spontaneously occurring brain
tumors were treated with BNCT in CY 1995. All
three dogs had p-BPA-fructose infusion prior to their
neutron irradiation treatment. As of February 1996,
all 3 dogs are doing well. The first dog had BNCT
alone (no surgery). The nine month MRI scan
revealed an area of enhancement, which is either slow
regrowth of the fumor or scar tissue from an earlier
surgery. The twelve month scan will tell more. The
second dog received a combination of surgical
debulking of the tumor followed by BNCT. At six
months the dog was clinically normal and the MRI
revealed the enhancement area regressing. The third
dog also received a combination of surgical
debulking and BNCT, and was clinically normal at
two months post treatment.

An earlier dog treated with BNCT (no surgery) in
October of 1989 was euthanzied 5.3 years post
treatment due to return of neurological symptoms
which were not controllable with medications. A
second dog which received BNCT with p-BPA-
fructose alone is stable at 1+ years post treatment.

Normal Tissue Tolerance Dogs

Research continued on normal tissue tolerance by
using non-tumor bearing dogs. Three groups of dogs
were used. The first group completed the fractional
BNCT studies. These dogs were irradiated in four
factions, 24 hours apart, to a peak physical dose of
2392 - 2423 c¢Gy, with average blood boron
concentrations 24 - 33 ug/g. An intravenous infusion
of BSH at 25 mg/kg body weight was administered
prior to each irradiation. These four dogs had skin
biopsies at sites on the edge of the radiation field
immediately following irradiation on days two, three
and four. The skin biopsies revealed a trend toward
higher skin boron concentration on each subsequent
treatment. The hair regrowth at the biopsy sites was

sparser than rest of the head in all four dogs. All
four dogs at three and half months had CT scans due
to slight behavioral changes in two of the dogs.
These two dogs also had MRI scans, due to
enhancing areas on the CT. These same two dogs
were euthanzied due to neurological changes, one at
three and half months post treatment and the second
one at five months post treatment. The other two
dogs had no changes on MRI, CT or neurological
exams in three and half months. With the six month
MRI, one dog had an enhancing area in the right
cerebral cortex. The neurological exam showed a
slight sluggishness of proprioception on the left hind
leg. The other dog had no changes on MRI or
neurological exam. The dog with changes at six
months revealed no enhancement of this area on the
MRI at twelve months post treatment. Also the
neurological exam was normal. The other dog had
no changes on the MRI or on neurological exam at
twelve months post treatment.

Groups two and three completed the tolerance studies
on the lower doses. Four dogs were used in each
single dose radiation study. Dogs in the second
group were treated to a peak physical dose of 1447 -
1460 cGy. Dogs in the third group were treated to a
peak physical dose of 1231 - 1259 ¢Gy. The average
blood boron concentration was between 8 - 11 ug/g
in both groups. With the higher dose group, two of
the dogs have normal MRI and the other two have
superficial changes on the MRI at six months post
treatment. Three of the dogs have early signs of a
cataract in the right eye at six months. The rest of
the neurological exams were normal. The lower dose
group dogs have no changes on the six month MRI,
but three of these dogs have changes on the
neurological exams. Two of these dogs have reduced
proprioception, one with deficits in both left and
right front and hind legs, and one with deficits in the
right hind leg. The third dog has early cataract in the
right eye, also the menace response is absent in the
left eye while the right eye is reduced. The fourth
dog had a normal neurological exam.

All of these dogs will be monitored for further
changes.




BORON-11 MAGNETIC RESONANCE IMAGING IN TUMOR-BEARING
ANIMALS AND HUMANS

M. P. Schweizer, Ph.D., PI, Departments of
Medicinal Chemistry and Radiology, University
of Utah (U of U)

The present report highlights progress within 1995 as
well as serving as a summary of the major
accomplishments during the five years of support to
U of U from INEL. Three major areas are considered:

1. Determination of BSH Pharmacokinetics in
the Canine Brain Tumor Model. Major
accomplishments: development of a non-
invasive quantitative method for BSH
pharmacokinetics.

2. BSH Pharmacokinetics in Human Patients
with HighGrade Brain Tumors. Major
accomplishments: demonstrate the ability
to non-invasively follow BSH uptake and
elimination in high grade human brain
tumors.

3. Boron-11 MRI of Several BNCT Agents in
Rats. Major accomplishments: focus on the
ratmode] permitted direct online observations
of pharmacokinetics of several BNCT agents
in tumors and organs of elimination
non-invasively.

All imaging work was carried out on a General
Electric SIGNA clinical MR scanner in the U of U
MRI Center of the Department of Radiology. Coils
of the appropriate dimensions incorporated the
inductively driven quadrature birdcage design. Boron-
11 image data at a frequency of 20.5 MHz were
acquired and reconstructed using the 3D Projection
Reconstruction (3DPR) method'. All boronated
compounds examined were natural abundance (80%
boron-11 isotope). The BSH was mostly from
Boron Biologicals, obtained from the INEL after
thorough purity analysis by Dr. Bill Bauer. INEL
also provided all the inductively coupled plasma-
atomic emission spectrometry (ICP-AES) analyses.
Para-borono-L-phenylalanine (-BPA) was a gift from
Dr. Jeff Coderre, Brookhaven National Labortory.
Dr. Fred Hawthorne, University of California, Los
Angles supplied liposome encapsulated Byo H;7 NH;.

1. BSH Distribution and Pharmacokinetics in
the Canine Brain Tumor Model.
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Experimental Protocols

A total of 26 normal and implanted black Labrador
Retrievers have been imaged under isoflurane
anesthesia. Dogs in the later stages of the studies
were under tight respiratory control, with
physiological parameters such as end-tidal CO,, mean
arterial blood pressure, blood gases and heart rate all
monitored and regulated. All were infused into
cephalic veins with 100 mg/kg boron (as BSH) in
saline at a dose rate of 3 mg/kg/min. Boric acid
reference tubes were taped to the head. During the 60
minute infusion period standard proton MRIs were
recorded for anatomical referencing.

Tumor bearing dogs were prepared via implantation
of approximately one million gliosarcoma cells into
the parietal parenchyma using injection ready aliquots
obtained from Dr. John Hilton, Division of
Oncology, The Johns Hopkins Medical School.
After periodic proton MRI exams (including
gadolinium contrast) to follow tumor growth, boron-
11 imaging was conducted 8-10 days post-
implantation (when tumor diameters were 1-2 cm)
using the 3DPR algorithm. Individual time points in
the uptake, redistribution and elimination phases
were taken at 20 minute intervals, beginning just at
the end of infusion and extending several hours post-
infusion. = Each time point scan required nine
minutes, which, with an elimination half-life of
around four hours, provided reasonable time
resolution. Venous blood, for ICP-AES analysis of
boron content, was also periodically drawn.
Necropsies were done and tissue boron content
determined by ICP-AES analysis.

Results

Representative image data for a dog with a 2 cm
enhancing lesion in the left parietal lobe is shown in
Figure 7. The axial proton image is at the right,
showing the tumor with overlaying surgically
traumatized temporalis muscle and the central boric
acid reference. On the left is a composite of the
boron-11 image (taken at the end of the infusion) data
and the filtered proton data. BSH uptake into tu