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ABSTRACT

This report is a smmnary of the progress and research produced for tile Idaho

National Engineering L_tboralory Boron Neutron Capture Therapy (BNCT)

Research Program for calendar year 19t)2. Contributions from ali the principal

investigators about their individual projects are included, specil'ically, chemistry

(pituitary tumor targeting compounds, boron drug development including

liposomes, lipoproteins, and carboranylalanine derivatives), pharmacology

(taurine screenings, toxicity testing, inductively coupled plasma-atomic emission

spectroscopy (ICP-AES) analysis of biological samples), physics (radiation

dosimetry software, neutron beam and filler design, neutron beam measurement

dosimetry), and radiation biology (small and large animal models tissue studies and

efl'icacy studies). Information on the potential toxicity of borocaptale sodium and

boronophenylalanine is presented, results of 21 spontaneous-tumor-bearing dogs

thai have been treated with BNCT at the Brookhaven National Laboratory (BNL)

Medical Research Reactor (BMRR) are discussed, and predictions for an epither-

mal-neutron beam at the Georgia Tech Research Reactor (GTRR) are shown. Cel-

lular-level boron detection and localization by secondary ion mass spectrometry,

sputter-initiated resonance ionization spectroscopy, low atomization resonance

ionization spectroscopy, and alpha track are presented. Boron detection by ICP-

AES is discussed in detail. Several boron carrying drugs exhibiting good tumor

uptake are described. Significant progress in the potential of treating piluilary

tumors with BNCT is presented. Measurement of the epithemml-neutron t'lux at

BNL and comparison to predictions are shown. Calculations comparing the GTRR

and BMRR epithermal-neutron beams are also presented.
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INEL BNCT RESEARCH PROGRAM
ANNUAL REPORT 1992

INTRODUCTION

Dr. Ron Dorn, Medical Consultant, 1992 was a year of considerable challenge and
Mountain States Tumor Institute and successfor the INEL BNCT ResearchProgram.It
Idaho National Engineering Laboratory was named the National Center for BNCT

Measurement and Development by the

Department of Energy (DOE). Remarkable

The Idaho National Engineering Laboratory progress was achieved throughout the research
(INEL) Boron Neutron Capture Therapy (BNCT) programs. This annual report will review the

Research Program was initially funded in 1987 current status of ali the various components of the
with a goal of providing the scientific and techno- INEL BNCT Research Program and the exper-

imental results and developments of the past year.
logical basis tk)r using of BNCT in the treatment
of lm|nan malignant brain tumors. The principal This introduction will provide a brief overview of

the program achievements of the past year.of BNCT for cancer involves a two step process:

(a) selective tumor absorption of zt boronated Boron Drug Development
compound, and (b) capture of thermal neutrons
by the l°B nuclei, promoting a fission reaction Researchers under the direction of Dr. Steve
which yields alpha particles, gamma rays and 7Li Kahl, University of Calil?ornia at San Francisco
nuclei. The energetic alphas, with high linear (UCSF), made significant progress this year in
energy transfer (LET), damage tissue within the development of carboranylalanine and low-
about one cell diameter, thereby theo,,etically density lipoproteins (LDLs) as potential agenls
providing selective destruction of the tumor. 1 for BNCT. They determined thai simple carbo-
Although the potentials of BNCT were suggested rane esters can successfully replace the
forty years ago by Sweet et al. 2 only within the cholesterol core of LDLs. This boronated LDL
past decade has there been serious international can be measured in tissue using ICP-AES with

research efforts towards its maturation and appropriate digestion procedures. Collaboration
clinical deployment. The first years of the INEL with researchers in Helsinki has shown high
BNCT Research program successfully produced localization of technetium tagged LDL in recur-
break-through research in several important areas :'ent glioblasloma multiforme. Stereo-selective
in BNCT, including large animal model develop- synthesis of carboranylalanine has been success-
ment. inductively coupled plasma-atomic emis- fully developed, and initial iH vitro tests in collab-
sion spectroscopy (ICP-AES) analysis of boron oration with Brookhaven National Laboratory
concentration in biological samples, boron (BNL) have shown high efficacy.
magnetic resonance imaging (MRI) and spectros-
copy (MRS), intra-cellular boron analysis, and Boronated liposonle research, under the
analytical dosimetry for BNCT. Following these direction of Dr. Fred Hawthorne at tile University

successes, the INEL BNCT Research Program of California al Los Angeles (UCLA), has shown
was reconfigured to begin focusing on boron drug the concept of boronaled liposomes to be valid.
development, boron localization screening, drug New compound synthesis has taken top priority
stability, pharmacology and toxicity, treatment as initial boron compounds carried to tile tumor

protocol developmenl, and supporting with liposomes tend to wash out quickly. Several
technology development while maintaining exciting new boron compounds including
progress and refinement in the technical support (2-B IoHoNCO) 2 have been developed and
activities, successfully incorporated into liposomes.

1



Twenty-five screening studies with ten different made towards the establishment of a tiered tox-
compounds and four tumor lines have been icology program for all BNCT agents. Prior tothe
carried out in cooperation with the group at use of a boronated compound for BNCT in
Washington State University (WSU). Plans for humans, safety of the compound must be estab-
the immediate future include combining the lished, including identification of major adverse
boron compound (B20H17NH3)3"with liposomes effects, clinical use side affects, and identification
that contain boron in the liposomal structure of side affects that would preclude the use of the
itself. Such a combination holds great promise for compound in clinical trials The BNCT
a significant increase and retention in the boron compounds BPA and borocaptate sodium (BSH)

deposited within the tumor cells, have been investigated this past year. A BSH dose
of equal to or greater than 625 mg/kg body weight

Pituitary Tumor Evaluation has been found to be lethal in a rat model as a
result of cardiovascular system collapse. Tile
current recommendation, therefore, is for BSH

Under the direction of Dr. Barry Albertson at
dosing in humans to remain under 200 mg/kg

Oregon Health Sciences University (OHSU), while further data is collected. Initial studies of
carborane cages supplied by Dr. Fred Hawthorne

BPA have indicated that this drug appears to be
from UCLA have been successfully conjugated

safer front a toxicological viewpoint titan BSH.
with ovine corticotrophin rel,.-asing hormone

(oCRH). This conjugate has shown retention of Treatment Protocol
biological activity. Experiments using this
compound in AtT-20 cells have shown successful Development
BNCT lethality. Optimization of this exciting The highly successful large animal model
system is underway for potential use in pituit_ry studies have continued under the direction of Dr.
tumors. Pat Gavin at WSU. A useful review of the devel-

opment of this model and important experimental
Boron Localization Screening results front tile first years of its use are contained

in this section of this report. One highlight of

An extensive program in the assessment of new these studies has been the treatment of a total of
boron compounds is under the direction of 21 dogs with spontaneous brain tumors with
Dr. Cathy Elstad at WSU. Several taurine and rat BNCT using BSH. 'Fhese studies have shown
tumor models are used for the in vivo localization very good results with good tumor response and

screening of boron compounds, including boro- control, better than with conventional treatment,
nophenylalanine (BPA), liposomes, and LDLs. and using only one treatment fraction. This data
Two to three in vivo assays are being carried out continues to support the promise of neutron
per month with each assay involving 50 animals, capture therapy (NCT) for the treatment of brain
6 per time point. Using these models, several tumors.
studies with regard to enhancement of BPA
uptake via diet restriction or phenylalanine Noninvasive Boron
ammonia-lyase (PAL) preparation have been per- Quantification
formed. Optimization of tumor uptake of boro-
hated liposomes and LDLs are currently being One of the more exciting developments in the

studied, including using multiple administration, initial years of the INEL BNCT Research
Program was the establishment of the technology

Drug Stability, Pharmacology, for MRI and MRS of boron in vivo. This pastyear, under the direction of Dr. Marty Schweizer
and Toxicity and Ken Bradsllaw at the University of Utah

(UofU), this technology has been significantly

Under the direction of Dr. Tom LaHann at refitted with a development of a rapid 3-D
Idaho State University (ISU), progress has been projection reconstruction technique resulting in



good image quality with a 5-8 minute data within the INEL BNCT Research Program.
acquisition time. This section of the report Contained in this section is also an excellent and
describes in vivo studies with dogs demonstrating detailed discussion of the refinement of this
drug pharmacokinetic data and good imaging of technology in the areas of sample preparation that
boron in vivo with 1.5 cm voxel size. Work allows analysis of nanogram levels of boron in
continues to further refine this technology for samples as small as 1-10 milligrams. With these
more rapid data acquisition and improved refinements, boron detectability in a 5-milligram
resolution, sample is down to approximately 0.2 na_ogram

boron per milligram, with a practical limit of 0.6

Analytical Dosimetry nanogram boron per milligram.

INEL researchers Floyd Wheeler, Dan Wessol, Intra- and Intercellular Boron
and Dr. Dave Nigg have successfully developed Analysis
analytical methods and software for performing

detailed radiation transport and dosimetry During the initial years of the INEL BNCT
calculations fox"BNCT. During the past year, Research Program, the feasibility of a secondaryefforts in this task have been directed towards

ion mass spectroscopy (SIMS) fox-the detection
refinement of methods for computation of macro- and localization of boron at the cellular level was

scopic absorbed doses. This section of the report determined. Work has continued this past year
also contains an excellent summary and discus- under the direction of Dr. Victor Chia at Charles
sion of BNCT analytical dosimetry, illustrating Evans and Associates into further refinement of

the need fox"this technology, technical approaches this technology. As outlined in this report,
for meeting this need, and an overview of BNCT

improvement in sample preparation has been a
microdosimetry, major thrust of the activity within this area during

1992.
Also within this section is a summary and

discussion of the implementation of a single Researchers at ISU under the direction of
particle hi-LET radiation system at Pacific North-

Dr. Clive Nelson have been investigating the
west Laboratory (PNL) under the direction of

refinement of alpha-track-etch ['or intra- and
Drs. John Nelson and Les Braby. Data from this

intercellular boron analysis. They have
system is necessary to allow prediction of the determined that CN-I film can be used to
biological effects of small numbers of hi-LET determine the distribution and concentration of

particles. The technical demands of the develop- l°B in brain tumors and surrotmding tissue.
ment of this system as well as its capabilities and
initial results are illustrated.

The final section in the area of intra- and

Analysis of Boron in Biological intercellular boron analysis comes from AtomSciences, Inc. under the direction of Dr. Heinrich

Samples Arlinghaus. These researchers in the INEL BNCT

Research Program have been investigating the
Under the direction of Dr. Bill Bauer at INEL, use of sputter-initiated resonance io_ization

the INEL BNCT Research Program continues to spectroscopy (SIRIS) and laser atomization
provide valuable support to the world BNCT resonance ionization spectroscopy (LARIS). A
research community in the use of ICP-AES summary of experiments in both ot"these technol-

analysis of boron content in biological samples, ogles is contained within the report, which clearly
In addition to reviewing this activity over the past demonstrates that the SIRIS/LARIS is suited for
year, this portion of the report provides an over- quantitation and imaging of trace elements,
view of the development of this technology including boron, in biological tissue sections.



Georgia Tech Research Reactor beam. As a result, recharacterization of the beam

(GTRR) Physics Support to confirm neutron spectrum changes, etc., was
underlaken. This section of the report summarizes

A major accomplishment during the first years this recharacterization with the conclusion that
of the INEL BNCT Research Program was the the core modification did, in fact, increase the

design and construction of an epithermal-neutron free beana intensity of B MRR by 49% with no

beam at the Brookhaven Medical Research significant alleration in the shape of the

Reactor (BMRR) in a cooperative effort between epittaernaal-neutron spectrum. The net increase in
BNL and 1NEL. This neutron beana has been used

beam intensity through the defining apertures
extensively for BNCT research activities by
INEL, BNL, and other researchers, lt is clear that used for our large animal model studies was 28%.

Further details concerning the characterization of
further development of BNCT up to and
including clinical trials will reqttire an improved the new BMRR beam are included in this report.
epithermal-neutron beam. The theoretical Noteworthy was the fact that there is excellent
advantages of an improved epithermal-neutron consistency between the INEL dosimetry model
beam are described in this section. This past year, and naeasurements.
the INEL BNCT Research Program, under the

direction of Dr. Dave Nigg and Floyd Wheeler,

has extensively investigated the potential for Everyone in the INEL BNCT Research

developing such ata improved beam at GTRR. Progralrl (National Center for BNCT
Data strongly supporting the development of such

Measurement and Development) remains
a facility at GTRR is presented in this section.

committed to the successful development of

Research Reactor/Accelerator BNCT and its promise for the treatment of malig-

Physics Support tunmrs in humans. This annual report pro-
vides an overview o1"progress to this end and

In 1992, the BMRR core was modified to sunlmarizes a firm l_mndation for clinical trials in

increase the intensity ot" the epithernml-neutron tlm United States.



CARBORANYLALANINE AND LDL DEVELOPMENT AND EVALUATION

Dr. Steve Kahl, Principal Investigator (PI), actually misleading; the term refers to a range of
University of California, San Francisco, spherical particles of 17-25 nanometer diameter

Department of Pharmaceutical Chemistry and having a density of between 1.019 and

1.063 g/mL. A schematic cartoon of the organiza-

Major progress toward the development of lion oi" the LDL panicle is shown in Figure 1.

boronated LDL and the boronated amino acid Each particle contains a non-polar core,

carboranylalanine for site selective boron drug composed chiefly of long chain fatty acid esters

delivery has been made during the past year by of cholesterol, and a polar coal consisting of

resean.hers at UCSE This enhances possibililies phospholipid and unesterified cholesterol, and a

for future application of these approaches to clini- single copy of a protein known as apoprotein

cal studies of BNCT. These approaches are part of B- 100 (apo B- 10()). Seventy-five percent of the
an intensive effort by researchers at UCSF to total cholesterol in LDL is in the cholesterol ester

develop site selective boron drugs for the lreal- core of LDL, while the remaining 25r,4, is not

ment of a variety of human cancers, esterificd and is tk)und embedded in the phospho-

lipid coat. lt is estimated thai an average of

kOk Development 15()()-2()()()molecules of cholesterol ester are

present in each particle core, and the particles are

One of the major differences between cancer roughly one-half cholesterol ester by weight. The
cells and normal cells is the rate of metabolism of apo B-1()() surface protein is large, about 550,()00

gDl.. LDL is the principal cholesterol transport molecular weight, and is probably wound around

protein in hunlan plasma and is found iii an aver- throtlghout the sttrface of the particle, providing

age concentration rangeof 15()-25()mg/dL, in approximately 2()c)f of the total mass of the

normal human adults in the U.S. The term gDL is particle. This protein is recognized by specific,

Apoprotein B-lO0

Unesterfied
cholesterol

Cholesteryl
ester

Phospholipid

ol .m

Figure 1. Low density lipoprotein.
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high-affinity receptors clustered in regions of the body. Intracellular uptake via receptor-mediated
target cell plasma membranes known as clathrin endocytosis permits the contents of LDL particles
coated pits. After LDL binds to these receptors, to enter the interior of cells, an important factor
the particle-receptor complex is brought into the when considering drug delivery vehicles for
cell by endocytosis. The bound LDL is trans- BNCT, since tile boron fission reaction is much
ported to the intracellular lysosomes where the more effective ill cell killing if the boron is
LDL is broken down. The receptor is usually located inter- rather than extracellularly. The oily

recycled to the cell surface to pick up more core of LDL provides ;t favorable domain for
cholesterol. This recycling process is believed to lipophilic drugs and prodrugs.
occur about 250 times during the 20 hour half-life
of the receptor. In the lysosome, the particle is Researchers at UCSF and elsewhere have
exposed to a multitude of enzymes which degrade demonstrated that the LDL core components can
the LDL protein to amino acids and hydrolyze the be partly or even totally replaced with lipophilic
esters to free cholesterol for storage and use by drugs. And, finally, receptor-mediated LDL

the cell. Approximately 45% of tile plasma LDL uptake is significantly enhanced in certain patho-
pool in normal humans is catabolized daily. Of physiologic states, providing the potential to
this, about 2/3 enters cells through this receptor- selectively administer boronated LDL to such

mediated pathway; the remaining I/3 is catabo- cells.
lized by non-specific pathways involving various
kinds of macrophage or "scavenger cells." In principle, then, if the cholesterol ester core

of LDL could be replaced by a similarly hydro-

Cells require cholesterol chiefly for the phobic boron compound, the receptor-rnediated
construction of new membrane. Both normal and uptake of boronated LDL could provide a "'Trojan

horse"-like mechanism lhr the selective deliverycancerous cells obtain about 90% of their
of boron to tumor cells. This is a stealth-type

cholesterol requirements by importation, as effect since, in principle, the reconstituted boron-
described above. However, rapidly proliferating loaded LDL should appear to the body and
cells, such as cancer cells, require increased behave 'normal' LDL.
amounts ot"cholesterol over sun'ounding normal

cells. A logical consequence of this is that cancer Tile UCSF group has previously pioneered and
cells have high LDL requirements and higher developed a method by which tile cholesterol
LDL receptoractivil, than normal cells. A esters can be stripped from human LDL and

number of research groups have reported replaced by a series oflong chain unsaturated
experimental cholesterol flux measurements in fatty alcohol esters of 1,2-carborane carboxylic

various types of cancers consistent with this acid. The carborane is a polyhedral molecule
hypothesis. In some cases, this differential rate in consisting of 1() boron and 2 carbon atoms with
cholesterol ftu× is 20 times tligher in cancer cells each of tile 12 atoms linked to single hydrogen
than in normal fibroblasts. LDL receptor activity atom. Its closed cage "'ball-like" nature renders it
in gliomas has been found to be significantly more or less inert and non-toxic. Of tile several
elevated, making LDL an ideal drug delivery dozen esters evaluated, ii w;ls found thai the

agent for treatment of gliomas since the LDL elaidyl ester could be reconstituted to the higilest
particle is much too large to pass the normal degree. Indeed, calculations based on tile boron
blood-brain-barrier, content of the resultant boronated LDL showed

tl|at an average 2()0()-3()0(1molecules of the ester
LDLs possess several potential advantages as could bc placed in the LDL core. Using cell

drug delivery vehicles. They are "natural" body culture techniques and tile BMRR beam, it was
components anti, ;ts sucll, are able to survive in shown thai the reconstituted LI)L apparently
tissue or plasma for significant time periods. The entered cultured cancer cells via lhc normal
slnall particle size allows diffusion from the receptor-mediated process, and that tile boron

vascular to the extravascular compartnaents of the internalized by tiffs process provided very potent
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sensitization to the beam of therntal neutrons, fronl animal treated with boronated I,DL. Ali

When sufficient cells were cultured in the previous work had relied upon using prompt

presence of boronated LDL to enable gamma spectrometry to measure boron. Prompt

independent measurement of their boron conlent, ganlma techniques lack the sensilivily required
an average intracellular boron content o1' for ppm and sub-ppm boron measurement in

-240 ppm was determined. This concentration in small samples, and requires lhc use of a nuclear

lktr higher than that ft'ore any other known boron reactor as a neutron source. The boron com-

delivery system and is an order of magnitude pounds used in the LDL work are both more

greater I11;,111thai needed for therapy, stable and more lipophilic than tllose previously
evaluated using ICP-AES, and would likely be in

One focus ot' the present year's work has been a more dilTicull matrix tha.n others examined.

to determine whether simple commercially avail- This proved to be the case; ICP-AES and Wompl

able carboranes would behave in a similar gamma boron determinations of the same sam-

fashion. Simple alkyl and aryl carboranes were pies were often widely divergent. However, INEL

evaluated for lheir ability lo replace cholesterol in researchers headed by Dr. Bill Bauer were able to

LDL. Table 1 presents a representative sanlple of overcome this difficulty by using a more vigorous

the results of these studies, sample digestion process for the LDL samples.

Altllough some additional modification of this

lt is clear from these dala thai some of the process may still be required for accurate boron

compounds reconstitute very efficiently while measurement in very hydrophobic environments

others do iloi. Hexyl and allyl carborane, boil1 such as brain tissue, the general concordance

viscous liquids at room temperature, provide between the two lecllniques is currently al about

boronaled LDL with substantial boron/protein 90% (data not shown).
ratios and exceed elaidyl carborane carboxylate

(ECC) in tllat respect. Carborane compounds,

which are more highly crystalline, such as phenyl Another series of experiments was designed lo

carborane, reconstitute very poorly, evaluate the integrity of the boronaled I+DL in
solution. Oil-mr investigators had suggested thai

Before attempting small animal experiments tile reconslitulion process somehow altered the

with boronated LDL, ii was necessary to demon- LI)L particles and caused Ihem to aggregate.

strafe thai inductively coupled plasma-atomic Although these studies did not use boronated

emission spectrometry (ICP-AES) could be used LDI+, the possible effects of such a process on the

to accurately measure the boron content of tissues use of boronated LDI+ for BNCT required that

Table 1. LDL reconstitutions with alkyl and aryl carboranes.

Compound Ave. ttg Big Ave. fig protein/g Ave. fig B/!ig protein

l-hexyl carborane 94.4 zt: 8 660 + 15 1).71 ± .()5

l-allyl carhorane 75.8 zt: 25 671 ± !()() ().55 ± .li

I-Imtenyl carborane 13.3 + 4 508 + 1()() ().13 ± .()4

l-phenylcarborane 11.8 ± 7 492 ± 6() ().li ± .()6

I-melhyicarborane 7.8 ± 2 224 ± 13 (1.11 ± .(16

metacat'borane 4.4 ± l 511 ± 6() ().()4 ± .(12



UCSF researchers evaluate this phenomenon, such as methyl, butenyi and phenyl, the change in
This was carried OUl by performing a second boron content varies widely while tile protein
filtration of the LDL through a 0.45 micron filter content decreases by 10-15%. This is further con-

in order to determine whether such a process firmation that these compounds are unsuitable for
would selectively remove highly aggregated LDL incorporation and disrupt the LDL in a
material. The results of this study are presented in presently unknown fashion.
Table "_/.,.,.

Following the choice of ECC as the boron
carrier and the verification of ICP-AES as an

Several observations nmy be made regarding accurate boron measurement techniques, animal
these values. The singly filtered samples ali have distribution experiments were begun in
ratios within experimental error of ratios t'ol these cc llaboration with the group at WSU. In these

compounds reported previo_lsly with the single e_ periments, mice bearing the B 16-BL6 taurine
exception of l-allyl carborane, which usually has melanoma were given a single 400 pL close of
a large standard deviation. These numbers ECC-LDL by tail vein in.iection. The boron
cord'irm a previous assertion that only l-hexyl- content of the solution was found to be
and, perhaps, I-allyi-carborane are viable 180 lag/mL bylCP-AES, so the total adminis-
candidates among the alkyl and aryl for t, DL tered dose was 95 tag boron pcr animal (or 4.75
insertion for tumor boron delivery. E[aidyl carbo- mg/kg assuming a 20g animal). This close is small
rane carboxylate has been the standard for ali by comparison with thai used in studies witt;

previous i, vitro work, and the boron/protein ratio other compounds, and is limited by the injection
reported here is consistent with values for a w)lume and by the protein content O|" lhc solution.
number of previous samples used in cell culture. Tissues were obtained at sacrifice from 6 animals
lt is also clear from lhese data that a second fiilra- each at 6, 12and 24 hour intervals. The results are

lion step has a relatively minor effect on lhc over- presented in Table 3.
ali boron/protein ratio of the borona:ed LDL.

Indeed, in each of the pairs of ratios, both values lt is clear from this preliminary experiment !hal
are within experimental error of each olher. How- some partitioning of LDL among the organs takes
ever, the raw data (not shown) indicale an inter- piace and does so on a fairly rapid time frame.

esting effect. For the better reconstituting Tumt)r and blood boron content arc roughly par-
compounds, i.e., hexyl, allyl and EGG, the allel over time while brain uptake is quite small as
absolute boron content is reduced by expected and is characterized by large relative
approximately l()C_,during the second filtration, percentage errors. Liver and spleen uptake are
and in each case, so, too, is the absolute protein large, as expected on the basis of normal LDL
content. However, for less efficient reconstituters receptor populations in these organs.

Tsble 9. LD[. reconstitutions - double filter experiment.

ILtgB/lag Protein

Compc und Single filtered Double filtered

l-hexyl carborane 0.71 + ().()5 0.68 + (L()4

l-allyl carborane 0.34 5: ().I(1 0.30 5:().()4

ECC (I.25 5:().(12 ().22 5:().02

I-methyl carb_rane ().21 + (I.05 0.39 + O.15

I -phenyl carborane O.15 5:().()5 ().14 5:0.(14

l-butenyl carborane (1.065:().()2 ().09 5:().()3



Table 3. Table 3. Boron conlenl in vivo tbllowing ECC-lipoprotein injection.

Organ boron conlelll (,ttg/g)

6 Iii" 12 hr 24 hl"

Tumor 5.37 + 2.32 3.65 + 1.78 4.11 -1- 0.56

Blood 5.92 ± 0.53 3.48 + 1.61 3.07 + 0.30

Brain 1.02 + 0.21 I).72 + 0.22 0.75 • 0.31

Skin 3.39 + 1.09 1.71 -t: 0.73 2.46 + 0.93

Liver 28.09 + 3.86 15.25 + 9.37 11.[8 • 6.22

Spleen 26.69 + 4.30 19.89 + 13.55 16.16 + 8.72

Kidney 5.27 + 0.33 2.78 + !.26 2.79 :k 1.01

Muscle 2.46 + 0.69 1.48 + 0.66 1.01 -I- 0.33

Several other series of similar animal t, DL to bind lo their tumors, l.DLwas isolated

experiments were performed. By lengthening the from the blood of each palienl prior to surgery

time from injection to sacrifice, it was possible to and tagged with 'mmTc. The radiolabeled LDL

examine boronated LDI. distribution out lo was reinjecled and each patien! was scanned

72 hours. From these data (not shown), ii in clear using a gamma camera just prior lo surgery. In

lhat boronaled LDL ix cleared from tumor fairly each case, the recurrent tumor was clearly and

rapidly, i.e., by about 24- 36 hours. Biood and definilively oullined; Ihese enhanced areas corre-
ttlnlor levels are identical within experimental iated directly with lunlor location determined al

error at ali lime points, li in clear from these data the lime of surgery. Although it was not possible

thai taurine models are sol suilable for evaluating 1o quanlilale the degree oi" uplake, ii is clear thai

lhc biodislribulion of boronaled human LDt.. high-grade I'eCtllTelll gliomas have very active

This in not surprising because, allhough the LDL receptor popuhttions, and thai radiolabeled

taurine LDL receptor recognizes the Imman +tpo LDL ix excluded from the normal brain. These

B-I(10 protein, the mouse does nt_l utilize LDL as exciling results indicale the truc potential of LDL

its primary cholesterol transport lipt+protein. The for BN('+[` treatment of gliomas.

B I6-BL6 may also not he the ideal tumor model
Io use. Future studies will examine lhc in vitro

uptake of boronated LDI. in a variety of cell lines. The UCSF compound developmen! group has
including human ltllnor lines, in order lo deter- also made major progress loward lhc stereo-
mine whelher anolher lumor migh! give a more selective synthesis and testing of a boronated
suitable model. Such sludies will also aid in

amino acid known as carboranylalanine--nick-

choosing a belier animal model. The likely choice named Car_in keeping with lhc standard, three

in the rabbit whose lipoprotein metabolism is letter amino acid abhrevialion system. The intor-

much more like that of launaans, p_,ration of boronated amino acid analogues of

t_henylalanine (Phe)_'ia lhc accenlualed aromal-

In coilaboralion with a group of neurosurgeons it-amino acid uplake aclivily presenl in melanolic

and neurologists al the l-lelsinki tlniversily melanoma cells in one of the most atlraclive

Hospital in l-lelsinki, Finland, the UCSF group slralegies for site-specific boron delivery of

has recently demonslraled conclusively the boron compounds Io neoplastic cells. Moreover,

poleJ_lial for using LDI. as a b_,ron drug carrier, lhc successful synthesis of such compounds

Six patients with recurrenl glioblastoma have would permit their incorporation into a wide

been evaluated for the ability of radiolabeled variety of small peptides whose naturally



occurring congeners are known to be taken tlp by although transient, is sufficient to demonstrale a

various types of cancers, clear therapeutic gain in BNCT of mice treated
with BPA.

In 1958 Snyder el al. noted the potential use of

metabolic mechanisms for localizing boron in Several lines ot' reasoning strongly support the

tumors, and synthesized BPA with the specific concept of developing an amino acid delivery

purpose of using the aromatic amino acid system in which the aromatic phenyl ring of

transport system to load melanomas with boron phenylalanine has been replaced by a carborane

for BNCT. The advantages Io lumor targeting cage. First, this amino acid contains 46.8e/__boron

through known metabolic differences are that the by weight compared to 5.2_ for BPA (i.e., on amolar basis, it is nine times more effective as a
uptake system can be manipulated through boron carrier). Second, the icosahedral carborane
rational biochemical strategies. If a tumor cell

requires aparli-'ularmetabolite, for example cage in extremely resistant lo chemical

phenylalanine, and a boronated analog can be degradation, unlike the dihydroxyboryl group
which is somewhat sensitive to both strong acid

used to exploit this requirement, other sources of
and strong base. Third, the carborane group is

the natural sub:drates may be blocked to enhance
essentially nontoxic in tile absence of thermal

uptake of the boronated mimic. Phenylahmine in neutrons; carborane derivatives are characterized
known to be actively taken up by nlelanin-

producing cells for use in lhe production of by l, Ds0 in the 20()()-3()()0 mg/kg region in rittsand mice.
melanin. Very little in known regarding the

biochemical specificity of this uptake system, lt Conlputer lnodeling studies carried out at

seems likely that such a system has the phenyl UCSF have been used to compare Phe ;and Car,

ring as a mininlal structural requirement, but the and have definitively shown thai they are nearly

extent to which the presence or absence of phe- bioisosteric. The apex-to-apex distance in the

nolic hydroxyls influences amino acid transport carborane cage in nearly the sltme its I!1¢

kinetics is entirely unknown. II is clear, llowever, C(1) - C(4) distance in the phenyl ring of pheny-

that the system is stereospecific and will only lalanine. The volume swept out by a freely rotat-

accept the (L)-slereoisomer. Successful suppres- ing phenyl ring is thus almost coincident with the

sion of melanoma iu vivo and in vitro reported by w_lume occupied 133, the carhorane cage. On this

Coderre and coworkers, and by Mishima and basis, replacemenl _1"Phe by Car in a small pcp-
coworkers using {L)-BPA, suggests strongly tllat title, where conformational freedom is likely in

the strategy of using boronated false substrates solution, is expected to have little or m_ el'fcel oil

for boron delivery should be explored more fully the biological specificity of the peptide and nmy

in other aromatic-amino acid analogue systems, well increase lhc plasma half-life of such a pep-

title by resistance to the body's peptidase.

Mishima and coworkers have actively

exploited this rationale using BPA to treat Carboranylalanine Development
hamsters, pigs, and recently several human

patients with BNCT. lt appears thai their strategy After a great deal of effort, researchers at
was successful at least insofar as loading the I,ICSF have succeeded in developing a stereo-

lunlors with sufficient boron to permit NCT, but it selective synthesis of cltrboranylalanine. This

seems unlikely thai BPA in acltlally incorporated synthetic stralegy utilizes a carboranyl oxazoli-

covalently into melanin. Rather, ii would appear done chelate, and allows the synthetic chemist to

thal a transient accttmuhflion of BPA occurs that synthesize either tile (L) or (D) form of Car

depends upon the recognition of BPA its an depending upon the stereochemistry of Ihe htltr-
aromatic amino acid. Coderre and Glass in a ocyclic template, li also has lhc advantage over

series of excellent studies have shown that L-BPA other apt_roaches of ease of purl I'icalion of

is selectively accumulated by l-larding-Passey possible contamitaating tliastereoisomers and

nlelanomas in mice and that this accumulation, presents a general access route lc)other interesting

I{)



homologs of carboranylalanine. The precise Car wttich cor|tained unenriched boron, that is,
experimental details are beyond the scope of this I°B at its naturally abundant level of N20% tvtal

document, but it can be fairly stated that this boron. Prompt gamma analysis of the media gave
synthetic success represents a significant step in a I°B-concentration vf 5.6 + 0.6 ppm, or a total
the development vf tumor directed boror|ated boron concentration of ~28 tag/naL. Cells were
amino acids and peptides, then washed 3 times with boron-free media and

irradiated with thermal neutrons for varying
In collaboration with Dr. Brenda Laster at times. Cell survival was obtained through

BNL, a preliminary in vitro evaluation of clonogenic assay, and a cell survival curve was
carboranylalanine has been carried out using a constructed. Ar|alysis of this curve gave a Do
method which was developed jointly and recently value (time required to reduce survival by a factor
published. 3 This simple technique provides of l/e) of 1.2 minutes when normalized to
information regarding the intra- and extracellttlar 95% - I°B. In other words, if 95% I°B-enriched
location and concentration of bo,',_n and also carborane had been used in the amino acid and

allows measurenaent of biological efficacy by the incubated at the same amino acid concentration

evaluation of survival curves obtained following (-65-70 lag/naL or O.16 naM), a 63% reduction in
thermal l|eutron irradiation. Conconaitantly, an cell survival for each 1.2 minutes of irradiation

indication of cornpvund toxicity can be obtained would have been obtained. Comparison with
from the plating efficiency of unirradiated control H31°BO3 experiments produced a BAE of 12,
cells. Briefly, cells are grown lhr one mitotic meaning this compound was 12 times as efficient
cycle (-16 hours)in the presence of the boron- as a similar conccnlrativr| of H31°BO3. This
containing compound to be tested and then result, added to the fact that these cells were

irradiated in the presence of the same compound, thoroughly washed before irradiation, suggests
Similar irradiations are also carried out after a strongly that Cal" is taken tlp and retained by these
thorough washing of the cells and suspension in melanoma cells. In fact, otaa boron weight basis,

boron-ft'ce media. Biological response is then Cat" appears by this assa_ to be approximately as
compared to that obtained after irradiation oi'cells efficacious as the best boronated pvrphyrin,
in knvwn amounts of boric acid (H3111BO3),in BOPP. Furthermore, thi,,; experiment used
which a homvgeneous intra- and extracellular racemic Car: one wottld expect the enanti-
distribution is assumed. A comparison vf results omerically pure L-Car to be the active form
indicates whether a test compound is taken into which would further increase the BAE by a t'actor
the cell, whether it is retained or bound despite of two. Moreover, the nearly identical plating
washings, and how much is present in terms of cfficiencies of controls (73_)_) and Car-treated
known amounts of boric acid (boric acid equiwl- cells (71%) demonstrates that Car at these doses

lents or BAE). is essentially non-toxic.

Preliminary experiments using this technique
suggest that L-carboranylalanine will be a very Future studies with the Car system will include
effective intracellular neutron-sensitizer with scale-up of the synthesis, production alld testing
very minimal toxicity. B-16 naelanoma cells were of l°B-labclled stereoisomers and insertion into
incttbated for 16 hours with a raccmic mixture of small peptides.



BORONATED LIPOSOME DEVELOPMENT AND EVALUATION

Dr. Fred Hawthorne, PI, University ing in the pharmaceutical applications of lipo-
California, Los Angeles, Department of somes)SanDimas,CA; with the assistanceof Dr.
Chemistry and Biochemistry Gary Fujii and Teresa Krisch, A.H.T. Further

liposome taurine experiments are performed at

Tile boronated liposome development and WSU by Dr. Cathy Elstad.
evaluation effort consists of two separate tusks,

The ft?st is the development of new boron Background
compounds and the synthesis ot' known boron

species with BNCT potential. These compounds One of the more pressing problems in BNCT
are then encapsulated within liposomes for tile has been tile development of effective strategies

for the localization of boron within tumor tissue.second task: biodistribution testing in tumor-
bearing mice, which examines the potential for The primary difficulties to be overcome are
the liposomes and their contents to concentrate specific delivery of therapeutic quantities of
boron in cancerous tissues, boron to tunlor, while sparing normal tissues, and

toxicity of the boron agent delivered. Liposomes,
which have been studied extensively as drug

Tile team at UCLA (Drs. Kenneth Shelly and delivery systems, present a novel approach for the
Debra Feakes) under the direction of

solution to these problems and are a new and
Dr, Hawthorne combines the synthesis of known

innovative method for the delivery of boron tbr
but previously uninvesligated boron compounds BNCT.
with tile development of new boron chemistry to
produce a variety of boron agents with BNCT Liposomes (small unilamellar vesicles) are

potential. These researchers also produce the microscopic spheroidal structures composed of a
boron-containing liposomes for biological phospholipid bilayer membrane enclosing an
screenings that determine the boron localization, aqueous core (Figure 2). The utility of liposomes
The primary iiposome biodistribution expert- as drug delivery systems arises from their ability
menls and liposome characterizations are to encapsulate water-soluble compounds in tile
l)erformed under the direction of DI'. Paul aqueous core or to dissolve hydrophobic com-

Schmidt at Vestar, Inc. (a private firm specializ- pounds witllin tile lipid membrane. The iiposomal

Internal
Aqueous Space

s0-s0nm

Bilayer
Membrane

Figure 2. Cutaway view of a small unilamellar vesicle.
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delivery of drugs, when successful, has several Itimors in mice by lhc liposonles. Perhaps tile

;.ll.trilcli_,¢ consequences. Sequestering the most significant finding was the inlportance of

effecior species ill vesicles can provide ii with an lhc chemical reactivity of the delivered boron

exlended circt, lalion lifelinw, lltereby increasing species. Although simple, inert, non-specific

ils opporlunity to be !aken up by lissue. The lipo- heron compounds were selectively delivered by
some also offers proleclioll for the _ccluded _lle liposome to tumor, they were flushed oul afler

species from itllack by nornlill playsiologic;ll a few hours since they had no characteristics lo

agenls i,,t vi_'o ami reduces potenlial toxic effects retain them within the tumor cells. Greater

{llle l iposome con.sl iltleill s themselves are success was achieved with boron compounds Ihal

i;Oll-toxic). Liposomes can cleliver their ct)nlellls had tile ilbility lo claemically react with intra-

direclly lo lhc inlerJor of cells, x_llere their lhera- celluhu componenls, lhereby anchoring lhc boron

peutic utility in maximized. Since selective deity- within the tUlllOr.

err and cell enlry is pro,, Jtied by tile liposonle, lhc

encapsu I:_led species need not ha,,,e a nal ural l-he recenl focus til allenlion in bororlaled iipo-

affinity for lhc large!cd lUlllOr cells, thus making sc)me development research has centered on two

thin rnclhlld iunenable to alwide viiriely olefleclor primary aspecls" (it) the production of new boron-

m_lccu!,es, rich drugs wilh functional groups ii:" chemical

reactivity suitable for tumor retention after lipo-

Previous research ai', Yes;till" hil.-;dClllOllslliilcd sonl;.ll delivery, illld (h) tile biological testing of

lh;.ll suitable liposlm_es tit lt pltrlictll;.ir size alld these conlpounds, encapsulated in iiposonles, in

ctm:pltniiion x_ill r,rcferclllially dcli\er their cim- r:lpid preliminary screening experiments in mice
IclllS ll_ Itlnlor culls in animals and ht:in,ills such t{_delernlille Itinlor delivery and relenlion o1"
Ihill lhc [tll'lll_l levels {if"el'lector moicctties arc I-iorOll.

5-](I [illleS thai _l" llorn_al li_,'stlC, including I_l_od.
Researchers iii ! _('I.A. in coilal_oraiicm with X/es-

la,. lhc. have investigated ,lw l,otential :lr such Compound Development
lip_,s¢_mcs t_l deliver ther;ipculic quanlilics of

b(ll'ltll ll} ItllllOrs. The ie_,tllls ttf lhc inilial sitldics _,,]osl of lhc colnpoulld development research al

( ItJblS- Iqql I thtnloilslralecl lhill liposomes tire ;i UCI.A has involved lhc prodticlion of bor(in-rich
viii)lc b_l,<lll delivery s,,slenl lltr FINCT. species based upon lhc len-btlitlll unil IB itllt till 2-

( i ). first svnlhusi/cd in ttawlhorri¢'.,, laboratory 31)
l.ip(Islm_cs x_erc shll\vn Iii he capable til"CllCap- Veil'S agO. This i()11 WIIS chosen for its high hi)l'Oll

stiliilill<,,e tmiane ani,)lls, atstheir s_lltiblc sllditiill conletli, case lllprepariilion, slabilitv,, and rich
sails, in lilt" Ili,,heclmceniralilm r,.quircd I_,deliver derivative cllclniSllV. A convenielll new inelhod
ii ,,ufliciClll qUallliiy i)l )oioil ii1 ,i icastllliil_le ttll,,c has )cell dcvchlpcd ([:igure 3)1o funciitlnlili/c ii)
\lllullie. "lhc,,c high t.'_lncc,lllr;ilillllS. \\ hilt illtlch bv ii:, rcllclion _vith i_xalyl chloride Iii prodLice llle
71clilcr lllall Iltlrnlall\ alit'mpicd in l ipl>,onlc,,, carbllllyl derivalivc '2-BllIH,jCO] (il). Llnlike
\_uic slabl\ cncilpsu!aictt \_iih o111\ nculi,:il_ic illllsl oillc_ dcri\ali/aliOli reactions klloWi1 f(ir ii),

Ic;.ikagc o',cr ;1purl,icl iii" Illlmih:,. The c'xlcp.ded carboll,¢l,iliOli proceeded :..lllooihly tinder lllild
Cilculalioil lifel,lllC and Itiilltll selcclivii\ c_lndili_uls and iiffllrcled ii high yield _1"a single
pil_ idcd b\ the Iipll,,_mlcs pcrmiilud lhc tlSC til purc prllducl. ]'hc slruclurcol(ll)wasdeicrnlined
rclalivcl\ small dll,,cs llf btlr_ul It_pr_ldticc si<_,nifi-, b,,' x-ra\' crvsiallo_,r;.lphve . illld is displayed iii
Calll b_li_lnCllllCClllialitWis in lUllll,r. The rclalivcl\ l:igtlit.. 4. The rcaclivily o1 (!!) eilabled ils cou-
_,iinplu I_l_lailc anil_n,, inil Jail\ ,,ludicd. \\ Ilicli plin,,.,irl oilier ori,alliCe,slruclures acid also provided
illllllla]t\ cxhil_it bricfcirc'l.ilali_lll Iilciiincs iilld ii1_ _,in_ple ilitllCs Irl a variely of uc_v suhsiiltiled
ItllllIH" ,,clccli\ ii\. \_cic sclccli\cix dcli\crcd I_ II/ll..:ill!l 2- species as s,hoan in Fieure 5.
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Figure 3. Synthesis of [2-BIoHgCO]-(II).

B(1A)

C(2A)
B B(5A)

B(3A) B(2A) O(2A)

B(8A)

B(9A)

B(7A) B(6A)
L93 0454

B(1

Figure 4. X-ray crystal structure of I2-BIoHgCO]-(II).

The most important transformation of (II) was Oxidation of (1) produces [B20Hi_] 2- (IV), a
its conversiontotheisocyanate[2-BioHgNCO] 2- boron framework that is reactive with
(til), which was also structurally characterized, nucleophiles and has been shown previously to be

This species, although quite stable in aqueous retained within tumor cells. Reduction of (IV)
solution, was reactive with nucleophiles such as produces [B20H i_l 4 (V), which may undergo
amines to form urea linkages. This reactivity was chemical substitutions analogous to those

presumed to be responsible for the behavior of described above for [B ioHi0] 2-. The
(III) when it was delivered byliposornesinvivo, carbonylation of [B20HIs] 4, unlike the

For example, RNH2 in Figure 5 could represent carbonylation of[B i()Hi0] 2, does not afford a
an intracellular protein residue, thereby binding single pure product, but produces wha! is
the boron cage within the cell. believed to be two different isomers. Coriversion

to the isocyanate derivative, [B20Hi,)NCO] _-

Further compound development studies have (VI), has been achieved; though once again, prob-

deall wilh lwenly-boron species formed by the lems with isomerization must be eradicated.
coupling of two [B 10Hi()]2- ions (Figure 6). These reactions are currently under investigation.

- 14
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_TRoHRN.
1-

2-°.-I
NaBH3CN LiBH4

NaN3_ 0

N_(_xH 3 1- _ 2- HC-NHR

.c -_
4[ H30+ RNH2

) (ilO) ,930,,52

Figure 5. Tran,_t'ormadons ot' [2-BIoH,_COi-(II).

4--Fe34  2e"BH m -2e

iO a

O) (iv) (v)
L93 0451

Figure 6. Synthesis of IB2(_H1_12-(IV) and reduction to IB2_H 1_;14-(V).
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One of tile most promising series of NucleophilicattackoflB20Hl_] 2- byother

compounds are those derived fronl the anions, such as [CN]- [SHl-and[CJ'CH]has
]2-.nucleophilic substitution of [B20HIs The first been investigated. The resulting compounds

compound in this series, [B20HITOH]4-(VII), was IB20HIvCN] 4- (XV), [B20HITSH] 4- (XVI), and

developed by Hawthorne in 1963. This ]B20HjTCfCH] 4- (XVll), respectively, have been

compound was investigated to ensure that the observed spectroscopically and will be isolated

tumor retention observed for the ]B20HI_ ]2- for future in vivo screenings.

species was a result oi'the reactivity of [B21M ix]2

and not a result of its hydrolysis product, The conlpounds discussed thus far have been

[B20H 17OH 1a- which could form at physio- water-soluble compounds which are encapsulated

logical pH. The hydrolysis compound was not as hyperosmotic solutions in the aqueous core of

retained by the tumor, but was cleared rapidly the liposomes. Addition of relatively small

fi'om ali tissues, ensuring the necessity of ill _'ivo anlounls of boron to the lipid constituents of the

reactivity for tumor retention, liposome should increase the boron concentration
de iive red by the iiposomes dnunatic ally, provided

In an analogous reaction, the amine derivative suitable compounds can be obtained. Carborane
of [B20HIg] 4-, [B20HI7NH3] 3- (rill), was cages, C2BIoHI2, are one of the most versatile

synthesized. This compound has demonstrated boron building blocks known. They have a rich

one of the most promising biodislribulionslo dale, derivative chemistry based on the ability to
Detailed investigation of this compound with t'unclionalize the carbon alonls Of the cage

respect lo the unsubstituted species, structure. The substiluted carboranes are quite

[B20H 19]3- (IX), and the hydroxy substituted com- lipophilic. Additionally, they can be decomposed

pound, IB20HI7OH] 4-, has demonstrated Ii-mt the lo a nido struclure characterized by a polar head
amine compound is oxidized almost 0.5 V more group and increased hydrophilicity (Figure 7).

readih' than the other two compounds. The ability Substilulion of the carborane with a long hydro-

to oxidize in vivo to ztmore reactive species is the phobic side chain, preferably one similar in length
most likely explanation for the high tumor reten- lo the phospholipid constituent, followed by deg-
zion demonstrated by this compound. In oMer to

radation, should provide a structure which willestablish whether the oxidation to a more reactive
embed itself within the lipid consliluents of the

species was responsible for the observed tumor
liposome without significantly diminishing theretention, rather than the amine functionality, the

known [2-BIoH_NH3]- (X) species was synthe- stabilily of the ]iposome bilayer.
sized and the biodistribution determined. The

A suilable compound, K+[C2B_)HIIflCH2)I5
amine oxidation product, [B20HITNH_]- (XI), as
well as the known hydroxy oxidation product, CH._]- (XVIII), has been synthesized. This com-

[B20H 17OH] 2- (Xll), are currently being synthe- pound is derived from zt carborane substituted at
sized for in vi_'o screening. Additionally, other one carbon by a 16 carbon chain. The carborane

reduced amirm substituted coml)ounds have been is degraded 1o forrn the product characterized by

synthesized and will be studied irl future 'ahydrophilichead,,r,,t'- ,, ,p, the/tido-carbonule, and

screenings. These include the ethylenediamine zthydrophobic fail, lhc 16 carbon chain. This com-
derivative, [B211HITNH2CH2CH2NH2] 3- (XIII), pound has been successfully embedded into the

and the benzylamine derivative, liposomes, resulting in approximalely !.5_)_ added
[B 20H 17NH2C(_H5 ]3- (XIV). bololl, and the biodistribution determined.
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Figure 7. Synthesis of a ,_uhstituted/fido-carbt)rane (X V I!1 ).

Liposome Encapsulation and maintaining signil'ican! tumor boron

Biodistribution Results _..,,,,c_.,_,.,_i,,,._. Resulls previously obtained
indicated thai compounds possessing lhc

Since Scplcmbcr 19t) l a Iolal oi" 25 screenings polcnlial lo rcacl wilh inlraccllular prolcin' constittucnts wcrc n'ctaincd within the tumor cells.
have been performed ulilizing I(1COml)ounds and

This working hypolhesis was lhc basis of lhc
4 lun'lor lines. Screenings wilh EMT6 taurine

adcnocarcinon]a were pcrl'ormcd alVc'slar, Inc. co_lll-)Ounds chosen For cxaminali_ul during lhc

l,tesearchers al WSLJ performed screenings wilh pasl year.
BI6-BL6 taurine melanoma, Pl 798 taurine

lymphosarcoma, and most recently, l,cwis l.ung The firsl boron ccmlpound ever cncapstllalcd
taurine carcin()ma (see heh)w under Bort)n l,_)cal- illl(_ lim_somcs (19_IN) was Na21:]i(lll I() (!). This

izalion Screening). Although tile B I6-BI,6 taurine species xLas cht_sc'n because ii is convenicnlly

melanoma Iunlor line did n_! al)pear lo lake up lhc prepared in high yield from decaboranc, and ii.,;
liposomes, resulls From bolh lhc EMT6 taurine sodium sail is rclalivcly i_lerl and known Io he

adcnocarcinoma and I)1798 I]lurinc lymphosar- nonloxic. A llhough lhc ct_lnpotlnd showed no

coma indicated signil'icanl uptake and provided rclclllion in any tissues over lhc lime period, tile

analogous results. No ;malyse.s have hcc'n ol_laincd hiodislrihtltion did show Ihal liposomes could

Ibr lhc Lewis l,ung taurine carcinoma Io dale. Ali deliver ii_m-lumor-specil'ic boron COml)OUnds 1o
compounds screened, since lhc inceplitm of Ihis lum_r cells. The I'fit_tlislril_uli(m t)l' Nazl31{d-Ii( _

pro.icclin 19NH,have been screened in tile EM'I'6 (i)is shown in l::igurc XA as a comparison 1o lhc
taurine aclenocarcinoma iunlor line and ali more cxciling Ifiodislribulion _fl_lainc'd thin year

lfiodislrihuli_ms inclutlcd in Ihis scclion will he From lip_)s_)mcs containing Na2BI(Ill,_NC() (!!!,

l'rollllhalline. I-igurc III{).

The bcsl hiodi.,;tril_ulion rcsull.,, arc character- ('omparcd to ii.,; unsttl_slitttlcd prccttr.,;or, the

izcd by high initial Iunlor boron ctmCClltr;.lli()n I+t_ron delivered by NII2|'I I<_li,+N('()(!!i) was
(>i.5 ]rg boron/g tissue). The initial ct)ilCClltXatiOll rcl;.lincd by lhc Itinli}r I() ;i nluch greater degree.

should increase or remain ;_t IIl_.' S[IlllC level Since lhc only dillcrc_lcc bclwcoll lhc iwo

Ihr(_tzgl'_<_ullhc lime periled. Other tissue h()ron c_nlp_t[nds ix lhc ;_mirlc reactive isoc'yanalc

concenlralions (bl()od, liver, and spleen) should moiety, lhc i_rop_)scd inlraccllular protein
ctecrca.sc lhrt_ughoul lhc lime periled and rcsull in rcaclion appears Io be subxl;._nlialcd, l_'urlhcr

low final i)oron ctmcc'nlralion.s, lllus pr_)vi(ling sludics will employ Iwcnly-hor_n species

high lumor boron lo lissuc boron ralio:; (>3) while conlaining lhc is_>cyanal¢ I'unclionalily.
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Tile amine derivative oflB20H18] 4-(IV), buffer solution ill lhe aqueous core. The
Na3Bz0Hi7NH3 (VIII), exhibited the bio- biodistribution of this compound showed
distribution displayed in Figure 8C. This com- accumulation of tumor boron over a period of
pound produced the most exciting results approximately 24 hours. The 48-hour tumor boron
obtained for an encapsulated species to date. lt is concentration (25.2 lag boron/g tissue) was higher
the only encapsulated compound studied which than the 6-hour tumor boron concentration
continued to accumulate tumor boron over (22.2 lag boron/g tissue). These values were

achieved at significantly lower injected closes thanapproximately 30 hours. The tumor boron con-
centration after 48 hours (25.4 [agboron/g tissue) those used for the water-soluble boron compounds
is approximately equal to that observed after 6 discussed above. Further studies will utilize the
hours (27.(} lag boron/g tissue), boron lipid bilayer enhancement in tandem with

the encapsulation of boron compounds in lhe
Two reactivity schemes have been proposed for aqueous core of the liposomes.

the retention of Na3B20HI7NH3 in tumor cells.
The first is based on the ability of the Conclusions
[B20HITNH3] 3- lo oxidize to a more reaclive

species, [B20HIvNH3]-. The second is based on Although lhc bioclistributions of till

the ability of the -NH3 group to react directly with compounds examined in the past year have nol
intracellular residues. To test whether the second been included, compounds producing exciting
scheme was correct, an analogous known results, both as potential therapeutic agents and
ten-boron compound, NaBIoH,_NH3 (X), was as mechanistic information, have been
synthesized and the biodistribulion determined presented. Biodistribution data has been
(Figure SD). obtained which substantiates our current

The NaB IoH_NH3 species was cleared rapidly working hypothesis: Compounds possessing the
t'rom ali tissues, including tumor. This result potential to react with intracellular protein
supported the proposal of the in vivo oxidation of residues will be retained by |he tumor. The iden-

Na3B20H 17NH3 to the more reactive tification of water-soluble compounds providing
NaB20HITNH3, as does the ease of oxidation therapeutic levels of boron in tumor has been
determined by cyclic w_ltammelry, as discussed accomplished, specifically the Na3B20H IvNH3
previously, compound. A means of increasing the boron

levels introduced to the system by doping theRecently, the biodistribulion of liposomes
containing approximately 1.5% added boron in the bilayer membrane of liposomes already capable
liposome bilayer in the form of of incorporating high concentrations of boron
K+[C2BgH 10(CH2)15CH3 ]- was determined has been developed and is being implemented in
(Figure BE). The liposomes encapsuhited a saline future investigations.
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PITUITARYTUMOR EVALUATION

Dr. Barry Albertson, PI, Oregon Health Cells are irnldiated in slcrilc, 20 nil polypropy-
Sciences University, Division of Endo- lene scintillation vials. After several washings,
crinology, Diabetes, and Clinical c'ells arc counted on zt Ilcmocytonlctcr after
Nutrition, Department of Medicine; Dr. staining with lhc supravital stain Trypan blue
Steve Binney, PI, Oregon State University, (Sigma Chemical Co, $1. Louis, MO) using an
Department of Nuclear Engineering Olympus CK2 inverted microscope.

Pituitary tumors comprise approximately 15</< Cell Irradiation Facility
of ali intracranial tumors. 4 The clinical presenta-
tion of these tuinors is diverse: morbidity and Cell irradiations arc conducted in the thermal
mortality can be high. Current trcatnlcnt nlodali- colunln of the ORSLI I MW Mark 11TRIGA
ties includeconventional x-irradiation and/or ntu- Reactor.Three stringers of the graphite themlal
rosuigeiy, but arc inadequate for lhc mosl parl. colunul have beenremovedrcsulling in a I(} Chix
Neither are unifornlly successful and both arc rcla- 30 cm cross sectional irradiation port. The inner-
lively nonspecific. However, several features of most end of this region is filled with ;.ibismuth
these ttlnlors make them ideal candidates for shielding assembly which holds the cell sanlplcs,
BNCT. First, lhc tumors arc localized in lhc pilu- followed by a 5() cm long graphile plug. The lher-
itary gland, rarely mctaslasizing to other areas of real ncutnm and gamma ray fields in tile thermal
the body. Second, they arc rarely larger than 2 cm column fall off exponentially with relaxation

in diameter. Third, the tumors are outside tile lengths til"30 and 8() cre, respectively. For these
blood-brain-barrier. And fourth, lhc pituitary lne;.lsurcnlclltS,!ho re;.lrbismuth shield andgraph-
tumor cells contain cellular nlcnlbrane receptors ilo plu,,e,were at3scnt.
Iil;.1Ibind and internalize specific hyfulthalamic
polypeptidc releasinghormones.The ability Itr tar- Bare and Cd-covered gold foils were used lo
gel I°B containing compounds tit these pituitary measure lhc Ihermal and epilhcrmal neutron
lunlof cells with releasing hormones and stlbse- fluxes al the sample location. These values are
qucntly kill these cells with BNCT iscurrenilv 5.2 x 1()III n-cm-2-s -1 and 9.2 x i()8

being evaluated in pituitary tunli)r cells in vitro 133, n-cnl-2-sl-/_u, rcspcclivcly, al I MW. The fasl

OHSLI researchers, neutron flux, nlcasured in a single unshiclded
graphite stringer using indium threshold foils, 5 is

Chemicals and Reagents 1.5 x 10* n-cm-e-s -_ Thus, a ,'easonably pure
thermal neutron beam has been achieved: (i)ih/i:_epi
= 56: 01h/01asl= 350.

Rodcnl piluilary tumor cells (AIT-2()) were

obtained fronl the Anlcrican "l)'pc Culture Center, (;allllllii ray dosewns lllel.iStli'cttwith thcrnlolu-
Rockville, Ml). Cells ill'e cullured iii Dulbecco's nlinesccnl dosinlelers (TLD)-4(i(Is (('aP,:Mn).

Modified Eagle Mcdiunl (D-MEM) (Gibco Labs, The ganlnlii dose rilte ;ii i MW iii the cell sample
Grand Island, NY) with anlibiolics added (peni- w'as i. 1 cGy/s. The ralio iii ganlnlil dose Iii lhc
cillin/strcptonlycin) and I liC_fetal bovine serunl lhc'rnl;,ilIlctilion fluence was 2.(I x l(i II c(.wy-t,'nl-.'
(FBS) (Gibco). Ali cell washings tire performed

with sterile Dulbccco's i_hosplnltcbuffered saline Carborane Cage Synthesis and(D-PBS) (Gibco) in 1()niL conical cenirifu,,c
Releasing Hormonetubes (Cornilig Labs, Corning, NY). Cells arc

harvested fronl T-15()culture flasks (Corniil,,) . Conjugation
with a rubber policcnlan, or l'rOlil six-well c¢11
culture dishes (Corning) with Irypsin/ IliBIll carboranc cageshnvc been synihesized,
elhylcnedianlinelclraacelic acid (I:.I)TA) purified, and supplied by l)r. Hawthorne, tlCl.A,
(().(15_]/().53 filM) (Verscllc. 1"5()()()1((libco). _l'hcUiliqtlelleSsiii" lhc Cal'borallt..cage lies iii lhc
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inCorPoration of two carbon aloms cotnbined as after cenlrit'ugation (_()()rPnl for I()minutes), the
an inlegral Parl of lhc cage with at1 altachcd cells washed in I)-F'BS, and rePlated in T-5()
acelal¢ I'ea¢llv¢ _l'oti]'l and posiliolmd so thai I11¢ t.'tllttire flasks in I)-MEM with I(Y/< I:'BS, Cell

"cage" can be con iugaled via lhc acelale lo viahilily is assessedover lime usill g lrypall hlue,
pl"Olein or polypeplide molecules such ;.isoCRtl,

Thecon.iugationof lhc caD: is carried oul tl,_ing a ReactorDosimetry
chl.,_sh:peplide linkage, lherehy .joining lhc reac-

tive carbonyl group on lhc carborane cage lo lhc Afl:2() cells in I)-MEM were placed in sterile
amirto terminal serine residue of oCRH. These 2() ml. scintillation vials aral irradiated under

xynthetic ,stepsand the final high pressure liquid different radiation dose protocols to determine
chrollliIlOgr_lllhYptll'JfiCilli()ll()flhc conji.igaleare lhc maximal gamma and/or Iletlll()ndose t]llIl

perI'onnedhy Dr. IIarry('hen,ERRB, NICIID, Aft'-2()cellsinour in Him paradigm can with-
National Instituteof IIealth,Bcthesda, M D stand.The cellswere washed and subcuIluredin

(Figure9). D-MEM forfivedays.I,iveAfr-2()cells(those

thaiarealtachcdlo lhcplasticculturedishand

Experimental Cell Line (ktT-20) _x_.luu,:t,.yp_,,blu,_>wc,.,_,,:moveUr,.omtheui,,h
usingVerseneand cotmlcd ina [icmocylomeler.

The ART-2()ralpiluilarycorlicotrophlumor The resultsof lhispiloIexperimentareshown in

cellline,establishedin 1953 by Furth elai.,n Figure12.

respond.,,to CRH ina dose dependent fa.,,hion

,_iththen,-oUuc_i,,nor_l,ei,_tr_'ellul_,,"_._.,,,_u BNCT Effect on ktT-20 Cells
messenger, cyclicadenosine mOnol_hosl_haic

(cAMP) (Figure I()). AIT-2() cells were l_rcincubalcd with oCRtt
(Sx I()-7 M )or carhc,'anc conjugated o('RH analog

Retention ot Biological Activity (._xi(v7M_r,,,-ixh,,u,-.__,t._1C'.w_._h_dwith
of Carborane-CRH l_-P_.',;, and irrmliaied for four minutes at 5()() kW

(rcnrcscnliilg a galnlml and IlCtilfon dose Ihal dees
tml _lpprcciably harm the cells)as derived Irom

('arborane conjugated o('Rll has been sh(_wn l:igurc 12. The c011,, were removed from lhc
l(_retainbiologicalaclivily,evaluatedby tile lllcl'ill;.llcolumn,wa.,,hcdlwicewithI)-PBS,and

abilitym stimulatethei_nxluclicmof inlraccIIular .suI_cuIluredinT-5(IflaskswithI)-MEM-I ()</,FBS

levelsof cAMP when compared Iocquimolar foreighlday.',.('ellsurvivabiIilvwas assessedal

conccntr;.ilions of pi.lte oCRtl in i, rim, expcri- thai lime using trypan blue. The rcsulln arc shown
mClltS tt,_illg the AIT-2()cell line (l:igtlrc II ). in l:igLLrC 13.

Experirriental Paradigm

Afl- 2() cell,,,
are incuhaled in a walcr-jackctcd X__ L_-:utH__ .,s _._,.__Cua_S OLUva_.

C()_ illcuhalor in lhc presence ofo('Rtl, carboranc

conjugated ogRit, or unconiu_aicd carllOlallC t CamoH LEU s_Lb IvlEt THR LYS AtA As'_7GLNLEU" " _ Bomll
3,'; _,:,

cage and oCRit. Altct a ._pecil'icd length of time au__un_unauaH_SSE_ASha_ UVS
lhc cells arc washed in I)-PI_S, rcmovcd from the

T- 15()culture flasks u._inga I'ui_hcr l)oliccnmn, and
placed imo sterile, pia.,,tiu"cell irradiation vials.
The vials ;.irt posiiilmed ill lhc lhernlal coiulnll a._

cle._crihcdabove. The cells are exposed for tiI) Io I(i F:igure 9. The alnin(i acid .xeciUCllCeof oCRH is
ininule._ al differenl rc;.iclor ])llwer._. The cell vials ._]lown with lhc con jugaied t:;.lrborane cage

alC ,%tlb.XetltlClllly ilJlllli\,ctI, cell lllCdi;,l _l,%]lilLiletI (lill_l()).
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Figure 10. c-AMP dose response after a 10 minute exposure of ART-20 cells to varying concentrations of

oCRH. (5 x 105 AtT-20 cells were plated in 12-well culture dishes irl D-MEM-10% FBS. cAMP was mea-

sured using radioimmunoassy with antisera provided by National Honuone and Pituitary Agency, NIAMD,

Baltimore, MD. Each point represents the mean ± 1 standard deviation of triplicate wells.)
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Figure 11. c-AMP response of ART-20 cells to oCRH carborane CRtt, or carborane cage alone at wu'ious

concentrations. (Dose of peptide, carborane-CRH, or cage alone ranges from 10-II to 5 x 10-SM. Dicornolcs

of c-AMP produced by 5 x 105 cells cultured ira 12-weil culture dishes pet" ml_, is shown on the Y-axis.)
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Figure 12. ART-2()cell survival after five days following exposure to varying gamma doses iii lhc reactor
thermalcolumn.(ThedatasuggeststhaithelledosefortheART-2()cellswas 17(1cGy withan extrapolation

number of 5.5. The initial AIT-2() cell number al day () was 5 x I(1_'.)
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Figure 13. Comparison of AtT-20 cells with and without irradiation. (Control ART-2()cells receiving no
irradiation grew over an 8-day period ft'ore 5x lO_'_cells/flask to approximately 18x I()¢'cells/flask. Cells pre-
incubated in the presence of 5 x 10.7 M oCRH grew over the same period of time from 5 x 1()_'to 6.5 x 1()_'

cells. However, cells preincuhated with carhorarle -oCRH decreased in nunlhcr from day ()lo 2.5 X I()¢_cells

(day 8), suggesting a BNCT effect.)
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Conclusions with ¢elluhu"hot'on quantitation using
ICP-MS and radio-iodine labelling of the

¢arb_ranc-CRH conjugate)to maximize the

These preliminary data suggest that pituitary amount ot'carboranc cage retained by the pituitary
tumor cells can he killed using BNCT by linking tumor cells so li'mt the tumor cell to nontumor cell

enriched boron lo hyl_othalamic rclca,sing I°B ratios arc as high as possible. These studies

hornlol_cs. Strategic.,,; to decrease cvcn ftlrtllcr lhc will provitlc imporl_mt insight into the design ot'itt

cotltalrlitlaling gamma dose delivered to lhc vivr_cxpcrimcnls using rodents and subhuman [)ri-

ART-2() cells arc being tcstetl. Cell loading nlales to demonstrate the clTicacy of BNCT Ilmrthe

cxpcrimcnls arc ctirrctllly tinder way (iii Ircaltllcnt of piltiitary Itin'lors ill Iltlmans.
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BORON LOCALIZATION SCREENING

Dr. Cathy Elstad, Pl, Washington State utilize rodent lLama)rs(tumors derived Frommice
University, College of Pharmacy _H.=._lts)to t_Lcilit_ueI_lr_e-sc_fle,ntpid, _mdcost-

efl'ectiveeXl_crinl.)entstl.)_ttc_.tnl.)_.iveinnport_trlt
Rese_lrchers in the ColleBe o1"l_h_lrm_tcy_lt consequencesfor hlrge _lnim_ll rese_trcll_lll_.lI'or

WSI_J_lrecrilic_tlly ev_lltmlinL_lhc el'fecliveness()1" polenli_mll'ultlre hurn_.lnclinic;li Iri;lls. The well
potenti_.flboron COml)oundsIbr BNCT. (]o_fls o1" cl)_mtclerized,n.)_fli_,nlmlBL6 vm'i;mt of the B 16
this rese=lrci.)_lre two-fold: (;_) to develop _=nd taurine (mouse-derived) meli=nomz_is i_ein_
utilize sumd_.u'dizedi, _'iI_'_,_tndi, )'i_'_,_ss_._ysm ew.tlLu_tedfor heron upt_tke,investig_ttionsusing
qtmntify boron Ltpl_.tkeby lurnor culls, ;.tnd(b) Io BI.6, ;.thigt_ly inv_tsive _.tndhigl.)ly rncl_tsl;.tlic
investig_uemecl.)_nismst_ et.)il_.mcel_rel'erenti_l tun.)or cell, will si_nil'iclmtly contrihute to tl.)e
t_l_t_._keof b_,)t'()nhy lumor cells _._nd,thus, evldu_._liono1'BN("I" ForI.)urn_.mn.)_flign_.H_trnel_._-
optimize I3NCT. Screenin_ of boron comp_)un(.Is nom_ _r_(.!deel')-se_led mct_sti_tic n_el_non)_
I'()rusein BN('T will help determine wl.)ichl_()run lesions. The incidence or mel_noln_ is r_pi(.lly
compounds will I.)_ve i)otenti_tl l'or _l'e_.ltesl incre_sing _mdthe l)r_)gnosisForsurvivedis poor
imps.tctor.)thetrei|tlllel.)l()I"l.)tll.).)i:II.)CilllCeI'.ll.) due t_,)tl.)erel'r_.Icto)'yn_._tureoI"thetLIIl.)()I"t()
_ddition, idet.)til'ic_._lion of itller_._ble I_._ctors c_mvention;_lc_._ncertller_q_ies,ernphi_sizing the
influencing boron upt;.tkecouM I.)iwe¢_sigr_il'ic_)nt urgent needfur invcstig_ttions()1lhc eflL'ctivencss
in.)p_clor.)BN('T. o1"I?,N('Tt¢_Irc_.|til.)gthis c_u_cer.I,',_.)1R(12gliom_._

tl,lni_)t's ;,Ire used to model ll.)e p_)tenti_tl

Methods ell'ectivenesso1"BN("I" l'or tretUing dcep-sc_.tted
ht:tin ttllll()l'S, cspeci_)ily inv_tsive t_rltin tum()rs

A cruci_i requirerner)t for el'feclJve BN('T o1" which _u'ein_)l)Cnd_lclind resistlmt t() other tl'e;.lt-
cltncer in tile selective Ioc_liz_ti_)n o1"high merit mod_litics. Muri=_c1:)I7(]Xlyml)hos_u'con_)

iH.)d n.)urinc l.ewis lut)_ c_.H'cin()n)it tLll).)OfSXSICll.)SCOl.)CCllll';.)lj(H.)sOf boron Jt) tumor IJssue rel_Uivc to

_d.j_cenltmrm_l tissue, t:_ec_usenorm_l tissues _re _ss_D,ed i, rir_ _mdi, ri,'_ Forheron upt_ke
_re included wilhin the _ctiv_tin_ neulr()n field I(_ fi_cilil;_le l_oron compound I'orn)ul_tion I_y
during ther_p),, Ol)tim_l BN(q' ell'ic_cy requires other IN F.I. 1_,N("I resc_.lrcllel's. These tunlor

hi_her l_or()n_cct_mul;uion in the ttlml)r lh;.tnit) ,systems_r_)wr_l)itlly i. rit/_ ;.rodi. _'i_',,__md_re
the surn)undin_ n()rn)_flh_)sttissues, in _td(.lili<)n. well v;_scul_rized ;_nd"l'_)tty" in _l)l)e_tr_m(.'ei//

ri_'_,,,l,il_surn_._l _._ndlow density liPoPruteinI_relcrenti;,_linlr;.Icellenl;.LrI_;.Idin_ of boron into
tun)orcellsisesscntiMbuci.|tlscoilhcshortl'i.lll_C b()ron-deliver),vehiclesh_vehecnlustedJl)these
(_1"the lissi_n Irlt_t.))el)ts l)r_)duce(.II)y BN('T. taurine ttlnlors, l:tlltlrc ill _'i_'t__mdi, _'iI/'__ss_ys

will I')eeXl)_m,.ledI_ enc_m)l_)ssdilTcrent tumorRcsei_rchers_l the ('elicit of l:'h_rm_cy hi_ve
devel()l)Cdi, _'i_',_'_mdi, HI/', ;=ss_yst() cv_.|ll.i;lle models; such_sc_.ll)Jl.)¢_md htll]l;,)l.) ttln|ors iii I.)l.ide

_)r immunuc_)mpr_m|iscd=).)ice.Studies utilizin_I_)ron i')hi_rm_cokinctics _nd dislrit)uti(_ in
these limiterlumor syslems will provide v_lu_d)leIllHm;.ll cells ;lhd IIllll(H" cells litlcr c,.,t"){)sLIrC Io

selected h(_r()n-delivery COml)(H._nds.('()ncurrenl i)rclimim|ry tl_l_ h)_ui(.le I)olh I_u_c_nim_l _=)(.I
invcsti_i|lions _ls()evillLl__ltepotenliifl cyt()toxicit), I.)uxn_x_SILl(lies.

_1 Ii)unc COml)()unds_)nnorm;.tlcells _.mdtun)or
cells. These slu(lJes i_rcscnll) , li_]_.'l lun)()r 13()r_)nc_np_)_)nds _nd delivery vehicles
s),st,,.'rnsII)iiI itt'c I),l_ic_._ll3' u)_)tresP(_nsive t() screenedirl _.tss;,I),s_.trethose which Ihu_.)relic_.)lly
c_)t)ver_ljon_.ll mc_.|ns o1 c_.)ncer II_er_._l_3, dem_.mslr;.|.lcn],.)slp_)lenlj_._.llor I]N('T. I:IPAjn_me
(c._., sengcr X, chen)()thcr_._l_),,or n_.t(li_.tliun such COml_)tmd.I'IF'Aw_.Ls_rigin_._ll),s.vnthesized
lhcrz¢lD')ht=l ;.=reI)()ssihle c;.=zMhh.=l,,.'sI'(_rI]N("I'. ;.Ix;.=_nel;.minPrecurs()r_i)(.lPhenyl;.ih.mine_m.)in_)
Mcli_n()n)i_, _li<)n)_, lyml)h()s_rc()_n_, _(.I _.'i(.l_m_l(_. BPA in uscd_s ;._scn.,enin_rel_'rcncc
c;.tncJt)()m;._ ltnnl_()n xyslctn.s itre cLlrn'ct)lI_ l_ei_)_ in mcl_n()nut invcsli_;.ui,,)ns,since I_hcnlyl_._l_.u)ine
julvcnlj_;,lled I'c,r h()n'()nLII)I_,LKc.These stLIcljcx is rcquinedID, rncl_.m,,)n_;Iculls _._.s;=I_rcctnrs_)n• I'()r



both prolein synthesis and melanin production, which is measured speclropholometricaily al
BPA has been extensively studied and character- 570 mn. ht vitro cytotoxicily assays have recently

ized in clinical lrials in Japan and pharmacoki- been initialed and indicate no cytotoxicily for

netic trials in the U.S. and Australia. Liposome boron compounds subsequently screened in vitro

and LDL boron delivery mechanisms are also and in vivo. For in vitro screening assays, boron

being evaluated in current investigations. Both of compounds are added to confluent cultures of

these delivery vehicles preferentially larger weil- lUnlor cells. Cultures are sul'_setluently harvested

vascularized ItilllOl'S with short replication or gen- in lfiplicale 6, !2, and 24 hours later and analyzed

eration times. These tumors have greater for boron by ICP-AES. Results of these in vitr¢J

requirelnents for membrane components screening assays are pending.

(e.g., fatty acids) thilXldo Itlnlors atld Ilorxllal tis-

sues which are slower growing. Liposomes and For tj! viYo assays, bol'Oll compounds are

l,Dt, s provide those membrane components and, currently screened in specific-pathogen-free,
female mice. Mice are inoculated subcutaneouslytherefore, should preferentially accumulate in

these faster growing tumors. Evidence liml lipo- into the dorsal hip with I-2 million tumor cells.

somes and I,DLs are selectively targeted to Approximately, 1-2 weeks later, unanesthetized

tumors has been previously reported in the scien- tumor-bearing mice are inoculated with 2()() !ii. of

til'it literature. 7-31_For example, the preferential boron compound into either the dilated tail vein

delivery of several COllVelltiOllal chemotherapeu- or tnt raperiloneally. ()plimal routes of boron

tic drugs--such as adriamycin or doxorubicin--- administration (intravenous, intraperitoneal, vs
to tumors is enhanced al'ter liposomal oral delivery alld multiple dose injections) will be

encapsulation of tile chemotllerapeutic drug evaluated in future assays. F_llowing injection of

compared to free or ullencapsu[a.ted drug. boroll COlllpOtllld, illite ;.ire sacrificed lhroti,,he ;.I
72-hour time interval. At each time point, tissues

are collected and analyzed by ICP-AES for b_,'on

tining lhc tumor systems described above, the content by other INEl, BNC'I' researchers.
in _'iro and in rilro sludies of this project ulilize Collected tissues include ltilllOr, blood, liver,

up-to-date tissue culture technologies and small spleen, brain, muscle, kidney, and skin. ()f parlic-
animals--primarily mice--to screen and ular illteresl arc ttllilOl"bOl'Oll levels i.Iild ItilliOl'-io-

compare boron compottnds ;llld boron-delivery llC_rnltll l issue boron i'Htios. The animal model

vehicles for prel_'rential uptake inlt> ItilllOr lissue (e.g., mouse, rat, immutu_COmlmmlised mouse or

and lo determine cytotoxicity of these compounds ral) used in in +'i_'+_assays will change for future

or1 normal and tumor tissues. Prior to screening assays depending on the tUtllor s\'sletY_. Two Io

boron compounds in rivo and in ritro for uptake three routine in riro boron-delivery assays are

by tUlllOr cells, compounds are also lesled itz i'ilro conducted each illOillh. Each of lhese assays

for cytoloxicily against normal cells and lumor inw_lves approximalely 5(I animals, 6 animals per
cells. Compounds Ihal are cytotoxic lo normal time point. For selected compounds, attempts tire

cells in vitro may also be cytotoxic to normal made lo prel'erep, tially enhance boron uptake by

tissues in Yiro, wilh subsequent delrimenlal the tumor \'el'SUNad.jacelll I1Ol'lli;.iJ hosl lisstios---

effects Lothe host, which could negate any benefi- for example, by shtHl-lel'lll phenylalanine Hlld

cial effects of BNCT. For in rilro cytotoxicity tyrosine deprivation.
assays, cell cultures are exposed to increasing

concentrations of boron compounds. After BPA Screenings
incubation with the compound, cell viability and

numbers are monitored by one of two standard l,_,esearchers _.iltile WSti College of i_harmacy

tissue culture llleihods: (a) trypan blue exclusion have showll IIIHI sclecled I'}ol'Olltlled COllll'_OtilldS

or {b) 3-[4,5-dimethyllhiazole-2-yll-2,5-diphe- do accumulale both in Yitr_J and in _'il'o in lUlllOr

nyitetrazolium bromide; Ihia/olyl blue cells. Several of thesecolnpoundsacculnulaleto

(MTT)-dye reduction, during which living cells Iherapculic levels for P,NCT or to levels Ihal ;.ire
convert tetrazolium into a blue fo|'mazan product comparable to, or higher than, those previously

2O



reported in tile scientific literalure. In _'itr_ uptake inoculated intravenously into the dilated tail vein
of boron by BI.6 ,'rjelanoma cells increases with with !(}0 ug BPA/mL of pl;ysiological saline,

increasing levels of BPA (Figure 14_, [_;,tl;!indi- boron levels in the lunlor averaged 0.8 ,ug

talc lhal this uptake may be enhanced by reslricl- B/g lunlor 6 and 12 hours post;n jeer;on

in_,=two amint_ acids, tyrosine, and phenylalanine.. (Figure,_ 19). Presenl investigations are conlinuine,,_

Tyrosine and phenyl;Ills;he can be restricted riu to evaluate different routes of boron delivery

mcdiunl lomluhllion for in ritt'o assays, ciu diel (e.g.. intraperitoneal versus intravenous). For

for in vice assa\,s, or enzymatic;lily with the BPA. these studies are inlporl;ull since tile solu-
enz\'me PAl. for both itr _'ilro and in vivo assays, bilily of BPA has been dramatically increased
When 131.6 is cultured in vitro in medium lk_l'nltl- by dissolving tile compound in 0.5 M Tris buffer,

laled _vil]l I(),0,' levels of I.vrosine and which has been shown ill in rico studies to be

phenylalanine, borc._n uptake is dramalically nontoxic. In Tris buffer. College of l"harmacy

increased (Figure 15). This increased uptake ix researchers have shown thal I()rag/mL of BPA

n(_ldue lo any growth modulatory eflc,.,s of la,PA. can be dissolved, compared lo O. ! me/mL in
water or saline, a I()()-fold increase. College of

',illCC grt)wlh is generally noi aI lecled by expo-

sure til BL6 Io exogenous BP/\ in either norlnal Pharnlacy rese;uchers further hypolhesized thaithis in ri_'o boron accturlulation into tumor tissue

medium or medium restricted in tyrosine alld phe- could I_e enhanced by restricting tyrosine aqd
nvlalanine iFigurc 16_. Rather. in theol3, l!lis

inc/cascd boroll uplakc b\ BL6 melanoma cells ix phenylalanine in lhc diel or by using PAL lo
reduce free phenylalanine and tyrosine in the

because these lt, Slot cells are "'starved" for phe- plasma of tumor-bearing mice. Initial studies
nvlalanine. ()nec cxposed lo l_henylalanine ill Ihe indicated that ttlnlor levels of boron are not
lium of Bl>A. these "'starved" or restricted cells

greater in mice fed a diel low ill tyrosine and phe-

rapidly accunlulale Bt_A. lhu_. increasing lump)r- nvlalanine compared It) ttllllOr levels ill mice fed a
associ',.led Icvel,, _1 N_ron. normal diel. However. due to inconsistencies in

lhc lox_ tyrosine and pl_.envlalanine diel, this
/lt ,i/r,, incul_alion of BI.6 cells x_ilh PAl.

experiment has been repealed and will be
I--4 h_mrs prh_r I_ C\lX)surc Io BPA has also bccn re-evaluated. "I'o determine lhc effect of pretreal-
illVesligaicd "Is ;lilolhcr lllech;.tlliSlll lt1 ¢ilha.tncc lllen! xvilh PAl. on in _'lv_ boron uptake by lunlor

In_lOn uplakc via Ix n_sine and phenylalanine lissuc, tUlllor-bearin,- nlicc were injected inlravc-
reslriclion. P,,\I. is an '.ira;no acid degrading ii<_uslv into lhc dilated laleral lail vein with

cn/\mc x_hich catal_ /cs lhc dcaminali<_n (_1 !-4 mg of BPA dissolved ill (I.5 M Tris I_uffer.
phenylalanine 1o cinnamic acid and IVl(),,.ille tO (.)ILOhalf of the mice were prclrealed inlrave-

coumaric acid. Expcrinlcnln indicalc thal Ic\'el,, _1 llou.,,l\' x_ilh PAL (().2 units/nlouse) Olle hour prior

phony alan;no alltt !\ ro,,illc iii ct'llure inc_lium are Io BPA injection. Tissue and blood samples were
reduced h\ PAl. ;_nd thal BPA ix nel degraded by ct_llecled 6 and 24 ht_urs after BPA in.joel;on.

lh;,, cn/x_nc _i-igure 17t. In vilr_ gro\_ lh of BI_¢_ix Blood amim_ acid anal\,ses indicate Ihal pheny-

normal aflcr exposure lo (1.(125 units of I)AI.. lalanine and tyrosine ,ire 23¢;f and 18_4, respec-

.\nalxsis !_\ I('P-AES _1 besm uptake by these lively. Ioxver in PAL-lte:lied mice compared lo

cell,, is pending, tlll[ic;,llcd mice. P,PA did !101 interfere with these
amil_o acid analyses. Mt)re importantly, results

Ben_ll al,,o acculliulal¢,, /tr _*i_'t_ ill ItllllOr tissue indicale thal PAL prelrealmenl does enhance

after intrapcril_,:cal in.icction illlt_ ni;ce o175{)mg uptake of boron into lunlor tissue (Table 4 ).
1"1PA/k,,_.bt_d" x_'ciehl, ;.1>,;.I_,ltlrrv I l:ieure,_ l gl. [::tlrlhcr experiments have been conducled lo

l'umo_ lc\ els of I'umm approach 2.s. ,tl_. l'}/_'eItinl_r _ptimize PAL-modulated BPA uptake. Results of

al t'_and 12 hours pnxtin.jcction. When mice arc ihcse studies are pending.
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Figure 14. hz Hn'o uptake of boron by B 16-BL6 taurine mehmonm cells exposed for six hours to increas-
ing concentrations of BPA in the culture medium.
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Figure 15. /. rin'o uptake of boron by B I6-BL6 rnurine melanoma cells cultured in medium fom]ulated
with notoml oi" low levels of tyrosine and phenylalanine and exposed lo increasing concentrations of BPA.
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Figure 18. Biodistribution of boron 6 and 12 hours after intraperitoneal injection into mice of BPA.
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Figure 19. Biodistribution of boron 6 and 12 hours after intravenous injection of 200 [.IL of BPA into the
dilated lateral tail vein of unanesthetized mice.
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Table 4. Effect of PAL on tumor levels of minimizes potential cytotoxic effects of these
boron, compounds on normal tissues and may facilitate

future experiments investigating alternative
delivery protocols. These compounds are synthe-

Tumor Levels of Boron sized by INEL BNCT researchers at UCLA and
Treatment (lag B/g tumor tissue) UCSF and provided to researchers in the College

of Pharmacy, for in vitro and in vivo screening.
Following intravenous injection of iiposomal-

1 mg BPA encapsulated boron compounds into tumor-
without PAL 1.2 + 0.42 bearing mice, boron accumulation in

with PAL 2.9 4- 0.52 subcutaneous BL6 tumors typically reaches

4 mg BPA maximum levels within 24 hours postin,jection
without PAL 4.6 + 0.84 with concentrations approaching values reported
with PAL 6.5 + 0.56 in the scientific literature. A typical in vivo assay

of a liposomal-encapsulated compound screening
with BL6 is represented in Figure 21. Boron levels

Radiolabeled Screenings in the blood are rapidly cleared. Tumor boron
levels plateau at approximately 10 lag B/lag tumor.

Research with radiolabeled boron compounds Tumor-to-normal (e.g., muscle, brain)tissue ratios
supports observations using ICP-AES analysis generally range from 5:1 to 11:1 in these assays
that boron does accumulate in vivo in tumor against BL6. Two liposomal-encapsulated boron
tissue. Peak accumulation of an 1251-labelled compounds have reached subtherapeutic levels in
borovaline compound in subcutaneous BL6 mela- vivo in BL6 melanoma: Na[Co(C2B,_H 10SH)2], 18
noma tumors occurs 2 to 6 hours after intraperi- lag B/g tumor at 6 hours postinjection, and

toneal injection of the radiolabeled compound Na2B 10H9NCO,22 [agB/g tumor at 24 hours post-
into mice (Figure 20). Tumor:brain and injection, l_.iposomal delivery of low doses of
tumor:muscle radioactivity ratios average 10:1 boron has also been investigated with other tumor
and 2'1, respectively. Since the 1251label/boron systems. Boron levels in tumor tissue obtained
relationship on the compound is stable, these from mice bearing Pl 798 lymphosarcoma tumors
ratios of radioactivity in ti:_sues may be extrapo-
lated to ratios of boron in the same tissues. Inter- range from 11-32/ag B/g tumor tissue at 6- 12

hours postinjection of liposomal-encapsulated
estingly, this boron compound is an elaslase
inhibitor with demonstrated anti-metastatic boron compound. Histopatho[ogical evidence

activity against BL6. Parallel experiments with indicates IImt the PI798 lymphosarcoma is not a
localized tumor when imphmted subcutaneouslyradioactively labelled and nonradioactive

compounds are being planned to correlate radio- into the dorsal hip of the mouse, but rather spreads
active kinetics with boron kinetics, to the lymphatic system and other organs. These

observations necessitated reevaluation of the

Experiments of this nature using radiolracer P1798 lymphosarconm tumor system for use in in
technologies will prove valuable in determining vivv screening assays. Use of the P1798 lympho-
boron pharmacokinetics and will facilitate data sarcoma t"o1"chemical compound tormulation is
collection, not excluded. Liposomal-encapsulated boron

compounds are presently being screened in vivo in
Liposomal and LDL Screenings murine Lewis lung carcinoma.

The effectiveness of liposomal and LDL Experiments investigating LDL delivery of
delivery of very low doses of boronated very low doses (,-,80 lag B/g) of boronaled
compounds to tumors has also been investigated, compound have just recently been undertaken.
Delivery of low doses of these compounds Preliminary results indicate that nmximuna levels
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Figure 20. Radioactivity levels in tunlor tissue through time after intraperitoneal injection of an
1251-labelledboron compound.
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Figure 21. Biodistribulion of boron in tumor and blood after intravenous injection of 200 pL of
liposomal-encapsulated Na2n-B2()H i_.
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of byron accumulate in tumor tissue 6 hours post- containing liposomes should he scavenged by the
in.jectivn of compound. 1"umor levels of boron rnacrophages and parcnchyrnal cells and occupy
range from 3-5 pg B/g tumor tissue. These initial binding sites in the liver and spleen--thus,
results demonstrate in vivo LDL delivery vf boron allowing the boron-cvntaining l ipvsvmes to

to tumor. Present efforts are being directed to selectively target the tumor. Current data are

vptirnize the experimental protvcols for these inconclusive and experiments are planned tv

LDL-bvronated compounds, investigale whether liposomc composition and

size can be manipulated to maximize blocking of

Efforts to enhance in vivo uptake of these binding sites in the liver and spleen. Cvllege of

liposomal-erlcapsulatcd and LI)L-associated Pharmacy researchers have alsv noted thal

borvn compounds are in progress. Currently, twv multiple injections of liposvmal-encapsulated

apprvaches are being explored: (a) pretreatment boron cvrnl'_vund can dramatically increase tumor

vf mice with buffer-containing liposomes to boron uptake. These observations indicate that an

block uptake vf borvn-cvntaining liposomes by optinlunl pvinl for ;a secvnd injection of com-

the reticuloendothclial system (i.e., spleen and pound is the 18-hour time point. In one

liver) and (b) multiple administration of borv- preliminary CXl_eriment, P1798 lyrnphvsarcoma-

hated compounds. The impact of macrophages bearing mice receiving intravenous injections of

and parenchymai cells, prirnarily in liver and Na3B2(Ittl7NH3 at 0 hours and at 18 hours had

spleen, on liposornal and LDL degradativn and tumor boron concentrations averaging 41 Pg B/g

kinetics is being investigated. These cells may turrlvr tissue 72 hours at'Icr the initial injection

significantly interfere with boron localization in (Figure 22). Similar mice receiving vnly one

tumor tissue. Groups of tumor-hearing mice have i,ject ion at () hours had lumor boron levels

been pretreated intravenously with butTer-con- averaging only 10-15 I-rg B/g tumor tissue at

raining liposomes prior to intravenous injection 72 hours. Studies are currently underway to epri-

with byron-containing lipvsornes. These buffer- mize this prolocvl.
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Figure 22. Biodistributivrl vi" boron in tumor, blood, and brain after intravenous injection of 2()0 pL vi"

iipvsomai-encapsulated Na3B21_H17Nt-t3.
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In conclusion, in collaboration with other necessary before more costly and

INEL BNCT researchers, researchers at the WSU time-consuming large animal studies and human

College of Pharmacy have developed in vitro and trials are conducted. Efforts are also targeting
in vivo assays which utilize current in vitro alterable factors which may enhance selective
technologies and small animals (mice) to uptake of boron into tumor cells to optimize

determine the effectiveness of boron compounds BNCT. Identification of these factors along with
for BNCT. These studies are critically evaluated the most promising boron compounds will have a

to maximize the potential of these assays, significant impe,,"t on therapy of cancer using
continually improved and perfected, and are neutron capture.

34



PHARMACOLOGY AND TOXICOLOGY OF BORON DELIVERY AGENTS

Dr. Tom LaHann, PI, Idaho State Univer- 2. Ideniifying tile toxic)ties that preclude the
sity, College of Pharmacy use of otherwise promising boron delivery

agents.

The Approach to Safety Testing To adl)orc timse objectives, ti,c [SU prognun
will use gross and histopathology studies of
tissues, clinical cheniistry arid hematology toFor BNCT ici be a useful cancer lrealmenl, ii

nlusl be effective and reasonl,ibly safe. The rieed gather cities to possible drug-induced furlctionl,ll
deficits. The nlairl prograrrl errlphasis is on evalu-

for safety highlights two requiremenls: (a) to
sitioniii" organ systemfl.inctionand understanding

idenlify till undesirablesideoft'ocls thaican occur
the nlechanisnls underlying any drug-induced

with the thorl,lpy,and (bi Io predict the likelihood
functional defects. Undorsiandin7 how iho toxic)-

thai )host side olTocts will occur with a given ties occur will l,lid in risk tlsstssillenl sinddoior-
BNCT lroalmonl prolocol. Voiy iitllt is known

ininin 7 the poionlial for aniidolo Ihorl,ipy. Aabout the Ioxicilies l.issocisiled wilh boron

delivery agents being considered for BNCT. To knowledge of the claemical's pharnlacokinelic
profile and melabo[ism is also necessary to inler-correcl this deficiency, researchers l,ll ISU tire

developing a liered rex)oily evalul,liion program pi'el lhc restilis of toxicology lesiing. Pharmacoki-' nolle and metabolic datl,ineed it) be collected iii
to identify l,mdevaluate the sideeffects l,lssociated

parallel with toxicity dl,ila because a drug's
with new and existing boron delivery drugs. This

absorption, dislribution, i-nuiabolisml.ulctc]inlina-
program is flexible enough Io apply io till new

)ion csin vi.iry hoiwoon species or oven wilhin a
drug carididsiles for BNCT. li is lime and t.'osl

species as lhc dlise chslllges. These chliilges
effective, ;.indii will be comprehensive, so lhai

illfluenc'e lhc nlagnilude l,indoven file nature of a
there will be a high probl,ibilily of idenlifying ali drug's Ioxiciiies.
clinicl,llly important side effects.

The results of aninaai sttidics l,u'call accepted

Before new boron delivery drugs Call he lesled lllcans of predicting probable[ltlnltln risk. AI lcasl
in people, the Federal gc)verllllleill requires thai two, stilt[in SCimC CaSeSIhree, species will he used
there be aninlal datapredicting a socially accept- in toxicity tests:ll,lt, rabbit, anddog. Rslls tire used
able benefit-to-risk ratio for theintendeduse.The for tile in)til,li sit)dies becausethey are rehltively

goal of the toxicity progl'alll is lO provide such cheap and readily available, sindbecl,itlSelhere is
data,Therefore, thepi'ogrl,lnl'sobjectives include: a II,u'gedatabaseof historical inl't)rn_l,liionslboul

rats. Drugs ;.irealso evalul,lled iii rabbits 1oreduce
the chance of being misled by species specific

1. Characierizing the loxiciiy prol'ile of prom- elT_cts. Drugs which appear lo be sl,ll'ein rl,ilsand
ising boron delivery compounds in animals rabbits may also betested in dogs. Comparison of

1¢)predict which compounds sii'e safe rat, rabbit, and dog dala lhd)el,lieshow well key
enough tc) allow clinical evalualion. This findings of the smslll animsil toxicity prograln
characierizl,llion includes', apply it)lhc large an)nil,ii efficacy model (dog).

To franle the signil'icance cii"ally observed ioxi-
a. Identifying l,illmajor adverse effects

lhal man be elicited by the boron cilies, there l_iust he a stl,uldard for comparison.
delivery drugs. Two boron delivery drugs are currently beingused as stl.indsirds--BSH l,lnd BPA. BSH is a

boroll delivery dltlg being developed for BNCI'
b. Predicting which toxiciiies til'(2likely f(n"brairi Callcer, while BPA is a boron delivery

lo occur tinder l,lnticipslled Colldilioils drtig being developed for BNCI" for nlalignslnl
of clinical use. melanoma. Since l,ldelailed knowledge of lhc
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toxicity profile of the standards is required, these • Cardiovascular and ptllmonary

ctlemicals are currently being evaluated to function
deterrnine if their intravenous administration

• Hepatic and renal function
causes gross o1"microscopic tissue alterations or

gross alterations of behavior. Because new boron • Gon_tdoloxic potential

delivery drugs will be tested to determine their • Possible cutaneous reactions
ability to alter organ systcm function, BPA and

• Possible alterations of mineral
BSH are also being evaluated for cvidcncc of any

mctltbolis111
alteration of organ system l'unct;on. Current

emphasis is on evaluation of cardiovascular and Tier 4: Evaluate organ system l'tmclion in

pulmonary function indicates liml bolh BSH and physiologically impztired animals. Toxic

BPA can impair the functioning of these two sys- insull thai only damagcs "funclionztl

lenls, reserve" IllZty !1ol be apparcnl in y_ung,

hcal',hy manlmals, yet may bc of major

To maximize its cost-effectiveness, the rex- concern when expressed in older or sick

icology program uses a tiered testing approach, mammals. The "physiologically impaired"

As each tier is completed, the dala is evaluated to animals will mimic physioh_gical probletns

determine ii" lhc results justify lhc next ticr of conamonly observed in cancer palicnts.
testing or if compottnd development should hc

terminated, qbxicily tlzll_t is acquit'cd from a five Tier 5: Characterize toxic reactions

tiered system thal in still under dcvclol3mCnt. The associalcd with ncttlron radialion of mare-

purpose olc_ch oi'the I'ivc licrs is _ullincd below: reals administered n-taximuln tolerated
doses of boron delivery drug to tlctcrnainc ii'

Tier i: Estimatc lhc maximum tolerated significant but unanticip;llcd toxicilics

dose (MTD) thai can be given to healthy associated with radiation/boron interactions

naammals by intravenous injection and arise in normal li_su¢ during the

identify lhc limiting toxicilies ztssociztted posl-irrzldialion period.

with larger doses. The maximtlm t_leratcd

close is dcl'incd as the largest d()sc not The Toxicity of BSH
producing any observed, biologici=lly

significant ct'l'ccts in 75_ _)l"tilt trollied Clinicians around lhc world zlrc lusting the

animals. Testing involves gross and value ofBSH-mcdiatcd BNCTaszttrczttmenl for

microscopic ev_llt, alion of lisstlcs, lind an glioblastoma mullilbrrp.c and other high m_rlality
evaluation of function. Which I'unctiotls _lrc type brzlin cancers. The value of BSH as a boron

evaluated depends, in part, Ul-_ortlhc results delivery ageltl Ims z_lrczldy been tlcmolislralcd in
of the tissue examination, animzll models lllld promising results have been

obtained in clinical studies underway in Japan.

Tier 2: Estimate the MTD Ilmr can be given l)cspilc lhc widcsprcild intcl'cSl in BSH as a boron

repeatedly to healthy malnmals over zt delivery drug, there is little known about its

standard (14 day) period and idcnlily lhc toxicity.
limiling loxicilies _lssoci_lled wilh larger

doses. A limiting toxicity is defined as an Cliniczll experience lo dale hits identified few

undesirable biological effect limiting or adverse cflccl.s itssociztletl wilh inlrzlvcnous
preventing therapeutic unc. infusion o1 BSll, but I'¢w patients have rcccivctl

BSH tioscs _rcalcr Ihan 1(11)nl_/kg. _1 Pitlicnls

Tier 3" Evaluate lhc function of organ rcccivijl,,_ hi,_uhcr tloscs (ft"B.'qll imvc experienced

systems suspecled o1" being pilrlicularly tlndesirablc side eft'cuts and al legist one patient

susccpliblc lo danJagc. Availal31c tl_lla tlictl al'tor receivingBSll, allh(_ugh a causal link

indicate a Ilccd lo evaluate: bclW¢¢li 111ctlru_g administration and tlcillll hits

• Ncuroloxic potential not been established. The few animal Ioxicily
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studies available indicate thai high doses til" BStt monary function were much more sensitive tr)

cause hepatic and renal necrosis, induce erythro- BStI's toxic effects than were anesthetized, non-

cyte aggregalion and cause skeletal nlusclc paral- instrumented rats. Instrumented rats usually died

ysis and respiratory ilrrest. 32'33 [stray _,llOtlS when BSli doses of 275 mg/kg were infused. In
administration of BSH has been i'eporte(' lo kill llneslhetized but n()n-instrtlnlented rats, intrave-

rabbits at doses as low as 24 mg/kg, but there arc nous infusion of 55(I mg/kg BStl usually rcsulted

also reporls thai rabbits and other species lolerille in death and infusion of doses greater than 375

IV infusions of large amounts o1" BSH mg/kg occasionally resulted indcath. In con-

(e.g. 600 mg/kg}. 34,35 scious rats, intravenous infusion of 550 mg/kg
occasionally resulted in death, while 675 mg/kg

usually restllted in lhc death of the animal. Ctlr-

Over the lasl year, rcscarchers lit ISU have been rent clinical protocols call for dosing patients

investigating the toxicity profile of BSH as part of with tlp to 2t)0 mg/kg BStt. Until the significance

an effort to develop a comprehensive safety eval- of the animal res(ills are belier understood,

uation program for tenting new boron delivery researchers iii ISU advise against this.
agents. Toxic effects of BStt (2(10-75()mg/kg

delivered by intravenous infusion to Long-Evans At the higher BSH doses, death often occurred

or Spraguc-l)awley rats) have been characterized, w lth in si x hou rs of in fusion. Th is rapid onset

As a first step toward identification of the MTD, suggcstcd a drug-induced impairment of either
researchers determined the largest dose thai could lhc cardiovascular or pulmonary systems and

be administered by intravenous infusion without prompted investigations of cardiovascular and

killing the test animal. Lethality following acute pulnlonitry function. Pulnlonary parameters (rate,

intravenous administration of drug can bc flow anti tidal volunle) werc little cffcctcd by

influenced by dosc-ratc of administration, physi- BStl until just pri(_r tt_ death. Respiratory dcprcs-

ological state of the animal, vehicle, osmohu'ity of sion did not appear to l_ea primary catise of BStt-

the infusion solution and w_lume-ratc of athninis- induced death, since artificial respiration was not

Ira(ion. Studies now indicate lhill over the range an effective antidote. Cardiovascular parameters
of parameters examined, ,he volume-rate of wcrc rapidly and substantially altcrcd hy BStt

administration failed to dramaiically chan_3c lhc administration. Blood pressure, heart rilte, cardiac
dose of BSH that caused death. Interpretation of ct)nlractility and cardiac output initially

the effect of dose-rate of administration is more increased, htw then gradually declined until death

complex. A dose of 200 mg/kg BSti was 1101 I(_xic intervened. "Iblal peripheral resistance began a
by bolus injection or by infusion, while a dose of slow but marked increase shortly after the BSH
625 mg/kg was equally toxic (and lethal) when infusion wlts initialed. After infusion of

administered as a bolus injection (2()()mg/kg/ 251)-31){) mg/kg, significant vcnlricular arrhvlh-
mis) or ;.ii different infusion rates (2X, 7 or 1.7 mias wcrc noted and C(ultinued infusion exaccr-
mg/kg/min). A dose of 55(1 mg/kg was equally
toxic when infused al rates of 2()(), 28 or 7 mg/kg/ bated these arrhyllamias. The worsening t,f the

rain, but was markedly less toxic when adminis- arrhythmias correlated with the decline in cardiac

tcrcd at a dose ralc ot'1.7 mg/k_/|nin. Whether (_ulpul and lhc precipilt_u,, fall in cardiac slr()kc

BSH was dissolved in distilled waler t_r phos- output seemed I() be immediately prcccdcd by

phate buffered saline made little difference, and vcntricular I'ibrillati(m. "l'htt,,, intravenous infu-
BStt-induccd changes in systemic osmolarity did siren t_l high tl()ses 1>55()mg/kg)_I"BSH caused

IlOt explain the observed lethality. In fact, aninutls death secondary t() cardi(wascular collapse.

infused with equal volunles of (_smt)tically equiv-
alent vehicle never died during lhc 7-day obser\,a- Intravenous administration of BSll doses of

(ion period. The physiological state t_l"the animal ?,75-5(1(1 mg/kg were mt_rc often associated with

did seem to dramatically influence BS|t t_xicitv, delayed death, the animals not succumbing until
t'onscious animals tolerated BSll better that1 did I--4 days pt)st-infusi_ll. 'l'hc delayctl time-lo-
anesthetized rats, and anesthetized rats instrutn- tleath a,,s()ciatcd v_ith these lower doses seems to

cnted for nlellsurelnent of cardi(wascular and pul- al'gUe against cardi(wascular failure (u"respiratory
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arrest as a direcl cause of dealh. Animals • The dose-rale of administralion seems !o he

appeared Io be edemalous, had low urine oillpul, an irnporlanl determinarfl ¢!t"lhc Ioxicily of
and Iii aulopsy, ttisplayed enlarged kidneys. His- high, btll nol lethal doses of BStl. The exacl
lopalhology confirmed lhe presence of renal relalionship belween dose-rale of atlrninis-

necrosis and indicates a need to evaluate renal tralion and toxicily in complex anti requires
funclion Io tlelernline ii" BSH has ii direcl loxic addilional slutly.
effecl on lhe kidneys. Renal failure secondary 1o

• BSH exerls an initial, posilive inolropic
cardiogenic shock was suspected, hl.iI lo date,

efl'ec! on lhc nlyocardiunl, followed by
anti-shock therapy has failed lo ameliorate the

my()cardial depression. Additional studies

BSit-induced lethality, are needed Io delermine ii" BStl is acling

direclly on the heart or stimulating neural
Researchers have noted thai the odor of BSH reflexes.

differs from Iol Io IoI and lhere is concern lhal lhis

mighl reflecl differences in lhc amotml or nalure • The grealcr sensilivily of inslrumenled rals

of conlaminanls presenl, which mighl influence lo BStt suggesls lh;li slress may render rats
lhe observed safely profile. Available dala is more susceptible !o lhc loxic el'feels of

inconclusive regarding possible 1ol differences in BStt. if lhis is indeed lhc case, il may mean
toxicily, bu! lhis is felt lo be an imp(mant area for Ihat cancer viclims, who are under more

future invesligalions, physiolt_gical slress lhan heallhv adulls,

may be more suscelllible to lhc loxic el'feels
To sunmmrize: of BStt.

• Relalively few sludies have evalualed Ihe The Toxicity of BPA
toxicity of BSlt and lhc asstimplion of

human safety seems Io be based largely Because BPA in poorly soluble in mt)sl aquet)us
upon lhc lack of significant loxicities formulations, il is difficult I(i deliver enough drug

observed in the clinical studies to dale. via the intravenous route to precipilate an acute

ttowever, clinical experience with the drug toxic episode, lnlravenous infusion of 1()2 mg/kg

is limited and absence of evidence is n,ll lhc BPA (6 rag/mL in pH 7.4 phosl_hale buffered

same as evidence of absence, so the impres- saline) adminislered over a one hour period (tit a

sion of clinical safely may he false. Animal rale of 17 ml./kg/hr) imo urethane aneslhelizetl,

sludies warn of probable human loxicily til male, Sprague-Dawlev rals did 1101 COllsislenllv

higher BSH doses. The ral data clearly dem- elicil lreatmenl-relaled changes in cardiovascular

onstrate thai BSH can induce significant, funclion, ttow'ever, in open-chesl, artificially
life-threatening toxicilies. The key question, ventilated rats, this dose of BPA sometimes

that Callnol yet be answered, is: How prob- elevated cardiac OUllltZl, stroke (_ulptfl and blo(>d

able is ii 111;1Iclinically efficacious doses of pressure. In two instances, after iernlilUilion of lhc
BStt will induce significanl ioxicilies? infusioll, BPA eliciled cardiovascular lability,

wilh rhylhnlic oscillaliims of slroke oulpul, car-

• SI;idles in rals demonslrale 111;11inlravenous diac oulpul and blood pressure (Figure 23). l,;ibil-

infusion of BSH can induce sudden death ity sp(mtaneously dissipated and cardi(_vtlscular

secondary Io cardiovascular collapse. Three l'unclion relurned lo normal wilhin an hour. A

dogs dosed with BSH til I()()mg B/kg have similar response was observed in two of lhree

died suddenly and unexpectedly, apparently l_t',,gle dogs infused wilh BPA/cyclodexlrin

due lo int'usitul tri"BSH. The rat dala offers a Iormuhlli()ns. These apparenlly rare instances of

p(_ssible explanalion for lhc dealh of Ihese BPA-induced labilily may illdicale lhc exislence

dogs, thai is, dealh l'ronl BStl-induccd car- of stll_pt_ptll;tli(_ns _1" animals parlicularly

diovascuhlr collapse, sensitive lo the effecls (_1"BPA.

38



Figure 23. BPA elicited cardiovascular lablity in an open-chest, artificially-ventilated rat.

Expanding the work of Yoshino et al., 36 ISU tumor boron concentrations of at least 20 ppm are
researchers found that BPA's aqueous solubility thought to be necessary, but higher tumor boron
could be drarnatically enhanced by complexing it levels are desirable. Calculations (Wheeler ct :d.
with fructose. Using fructose as a complexing 1989) indicate that for a given neutron exposure,

agent and rnanipulating pH, aqueous solutions of each doubling of the tumor boron concentration
pH 7.4 containing approximately 170 mg should increase tumor cell kill bya factor of about
BPA/mL have been prepared. This solution has 10,000. Thus, even modest increases in the tumor
been infused intravenously to anesthetized rats to boron concentration can dramatically improve
deliver approxirnately 2,900 mg/kg BPA over a the effectiveness of BNCT as a cancer treatment.
one-hour infusion period. Rats infused with this
dose survived without grossly observable impair- Artificial support of respiration failed to

ment of function if subject to minimal surgical protect agait,st the lethal effect of BPA,
stress, but rats infused with 4,300 mg/kg (over suggesting that respiratory failure was not a
3 hours) ali died. Rats infused with a mannitol/ primary cause of death. Infusion of BPA elevated
fructose/water solution that mimicked the volume arterial blood pressure, partially as a result of the
and osmotic load of a 4,800 mg/kg dose of BPA volume load infused, but BPA increased blood

survived without grossly obserwible impairment pressure more than did equal volumes of a control
of function, suggesting that death associated with solution. After infusion of large amounts of BPA,
the BPA infusion did not result from volume the pressor response was followed by a gradual,
loading or altered systemic osmolarity, sustained decline of blood pressure. Only minor

changes in central venous pressure were

Modeling the rat as a single, well-stirred observed. Like blood pressure, cardiac output
cornpartment (an oversimplification), the average increased during BPA infusion, but then
tissue distribution of BPA was calculated to be gradually and continuously declined until the

1.58 mg/g, for an average tissue boron animals died. Total peripheral resistance (a
concentration of 76 ppm. For successful BNCT, measure of the extent of vascular constriction)
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increased over time. possibly to compensate for Future Directions
the fall in cardiac output. Cardiac output and total

peripheral resistance were little affected by tile "File development of the tiered toxicity test

marlnitol infusic_rl. BPA also altered cardiac systerrl needs to be continued. Specific tasks that

strength til'contraction {le ft ventricular dP/dl) and need to be accomplished include:
heart rate. Iri Stmle anirnals, tile cardiac strerigtl-I

of contraction initially increased, but in ali • Developnlent and validation of ii protocol

animals receiving ii lethal dose of BPA, ii "second for determination iii' the MTD.

phase" reduction iii" cardiac strength occurred.

Heart rate increased over tllis same period, • Developmei_t and validation of inelhods lo

perhaps lo compensate for tile decrease in cardiac evaluate renal and hepatic function. Cun'elLt

strength, ttowever, immediately prior to death, methods for evaluation of cardiovascular

heart rate decreased precipitously. Death was and pulmonary function need to be refined.

always preceded by ventricular fibrillalion.
• Transfer of technology for cardim'asc.llar,

pulnlonarv, renal and hepatic functiorlal

measurenlents to rabbits and dogs."1"osummarize, tile available diita indicate rh;it:

• Developirient andvalidation of pharmacoki-

heliosand metabolism protocols lhat
• The BPA/fructose formulaliiln offers an provide the IlCCeSSal'V infornlalion for

elisa,aild effeciivt.' nleans of delivering large illlerpreling tile results til" toxicity testing.
;.llllOtllllS Iii" BPA illlO lilt.' s yslelllit."

circulation. Tissue boron nleasurelnents In addition, the results of BSH toxicity tests
indicate tilai intravenous adininisiralion of indicate a ilet,'d til:
lhe BPA/fruclose complex delivers large

alllOUlllS of boiOli lo tissues. l'unlor boroll • Gain ;i boiler underslandillg of tile

levels ,ichieved afler intravenous infusion of significallce iii':

Fllt-\/fruciose have not yet been quanlilaled.
Siress-BSH interactions. The key
question ix' "'Are sick, old iii" drug-

• ()\er 2,li(iii mglk 7 of BPA could usually he treated aninlals nlore sensitive Iii the
administered inlravenously _iihotil toxic effects of BSH'?"

significanl cardiovascular/li" respiialory Infusion dose-rate on toxicity. Prelimi-
l_,xicily alld without grossly observable

narv data suggest thai Ioxicily depends
toxicities. For inost rats, BPA appeared to be

;i i'clalivcly non-lllxic drug and oil a mg/kg upon the total dose of BSH adminis-
tered, rather than tile rate al which the

basis api-leafed Iii be safer ihan BStl. drug ix administered. This indicates

thai blood levels may not predict

toxicity. Since tile efficacy lit"BNCT is
• A small subpopulation of BPA-sensitive ii furiclion of lurilor boron levels, a

ilninlals nlav react adversely to admin- clear understandillg of the effect of

istration of relatively small doses til" BPA. dose-rale on toxic'iiy .should direclly
('ardiov;,iscular lability is ii pariiculilrly influence lhc design of clinic'al

proininenl sylnplonl til stich sensitivity, protocols.

• Evaluale potential antidotal therapy.
• Infusion iii" large volunles til"Bt_A/fruclosc

is potentially toxic to tile kidneys. Studies • Identify tile physiological inechanisnls
are needed iii evaluate tills po.ssibilily, resl'lonsible for BSH-induced delayed death.

4(I
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• Confirnl BSH toxicity observalions in al European Collaboration will be compared

least one additional species to avoid being with that used by the U.S. Center.

mislead by possibly species-specific

loxicities. Finally, the results of ISU BPA toxicity studies

indicate a need to further characterize the safety

• Detemline ii" BSH contaminants contrib'lte profile of the BPA/fl'uctose formulation, since ii

Io the toxicity profile ascribed to BSH..,ks shows considerable promise as a new boron

par! of this effort BSH used by the delivery system.
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TREATMENT PROTOCOL DEVELOPMENT

Dr. Pat Gavin, PI, Washington State received by other body tissues. Brain tumors occur

University, College of Veterinary Medicine spontaneou:;ly in dogs and occur with a frequency,
turnor type distribution, and clinical course com-

Research at WSU-College of Veterinary

Medicine (CVM) is centered on a large animal parable to thai seen in human patients. Conven-

model of the effects of BNCT. Our goal is todefine tionai radiation therapy of these tumors in dogs
treatment parameters thai will ensure safe human indicates tile animals can live for a prolonged
clinical trials at a future date. The animal model period following treatment, makillg long lerm

used in these studies is tile dog. In order to monitoring feasible.
adequately define safe treatment parameters, it is

necessary lo establish limits of tolerance of normal One of tile first important tasks was to find
tissue to BNCT as well as to determine effective- dogs with spontaneously occurring brain lunlors.

ness of BNCT in dogs with brain tumors. These Through an extensive referral network estab-
studies form the focus of research begun in 1987 lished throughot|t the LJ.S., especially in the
at the WSU under the direction oi" Dr. Pat Gavin, Northwest region, researchers al WSLI have been
as the Pl. able to identify many dogs with brain tumors.

Dogs wilh brain ll_llllors exhibit a variety of syrup-

Canine subjects were chosen as the animal Iotas. The most commonly reported include sei-

model tk_rseveral reasons. Dogs have a head size zures, circling and ataxia (or unsteady gait), and
closer lo thai of a human compared to other labora- changes in atlilude, although naany other syml_-

tory animals, for example rats and mice. Also. toms are possible. Definitive diagnosis of a brain
their head to body size ratio allows for selective tumor is made by computed tomography (CT or

irradiation lo the head, thus reducing tile dose "CAT scan") and MRI scans. (Figures 24 and 25).
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infusion of BSH. Several blood samples were damage with no accompanying symptoms and
takes during and after the infusion. At a set time which can only be detected with imaging

following the infusion (2, 6, or 12 hours) the dogs techniques (CT and MRI). (Figure 27). These
were humanely euthanized with an overdose of changes may be unacceptable for human treat-
barbiturate and a full postmortem exam was ment candidates and are the defined endpointfor
performed. A variety of tumor types were the studies, lt was necessary to determine
identified on postmortem exam. (Table 5). appropriate levels of boron neutron capture radi-

Samples of the tumor, normal brain, and the ation that were potentially efficacious without
blood samples were analyzed for boron content, producing the subclinical changes in the brain.
Results of these studies showed that boron Using the results of Phase I and II pharmacoki-

netics and dose tolerance studies as guidelines,concentrations in the blood and tumor were
trials on dogs with spontaneously occurring brainrelatively high compared to normal brain tissue

and that the concentration declined at approxi- tumors were initiated. Dogs were considered suit-
mately the same rate in both tissues. Virtually ali able candidates if their tumor was confined to the
of the boron in non'nal brain can be accounted for cranial vault, that is, did not involve the pituitary

by a 4% blood volume in the tissue. (Figure 26). or the nasal cavity, and were otherwise healthy
These results showed that BSH provided a favor- due to the multiple anesthesia episodes involved.

Treatments were performed at BNL using BMRRable tumor to normal brain tissue ratio with more

optimal ratios being achieved shortly after the end on Long Island, NY. The first treatment was done
of the infusion. Thus, there exists the potential for in June i989.

sparing normal brain tissue while significantly

affecting the tumor. Although significant tumor To date, 21 dogs have received BNCT and the
retention of the boron was not seen, the recom- results have been encouraging. Only a single,
mended boron concentration per cell for etTective dorsal port treatment has been used on ali cases
BNCT was achieved and maintained for several regardless of tumor location. BNCT appears to
hours al'tertheinfusion, work as well or better than conventional

therapies, especially with tumors that are not
The highest boron concentrations were seen in meningiomas. (Figures 28, 29, 30 and 31 ).

meningiomas. These are tumors of the meninges, Survival times following BNCT are highly vari-
the tissue that covers the brain and spinal cord. able depending on the age of the animal, severity

They typically lack a blood-brain-barrier, a physi- of the lesion, and clinical condition of the animal
ological barrier that excludes most substances at the time of presentation and treatment. The

carried by the bloodstream from the brain tissue, average time of good to excellent quality of life,
and have a very good blood supply. Both of these usually free of medication, following treatment
characteristics typically increase boron delivery has been eight months. Several dogs have gone
to the tumor cells. Boron concentrations are over one year and one dog has been free of

lowest in discrete, intra-axial tumors (tumors of symptoms and off medication for over three years

the brain tissue itself, such as astrocytomas) due after treatment. However, as with more conven-
to poor blood flow and a more functional blood- tional modes of treatment, local recurrence of the

tumor is still a problem in some cases. Futurebrain-barrier. The lowest concentrations were
studies (Phase III) will maximize neutronseen in the diffuse tumors where there is minimal

disruption of the blood-brain-barrier, delivery to the tumors.

When compared to conventional therapies for
Before treatment studies could begin, a second brain tumors, BNCT offers some distinct advan-

potential limitation had to be addressed_nonnal tages. One is the one-time treatment schedule
tissue tolerance to BNCT, especially brain tissue, compared to multiple treatments for conventional
While radiation therapy, both conventional and radiation therapy. Typical treatment regimens for
BNCT, can produce clinically apparent damage to conventional therapy involve surgical debulking
the brain at high doses, lower doses can produce t'ollowed by fractionated radiation treatment with
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Table 5. Tumor-bearing subjects in BSH biodistribution study.

Age
Dog # Breed (yr) Gender a Tumor type

Sampled two hours after end of BSH infusion:

20 Golden Retriever 10 M Meningioma

39 Dachshund 13 M Meningioma

59 Blue Heeler 11 F(s) Meningioma

62 Schnauzer 9 M Men ingioma

67 Keeshound 6 M Astrocytoma

70 West Highland 11 M Fibrillary Astrocytoma

71 Pointer x 10 M(c) Choroid plexus papilloma

86 German Shepherd >5 M(c) Pituitary Adenoma

101 Golden Retriever 5 F(s) Choroid Plexus Papilloma

104 Airedale 7 M Choroid Plexus Papilloma

117 Miniature Poodle 7 M(c) Choroid Plexus Papilloma

i21 Dachshund 10 M(c) Pituitary Adenoma

126 Labrador" Retriever 11 M Pituitary Adenoma

127 Miniature Poodle 6 F(s) Reticulosis

136 Doberman Pincher I1 F(s) Choroid Plexus Papilloma

Sampled six hours after end of BSH infusion:

30 Great Dane x 9 F(s) Pituitary Carcinoma

32 Boxer" 9 F(s) Meningioma

33 Labrador Retriever >3 F Anaplastic Nasal Malignancy

43 Standard Poodle 7 M Diffuse Astrocytoma

49 Boxer 4 F(s) Diffuse Astrocytoma

50 Miniature Schnauzer 11 M Meningioma

55 Golden Retriever 9 M Diffuse Astrocytoma

76 Collie 4 M Protoplasmic Astrocytoma

88 Bassett Hound 9 M Pituitary Adenoma

Sampled twelve hours after end of BSH infusion:

1 German Shepherd x 5 M(c) Pituitary Adenoma

14 American Eskimo 13 F(s) Nasal Adenocarcinoma

15 Labrador Retriever 9 M Nasal Adenocarcinoma

18 Coon Hound 5 M Nasal Adenocarcinoma

23 Boxer >3 M(c) Pituitary Adenoma

25 Golden Retriever 9 F Meningioma

a. F(s) desi_znatesa spayed (ovariohy,;terectomized)female, M(c) a castrated male, x a cross breed.
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Figure 26. Changes in blood boron levels over time in intracranial tumors, blood, and normal brain.
(n = number of subjects sampled at 2, 6 and 12 hours)

Q

Figure 27. Radiation-induced, subclinical changes in the brain of a clog treated with BNCT.
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Figure 28. Comparison of survival of dogs with nonmeningioma brain tumors with BNCT and with

augmented conventional cobalt (6°Co+) radiation therapy. (6°Co+ radiation therapy means gamma radiation
plus some other form of therapy, i.e., chemo, hyperthermia, etc.)
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Figure 29. Comparison of survival of dogs with ali tumor types with BNCT, augmented conventional
cobalt (6°Co+) radiation therapy, and symptomatic or no treatment,
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10 Ireatmenl episodes. Even when combined with define belier treatment schedules providing more

surgical debulking and possible coarse effective Itlnior destruction and improved

fractionalion xchedules, lhc number _t' lrealmenl survival limes. Future research plans include

episodes will be reduced wilh BNCT. A second conlinualion of lhc dose tolerance and pharmaco-

advantage in llle minimal side afl'eclx l-_roduced by kinelics sludies using new boron compounds.
the treatmenI. Sofar, only mild effectx have been Surgical det_ulking of tile tumors will he

seea. The inlravenous boron infusion can some- performed prior lo lhc BNCT radiation trealmenl

times cause a nlild stomach upset and wmlilin_z, in an attempt to concentrate tile neutron capture

but the effect in lr_,lilsJellt ;llld stops t)11ce lhc jnfu- evenlx in peril3heral, infiltrating tumor cells thai

sion in over. "l'ransien! drops in lymphocyte and cim.net be removed surgically and are most often

platelel COtllllS life ;I]SO sCUll. These are usually resp_msible for recurrence of tile Itlnlor. Split-
back lo normal within two to three weeks. One dose regimens where the total neutron capture

permanent side effect i.,;a chan_e in hair color and dose in admini.,;lered c_ver two lrealmenls will also

polenlial loss oi'hair in lhc area ollrealment. (See bc invesli_aled. The polenlial of repair of

F'i_zure 32). radial i_mdamage by Itle body for lhc _amma dose
fraction of the treatment will be sludied as weil.

Clearly, BNCT has promise a._a lrcullrlcnl Curfe_llly, lhc lheory in lhc anlounl of repair

modality for brain lumors. With Iurlher research, necessary will be slight due Io the Ic_wdose rate of

inveslikzal_rsal W,SU and lhc INEl, hope lo lhcgamma irrmlialicm.

I

Figure 32. Hair l_ssand hair cc_lorchan_c in a d_ I,_llowin_ BN("I'.
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NONINVASIVE BORON QUANTIFICATION

Dr. Marty Schweizer and Ken Bradshaw, tissues is about four hours, 37 lhese lec'hniqu¢,s

University of Utah provided for only a few averaged lime points.

A given in the maturation process for BNCT is Given the ill-defined signal from BSH, with lhc
tile establishment of pharmacok inelic profiles for tbur chemically di fferenl boron spec ies broadened
the various candidate boronated agents in large by relaxation and exchange processes in vivo,
animal models and eventually in humans. Glover, Pauly, andBradshaw 42worked cmla rapid
Classical in vivo methodology in the canine three-dimensional pm.jection-rcconstruction tech-
model 37 has produced a wealth of kinetic data al niquc that permitted good image quality to bc
the expense of numerous animals necessary lo produced in 8.5 minutes from canine heads. In the

cover the entire absorption, distribution, and next paragraphs, preliminary results obtained with
elimination time courses, this method in normal dogs and those bearing

intracranial tumors will be discussed.

With these difficulties in mind as well as the

problems with obtaining human biopsy samples, BSH, first synthesized by Soloway ct ;.|1.,43 has
Kabalka el al. 3x.3'_ and Bradshaw and the structure shown in Figure 33; lhc boron-

coworkers 4°.41published early attcrnpts to moni- hydride cage has a net charge of-2. As cxpcclcd,
tor the BNCT agent, BSH nonirwasively in vivo it dots not cross a normal intact capillary cndo-
using boron-II MRS and MRI using rats and theliai blood-brain-barrier. Also in Figure 33 is
dogs, respeclively. Considerable timc_60-70 the high resolution 160 MHz proton coupled
minutcs_were required in lhcse early chemical boron correlation spectroscopy (COSY) spectrum
shift irnaging experiments to produce boron-!1 illustrating the boron-boron cormcctivitics. Nole

images with marginal signal-to-noise ratios. Con- the four types of boron nuclei span a 10 ppm
sidering the half-life of BSH elimination in most chemical shift range. This compound is rclalively

B2 B3

B1 B4

• H B1 (ppm)

S B2 .4o
.38 (P'---()

S B -36.34 c; ,) 0
-32BH

B3 -3o
-28

B4 -26

-26-28-30-32-34-36-38-40-42 (ppm)

H93 0010

Figure 33. Structure of BSH anion and lIB COSY spectrum. (The connections among the boron nuclei
are indicated.)
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nontoxiC, ,_table chemically and is in htlnli|n about I()()llsec)late in tIle inl'usion D.,ri(M, show-
loxicity aral I'_harmil¢okinelic trial,,,; in seven'al ing the boric acid .slimdard and II1¢ I']SI! nignal,
cotlntrien, itlcltnding the ll.S. (Itlventigatiotull where the redu_.'ed re.s()lution plus i, vivo

New Dru B AI)plica, tiorl for 13Sil in held hy exchange aru+lt'elaxalion I'u'oatlerlit'lB yields acom-
Jo.,,+eph(ioodman, Ml), ()hto State l.lniver,'sily), imsite of the I'()ur chemically difl'erent horon

nuclei (_,'Oml_are with i:igure 33). if lhc time
dependence til" this IISII sigrml, nt)rnmlized lo the

Boron-11 MR Imaging and highest value al the eml (,1' inl'usiotl is plotted,

Spectroscopy of BSH in Normal th,'(,L,gh(,t,Ilhc I)re- arkl i'_(,sl-itll'usi(m ix.,ri(,ds, one
ol+tain,,+data =ts,,,+hownin I:igure A('.+.N(uimllized

Dogs I+lood I_oron levels, tie(ermined by I('I+'-AI'_S are
also <.lislflayed. Reletlti(m of 13SII in tissue is n()ted

(Animal protocols al)proved I'_y the [lol'l.J by lhc slower elilllitmli,im kinetics c(mil_m'ed wilhIn.stitutiotml Anirmll ('are and rise ('ommittee; I_lood.
prolog'oi U6()6 I, al_pnwed March I(), 1¢)9I, reap-

proved March 17, 1992). I'lorcut-II inmging was illslilul(d ;+llII(+,.'end (_1
lhc I'ISI I inl'usitm period. 'l'he nmgneli_: t'es_umlweBreed ,,:harm:terislic black l,abrador Retrievers

have beet1 used for these eXl_erimenls. 'l'lle dala I_n)l'_erlies(ft'lhc I_(u'(m-I I tluc'leus irlclude 11gyn)-
l')re,senledbelow are relUesentalive (ft .six rlorrnal magnelic t'ati(_ (gamma) otlly (me-lhird Illal of
arm four glio.sm'c(mm-bearirlg arlimals. Ali d()gs i)rol()llS. ('onsitlering lhc natural illmtldam.'e ()1
laken I(u"Iu(nor iml'flantatiorl were giver1ctmIplele l+(u'Otl-I I (y,()r_,_=,the other 2()'/+_is I()B, tile ileulr(m
physic'al,,+mid any necessary irllervenliotlS during Ca.l_turitlgnucleus), lhc .sensilivily relalive lo pro-
a 3-4 week l)eniod prior to inoculali()n. All Ions is ().17. I lowevel', both hou'(m.-II i|=_tl-I() are
animals were imm()l'_ili/,ed with "l'elaz()l I M/r_ quadral_ohu', yielding very Iilsl hulgitu(li_ml aral

(ca 12() mg/kg c'tm'd_oof 5()/5()'l'ilelaluir_e I I('l,(r.> II'i|llNV(r,',+U telaxali(m rates. Therel'ore, OlW ('an
an(I Zolazel)am(r) I1('!.) prior lo tnmSl')()rt lo lhc COml)cnsale for the low sensilivily I)y pulsing rap-
clinical MR! utlil ((ii;, SI(_NA, 1.5 Tesla); re(m- idly, I"_lll ext'ited Slfin inlor=m_lion n|tlsl be galh-

filled for bor()n- I I observation a.',;per l'lradslmw, "1"1 ered ralfidly I'd(elitist ()l"tit,,.'sh(u't 'l'2's ({_()() llSe_.').
where they were inainlained on isol'luraile
(I-I.5'%) in oxygen. Afler al'fixing a boric acid The pulse SetlUenCe used in lhc Illree-
.sta.ndardonto the forehead, routine 'l'l-weighled (linlen.si(mal i_n_.jecli(ul rec(mslrucli_)_l IIwlh(M '12
sagitlal axial plu.s T2-weighted axial proton is sh()wrl in I:igure ._7. 'l'ransverse tlmgnelizati(ul
images were obtained with lhc resid(ht Ileml coil.

was i)r_(lttc(d with a nonselective t)() degree
Tllen aquadralure birdcage coil (I;igure 34), luned

(1()() Hse_.')pulse I¢flh)wed by a 4()-5() !lse_.'ring_
to b()ron- I I al 2().5 MI Iz, was po.silioned ()vet"the

(h)wn delay ('l'li). 'l'he_l i)n)je(:li()_t read()ul gra(li-
dog's head. Inl'usi(m ()t 17()-175 mg FISIi (_.'aI()()

ellis (with aPim)lu'iale _'()n|hittilt i()lls ()1( ix, (iy alldmg B)/kg in II ml./kg saline wan begun with the
(iz v;tlues I()r lhc varit)us views (ft k-.,,,im_.'e)were

flow rate adjusted lo complete delivery in 6()nlin-
ules. Whole head bor(m- I I signal acquisition and rmnped h)i|b()ul .{ ( i/<..'111it1().() msec mltl I'1¢!(III(cre

a_mllwr ().4 msec I()r a_l A/I) salnpling li11_¢()1collection of venou.s blood wan performed (very
I() mirmle,',;dut'ing the inlu.,,;ion period and every 2() I msec'.'1'11¢.SetlUenWewits relwated ()-1li(lies ttsitlg
mixlute_ thereafter. Al'ter al}t)ul tw() Ii()urs tnt{) lhc a 32 x 32 x 32 plmse etlt:{)tle matrix. An inlerl}ulse

eliminati{m pha,se,other cli_lical tt,',;en()f lhc ill.',;ll'll- delay ()t 6 I_tset.'was u,se<.l.A IieM ()l view (1"{)V)
merit dernanded terminaliotl of .,,;canning. 'l'er- ()1"4;"I(.'m yi(hl.s a v()xel size (ft' 1.5 czlt. J)uri_lg
minati()n ()t"semruing was I'()lh)wed by eutl'mtmsia rec()nstructiOll _)1lhc flequ(ncy Sl);tt'e (k-space)
and li,ssue necr()p.sy. 'l'issue b()r()ll c()nlenl was data, lhc varyitlg veh)cily (lwcause _)1t'm111_IflU."+
mea.',;uredby I('I)-AI_S. ph(lcre1 Iwuit)tls in_the aCtltiisili(Ul windt)w) t+l ilw

Ira j(t'l()l'ie.,,; Wasc'()ltll)t'lis_,lledilll(I III(' il_);Ig(.'d;ll;I
Figure 35 _.'oll.sisls of a typical wh()le head It'atlsl'err(d I() earle.start cc_(utlinales wilh a grid.

boron- I I slx.,clrulrl (.,,;umrmlli(m(ft I()().,,;catlsaccu- ding alg()rill'lnl I)erlllillitlg us(ml 251) x 256 i111a#-
muhlled in 9() .seconds with a _)()" Imln¢ widlh (ft i11gdisplays as sh_)wt_it1 I:igure 3_.
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Figure 34. t_ird_'ag_'_'oil.
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Figure 35. 2(),5 MIHz horon-II ,_p_'L'trunl_t BSIt in _'aninL'head.
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Figure 36. Normalized BSH in dog head and blood.
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Figure 37. Three-dimensional projection pulse sequence.
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Figure 39. Comparison of boron signal imensily from different tissues of equal volumes after end of
infusion. (1 and 2, tongue and mucosa: 3 and 4, muscle.)

Boron-11 Imaging and About 106 cells of the thawed suspension is

Spectroscopy in a Canine injected with a 100 pL Hamilton syringe 1 crnbeneath the cortical surface. Bone wax is used to

Tumor Model seal the skull; muscle and scalp are closed and the
animals closely moni:ored for post-op complica-

In order to lest lile boron imaging methodology lions. Both uni- and bilateral inoculations have

on a relevanl tumor model, the canine gliosarcoma been performed.
system elaborated by Saicman el al. 45 was

selected. Frozen cell suspensions have been Serial proton MRI exams, with sagittal and

supplied by Dr. John Hilton, Division of Phar- axial TI weighte'_, axial T2 weighted and

macology, The Johns Hopkins University Oncol- gadolinium enhanced TI axial views are staged

ogy Center. Tumor implantation p:olocols beginning al about day three post implantation. In

(performed in the operating suites at the UorU most cases, tumor presence is noted by day seven.
Animal Research Center) were assisted by

Proton and boron MR was perfommd as above
Richard Tippets, MD, Assistant Profes,sor of for normal dogs, with euthanasia and necropsy

Neurosurgery. following.

Conditioned dogs were immobilized with Representative serial T2-weighted axial proton
Telazol IM and subsequently mainl_:ined with images (central slice, 5 mm thickness) are given in

general isoflurance ( i .5-2.0c/_-) in oxygen. After Figure 40 showing g!iosarcoma deveiopmenl over
incisions through scalp and mascidor ,-nus :le, a nine days post inoculalion. Al day three, some
I/4 in. burr hole is prepared lhrou_,h the skull abnormal water accumula,ion is visible in the left

above the parietal h)be. Appropria:e locatiozl i,', temporal lobe/_uasal gaj_glia area. AI day seven,

guided by prior sagittai proton MRI images, this unnatural bright mass is much larger.
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Development of two separate nodules is apparent one-half as rapidly as other tissues, illustrating
at day nine; in an adjacent slice (bottom right), the greater retention in tunaor.
tumorous mass is more elongated. Boron imaging
was conducted on this clay.Figure 41 contains, on Another dog ("Sally") was bilaterally inocu-
the right, the same proton image (enlarged) lated with 1.2 x 106 cells into left and right part-
shown on the bottom left of Figure 40. On the left etai lobes (in that order of implantation). Tumors
is the boron-li image (pixei dimensions grew in both lobes near the cortical surt'ace; the
7.5 mm x 7.5 nam, with an axial slice thickness of lesion on lhc left, the first site of implantation,

1.5 cre). As expected, boron is found distributed grew to about 2 cm diameter, while the righi side
into various tissues, including tumor, but not nor- tumor was one-half this size (measured at
real brain, necropsy, however, the left tumor size was readily

apparent from the proton images while the right
side lesion was difficult to discern.)

This dog was also inoculated in the right pari-
etal lobe, but with only one-half the "usual" con- In Figure 43 is displayed, on the right, a gado-
centration (10 (') of tumor cells. This lesser linium enhanced axial T! weighted image from a

amount was evidently below the threshold neces- central 5 nam slice of "Sally", 10 days post

sary tbr tumor lk)rmation since no abnormal tissue implantation. Enhancing periphery around a
was seen on proton images, nor was any growth necrotic area is typical for this type of tumor. The
found in necropsy, corresponding boron-II image of the central 1.5

cm thick slice at day 12 is shown on the left. BSH
in lumor is clearly visible.

In Figure 42, the 16 axial slices (top left, nose

through bottom right, ears) show the distribution Histopathology ota cell samples taken at
of BSH seven minutes after the end of infusion necropsy confirm the aggressive profileration of
(67 minutes after start of injection) (left panel) in this gliosarcoma seen in the high mitotic index
the same clog ("Boo") as the Figure 41 data. Drug (collaborator; Cheryl Harris, MD, Senior Fellow
in tumor is most readily seen in a center slice (#9, in Neuropathology, UofU). Numerous capillary
counting from upper left and from left to right), fragrnents arc seen, illustrating the vascularity of
BSH content in these slices 120 minutes after the this type of neoplasm, hence the eventual virtual
end of infusion is displayed in the right panel, loss of the blood-brain-barrier.
illustrating intensity fall-off as drug eliminates.
Although somewhat difficult to visualize, ROI The foregoing results have been reported at
analysis may be used to find that the image inten- several international meetings 46.47,48as well as in
sity representing BSH in tumor falls off only a manuscript. 49
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ANALYTICAL DOSIMETRY

Dr. Dave NIggandFIoyd Wheeler, Reactor In contrast with photon therapy, where the
and Radiation Physics, INEL absorbeddoseis depositedby energeticsecondary

electrons produced via interactions between pho-

Introduction tons and tissue constituents, most of the major
absorbed dose components in BNCT are generated

by high-LET heavy charged particles (protons,
INEL researchers and selected university alpha particles, etc). These particles are produced

collaborators have been engaged for some time in by a variety of different neutron interactions with
the development of analytical methods and soft- the normally-occurring tissue elements as well as
ware for performing detailed radiation transport with the pharmaceutically-administered l°B. The
and dosimetry calculations for BNCT. Such most important BNCT dose component is, of
calculations are needed for effective planning of course, the therapeutic l°B(n,c_) dose. Ali of the
experimental BNCT research involving animal other neutron dose components are non-selective
irradiations, for interpreting the radiobiological and are therefore not desirable. One of the most

observations resulting from such research and, significant of these is the proton recoil dose pro-
ultimately, for human treatment planning. Over duced by elastic scattering interactions between
the past year, the emphasis has been on methods neutrons and hydrogen. This component is
for computation of macroscopic absorbed dose believed to have a particularly high RBE for nor-
(average energy per unit mass) distributions, real tissue damage. The proton recoil dose compo-
although some attention has been devoted to nent can be suppressed in a properly-designed
analysis of certain microdosimetric phenomena epithermal-neutron beam but, as a practical
that contribute decisively to observed radiobio- matter, it cannot be totally eliminated. Other
logical effects in BNCT. unavoidable neutron-induced background dose

components result from the nitrogen (n,p) interac-

Development of Analytical tion and from several other less-important interac-

Methods for Macroscopic tions. There is also a photon dose component inBNCT that is produced largely as a result of radia-
Dosimetry in BNCT tive capture of neutrons by hydrogen within the

irradiation volume and, to a much lesser extent, by

Radiation transport and dose distribution gamma contamination that is present in any practi-
analysis for BNCT is much more complex than is cally attainable neutron beam that is used for treat-
the case for standard photon therapy. There are ment.
several different physical radiation dose compo-
nents associated with BNCT, each of which has Figure 44 shows the essential elements that are
its own characteristic spatial distribution and required in calculational systems used for BNCT
Relative Biological Effectiveness (RBE). Most of analytic dosimetry and treatment planning. At the
these radiation dose components arise from heart of any such system is a module for calcu-
neutron interactions that take place after the lating the solution of the three-dimensional
incident neutrons from the treatment beam have Boltzman transport equation for neutral particles,

undergone several scattering interactions, given certain descriptive information as input.
Accordingly, many of the simplifying assump- This descriptive information consists of a geomet-
tions that work well for radiation transport ric model of the irradiation volume (ideally
calculations associated with treatment planning constructed directly from medical image data), a
for standard photon therapy are not appropriate mathematical description of the treatment beam,
for BNCT. Explicit three-dimensional and a complete set of coup!ed neutron-photon
calculations with a complete treatment of particle cross section data for ali elements that are present.
scattering are required. Three different methods for constructing the
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Figure 44. Flow diagram for BNCT neutron particle transport and microdosimetry analysis.

necessary geometric model have been success- and summing ali components. This method is

fully demonstrated by various investigators. The acceptably accurate for ali neutron dose

beam description consists of the spectrum, the components in BNCT since the charged particles

angular distribution, and the spatial intensity dis- that result from these interactions have very short

tribution across the plane of incidence, ofboththe ranges in tissue (on the order of a few

neutron and the photon flux components of the micrometers). Thus it is appropriate to assume

treatment beam. This information is usually that, on a macroscopic scale, the spatial distribu-

constructed from a combination of calculational tion for each of these components follows the

and experimental data pertinent to the beam of weighted spatial distribution of the original neu-

interest. Neutron and photon cross sections are tron flux. For the photon dose component this

typically taken from standard data collections and approximation is less-accurate, especially near

preprocessed into an appropriate multigroup or voids and material interfaces, but it is commonly

continuous-energy format, used in BNCT. Standard void and interface
correction methods could be used for this dose

Given the calculated neutron and photon fluxes component in situations where greater accuracy is

throughout the treatment volume (that is, the desired.

complete space and energy-dependent solution of

the Boltzmann equation for the situation of The Monte Carlo stochastic simulation method

interest), it is a relatively simple matter to is the current method of choice for calculations of

construct the resulting macroscopic absorbed radiation dose distributions in BNCT since the

dose distribution by convolving the calculated complex geometries that are characteristic of

flux data with flux-to-dose conversion factors biological systems can be very accurately repre-

(which may include RBE multipliers) for each sented using this technique, and one can obtain

radiation dose component, integrating over the integral information about the radiation dose

neutron or photon energy range as appropriate, distribution (for example, integrated dose over
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tissue compartments of interest) in quite reason- BNCT, however, use of the geometric primitive

able (10-30 minute) computing times. This is the method at INEL and elsewhere is now generally

method employed in the rtt_MC code, developed limited tc) calculations of flux and dose distribu-

over the past few years by INEL researchers tions in idealized cylindrical or spherical tissue-

specifically for BNCT applications. The ni_MC equivalent phantoms, primarily in connection

module is nearing completion. A beta test version with neutron beam design and characterization.

was established during 1992 for use in support of For aclual in vivo applications, the geometric

INEL-sponsored in vivo research, in addition, this primitive method has largely been superseded by

experimental version of rtt_MC was transferred two independent methods for constructing the

to researchers associated with the European necessary geometric descriptions directly from

Collaboration on BNCT under a formal pertinent medical image data generated either by

cooperative arrangement. CT or by MRI.

The first of the direct geometric reconstructionThe Monte Carlo method for calculation of

radiation transport is conceptually very simple, methods employs what may be described as a
• "voxei reconstruction" technique whereby each

although the actual mathematical imple-

mentations of the method that has been developed plane of medical image data is partitioned into
squares (typically !0 mm 011a side), each of

by various researchers over the years has reached which is assigned material properties based on
very high degrees of theoretical sophistication.

For BNCT purposes, the basic idea is to solve the average CT density or some other appropriate

fixed-source t'orm ot' the transport equation by criterion. Once ali of the images are partitioned,
the square regions generated in each plane are

randomly selecting neutrons and photons from a
mathematically stacked to construct a large three-

pre-specified boundary source (thai is, the
dimensional array of paraileipipeds. The various

incident beam) and following each selected
tissue compartments are thereby represented as

particle through the calculational geometry until
combinations of adjacent parallelpipeds. This

it is captured or it leaks out ot" the irradiation
reconstruction technique can be used with the

volume ot" interest. This is accomplished by
rtr MC code, but for a variety of reasons, the

stochastically simulating particle "histc)ries" as primary emphasis at INEL has been on develop-
each neutron or photon, as the case may be,
travels through the irradiation volume and inter- ment of software for generation of geometric rep-

resentations using generalized surface equations
acts with the medium. During each history the instead, as described below.
scalar flux (track length per unit volume) gener-

ated by the particle is tallied as ii traverses the The second method for direct construction of
geometry. II' enough particles are followed one geometry from medical image data is based on

can obtain statistically converged estimates ot" the the calculation ot" non-uniform rational B-spline

particle tlux in each region of interest, fits to the various tissue compartment (or any

clesired subcomparlnaent) surfaces. A B-spline

Three basic methods have been developed for surface reconstruction capability has been pro-

constructing the geometric description of the vicled for the rtr_MC code via the bnct_edil

irradiation volume for use in BNCT dosimelric reconstruction module, developed by INEl_,

modeling using the Monte Carlo technique. The researchers in collaboration with the Computer

first method, which is compulationally the Science l)epartmenls of the UofU and Montana

simplest and therefore the fastest-running, is to State University. An initial version of bnct edit

approximate the irradiation volume using logical was complctccl cluring 1992 and although devel-

combinations of a small number of geometric opment is continuing, the initial version is gradu-

primitives (spheres, cubes, cylinders, etc.) ally being phased inlo use in supporl of the

described by simple surface equations. This overall BNCT program. Wilh lhc B-spline recon-

method has been widely used for a variety of racli- struction method, one first electronically outlines

ation transport calculations over the years. In the regiol_s of in_iercsl (skin,, _kull, brain, various_
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tumor regions, etc. ) on each medical image plane desired. As mentioned previously, the rtt_MC

as illustrated, for example, in Figure 45 for ali code will also accept parallelpiped arrays
axial MRI of a Labrador Retriever head. In this constructed using the voxel technique.
figure the brain and the outer surface of the head

have been outlined on the image. The region out- The surface equation reconstruction technique
lines for ali image slices are then mathematically is very efficient and accurate. The complex
combined to produce detailed equations describ- curved surfaces of the various anatomical struc-

ing the three-dimensional surfaces that enclose tures of interest in BNCT dosimetry can be very
each volume of interest. Figure 46 shows a faithfully represented and particle tracking can be
B-spline reconstruction of the outer surface of the accomplished with the minimum number of

canine head while in Figure 47 the outer surface boundary crossings that is consistent with the
has been stripped away to show interior recon- number of tissue compartments modeled. The
structions of the brain and eyeballs. This partic- primary disadvantage is that, unlike the situation
ular canine model was constructed for use in with voxel-based reconstructions, one does not

normal tissue tolerance studies, hence there is no automatically obtain spatially-detailed flux and
tumor region shown. The surface equations gen- dose distributions. This problem has, however,
erated in the B-spline region reconstructions largely been addressed in the rtr_MC code
completely describe the geometry and can subse- without unreasonable loss of calculational effi-

quently be used in a Monte Carlo radiation trans- ciency and without introducing arrays of time-
port calculation. The spline surfaces can be consuming "t'lux-at-a-point" estimators by the
combined with geometric primitive surfaces to development by INEL researchers of the
further specify the calculational geometry if so-called "subelement Monte-Carlo" technique.

Figure 45. Axial MRI of a Labrador Retriever head showing B-spline outlines of the brain and outer head
surface. (The rostral direction is out of lile figure.)
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The subelement Monte Carlo technique perpendicular to the top of the head, with the long

basically involves superimposing a special three- axis of the delimiter perpendicular to the image
dimensional subelement mesh structure upon a plane. The bearn axis is parallel to and 25 mm to
pre-existing surface reconstruction of the irradi- the left of the sagittal midplane of the head. This
ation volume. The subelement mesh is based on is the standard arrangement used for hemispheri-
three orthogonal sets of parallel planes. It is out- cal canine-brain irradiations in the BMRR beam.
wardly similar to the parallelpiped array that Calculated thermal neutron flux contours are
would be generated for the irradiation volume by shown in Figure 49. With the exception of the
the standard voxel reconstruction method, but it is proton-recoil dose component, which is propor-
much more computationally efficient because of tional to the fast (>10 KeV) neutron flux, ali of

the concise manner in which the geometric the close components in BNCT tend to follow the
relationship between a given particle trajectory spatial distribution of the thermal neutron flux.
and the intersecting planes is specified. The Calculated proton-recoil dose contours for this
subelement mesh is independent of the model case are shown in Figure 50. This particular dose
geometry and does not affect the particle tracking component is non-selective, as is the photon dose
process, other than to moderately increase the component, shown in Figure 51.

computing time requirements. For typical

subelement structures composed of 10 mm cubes A few dose-depth traverses along a line parallel
the computing time is increased by only about to the beam axis and passing through the location
20%. During particle tracking through the origi- of the peak thermal flux are shown in Figure 52
nal surface reconstruction, each path is examined tbr the canine irradiation study. The proton-recoil
to determine the path length to tally for each and photon dose components in Figure 52 are
subelement that is intersected. This is done with a simply traverses through the data given in Figures

clipping-plane algorithm similar to those used in 50 and 51, rcspectively. The boron-neutron cap-
computer graphics. An additional attractive ture dose component shown in the figure follows
feature of the algorithm is that tqux contributions the spatial distribution of the thermal neutron flux
to subelements that happen to be intersected by a and is normalized to a clinically-realistic uniform
reconstructed surface are rigorously treated, that boron concentration of 30 parts per million (ppm)
is the algorithm "knows" that the tissue material by weight in tissue. The total dose curve includes
properties may change from one side of the the boron neutron capture dose, the proton-recoil

intersecting surface Io the other. This is illustrated dose, the photon dose, the nitrogen (n,p) dose and
in Figure 48. several other smaller components. The total

non-boron dose curve is simply the difference
Figures 49, 50, and 51 show flux and dose con- between the total dose curve and the boron dose

tours calculated lhr one axial plane of a canine curve. The non-boron dose curve shows the dose
head using the rtt_MC code with a B-spline that would be seen by normal tissues, from which

reconstruction for the overall geometric boron would presumably be excluded. The total
description and a 10-mm subelement mesh dose curve shows the dose that would be seen by
structure for spatial detail. The canine head is tissues containing boron at the assumed
assumed to be positioned in the epithermal concentration, lt can be seen that these two curves
neutron beam that is available at the BMRR. A are separated by factors of 3-4, depending on the
rectangular beam delimiter having dimensions of spatial location. This l,rovides a simple, but not
50 mm bv 100 mm was assumed and the beam necessarily radiobiologically-predictive, measure

was oriented such that the angle of incidence was of the attainable therapeutic advantage in BNCT.
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I Subelement

" Reconstructed surface

__J/_1 / .f _ ..... 1 J ve _e = AI)I + AI)2 (subelement flux)
Material 2 t,./ V_ _l_s= AI)2 + N)3 (structure flux)

Particle origin N93 0168

Figure 48. Illustration of the algorithm used l'or flux tallies irt the subelcment Monte Carlo method.

Figure 49. Calculated thernaai-neutrori flux contours in an axial plane for the B-spline Labrador retriever

head model+ pnsitioned in the BMRR epithermal-neutron beam.
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Figure 52. Calculated physical dose-depth profiles along the beam centerline for the B-spline Labrador
Retriever head model.

The dose-depth curves and the contour data able therapeutic advantage for BNCT than the
shown here are ali for the physical dose, without BMRR beam assumed for the exarnples presented
RBE factors. The RBE factors for the various here, ali other conditions being equal.

dose components are highly-dependent on the

specific conditions of the irradiation and the

biological endpoint assumed. Although it is diffi- Finally, note that the dose distribution data

cult to realistically define RBE factors for BNCT shown in the examples presented here are based

purposes, it is a simple matter to include such on the assumption of an ideal boron distribution,
factors in the displays if desired. The general that is, a therapeutic concentration of boron in the

effect of including RBE factors is lo emphasize tumor and none in normal tissue. In practice, this

the boron neutron capture close component and ideal limit is not fully achieved with currently-

thereby to increase the calculated therapeutic available boron carriers (although some carriers

advantage, provided that the neutron field in the come close), and even if boron were to be totally
irradiation volume is not unduly contaminated excluded from normal brain tissue one could still

with fast neutrons. This latter stipulation is reasonably expect to have appreciable concentra-

derived from the fact that the attainable therapeu- tions of boron in the blood as well as in the tumor.

tic ratio in BNCT is highly-dependent on the Fortunately it can be shown that the capillary

spectral purity and monodirectionality of the neu- endothelial cells in the brain are protected to a
tron beam that is used. For exarnple, the large extent frorn the boron interaction products

advanced, low-contaminant, highly-collimated, because of microdosimetric considerations and

epithennal neutron beam that has been proposed very favorable therapeutic adwmtages can still be
for installation at GTRR will offer a more favor- obtained.
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Overview of Microdosimetry for T,'an, p,,rtcalculatioqs required !o determine
BNCT the chargcd-p',trliclc Irack slruclt|r¢ dal:.| needed

for microdosimclric studies in BNCT arc

pcrfornlcd al INF, L using lhc Monlc Carlo

mclhod, in lhc microdt)simclric charged parlicleII is essential to consider microdosimclric
Iransport model developed I3y INEL researchers,

phenomena when attempting lo corrclalc parliclc range-energy rclali(mshil)s ralhcr Ih;m
absorbed dose with observed radiobiological nuclear cross sections arc employed, and
effect in BNCT. This is particularly important in scallcring interactions arc ordinarily not
the case of the boron neutron capture tlosc

considered. Each particle deposits encrgy by
component. As noled previously, the lrack

electromagnetic interactions as ii slows down in
lengths of the charged particles resulting from the

accordance with ils specified range-energy

boron neutron capture interaction arc comparable relationship. Source particles arc sampled from a
to typical tissue cell dimensions, in addilion, the

measured or assumed spatial distribution, track
intercellular and intracellular spatial distributions

lengths arc tallied, and the results arc lypicallyof boron within the irradiation volume arc
OUtl)Ut in the form of single-event energy-

generally non-uniform and arc dependent upon dcl)osili(m frequency distributions for various
the characteristics o1"lhc specific boron carrier

critical target regions of interest within lhc cells

thai is employed. Thcsc factors combine, al any being modeled. This inf()mmlion can bc used t()
dose level, to create a general lack t)f spatial

determine the average absorbed dose rate within
equilibrium on a microscopic scale for the

lhc critical target relative lo lhc dose rate thal
secondary charged particles emitted in the boron

would exist ii"charged particle cquilibritim
neutron capture interaction. This situation, in

cxislcd. The geometric correction factor (Icier-
turn, causes the apparent RBE ()1"lhc boron

mined in this manner is useful when attempting to
capture dose c()rnponctll in both normal and estimate RBI:, factors fr()m i, vivo and in vitro
rnalignant tissue to be highly-dependent on both

radiobi()l()gical rcsp()nse observations. In addi-
lhc geometry of the specific cell type of interest as

lion. lhc calculatcd energy dcposilion frequency
well as on thc localizalion propcrlics of lhc boron

dislribuli()ns can be combined with appr()prialc

carrier, microscopic radiobiological response functions
(assuming li-mt such functions arc known) and,

using the appropriate stalistical f()rmuhltions, cell
The lack of microsc()pic-scalc charged particle

response t'raclions can he cslimalcd directly.
equilibrium on the p;.trl of the products ()f the

boron neutr(_n caplurc intcraclion is t'urlher

complicated by lhc l'acI li-ml, al therapeutic dosc Microdosimclric pllcrt()nlcna can decisively

levels, there are relatively few (on the order of at'lL'ct lhc lhcrai-_cutic ildvlmlagc that is achievable

20-3(), on the average) bor(m interactions pet" cell with BNCT. For example, if lhc capillary cndo-

and relatively few charged particle tracks through Ilaclium is taken as lhc dose-limiting nornlal
the critical targets in the cell in BNCT, as opposed tissue for B NeT of brain lum()rs, and it" ()nc

to a relatively large number o1"photon-electron assumes lhc use ()1"a hor()naled drug Ih;.il does n()l

interactions and electron tracks pet cell in cross the bl()od-brain-barricr and is Ihereforc

standard photon therapy. Thus, the slatislical largely excluded from the capillary etld()theliuna
nalure of lhc entire neutron interaction and as well as from normal brain tissue (such as is
charged particle energy deposition process must believed l()be lhc case with one ()f lhc most

be taken into account. Some cells, for example, commonly-used drugs, BSil), lhen il has been

will experience radiobiol()gically-significanl shown analylically by IN[:I. researchers and

deviations from the average absorbed dose others thal the nuclei of lhc cat)illary endothelial

simply because the number of boron neulron cells will experience signil'icant geometric

capture interactions in such cells happened lo he pr()lcclion l'roM lhc bororl ilCtlll'oll reaction

far t'rom the statistical avera.e,e, pl'oducls simply because local charged particle
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equilibrium does not exist. This would, in turn, be calculations for BNCT is proceeding rapidly.
e_pecte_ to cause the apparent RBE, or the Initial software modules for reconstructing
so-called "compound factor" (geometric protec- irradiation volume geometry and perti)rming the
tion factor multiplied by the expected RBE for a necessary three-dimensional calculations have
spatially-uniform absorbed dose distribution)for been completed and are being phased into
damage to the nuclei of the capillary endothelial production use at INEL and in Europe. Currently-
cells to be significantly less than unity. In vivo ongoing efforts are focused on providing detailed,
experimental data developed by INEL understandable output displays, medical image

researchers (see Treatment Proto, _1 Develop- manipulations, tumor location capabilities and
ment section) for canines using BSH strongly other such "user-friendly" features, similar to

support this hypothesis. On the other hand, ii"the those that are available with advanced photon
intracellular boron distribution in the target treatment planning systems. Future efforts
(tumor) cells is such that there is a significantly directed toward the development and application
smaller degree of geometric protection (as is of faster calculational algorithms for radiation

' thought to be the case with glioblastoma transport are planned. The reason is that, even on
multiforme using BSH as the boron carrier), then the most advanced workstations, current execu-
one can obtain a very favorable therapeutic ratio lion times are somewhat long for routine clinical

even for a tumor/blood boron ratio that is not use; although they are quite acceptable for
: significantly greater than unity, provided that the research applications. Computational algorithms

absolute boron concentration is sutTicient to cause suitable for execution on parallel machines and
the boron neutron capture c,tose to be the dominant distributed workstation clusters as well as
component of the total absorbed dose at the advanced high-order algorithms that retain the
Sl:,atial location ot" interest. Clearly, one must accuracy of the current methods, but with Jess
carefully consider both microscopic-scale boron computational effort will be investigated as
carrier distribution information as well as priorities permit. Some examples of the latter
microscopic-scale radiation transport and inter- methods may include nodal transport methods

_" action phenomena when attempting to understand and possibly high-order dift'usion theory
and predict radiobiological response in BNCT. techniques. Finally, efforts directed toward a

more comprehensive understanding of micro-

" Conclusions and Future dosimetric phenomena associated with the
various dose components in BNCT will continue,

Directions both in support of the evaluation and testing of
proposed new boronaled pharmaceuticals and for

The development of analytical methods and use in the interpretation of observed
software at INEL for performing radiation dose dose-response data from ongoing in _'iro

= distribution analysis and treatment planning research.
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IMPLEMENTATION OF A SINGLE PARTICLE
HIGH-LET IRRADIATION SYSTEM

Dr. John M. Nelson and Dr. Leslie A. receive doses between zero and 0.6 Gy;

Braby, Pis, Pacific Northwest Laboratory, essentially no cells receive double tracks.
Radiation and Chemical Physics, Biology
and Chemistry Department Beam-segment irradiation experiments with

large doses of high-LET particles have yielded

Vascular endothelium is often taken as the radiobiological data with reasonably small

dose-limiting normal tissue when irradiating head variances. However, linear extrapolation from
and neck lesions. Consequently, the response of such experiments cannot reliably predict the
capillary endothelial cells exposed to moderate effects of a small number of particles, because
doses of high LET particles is essential for estab- there is no assurance that this dose-effect
lishing exposure limits for neutron-capture ther- relationship is linear at low closes. The

apy. Such doses would be deposited by a assumption cannot be made that because the dose
relatively small number of randomly occurring effect is linear at high closes, it will continue to be
charged particle tracks. However, due to the large linear ali the way to zero. It is also not possible to
variance in the number of particles that might define biological effects from very low-dose
pass through individual cells at these doses, it is track-segment irradiations, because of the large

variances associated with the effects at those low
difficult to define the biological effects of a spe-
cific number of tracks. Linear extrapolation from doses. More problems arise from the fact that the
the results of experiments ai larger doses, where morphology of mammalian cells in culture is such
the variance is more reasonable, may not be suit- that it is difficult to determine the exact cross

able for predicting the effects of small numbers of section of the cell nucleus, creating uncertainty in
particles, the estimates of the number of alpha particles

necessary for cell inactivation.

When low- and high-LET radiations deposit In order to predict radiation effects in healthy
similar amounts of energy in a given volume, the tissue, the probability of damage production as a
energy deposition on a microscopic scale ,nay function of the number of particles traversing the

still be far from equivalent. Low-LET x and y nucleus, and the stopping power of these particles
rays tend to deposit their energy uniformly is needed. Such data can be obtained by
throughout a large tissue volume because each irradiating individual cells, one at a time, with
interaction deposits only a small amount of predetermined numbers of accelerator-produced
energy. Large numbers of interactions occur high-LET particles, which pass through or stop
within cells at moderate doses, and multiple within individual cell nuclei. This requires

tracks occur in 7 [am diameter volumes (about the precision beam collimation to limit exposure to
size of a cell nucleus) at doses as low as about the portion of the cell being irradiated, a detector

0.01 Gy. In contrast, high-LET Farticles deposit to )unt each particle as it interacts with the cell,
large amounts of energy along their tracks. Even and a beam line shutter to stop the irradiation at
at moderate doses, for example 0.4 Gy, there is an the desired number of particles.
average of only a single charged-particle track per

cell. At this level, approximately one third of the PNL researchers have designed and built such
cells receive no dose; a third of them received a system, and are presently using ii to irradiate

doses ranging between zero and about 0.6 Gy, the SVEC4-10 endothelial cells with 1 to 5 MeV _Jt
maximum produced by a single track; and about a particles. This single-cell irradiation apparatus
third of them are traversed by two or more tracks, allows researchers to expose single cells to
recei ring a dose which is usually niore thaii known numbers of high-LET particlcs, to follow
0.4 Gy. At one tenth this dose, 0.04 Gy, 90% of these cells for extended periods, and to assess the
the cell:; are not hit at all and the remaining 10% effects of individual particles on cell growth

J
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kinetics. Cells are irradiated as a sparse mono- during the past year has been directed toward the
layer on 1.5 _tm thick Mylar® film that forms the requirements for single-cell irradiation,
bottom of specially fabricated Petri dishes. Fol- improvements in the apparatus, and testing of the
lowing irradiation, the growth of individual cells experimental procedures.
is followed using an automated video time-lapse

microscope system. Clonogenic-cell survival and The single-cell irradiation apparatus is shown
growth characteristics, for example, time schematically in Figure 53. The particle beam,
between divisions and reproductive competence produced by a 2 MeV National Electrostatics,
of both daughter cells, are monitored for several Corp. tandem accelerator, is bent vertically below
generations, the exposure port. In its present configuration, the

beam is collimated to a square beam -0.5_tm on a
Preliminary cell irradiation experiments side by two sets of knife edges set 6 and 22.5 crn

revealed several complications that are currently below the exit window. It exits vertically upward

being resolved. Those problems of most concern through the center of a 5.0 _tm aperture covered
are related to the smooth and efficient operation by a 1.5 _tm Mylar® film. Immediately above this
of the equipment. Consequently, much effort window is a small piece of scintillation fihn that

Video
camera

/ _ Viewing
Sliding rack light

li

Scintillation U Microscopedetector objective

I Mylar bottom
[ I I petri dish

Scintillator Adjustable

Piezoelectric _ i/ collimator
shutter

#l._pl_.!I_ I Faraday cup

Magnetic control )-" Ii-- I

s,,,s ,;)
___ Vertical bending

_--'"-- magnet

/ ,1" / Energy control H930007
/,'" / slits

Beam from /_
accelerator

Figure 53. Schematic diagram of the single particle irradiator. (The beam is beni vertically upward; single
particles pass through the nuclei of cells growing on the Mylar® film.)
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produces light signals as each particle passes, image intensifier is needed to amplify the very
This scintillator is used to count the individual small fraction of light reflected by the cells with
particles. Cells to be irradiated are allowed to this optical system. Output from a video camera

attach to the Mylar ® bottom of a specially mounted on the microscope headpiece is digitized
fabricated Petri dish; this dish sits immediately by an image processor and displayed on a monitor
above, and in contact with, the scintillator. The for cell recognition. During each cell irradiation,
proximity of the Mylar® film to the scintillator the objective lens is replaced by a photomultiplier
reduces scatter. The whole assembly is tube (PMT). Once the PMT is in place, a very
surrounded by a Zeiss Axiomat @ microscope fast-acting piezoelectric shutter opens and allows

equipped with phase optics. When in use, the dish particles to pass through the aperture, beginning
containing cells attached to the Mylar® film is the irradiation.
positioned on the microscope stage within a
light-tight box. The entire apparatus, except for Scintillation pulses are counted by a subroutine
the accelerator itself, is remotely operated from a in the control computer. After a predetermined
console with a computer terminal and number ot' particles have passed through the
oscilloscope, scintillating film, a piezoelectric shutter i,;closed.

Since this shutter closes in about 200 btsec, irradi-
ations with only single particles can be made with

A reflected-light (epi-illumination) rather than beams of around 500 particles per second. Figure
a transmitted-light optical system is used because 54 shows an image of the beam, made by

there is no room beneath the stage for condensing exposing a piece of the radiachromic film which
optics. Because the light intensity cannot be turns blue with exposure to ionizing radiations.

significantly increased without distorting the The t'ilm was positioned at the location oi'the film
scintillator or even the Mylar@ window itself, an to which cells would be growing.

0 30gin

Figure 54. Image of a 7-8 lambeam rnade by placin_ a piece of radiachrornic film on the Mylar® surface
=

of the culture dish, opening the shutter, and exposing it to a large number of particles.

_
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A variety of particle beams are available with cultures between the 6th and 15th passage (at
this apparatus, as can be seen in Table 6. Note that PNL) have been used for these experiments. They
a significant amount of energy is lost as the beam are maintained in Dulbecco's modification of

passes through the exit window, the plastic scin- Eagle's Minimum Essential Medium (DME),
tillator, and the film to which the cells are modified according to the GIBCO (Grand Island,

attached. This energy loss is sufficient to cause NY) dry-powder formulation (Cat. No.
lithium ions to stop within the nucleus of attached 430-1600EP), supplemented with 10% fetal calf
and even relatively flattened cells, serum, 100 i.u./mL K-penicillin, and 100 lag/mL

streptomycin-SO4. After preparation, medium

After investigating several cultured endothelial osmolarity was adjusted to 285-295 mOsM. Cell
cell lines, including a bovine adrenal medulla cultures are grown in an incubator held at 37°C,
endothelial line (EJG) and a bovine pulmonary trader a water-vapor-saturated atmosphere of 5%
artery endothelial line (CPAE), both from the CO2 in air. Figure 55 shows the characteristic

American Type Culture Collection, a transformed growth pattern of SVEC4- 10 cells in DME
murine endothelial cell line (SVEC4-10), and a medium. For reference purposes and to determine
bovine endothelial cell line from WSU, we chose that the radiation sensitivity of SVEC4-10 cells

the SVEC4-10 of O'Connell and Edidin (1990) was not dissimilar from that of most other

for our studies. 5° This is a mouse leukocyte cultured mammalian cells, researchers measured
endothelial cell line, derived from lymph-node survival of these cells to 250 kV x rays. As shown
stroma and transformed by infection with SV40. in Figure 56, although they appear somewhat
The SVEC4-10 cells, which retain many of the more sensitive than Chinese hamster ovary cells,

morphological characteristics of in situ capillary the difference in sensitivity is probably not
endothelium, seemed most promising for studies significant.
of cell survival and function, and PNL

researchers have concentrated on characterizing Cells to be irradiated are plated into specially
these cells, determining their growth require- designed and manufactured Petri dishes
ments, and establishing culture conditions suit- constructed with a 1.5 t.tm (0.06 mil) Mylar®

able for their use in the single-particle bottom, Figure 57. They attach to the Mylar® and
experiments, grow equally well as on the polystyrene substrate

of standard commercial plastic culture dishes.
In the laboratory, monolayer cultures of After 60-90 minutes, the cells are firmly attached

SVEC4-10 cells are carried by twice-weekly and the culture dish can then be placed into the

serial passage in polystyrene culture flasks holding assembly on the end of the microposi-
(Falcon 3024 or Corning 25110). Since their tioner aral. Held in this manner, each cell can then
acquisition, cells from the 3rd to 5th passages be positioned in the X-Y plane directly over the
were preserved by storage under liquid nitrogen, exit window, with a resolution of about 0.2 lam.
Because of the interesting growth characteristics The culture medium remains over the cells
of the SVEC4-10 cell line, only cells from throughout the entire irradiation procedure. As

Table 6. Particle beams available for single-cell irradiation studies.

Initial energy Energy in cell Stopping power
Particle (MEV) (MEV) (KeV/gin)

Proton 2-4 1.8-3.9 9.8-17.6

Deuteron 2-4 1.7-3.8 17-32

Alpha _-6 1.7-5.2 83-230

__ Lithium 3-6 0-3 Stop in nucleus
_
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Figure 55. Although SVEC4-10 cells appear quite similar to many other cell lines, their growth appears

to be poorly regulated and the cultures become overgrown at relatively low densities.
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Figure 56. X-ray survival data for SVEC-10 cells relative to CHO cells. (Although the SVEC4-10 cells
= appear somewhat more sensitive, this difference is probably not significant.)
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irradiate a single cell. For split-dose irradiations, are used to position individual t'iehJs containing

it generally lakes about nine seconds to return to cells to be followed to within 1 _.tmaccuracy. Its

any cell and deliver the second dose. _r:ovement is controlled by a computer that

records ali stage motions and uses this informa-
Following the irradiation oi" ali cells within a tion to return to each of several hundred selected

given area of the Petri dish, the dish is removed positions, and record additional images at speci-
from the irradiation appiu'atus and placed into a

fied intervals over several days. The computer
miniature incuhator built onto the stage of a

also coordin:,lcs the assembling ot' these video
Zeiss @ inverted microscope. This small but

sophisticated incubator miiintains the cultures iii images to t'Ol'in time-lapse sequences of each cell.

37°C under a water-vapor saturated atmosphere Figure 58 illustrates such a sequence of images.

consisting of 5% CO2 in air. As with the irradi- In this figure, only selected images have been

ation apparatus, movetnent o1" the microscope included to illustrate the growth progression of

stage is also controlled by stepping motors which each individual endothelial cell.
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ANALYSES OF BORON IN BIOLOGICAL SAMPLES

Dr. Bill Bauer, Analytical Chemistry, INEL he an ideal technique since ii has a relatively large
linear dynamic range and dots nel require any

Introduction p|'eireaimen! of lhc samples, i-lowever, prompt
Dmlma a,Jalysis requires a iluclear reaclor, lhus

A recenl resurgence of imeresl has devtloped making ii expensive or inacctssiblt Io many

conctrning lhc est (ii" BNCT 51,52,5-_for a varitly BNCT rtsearchers. An ad(iililmal probltm is lhal

of ItllllOf lypes lhgll are nel Irealiiblt usilig tslab- only I()B is aclually mtasu rid, Ihus counling
sliilislicn limit ils efleclive use wilh very small

lished lherapits. In BNCT, a paiicnl is adlninis-

iercd a boronaied molecular species (enriched in salnple sizes (().lg) wilh low bol'c)nCOllCeI1tFilliI)lis. 59.6()
IlIB) lhal localizes in lhc ItllllOr through v_ii'JotlS
lnechginisnls lhal girt deptndanl upoll ihe lUnlor The leclmique Ihai currellliy denlonslrales ihe
lype and IocalJon. A very iinporlgull aspecl of lhe lnosl prolnJse for ineelJrig ;iii iii" lhc analylJcill
conlllluJng l'eSealch being ]-Itrfornltd (iii BNCT is crileria in ICP-AF_S, which has been shiiwn ici be
the need lo accuriilely glnd preciselv determine

a very versalilc lechnique for lhc delerminalion iii
boron c(incenlralJons gll relaiively low levels of

boron in really dJfferenl lnalrJces. 61-f_6This
boron in biological Salnples. This need arises melh{id conlbines relalive case wilh a long linear
fronl ihe I'acl ihal while ihe boi'onaled species do dyilanlic l'allge ;,inddel¢clion iimils (ii" less Ihan I()
localize in lhe lunlor lissue, lhty also localize, in parls-per-I'lillioll in soluliOll, ali addilional adviin-
viiryiil 7 degrees, in olher lissut and in Ol'gginn lage cii"all I(TP-AES proctdure is Ihiil ii cgin easily
such gisihe kidney and ihe liver. Thus, priof Io uii- he inodified !()iilcltide lllher elemenls, such gis
lizalion of a specific boronaled species in BNCT, tracer elelnellls, ill the allalynis. The major prob-
il is necensary ici delerinine lhc bJ(idislribulio.'.: " lein wiih Ihis lcchnique slc'ins fronl lhc require-
lhin coillpimnd in a slalislically sigilificanl pope- melll Ihal ali solid samples be converled Iii ii
lali(m. 'l'his reqtlires a large ilun/ber (li" san-lples 1o liquid f()rin pli(ir 1_)ihe ailaiysis.
be processed in a limely fashion. Thus, lhc

preferred melhod used for I()lal I_oi'lln analysis in Dry ashing prior I{i disnolulion hiis been used
lissues IlltlSl possess lhc l_)llowing characlerislics, e fteclively I/)r lhc pfeptirtil ion lit dried r' ,anl
The nitlhod shlltlid n()l be dependanl upon ihe Saillplcn 56,57pril)f 1{) coi_lrinlellic allalysls for
chenlical forln oF lhc befell, should bt rclalively bororl, bul no reliable dala ha.';been oblained for
fasl and easy, anti should be cai_abh.'lit accuralely animill lis,sues wilh lhis inelhod. $$ Alkali I'usions

delerminillg boron COllcentrali()ns over a were also nuccessful iii lhc prepaialiOli of
relalively wide rtlllgC, bi()logica] sainpits f{)r c_)lofimelric analy.sis, 55

bul this procedure appears l(! he relalively labor

Alolnic absorplion (AA)specli{)_<'opy (AAS) inlensive as ii rtquires very careful lechnique.
would inilially Seelll 1()be till ideal inelh()d for lhis and is Ihus, unsuilablc f(u lhc large scale prepa--

iirlalysin, bul lhc tlscftililess cii" flanle AA is i'iili_lil {_tsalripie.s I > ,Atf)sainples/analysl/day).
Iimiled by lhc relaiively high deieclion Iimils and
shorl linear tiynanlic rgillge, while flaineless M()i'c. recenlly, salnpl¢ i_repar;llion pf(ictdufes

(graphile [Ul'llaCe) AA is plagued hy lhc illellll)l'y l_i" lhc ICP-AI_S delerminalii)n i_t" befell in
elTccts ciitised by lhc f_lrrllali()ll ol'a slable carbide gillill_l] lisstics ]lave bceil reported. ('4'65 ()ne

species 54. ('ol(irimelric i11elhods55"5¢,'57iil'C gl]._() inwliven lhc tint,' ()[" l_Cl'chl_ric acid and ]lydrogell
hindered by relalively shilil linear tlynanlic I)c'r(ixide, f''l lhc _llher nilric acid and hydrogel_
rallgtn, lerlglhy prilcedures Ihai require nltlC]l pei'()xidc, f,$"l'h¢ ula.illr drawl_ack I_l lhc perchh)ric
sanlple haildliil{2, lhc need Io c()llveri ali _1' liic aci{I nl¢lh_d is lilt_' specialized eqtiiplnenl and
bog'{ii1 I_)ihe Saille chcilliC;,il I()rlll, and _ll'l¢i_ IIaiiling reciuired Il)r lhc silfe handlillg (ii perch-
inv_lve ihl' iis,e cii' p_lleilli:illv hilzardous Ioricacid. lnaddili_)ll, prelililinaryexl_erinlelllSal

chemicals. Prompl gtilllllla illltiiys;iS54"5bI'5_)w_luld lhc INI_I, suggesied ihai Ihis iesi lube digesiion

=
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method was incapable of completely dissolving unacceptable sarnple-to-sanlple carryover. The
certain biological samples and thus might be problems with tile limited linear dynamic range,

incapable of completely extracting the tissue detection limits and carry over ebserved with
incorporated boron. The direct combination of AAS were readily overcome with ICP-AES.
perchloric acid and hydrogen peroxide also
causes some concern since perchloric acid is not This section of this report describes tile devel-
normally considered to be a strong oxidizing opment of methods for the analysis of boron in
agent at concentrations less than 50% and temper- various biological samples including urine, blood
atures less than approximately 60°C and, even plasma arid serum, blood, and tissues with ICP-

though hydrogen peroxide is a strong oxidizing AES. As a method of verification of the
agent, its action is slowed considerably in acidic developed methods, a comparison was made

solutions. 67The procedure employing nitric acid between restilts obtained by the ICP-AES method
and hydrogen peroxide is hampered by the time and by the standard prompt-garnnla technique
consuming and potentially hibor intensive steps using the same samples.
of evaporating the sample to neat" dryness,
cooling, redissolving, and reheating the sample. Experimental Methods

Since 1987, the EG&G Idaho, lhc. Analytical Preparation of Urine and Plasma
Chemistry Unit, with laboratories located in the Samples. Urine and blood plashla samples are
Idaho R,.':.earch Center (IRC) at INEL, has been simply prepared by dissolving a weighed 0. I g

involved iii developing methods for total boron sample in deionized water arid diluting to 1()ml.
analysis in biological samples to meet the various in a volumetric flask. The samples are then trans-
needs of the INEL BNCT program. The tech- ferred to polypropylene bottles for storage until

the ICP-AES analysis is pefforined.niques and analytical methods described in this

section are the result of those six years of Preparation of TissueSamples.Tissue sam-involvement with BNCT. Ali n-iethods described
involve the use of AES for '.lie reasons described pies are prepared by adding 1() tall of concen-

trated, ultrapure nitric acid (J. T. Baker Uitrcx)to
previously. The initial method development will

a weighed 0.5 to i.0 g tissue sample iii a Teflon-be described as well as modifications to those
lined acid digestion bomb (Parr model #4748).

methods, including a study comparing several
Prior to sealing, the bombs are spiked with 50 !rg

methods for digesting tissue samples. Methods
of a 1000 lag/mL scandiunl standard (to lnake 2

for rapid boron analysis using flow injection
antllysis and slurry riebulization of whole blood ppm in the final solution) for use as a recoverystandard. The bombs are then sealed and heated to
will also be described. A method for quantitation 5 o
of nanogram quantities of boron in milligram- 1.0 C for three hours in an oven. The completely

digested samples are then transferred to a 25 int.sized tissues will also be described.
volumetric flask, spiked with 5()_lg of a

1000 ppin yttriunl standard (to make 2 ppin in the
ICP-AES Method Development final solution) for use as an internal standard and

diluted to the w)lume. The digested sainple solu-
Initial work for the analysis of total boron in lions are then transferred to polypropylene bottles

biological samples was performed utilizing the tbr storage until analysis.
AAS as an analysis tool. lt quickly became
apparent that the limited linear dynanaic range ot" ICP-AES Analysis of Prepared Samples.
flame AAS and the relatively poor detection Calibration curves are prepared for each matrix

limits were inadequate to determine B at low btg/g using five standards, one of which is a blank. The
in biological samples. Attelnpts tit using graphite standards for the urine and plasma determinations
furnace atomic absorption spectroscopy tire prepared iii deionized water and starldards for
(GFAAS) were also unsuccessful due to the the tissue digests are prepared in 35c,_.v/v nitric
formation of boron carbides thai caused acid, as this most closely resembles the matrix oi
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the sample digests based upon a comparison of Results and Discussion

the intensities of known concentrations of a Initial Analyses and Matrix Spike
reference element in standard solutions and Recovery Problems. Initially, digested
sample digests. Actual ICP-AES determinations samples were prepared and the analyses
of boron are done using both the B 1208.959 nm performed without the addition or use of internal
emission line, since it is essentially free from or recovery standards. Standards were prepared to
spectral interferences, and the B I 249.678 nm match the sample matrix as closely as possible,
emission line. The latter line was selected as it is that is, 20% HNO3 (v/v) assuming that some
less likely to be interfered with by iron than the HNO3 was used up in the oxidation of the
more sensitive 249.778 nm B I emission lille. Two samples. The viscosity of these standards
lines were selected to assure the quality of the appeared similar to the digested samples. Quality
results by identifying situations where a potential of the analyses was monitored via matrix

interference or background problems occur, duplicates and spikes with boron in the form of
Spikes and duplicates are prepared for both boric acid and occasionally as Na2BI2HIISH.
matrices to further assess tile accuracy and Alter compiling and examining tile representative
precision. Alternately, the B I 182.59 nm boron spike recovery data shown in Table 7, it
emission line can be used if unexpected became obvious that there was a problem with the
interferences are noted with either of the other 2 analysis procedure used to quantitate boron in

emission lines; however, very high biological tissues. The problem did not appear to
concentrations of ,,:ulfur may interfere with be with the tissue sampling for the digestion
analysis at this line. procedure or the digestion procedure itself since

in many cases, duplicate samples were usually

Internal standards are used for amdysis of the reasonable even though the recovery of tile 10 to
tissue digests to correct for errors caused by the 20 microgram boron spikes was consistently low.
differing aspiration rates of the samples into the Tile spike recc.vcries were low even with tissue
ICP. Varying aspiration rates are potentially due samples that had been ground and homogenized
to differences in ',he viscosity, :_ait content or (see results for Dog 1 in Table 7) and spiked
amount of suspended particulate matter in tile bomb blanks.
samples. Internal standardization and quan-
titation is done by ratioing the net intensities of Since there seemed lo be no reasonable way
the analyte signals (boron and Sc I1 at 361.384 that lhc boron could escape from lhc bomb, it was
nra) to the net intensity of Y II 371.030 nra. These concluded that the inaccuracies were probably
ratios are then plotted versus concentration to due the uptake rate and nebulization of the of the
obtain the standard curves for the analytes. The solutions into the ICl' ilself. To this point, the
concentrations of the unknown samples are taken samples were being freely aspirated by thr:
t'rom these curves using the appropriate ratio, nebulizer into the spray chamber and the 20%
Typical recoveries oi' scandium (the recovery acid content of tile standards produced zt similar
standard) from tile digest solutions are aspiration rate as that of the samples, howeverthe

100 + 1%. aspiration rate of tile samples was not consistent.
Addition of a peristaltic pump to the samplePrompts, Analyses. Prompt-y analyses were

perl'ormed tit the BMRR by the metlaod described introduction system succeeded in delivering till
in reference 59 by R. Fairchild, P. Micca and solutions to the nebulizer/spray chamber at a
J. Coderre. Genera!!y, this procedure consisted of constant rate, but the mean recoveries of the
weighing 1 g of the biological sample into a spiked samples still did not improve. The
quartz test tube, irradiating with thermal neutrons problem wa_, Lt_en thought to be related to a
and counting for 200-300 seconds. Peak counts difference in tile matrices between the 20%
t'rom the 478 keV prompt-y-ray peak of boron are i-tN()3 standards and the cligested sample solu-
background corrected and ratioed to the tionscontaining an tmdetcrmined concentration
2.23 MeV capture 5' ray peak of hydrogen, of acid. Molecular and spectral interferences are

80



Table 7. Spike recovery data for I0 to 20 microgram spikes to tissue samples prior to acid bomb

digestion.

Dog Tissue Percent recovery

Ch Heart spike with BSH compound 113

Ma Temporal muscle 90

Am Liver 76

Am Spleen 81

Am Tumor Site #1 70

SI Cerebral grey 73

SI Tongue 101

Spiked bomb Blank- 1 84

SI Calvarium 90

Mi Heart 75

Dog 1 Kidney (homogenized)-sl 82

Dog 1 Kidney (homogenized)-s2 66 '

Dog I Kidney (homogenized)-s3 73

Spiked blank Spiked-2 88

Mean recovery 83

Standard deviation 13

rare in ICP-AES, however, matrix effects related produced the boron spike recovery results shown
to both nebulization and the ICP itself are known, in Table 8.

In this particular analysis, plasma effects were not

considered significant since maximum elemental As seen in Table 8, increasing the acid content
concentrations in a 25 mL sample resulting from of the standards improved the spike recoveries
a 1 g (wet) sample would usually be less than and resulted in a general increase in the con-
-400 lag/mL. Plasma effects are most often noted centrations determined for the samples as pre-
for ionic emission lines when elements with rea- dicted fi'om lhe trends shown in reference 69. The

_r. sonably high ionization potentials are present in data in Table 8 indicated that the problem causing

relatively high concentrations. 68 Nebulizer- the low boron spike recoveries was due primarily
related matrix effects are due to such physical to a physical effect resulting from ,,olution differ-
properties as density, viscosity and surface ten- ences causing changes ill the nebulization and
sion. 68 These parameters affect the size of the transport of the sample and analyte to the ICP.
droplets formed by the nebulizer which in turn Since researchers felt reasonably confident that
affects the analyte transport to the plasma. Min- plasma effects due to high salt concentrations and
eral acids have been shown to have dramatic neg- large w_riations in acid content were limited, it
ative effects on the sensitivity of both ionic and was decided that a better way to deal with the

atomic emission lines. 68,69Variation of the acid matrix problem would be to use an internal stan-
content of the standards used for calibration and dard to compensate lot" any instrument drift and
subsequent analysis of the tissue sample digests the physical differences from standard to sample
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Table 8. Effect of varying the acid content of the standards.

Percent Spike a or Spike
acid in Original ktg duplicate Duplicate percenl

Dog Tissue standard B/g _tg/g RPD b recovery c

Ro Cerebral white 0 1.35 8.51 -- 62

20 1.32 9.33 -- 69

30 1.32 9.95 -- 74

40 1.62 13.25 -- 100

Ro Brainstem 20 2.52 2.34 7.4

40 2.78 2.54 9.1

Ma Cerebral grey 20 0.93 9.27 -- 72

40 0.87 10.62 -- _4

Ma Liver 20 20.54 19.67 4.4

40 25.27 22.42 12.0

a. Sampleswere spiked with - 10 lagB.

b. RPD = Relative Percent Difference = Idifference * 1001 + mean.

c. Spike recoveries have been corrected for the mass of the sample.

and sample to sample. 7°,71 The method of line selections. 7°,71,73Many atomic and ionic
standard additions is generally recommended for emission lines with similar "hardness" appear to
compensating for physical matrix effects when behave similarly given a set of compromise
matrix matching is not possible. 68 However, the plasma conditions. 7°
method of standard additions increases the time

per analysis by at least a factor of 2, and was Selection of an internal standard clement that
therefore determined to be unacceptable, since mimics boron is difficult since boron has a

the ultimate goal was to develop a method for the relatively high ionization potential; it is only
routine analysis of total boron in thousands of about 58% ionized in an ICP with an ion

tissue samples. Selection of an appropriate temperature of 7500°K. 74 Also, very few
internal standard element for atomic emission elements with reasonable emission characicristics

spectrometry is difficult, lt has been suggested behave chemically like boron, and would not
that for general emission spectrometry, consider- normally be found in tissue samples c,r are
ation be given to the excitation energies, nontoxic. For these reasons, elements such as As,
ionization energies, and atomic weights of the Si, Zn or Te were determincd to be unsuitable

analyte and the internal standard elements. 72For choices for internal standards. The elements Sc
ICP-AES, these general rules do not apply often and Y were selected as potential substitutes,
and it has been shown that the "hardness" or primarily since they are unlikely to be present in a
"softness" of the emission lines and the response normal tissue sample and since overcoming a
to various plasma parameters are more important nebulization and transport problem was still the
considerations for internal standard element and only real consideration.

al
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Teble 9. Analysis results with Sc spiked to previously digested samples for use as an internal standard to
quantitate B.

Boron Spike
Scandium concentration Duplicate percent

Dog Tissue intensity mV _g/g RPD a recovery

Calibration Standards 2270 + 12 -- --

Sl Tongue 2064 4.17 --

Sl Tongue spike 2185 14.34 -- 97

Sl Peritumor #3 2183 5.33 _

Sl Peritumor #3 dup 2068 2.71 65.2 b

Sl Cerebral grey 2161 1.61 _

Sl Cerebral grey spike 2010 9.89 _

Ro Brainstem 2108 3.19 _ --

Ro Brainstem dup 2118 3.09 3.2

Ma Cerebral grey 1954 1.39 _

Ma Cerebral grey spike 1874 12.51 _ 96

Ma Liver 2145 23.60 _

Ma Liver dup 2062 24.04 1.9

a. RPD = Relative Percent Difference = Idifference * 1001 + mean.

b. Edematous peritumor tissue from the area of the brain in very inhomogeneous.

For an initial test, scandium was selected as the when compared to the consistency found in the

internal standard and 20 _tgof Sc was spiked to 10 calibration standard solutions.
mL (2 _tg Sc/mL) of some previously digested

and analyzed sample solutions. The boron Since the addition of Sc to the digests for use as
standards were prepared in 20% HNO3 and an internal standard seemed to improve the spike
spiked with an appropriate amount of Sc to make recovery and duplicate sample results, the diges-
them 2 _tg/mL. Boron emission intensities were tion procedure was changed and new digestions

ratioed to the Sc II 361.384 nm emission line. The were performed in which 50 _g of Sc was spiked
results from these analyses are shown in Table 9. directly onto the tissue in the digestion bombs
Comparing the spike recovery for the same dog prior to sealing and putting them in the oven.
(Ma) cerebral grey digest quantitated with Prior to the final dilution to 25 mL, the samples,
(Table 9) and without (Table 8) an internal stan- now in volumetric flasks, were also spiked with
dard was quite encouraging as the recoveries 50 lag yttrium. The resulting solutions contained
improved from 72-84% to 96%. The relative 2 _g/mL each of Sc and Y. The analysis results
percent difference (RPD) between solutions of using Sc as the internal standard are shown in

the same replicate digestions of Ro brainstem and Table 10. Once again, note that the Sc peak inter:.
Ma liver also improved dramatically with the sities are lower and vary widely compared to the
addition of the internal standard to the analysis. Sc intensity of the standards. The boron spike
Also note in Table 9 is that the net peak intensity recoveries, are on the whole, much better than
of Sc for the solutions of the various sample those obtained without the use of an internal stan-
digests was lower and varied quite dramatically dard (Table 7). The over recovery of the spike to
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Mi lung is not a great concern since the tissue standard is imperative for accurate and precise
concentration was ,--5times the spike level and a measurement of boron in acid digested tissue

5-10% sampling error or tissue inhomogeneity samples. Using Y as an internal standard, Sc can
would easily cause a 20-40% error in the spike be used as a recovery standard to verify sample
recovery, transfers and overall integrity of the analysis.

There was alsosomeconcernover the ability to Validation of Procedure for the Quanti-

transfer the B containing sample quantitatively tative Analysis of Total B Using Acidfrom the bomb to the volumetric flask for the final
Bomb Digestions and ICP-AES with Inter-

dilution. To investigate the possibility of any pro-
cedural losses of analytes, Y was used as the nal Standardization. Initially most of the
internal standard to quantitate Sc and B after the samples quantitated by ICP-AES in the INEL
digestion. The emission intensities of both Sc and laboratory were from dogs that had been
B were ratioed to the Y II 371.030 nm emission administered boron in the form of disodium-

line. The results of these analyses are also shown mercapto-undodecahydro-closo-dodecaborate
in Table 10. When Y is used as the internal stan- (Na2Bi2H! ISH or BSH). Some typical results for

dard, the B concentrations, replicate RPDs and one such case are shown in Table 11. The relative
spike recoveries are approxirnately the same as accuracy and precision of the analyses are indi-
when Sc is used as an internal standard. The Sc cated by the good recoveries of the spiked
was recovered with an error of no more than 1.5% samples, the low RPD of the duplicate samples

indicating a quantitative transfer of the sample and the low relative standard deviation (RSD) of
from the bomb to the volumetric flask. A conclu- the replicate analyses of a single sample solution.
sion is that as internal standards, Y and Sc behave This agreement is particularly good for the serum
near',y the same and that the use of an internal samples, which is expected since these can be

Table 10. Results for tissue digestions with Sc and Y as internal standards. (Sc was spiked into the
digestion bomb prior to digestion and Y was added just prior to the final dilution.)

Scandium as IS Yttrium as IS

Scandium Boron Boron Boron Scandium

intensity Yttrium duplicate spike % spike % %
Dog Tissue mV intensity mV RPD a recovery recovery recovery

Calibration standards 1550 + 7 1016 + 14 -- -- -- --

Mi Lung 1129 852 -- -- -- 100.5

Mi Lung spike 1148 858 -- 142 137 100.5

M Spiked bomb 1435 934 -- 104 I03 99.5
blank

Am Spleen 1150 785 -- -- -- 101.5

Am Spleen spike 1398 908 -- 99 99 101.5

A Spiked bomb 1424 928 -- 99 99 101.5
blank

Sl Spleen 1383 -- -- -- -- --

Sl Spleen duplicate 1418 -- 9.0 -- -- --

Sl Spleen spike 1419 -- -- 94 -- --

a. RPD = Relative Percent Difference = Idifference * 1001 + mean.
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Table 11. Typical ICP-AL,:, boron analysis results of tissue samples from a dog that had been

administered B in the form of Na2Bl2HljSH.

Tissue concentration

Spike
INEL Standard Duplicate percent
No. Tissue N IxgB/g deviation %RSD RPD a recovery

716 CSF post-mortem 4 3.1 1.0 31.2 --
717 Serum 50 minutes 4 14.0 0.9 6.3 --
718 Serum 65 minutes 4 74 2 2.9 -- --

719 Serum 80 minutes 4 116 3 2.6 -- --

Duplicate 4 113 3 3.0 1.9 w
720 Serum 100 minutes 4 146 3 1.8 --
721 Serum 110 minutes 4 168 4 2.3 --

722 Serum 170 minutes 4 121 3 2.7 _

Spike 4 219 2 1.1 -- 99.6
723 Serum 290 minutes 4 82 2 2.6 _
724 Serum 410 minutes 4 71 2 3.1 --

715 Boron infusion solution 4 3167 28 0.9 _

Mean % RSD for samples prepared by simple dilution 5.1 _
681 Right retina 4 22.7 0.5 2.2 --
682 Brainstem 4 3.3 0.3 7.6 --

683 Cerebral white 4 1.1 0.2 22.2 --

685 Left inguinal mass 4 40.7 0.4 I. I _
686 Anterior Tumor I 4 22.6 0.3 1.3 --
687 Caudal Tumor I 4 33.0 0.4 1.1 --

689 Cerebral grey 6 1.5 0.2 13.3 _

duplicate 6 1.6 0.2 11.8 5.4
Spike 6 14.4 0.6 4.4 -- 104.8

691 Left retina 4 17.6 0.1 0.8 --
693 Basal nuclei 4 1.8 0.1 6.8 _

694 Oral mucosa 4 34.5 0.6 1.8 _

695 Tongue 4 30.3 0.6 1.8 _

Spike 4 37.0 0.4 1.0 _ 48.6
697 Caudal Tumor II 4 29.4 0.6 1.9 --

699 Cerebellum grey 4 3.2 0. I 3.5 --
700 Hippocampus 4 2.2 0.3 15.0 --

Spiked bomb blankb 4 10.1 0.2 2.1 ._ 104.1
702 Midbrain 2 1.5 NAc NAc _
703 Cerebellum white 2 0.9 NAc NAc _

704 Mass invading thalamus 4 21.0 0.3 1.6 _
705 Anterior Tumor II 4 23.7 0.9 3.8 _
706 Left adrenal 2 20.9 NAc NAc --

707 Scalp 2 35.4 NAc NA c _
Bomb blankb 4 0.017 0.005 31.1 --

Mean % RSD for digestion and quantitation with an internal 6.7 _
standard

a. RPD = Relative Percent Difference = Idifference * 1001 + mean

b. Bomb blank spike concentration is actual!y [,tgB.

c. Not applicable.
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considered to be relatively homogeneous solu- the analytical accuracy in the form of the matrix
tions and reproducible sampling is easily achier- spike recovery.
able. It was, however, noted that for both serum

and urine samples, it is necessary to thoroughly Prompt-',/analysis for boron in biological sam-
mix the sample with a vortex mixer since the ples 58,6°,75is a proven technique and is a widely
samples tend to separate into layers after freezing, accepted method for boron analysis in the BNCT
thawing and standing, scientific community. To veri'fy the acid bomb

digestion procedure and the quantitative analysis
of boron by ICP-AES, samples were analyzed by

Table l1 also points to the problems associated both prompt-5, and ICP-AES. The ICP-AES data
with sampling and subsampling a heterogenous compares quite favorably with the prompt-5'
tissue such as the tongue for analysis. The percent technique as can be seen in Figure 59 and
recovery of the spike for the tongue in Table 11 is Figure 60. Figure 59 shows the results from sets of

reported as only 48.6%. Table 12 shows the results urine and blood serum samples that were assayed
of two more replicate digestions on pieces of the by both prompt-y and ICP-AES. Serum and urine
same tongue and a second spike on fifth piece of had never presented a problem, and samples were
the tongue. Using the average boron concentration simply diluted for ICP-AES and no internal stan-
of these three digested samples as the "true" value, dards were used. For the urine samples, one set of
the percent recovery of the original spike can be the samples was submitted directly for ICP-AES
recalculated at 70 percent. The second spiked and and one set was assayed by the prompt- 5, method

digested sample gave a recovery of 102 percent, and then reassayed by ICP-AES. A slight sam-
The spikes for these samples were relatively small pling error can be seen between the two sets of
considering that the variability (%RSD) of the urine samples, however the sample set that was
sample was at least + 10% and the spike was at a analyzed by both methods produced nearly identi-
level of only -1/3 of the total boron in the sample, cal results. Good agreement between the methods
At this spike level, a 10% sampling variability can is also demonstrated by results for the blood serum
easily produce spike recoveries in the range of samples. It is also notable that tJ,_eICP-AES proce-
100 + 30%. These results emphasize the neces- dure used < 0.1 g of sample for each analysis and

sity to acquire the most representative sample of the prompt-5' method required I g to achieve simi-
the tissue for any boron analysis requiring small lar detectabilities.
samples, which is a difficult task with many bio-

logical sample types. Spike levels should also be Figure 60 is a comparison boron analysis
high enough to allow a realistic determination of results from the prompt-',/ analysis and the

Table 12. Replicate acid bomb digestions of the same tongue sample, including matrix _piked digestions,

demonstrating the effects of sample inhomogeneity on the accuracy and precision of the B analysis.

Tongue Spikea gg B Percent

Sample gg B/g _tgB/g added recovery b

Digest 1 30.3 37.0 9.8 70

Digest 2 23.9 43.2 9.9 102

Digest 3 27.9
Mean 27.4 86

Standard deviation 2.6

Percent RSD 9.6

a. Spiked to separately digested aliquots.

b. Calculated using the mean tongue concentration.
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Figure 59. Comparison of boron analysis results in blood serum and plasma using prompt-y analysis and
ICP-AES.
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acid digestion, and ICP-AES with internal standardization.
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ICP-AES methods. The samples for ICP-AES cation is described in more detail in the following

were digested with HNO3 in the acid bomb and section.
quantitation utilized the internal standardization
method. Exactly the same tissue samples and Comparison of Digestion
masses were used for both methods of analysis. Methods for Boron
The two techniques compare quite favorably as is Determinations in Biological
indicated by the regression line for this particular
set of data, which has a regression coefficient of Samples by ]CP-AES
0.997, and the best fit line can be expressed as
ICP-AES=0.97( ± 0.01)*prompt-y+0.3. The This study was undertaken to compare boron
mean differences for the points on the line was analytical results obtained with ICP-AES on
-1.1 + 2.2 (n = 18). Using this information, at biological samples that had been prepared with a
the P=0.05 confidence interval, tcalculated= 2.12 slightly modified version of the bomb digestion

and ttabulate d - 2.11, indicating that there may be a procedure described previously in this report and
very small probability of a slight bias in the analy- in references 76 and 77 with the HC104/H202 test
sis of this particular set of samples. The mean tube digestion procedure of reference 64. Addi-
difference and the minor statistical difference are tional test tube digestigns using nitric acid with

not that great considering that the concentrations hydrogen peroxide and nitric acid alone were

in the sample set ranged from ~1 [ag/g to greater included as alternate procedures to the perchloric
than 135 [agB/g. When considering the errors, the acid digestion method. The nitric acid/hydrogen
largest relative differences between the two tech- peroxide procedure was chosen to determine if
niques occur at the lower concentrations where the same degree of digestion could be accom-
the prompt-y method is hindered by the conflict plished without using perchloric acid. The nitric
between the low natural relative abundance of the acid only test tube procedure was chosen as an

l°B isotope (20%) and the 1 [ag I°B detection extension of the bomb digestion procedure. These
limit for a 200 second count. 59,6° The ICP-AES procedures were performed in a manner

method also nears the limits of--,0.4 tag B/g, and analogous to the perchloric acid digestions. This
the reliable quantitation is in the range of 1-2 [ag study was necessary because a) the reported

B/g as evidenced by the increasing relative digestion procedures lacked data on the digestion
standard deviations of the measurements for low of brain tissues, a tissue of primary importance in

concentration samples as seen in Table 11. the INEL research, b) the work described in the
literature dealt with samples to which boron had
been added to the surface of the tissues and did

In summary, an ICP-AES method has been not address possible differences in boron

described that can be used for reliable quantita- analytical results arising from surface spiking or
tive analysis of boron in biological fluid and tis- contamination, and results from samples in which
sue samples. This method is relatively quick, with the boron was biologically incorporated, and
the only time limiting factor being the acid diges- c) safety concerns over the use of perchloric acid.
tion of tissue samples. The acid bomb digestion In addition to the comparison of analytical
procedure has the advantage of providing a more results, the various procedures were examined for
complete digestion of tissue samples and thus ease of use and the amount of time needed to pre-
does not require filtrati,3n of the digestion solu- pare samples for analysis to determine if one
tion, a step that can add an additional source of procedure was preferable to another.
error into the analysis. The primary problems of

the analysis stem from sampling errors and the Experimental Procedure
relatively large dilutions currently in use. The

ICP-AES procedure as described in the Reagents, Boron, scandium, and yttrium
experimental section was published (see refer- standards were prepared from appropriate AA
ences 76 and 77) and later altered to be used for standards (Fisher Scientific). An additional

[agB/g analysis ill 0.1-0.2 g samples. This modifi- 0.5 tag B/mL standard was prepared from a
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certified 5000 [ag B/mL NIST standard (SRM 28% hydrogen peroxide was added and the test
3107) for use as a calibration check standard, tubes were placed ill a hot water bath and heated
Concentrated, ultrapure nitric acid (J. T. Baker to 75°C for one hour. After one hour, the solution
Ultrex) was used for ali digestions involving in the tubes was a very light yellow color and
nitric acid and in the preparation of ali associated contained a white coagulant, the amount of which
standards. The 30% hydrogen peroxide and 70% varied with tissue type. The samples were then
perchloric acid were of reagent grade (Fisher filtered through a 0.45 [am filter (Gelman
Scientific). Ali solutions and digests were stored Acrodisc CR), spiked with 100 [aL of 200 [ag

in polyethylene bottles. Y/mL standard and diluted to the mark of a 10mL
volumetric flask with boron free water.

Biological tissues were obtained from dogs
that had been administered a solution containing Nitric Acid/Hydrogen Peroxide and Nitric
the compound Na2B 12HliSH (Callery Chemical) Acid Digestions. These digestion procedures
as part of a biodistribution study in dogs having were done in a manner analogous to the
brain tumors. 78 Ali tissue samples were frozen HCIO4/H202 procedure described above. The
until use. A beef liver sample was also obtained exceptions are that 0.5 mL of concentrated nitric

for use as a blank, or control, sample. The tissue acid and 0.5 mL of 28% hydrogen peroxide were
samples were defrosted, cut into small pieces and used for the nitric acid/hydrogen peroxide
ground with a mortar and pestle to assure the most procedure and 1 mL of concentrated nitric acid

was used for the nitric acid digestion. Thehomogeneous sample possible, even though some
connective tissues could not be completely HNO3/H202 digestions yielded solutions that
ground with this method, were light yellow and contained some white

coagulant and thus required filtering. The HNO3
digestions yielded dark yellow solutions with

Acid Bomb Digestions. Samples were
considerable particulate matter.

prepared by adding 3 mL of concentrated,

ultrapure nitric acid to a weighed 0.1 to 0.2 g (wet ICP-AES Analysis. Ali analytical
weight) sample of homogenized tissue in a

measurements were made on an Applied
Teflon-lined acid digestion bomb (Parr Research Laboratories Model 3520 ICP-AES.
Instrument Company, Bomb No. 4749). The

Samples were pumped into the spray chamber
bombs were spiked with 100 [aL of a 200 [ag through a Meinhart type nebulizer via a peristaltic
Sc/mL standard prior to sealing. The sealed pump operating at 2.5 mL/min.
bombs were placed in a 150°C oven for two hours

and then were removed from the oven and Calibration curves were prepared for each
allowed to cool to room temperature prior to matrix using five standards, one of which was a
opening. The resulting solutions were clear and blank, prepared from a 1000 [ag B/mL stock
contained no visible particulate matter. The solution. The ICP-AES determinations were

completely digested samples were then made using yttrium at 2 I,tg/mL as an internal
transferred to a 10 mL volumetric flask, spiked standard in order to compensate for any physical
with 100 [aL of a 200 t,tg Y/mL standard and interferences arising from differences in viscos-
diluted to the mark with boron-free water, ity, salt content, and suspended particulate matter

in the sample. Scandium was spiked to ali
Perchloric Acid/Hydrogen Peroxide samples prior to all digestions and was used to

Digestions. Perchloric acid digestions of identify any losses due to analytical technique.
tissues were done following the method described
by Tamat et al. 64 To a weighed 0.1 to 0.2 g (wet The baseline corrected intensities of the
weight) of sample in polypropylene test tube, 208.959 nm and 249.678 nm lines of boron and

0.3 mL of 70% perchloric acid and 100 [aL of a the 361.384 nm line of scandium were ratioed to
200 _tg Sc/mL standard were added and the the 371.030 nm line of yttrium that was similarly
contents were allowed to mix. Then 0.6 mL of baseline corrected. Background correction points
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for yttrium, scandium, boron at 208.959 nm, and as a considerable amount of this precipitate
boron at 249.678 nm were selected at +0.040, passed through the filter causing the final solution
+0.040, -0.026 and -0.038 nm, respectively. Two to have a milky appearance. A filter of smaller
lines were selected for boron in order to verify pore size would probably eliminate the
that the instrument was still in calibration and to precipitate completely, but the time for the
help identify possible spectral interferences such filtration step would increase.
as that arising from iron in blood, a potential high

concentration interference of the 249.678 nm line The acid bomb digestion procedure, a much

of boron, more rigorous method because of the higher
temperatures and pressures employed,

Results and Discussion completely digested ali of the tissue samples.
With this procedure, there was little, if any,

Upon visual inspection, it was clear that none evidence of remaining color and no visible
of the test tube digestion procedures resulted in particulate matter.
complete dissolution of the tissue samples. The

best success from the test tube procedures was For the four tissue types involved in this study,
obtained using the HCIO4/H202 procedure, while a minimum of four to a maximum of six replicate
nitric acid alone proved to be a far inferior samples were digested using each of the four
oxidizing agent as evidenced by the high degree digestion procedures previously defined. The
of particulate matter and the deep yellow color of analytical results for these samples are given in
the digest. Prolonged heating in the hot water bath Table 13. Initial examination of these results
did not improve the appearance of any of the indicate that ali four methods may be suitable to a
digests from the test tube procedures. The partic- limited degree for the digestion of tissues for
ulate matter appt ared to be directly related to the boron analysis by ICP-AES. The acid bomb and

amount of lipid material in the tissue. Brain HC104/H202 procedures do not show any signifi-
tissue, which is high in lipid content, left a cant differences. The HNO3/H202 and HNO3
considerably larger quantity of the coagulated, procedures show significantly lower boron
white precipitate. This precipitate could be concentrations for the liver sample and the

filtered out of the digested samples. The HNO3/H202 procedure has a significantly higher
HCIO4/H202 brain digestates were an exception result for the cerebral grey tissue.

Table 13. Results from the ICP-AES determination of B in tissues digests with different digestions
methods. Values in lag B/g + standard deviation determined from replicate digestions and analyses.

Boron concentration (lag B/g)

Tissue Method 1 Method 2 Method 3 Method 4

Cerebral white 1.09 + 0.12 1.01 + 0.19 1.20 5:0.24 1.145 + 0.079

Cerebral grey 1.13 4- 0.14 1.02 5:0.22 1.53 + 0.17 1.36 + 0.23

Liver 53.2 i 1.7 53.06 + 0.90 48.7 zt: 2.7 45.74 ± 0.55

Tongue 13.39 + 0.65 12.4 5:1.0 13.8 + 1.0 12.47 + 0.81

Method 1:Acid bomb digestion with nitric acid.

Method 2:HCIO4/H202 digestion procedure.

Method 3:HNO3/H202 digestion procedure.

Method 4:HNO3 digestion procedure.
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A comparison of several means, calculated by digestion procedure and the method blanks of the
applying a one-way analysis of variance test tube digestion procedures, bul the recovery of

scheme 7_ at the P = ().05 significance level to the scandium spikes from the tissue samples prepared
analytical results from the four digestion via the test tube digestions show a dramatic loss
procedures for each of the tissues, confirmed that of scandium with nearly ali of the tissue samples.
not ali of the methods gave statistically the same This loss of scandiurn is related, although not
result for the cerebral grey tissue or for the dog linearly, to the sample mass being digested. As
liver sT+mples.Further analysis, using the least the mass of the sample increased, the percent
significant difference statistic, identified the recovery of the scandium standard spiked onto
HNO3/H202 test tube procedure as giving a the sample decreased. Some correlation can also
significantly different result for the cerebral grey be made between low scandium recovery and the

tissue. Both the HNO3/H202 and the HNO3 test lipid content of the sample. This is most apparent
tube digestions were statistically different from in Table 14 for the HCIO4/H202 digestion proce-
the acid bomb and the HC[O4/H202 digestion dure that shows much lower scandium recoveries
procedures for the dog liver sample, but were not for the brain tissue. Since scandium is cationic in
judged to be significantly different from each nature and fonns highly charged cationic species
other for this sample. The acid bomb and the in perchlorate solutions, 67 it is possible that these
HCIO4]H202 digestion procedures did not exhibit species are complexed by the anionic nature of
any significant difference for any of the tissue the water soluble fatty acid portions of the lipid
samples, material and removed in the filtration step. Boron

is expected to he oxidized to boric acid which

Method blank and beef liver blank boron would appear a_ ,_ anion in aqueous media and is

spikes were ali recovered within the range of 92 thus not influenced by the presence of the lipid
to 108 percent for ali four methods with an overall material. It can be hypothesized from this data

average boron recovery of 102 :t: 4 percent. Only that the test tube digestion procedures may be
the HCIO4/H202 digestion procedure, with an unsuitable if other elements that form cationic
average boron recovery of 103 :t: 2 percent, was species are desired as part of the analysis scheme.
different from 100 percent recovery at the Possible examples would include Ga and In
P = 0.05 significance level, which are being investigated as imaging agents 8°

and Gd which is being investigated as both an

An interesting aspect of this study surfaced imaging agent and as a neutron capture therapy
during the examination of the recovery data for agent. 81 Based upon this data, the acid bomb

procedure is the preferred method for tissuescandium. As previously mentioned, scandium
was added to all of the samples prior to the actual digestions.
digestion in order to assess the possibility of
analyte losses and the technique of the analyst.

When the four procedures were examined forThis procedure was originally adopted for use
with the acid bomb digestion procedure and has ease of use and sample preparation time, it was
proven to be quite useful. 76For the work reported determined that of the two methods (acid bomb
in this experiment, it was decided to incorporate a and HClO4/H202 digestions) that yielded comp-
scandium recovery standard in the test tube diges- arable analytical results, the acid bomb digestion
tions for consistency, even though it was realized procedure was the easiest to perform in the INEL

that scandium may not be the most appropriate laboratory. During the test tube digestions it was
element for these digestions, necessary to constantly monitor the progress of

the digestion to minimize the frothing that was

The average Sc recovery data for ali of the observed with many of the samples. In contrast,
digestion procedures and samples are listed in the acid bomb digestion procedure requires no

Table 14. Excellent recovery data was obtained monitoring after the bombs are placed in the
for ali samples prepared with the acid bomb o,v_n, thus allowing the person doing the sample
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Table 14. Percent recoveries of scandium spiked te each sample as a recovery standard. Values represent

the average recovery + standard deviation of replicate digestions.

Scandium spike recovery percent

Tissue Method 1 Method 2 Method 3 Method 4

Cerebral white 98.9 + 3.3 43.8 5:4.7 71.6 i 7.4 82.6 + 5.8

Cerebral grey 97.8 + 1.1 53.8 + 5.0 87.5 + 8.2 83.5 + 2.5

Liver 99.9 ± 0.4 68.8 + 5.0 75.5 5:9.8 82.0 5:5.0

Tongue 101.3 + 1.4 64.0 5:8.3 86.9 5:1.6 96.5 + 0.8

Beefliver a 101.6 + 1.5 69.4 5:4.2 83.2 5:2.9 81.2 5:3.1

Blanks b 100.1 4- 1.1 99.4 5:0.7 93.6 5:3.0 99.3 5:1.8

Overall 99.7 4- 1.8 68 5:18 81 5:10 86.7 5:8.1

Method 1: Acid bomb digestion withnitric acid.

Method 2:HCIO4/H202 digestion procedure.

Method 3:HNO3/H202 digestion procedure.

Method 4:HNO3 digestion procedure.

a. Includes beef liver blanks and spikes.

b. Includes reagent blanks and reagent blank spikes.

preparation to perform other laboratory tasks. Boron Determination in
The main drawback to the acid bomb digestion is Biological Fluids with Flow
the time necessary to clean the reusable Teflon Injection for Samplebomb liners. Even though it is possible to use

disposable polypropylene test tubes with the Introduction to the ICP-AES
HC104/H202 digestion procedure, the overall

sample preparation time is approximately equal An important aspect of any BNCT program is
to the acid bomb technique due to the time the ability to rapidly and quantitatively determine
required to filter the samples to remove boron in a variety of biological sample types.
undigested material. ICP-AES has shown to be quite well suited for

boron analysis in biological samples. 64'76

lt must be stressed that this work consists of a Detection limits for boron by ICP-AES are

limited set of tissue types. As mentioned earlier, typically less than 0.010 _tg B/mL in the
the HC104/H202 digestion procedure leaves analytical solution (that is, biological samples at
more residue behind for brain tissues than it does 1 _tg B/g can be quantitated with dilution factors

for tissues such as the liver and the tongue. With as large as 100) and the linear dynamic range is in

appropriate modification to the digestion the range of 5-6 orders of magnitude. The major

procedure (and/or to the other test tube limitation ofborondeterminationsbylCP-AES is
procedures) it may be possible to reduce or due to problems with carryover. 61 INEL
eliminate the amount of undigested material and researchers have found that a rinse cycle utilizing

to assure good recoveries of other elements of both basic and acidic conditions helps to limit this
potential interest. This would make the test tube problem. Unfortunately, the rinse procedure is
digestion procedure a more attractive method, time consuming and drives the total analysis time
However, at present, the acid bomb technique to 5-7 minutes per sample, depending upon the B

gives the highest level of confidence at no concentration of the previous sample. In order to
additional loss in time or effort, limit the required rinse time, samples that are
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expected to have very high boron concentrations sample plug reached the ICP almost immediately
are diluted so that the restllling analytical solution after injection. Quantitation for an FIA-ICP-AES

concentrations are less than 5 ug B/naL. analysis was the result of a single 40 second
integration which began immediately after

In order to combat the carryover problems injection. Emission intensity values were manual
input to the calibration routines so that replicatementioned above and to simultaneously allow a information was included in the calibration curve.

much greater instrumental sample throughput, Transient signals were recorded with a Perkin-
flow injection analysis (FIA) with ICP-AES Ehnet LCI-100 recording integrator connected to
detection (FIA-ICP-AES) was investigated. Flow the PMT OUtl_Utin the ICP-AES electronics with
injection analysis 82 is a type of continuous flow the instrument software operating in the "test"
analysis in which a small volume of sample is mode.S3
very reproducibly injected into a continuously

flowing, nonsegmented stream. In the simplest Blood serum and urine samples were prepared
case, the primary function of the stream is to carry by dilution of 2{}-2(}{}l,lL of sample to 10mL with
a minimal amount of sample to a detector. In deionized water. Calibration standards were
more elaborate systems, the sample can diluted or prepared from a commercial 1{}0{}ug B/mL
modified online by the addition of reagents sohition (Fisher}. Calibrations were checked with
required for analysis. The only major disadvan- either a 0.5 or 2.5 [ag B/mL solution prepared
tage to FIA is that in some cases where extensive from a 5 mg B/mL NIST standard (SRM 3107}.
sample preparation is carried out online, detection
limits can be adversely affected. A list of advan- Results and Discussion
tages of FIA would include very high reproduc-

ibility and accuracy, speed of analysis, the need The utility of FIA-ICP-AES in boron analysis
for only small sample volumes, very short resi- is demonstrated by the traces in Figure 61. The
dence times thus limiting carryover, and the upper trace is representative of the time required
potential for doing some sample preparation for conventional, continuous aspiration ICP-AES
procedures online, analysis where two boron channels are

monitored. This trace includes the aspiration time

Experimental Procedure required to reach ztsteady state signal, to measure
the two channels in triplicate, and to clear ali of

All experiments and analyses were performed the connecting lubing of sample once theon an ARL Model 3520 ICP-AES instrument.
measurements have been made. The lower trace

Liquid argon provided the plasma torch gas
supply under standard operating conditions. The is of four 200 IuL injections of the same 1 lag
instrument was used for both conventional, B/mL solution made within the same time frame

as the upper trace. Reproducibility of these fourcontinuous aspiration ICP-AES B analysis and
for FIA-ICP-AES. In conventional ICP-AES, injections is quite good (RSD = 2.3%) and the

sample uptake was maintained at 2.6 mL/min signal returns to the baseline much more quickly
with a peristaltic pump. Quantitation was the than for the continuous aspiration technique.
result of three five second integrations at both the Carryover problems with the continuous
208.959 and 249.678 nrn B lines. In the FIA-ICP- aspiration technique are enhanced at higher

AES analysis mode, no modifications of the ICP concentrations and when long (5 sec) integrations
sample introduction system were made other than times are used to average the noise seen in
to place a Rheodyne Model 5020 injection valve Figure 61. Generally, no carryover is noted at

with a 200 laL sample loop into the carrier stream sampling frequencies up to and greater than
between the peristaltic pump and the nebulizer. 1 sarnple/minute with the FIA method. The
The carrier stream consisted only of deionized calibration data (r2=0.998) shown in Figure 62,
water flowing at 3 mL/rain. Only 30 cm of and the subsequent sample analyses were
0.5 mm id Teflon Tm tubing were used between acquired at an overall sampling rate of 1.17 sam-
the injection valve and the nebulizer, thus the pies/rain (51 manual injections in 43.5 minutes).
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Figure 61. Comparison of a conventional continuous aspiration ICP-AES and FIA-ICP-AES for 1 pg
B/mL solution.

bll_'r
2J

2ppm

• I
.i

L _
0 n_/a 13.7n_i_

T'tme--_

Figure 62. Typical calibration by FIA-ICP-AES from 0-4 lxg B/mL (ppm) standards with an NIST
calibration check. Values indicate the % RSD for the replicate injections.
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While the recording integrator is a very useful concept of direct introduction of blood serum
tool and can be used to determine the heights and samples for FIA-ICP-AES analysis, solutions of
areas of the FIA peaks, it is subject to integration 30, 60, and 90 lagB/mL with boron as boric acid
errors caused by the periodic sampling of the and Na2Bi2HIISH were prepared in an artificial
natural flicker in the torch. Additionally, the serum consisting of 4% bovine serum albumin
integrator is unable to provide convenient feed- and 8 mM phosphate buffer. Calibration stan-
back of concentration information to the analyst, dards were prepared at 25, 50, 75, and 100 [ag
A much better method of integration is performed B/mL in de±on±zed water. The 200 I.tL sample

by the ICP-AES instrument electronics when the loop on the FIA injection valve was shortened to
entire signal is in effect collected and"integrated" ~ 100 [aL. Using peak areas from the peaks
for a period of 40 seconds. This latter method of recorded on the integrator, the recovery of boron
sampling the torch output is more effective at as boric acid and Na2BI2HI ISH from the artificial
averaging noise and thus provides more stable serums were 101.1 + 1.3 % and 99.6 ± 0.5%,
and precise instrumental output for quantitation, respectively. Based on this data, it appears that by

using FIA-ICP-AES, the boron content blood

Using the 40 second integration method, the serum and plasma samples can be performed
instrument was calibrated and used to quantitate directly.

several prepared serum and urine samples by The data presented above indicate that FIA as a
FIA-ICP-AES. Over a period of 3.6 hours, 120 sample introduction method for ICP-AES

manual injections were made including triplicate analysis of B is accurate, very precise, and
injections of calibration and calibration check potentially very time efficient. The
standards and 15 samples. An NIST boron reproducibility is such that samples need not
standard used as a calibration check had a mean

always be injected and run in triplicate and the
% error of 0 ± 2% (n=21). A blind standard and

throughput of samples can potentially be doubled
a matrix spike had recoveries of 101% and 95%, or tripled over that of conventional ICP-AES.
respectively. The mean relative standard Total analysis time can be reduced even further by
deviation (% RSD) for all injections made in directly injecting serum samples into the FIA
triplicate was 1 ± 1%, and the diluted sample manifold and diluted on their way to the spray
concentrations ranged from 0.08-5.0 lag B/mL. chamber and ICP. Much of the work described in
The detection limit determined as 3 times the

this section was presented in reference 84.
standard deviation of the blank analyses was

0.012 [agB/mL. In a separate experiment, a set of Direct Analysis of Boron in
samples were run with both conventional ICP- Whole Blood with AES
AES and by FIA-ICP-AES with quite good

agreement. The linear regression of the two The INEL BNCT program has been involved
techniques plotted against each other resulted in a in normal tissue dose tolerance studies using dogs
line with slope of 1.00 ± 0.01, y-intercept of as the large animal model. 84In order to accurately
0 ± 4.and r2 of 0.994. predict when to begin an irradiation and then

determine the length of the radiation required to
Blood serum samples have concentrations achieve the desired radiological dose at a

running as high 100 _tg/g or more. Serums are specified mean boron concentration, a rapid
quite viscous and are normally diluted by a factor technique for the determination of blood-boron is
of 100 or more to thin the matrix because these required. It has previously been shown that after
high boron concentrations cause significant car- administration and distribution of BSH, the elim-
ryover during normal aspiration into the ICP. ±nation phase has a Tl of ~300 minutes 78 and
Using FIA to dilute the samples prior to reaching blood B concentrations should be roughly
the sample introduction system of the ICP would predictable at specified times during the
allow serum samples to be quantitated directly elimination. However, the physiology can be
without prior sample preparation. To test. the expected to vary somewhat from animal to animal
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and the blood B concentrations are expected to analysis used the 208.959 and 249.778 nm
vary as well. These variations mean that target B emission lines of boron.
concentrations can easily be missed.

Results and Discussion

There are numerous methods available for B Initial experimentation was performed using
analysis in biological samples, however, most blood obtained from a healthy Labrador retriever.

require some form of time-consuming digestion Aliquots (1 mL) of the heparinized whole blood
procedure (20 minutes minimum) to eliminate the were spiked with differing quantities of a BSH
matrix and, in many cases, to convert the B to a stock solution (691 _tg B/mL) and a commercial
single form. Rapid analysis of animal tissues by standard containing B (1000 _tg/mL) as ammo-
atomic emission spectroscopy has been

nium tetraborate. The resulting solutions were
performed by suspending homogenized tissue in
a deionized water slurry. 85 This analysis analyzed by standard ICP-AES procedures after
procedure, including tissue homogenization, digestion of 200 mg with nitric acid. 76 Slurries
could be performed in ~ 10 minutes. Since a for ICP-AES consisted of 200 mg aliquots of the
heparinized blood sample would not require spiked blood that had been suspended in 0.05%
homogenization, it should readily be suspendable Triton X-100 ". The results of this experiment are
in solution, shown in Table 15. Plotting the ICP-AES analysis

results for slurry nebulization versus the standard
This section describes the analysis of digestion procedure results in the regression line

heparinized whole blood using slurry sample Cslurry=(l.038 +0.014)Cdigest-(0.09 +0.43). The
introduction into both an ICP-AES and a direct results from the two sample preparation tech-

current plasma-atomic emission spectrometer niques agree very well, however, a slight (~3%)
(DCP-AES). A non-ionic surfactant (Triton positive bias may be present in the slurry results.
X-100 _M)is used to form a stable slurry of This slight bias was not a great concern because it
suspended blood cells. The non-ionic surfactant most likely was the result of having mismatched
was selected to minimize cell destruction and ICP standard and sample matrices. This initial study
or DCP problems caused by excess alkali metal utilized calibration standards that were prepared
content, in only a deionized water matrix. To avoid this

potential problem, all subsequent standards were

Experimental prepared in 0.05% Triton X-100 TM

Since the aspiration and nebulization of the
Samples were prepared as slurries simply by blood slurries for boron analysis by ICP-AES

weighing a 300 mg aliquot into a 10 mL worked well for both BSH and a simple borate,
volumetric flask, adding 0.2 mL of a 2.5% the technique was taken to BNL to be used with
solution of Triton X-100 TM,and diluting to the the DCP-AES in direct support of the large ani-
mark with deionized, boron-free water. Standards real irradiations. Because the detection limits for

were prepared in a similar 0.05% solution of the 208.959 nm B emission on the DCP-AES
Triton X-100 TM from commercial standard were only N0.023 lxg/mL, it was decided to use
solutions (SPEX Industries and NIST). Salts of 300 mg of heparinized whole blood instead of the
BSH were obtained from Callery Chemical and 200 mg used in the ICP-AES experiments. To be
Centronics Limited, and BPA was obtained from sure that there were no significant physical or

Callery Chemical. The Na4B24H22S2 (BSSB) spectral interferences associated with this change,
was prepared from BSH by the method described increasing quantities of B-free whole dog blood
in reference 86. Standard solutions containing were spiked with B from a commercial standard.
I°B were prepared from dried 95% 1°B enriched The results of this experiment are shown in
B(OH)3 obtained from NIST. Boron analysis was Table 16 and indicate that no significant interfer-
performed by ICP-AES at both the 208.959 and ences exist with as much as 5% blood in the slurry
249.678 nm emission lines, while the DCP-AES when using DCP-AES.
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Table 15. Results of an initial study comparing slurry nebulization and acid digestion of whole blood

spiked with either BSH or tetraborate. Analysis was by ICP-AES.
Slurry Digestion
l.tgB/g _tgB/g Difference a RPDb

Blood <0.42 <0.40 --

15 _tLBSH 9.50 9.57 -0.08 -0.8

30 _tLBSH 18.43 17.96 0.47 2.6

45 [xLBSH 30.16 29.76 0.40 1.3

60 [xLBSH 39.16 38.02 1.14 2.9

75 _tLBSH 49.20 48.38 0.82 1.7

60 lxL B4072- 53.02 50.68 2.34 4.5

40 _L B4072 36.27 34.24 2.02 5.7

30 _tLB4072 27.70 26.31 1.40 5.2

20 _tLB4072 19.39 18.25 1.14 6.1

10 txL B4072 9.69 9.60 0.09 1.0
0.97 3.0Mean
0.79 2.3Standard Deviation

a. Difference = slurry - digestion

b. Relative % difference = difference x 100/mean

Table 16. Effect of blood volume on the recovery of B by DCP-AES with slurry sample introduction.

mg blood 0 109 219 300 400 500

% recovery 100 97 101 103 101 101

Some typical analysis results for the same blood Viewing a cooler region of the DCP appeared to
samples by prompt y59 and slurry nebulization give an enhanced recovery forB as BSSB, so some
with DCP-AES and ICP.-AES are shown in Table blood slurry samples were rerun viewing this

17. The ICP-AES analyses were performed at the region. The results of this run are presented in the
INEL on the same slurry preparations that were last column of Table 18. Even though the recovery
used for DCP-AES at BNL. Prompt y was in some of the cage compounds was somewhat better, the
cases done twice----once the day the samFle was mean error was still --,-6%for B in the cage com-

taken using only a blank and a single standard for pounds. Ali subsequent B analyses by DCP-AES
calibration and a second time when a multipoint were corrected for this negative bias after the anal-
calibration curve could be obtained. Examination ysis of a reference standard or sample.

of Table 17indicates that the DCP-AES results are Figure 63 indicates the utility of the rapid ana-
always lower for blood and the BSSB compound lytical technique in treatment planning. In this
and nearnormal for BPA and boric acid. Assuming dog, the B elimination was quite normal until
that the multipoint prompt y results are near the ,-560 minutes. At this point the dog was taken to
true values, the % errors were calculated and aver- the reactor and anesthetized. This, in some way,

aged as presented in Table 18. The precision for the disrupted the normal elimination and during the
methods and B compounds are quite comparable; course of the irradiation there was no net change
however the first DCP-AES analysis shows a in the blood B level. By using the rapid DCP-AES

mean - 11% error for boron cage compounds. This analysis of the blood slurries, adjustments could

discrepancy was not noted in other DCP-AES be made in the irradiation schedule knowing that
analyses where the samples were digested. 87 the elimination had ceased.
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Table 17. Table 17. Comparison of typical results for B analysis by prompt y, DCP-AES and ICP-AES.

Concentrations in lxg t°B/g

Sample Prompt ya Prompt yb DCP-AES ICP-AES c

BPA solution 26.9 -- 27.1

9.5 _tg l°B/mL standard 9.6 9.5 9.7

Blank blood spike (borate) 12.5 m 12.2

bSSB solution 122 125 114

A 300 min blood 48.5 47.3 43.2 50.5

A 360 min blood 43.6 41.8 37.7 42.2

A 420 min blood 37.5 38.9 33.3 38.0

A 489 min blood 32.3 32.2 28.8 32.5

A 558 min blood 29,0 29.5 26.3 26.6

A 627 min blood 24.3 -- 22.6 26.4

B 360 min blood 44.2 m 40.0 45.7

B 420 min blood 40.3 J 34.8 40.5

B 496 min blood 36.0 m 31.7 37.1

B 562 min blood 33.3 -- 29.1 33.6

B 622 min blood 30.2 m 26.5 30.8

C 240 min blood 60.7 _ 54.0 62.7

C 300 min blood 54.1 -- 47.2 56.0

C 360 min blood 45.9 m 42.0 48.,4

C 420 min blood 39.3 -- 34.7 39.4

C 506 min blood 33.2 -- 28.1 32.3

C 571 min blood 29.9 _ 26.3 30.7

C 639 min blood 26.8 _ 24.4 27.6

a. Using multipoint calibration at a later date

b. Using only a 2 point calibration on the day of the infusion

c. Same slurries as for DCP but analysis was several days later
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Table 18. Mean % errors for whole blood B analysis by prompt y, ICP-AES and DCP-AES.

Mean percent errors a

Sample type Prompt yb ICP-AES DCP-1 c DCP-2 c

Overall error 0.1 5:2.8 1.6 5:3.7 -9.5 5:4.4 -3.9 5:6.4

Cage compounds 0.2 5:3.0 1.6 5:3.7 -11.0 5:2.3 -5.8 5:4.1

Borate compounds -.08 -- 0.0 + 1.9

a. Assumes prompt y with multipoint calibration is true value

b. Prompt y with 2 point calibration

c. DCP-AES analysis prior to (-:., and after (-2) viewing area adjustments
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Figure 63. Elimination of B in an atypical dog following administration of BSH. Each point represents
the mean of the DCP-AES analysis and ICP-AES and prompt y performed at a later date.

Conclusions error can easily be corrected for if a suitable

reference standard or a reference analysis of a
Blood samples can be prepared and analyzed

for B as slurries within 5-15 minutes of receipt, sample is available. Boron analysis in the slurries
The analysis does not appear to be affected by by ICP-AES is unaffected by the compound type,
blood slurry concentrations of up to 5% and the however, caution should be used in order to
slurries are stable for several days. When B is assure that positive errors do not result from vola-
present as a cage type compound, DCP-AES tile B compounds. The work in this section will
results are typically 5-15% low. This negative appear in reference 88.
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Determination of Boron in instrument has detection limits for boron of about

Milligram-Sized Tissue Samples 5 _g/L for the 249.68 and208.96 nm lines in theabsence of matrix effects. The detection limit for

with ICP-AES the 249.77 line is about 3 _tg/L; however, this
line is significantly overlapped by an iron emis-

The ability to accurately determine boron in sion line and often cannot be used to quantify
biological tissue samples of ali sizes is important boron in most samples. The practical detection
in evaluating the tumor specificity of the boron limit for tissue sample analysis is about 8 _tg/L
compounds being studied in BNCT research. The and practical quantitation limits are about
analytical literature having to do with deter- 20-30 [ag/L. The practical detection limit for
mining boron in biological specimens includes boron in the 5-mg sample would therefore be
techniques based on prompt-gamma ray spectros- -8 _tg/g and practical quantitation limit would be

copy, 59,6° colorimetric procedures, 89,9° atomic about 20-30 lag/g. Since the tissue boron
spectroscopy, 64,76,88and, most recently, ICP- concentrations used in BNCT therapy are
mass spectrometry (ICP-MS). 91 Unfortunately, typically only 15-30 lag/g, conventional ICP-
all of these papers describe bulk sample analysis AES is quite marginal for such small sample
techniques that lack the absolute sensitivity work.
needed to determine low _g/g levels of boron in
milligram-sized samples. The capability to

Accurate quantitation of low ppm levels of
analyze very small samples is important because
researchers find it desirable to be able to do boron boron in small tissue samples requires an efficient

concentration-mapping within and around way of getting the analyte into the plasma. The
method described in this report accomplishes thisspecific structures, and physicians would like to
with a cold-vapor generation approach that isbe able to use needle-biopsy sampling techniques

to determine if the drugs are actually localizing roughly analogous to those applied for
determining both the hydride-forming elementsbefore they expose the patient to neutron sources.

While it is possible to roughly quantitate boron in and mercury. The reaction used to volatilize the

small samples with ion microscopy 92 or track- boron is acid-catalyzed formation of volatile
etch autoradiography, 93 both of these techniques methoxyborate. This approach is not only more

efficient at transporting analyte to the plasma, itsuffer from poor precision and require expensive
and rather specialized instrumentation, also eliminates the iron emission line interference

that often contraindicates use of boron's most

sensitive emission line (249.779 nm) in

AES has supplanted other methods of traditional analyses.
determining boron in many applications. 64,76,88

The primary reasons for this are that techniques
such as ICP-AES have excellent solution- The basic idea of interfacing a borate ester vol-

concentration sensitivity, are reasonably free atilization system directly to an atomic spectrom-
from matrix effects, and the equipment has eter was first reported by Siemer in 1982. 94 A
become widely available at a reasonable cost. commercial AAS spectrometer was used in its
Unfortunately, the absolute sensitivity of conven- "emission" mode to integrate the transient green
tional ICP-AES is marginal for small sample BO2 band responses generated when the methox-
applications. For example, a typical traditional yborate was introduced into an air-acetylene

approach to analyzing a five-milligram tissue flame. A few years later, Castillo, et.al., 95 per-
sample would first involve dissolving it into a formed basically the same experiment, but
minimum of 5 mL of solution (1000:1 dilution), recorded the atomic absorption signal instead.

This degree of dilution is required because 5 mL Unfortunately, flames are not hot enough to effi-
is about the minimum volume needed to do ata ciently atomize boron, which means that flame-
analysis and possibly reserve sufficient sample based atomic spectrometric methods lack the
for a duplicate measurement. A typical ICP-AES sensitivity needed for BNCT research.
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Methods that combine some type of borate approach, it combines convenient "one-step"
ester volatilization step with ICP-AES detection operational simplicity with quantitative transfer
have already been reported. The technique of of analyte from the sample aliquot to the excita-

Novozamsky et al. 96 generates a continuous, tion source. Even though most of the methanol
steady-state signal by pumping aqueous sample, accompanies the boron into the plasma, the
sulfuric acid, and methanol streams into a gas- amount of methanol used per analysis is so small
liquid separator and then introducing a portion of that the plasma is not seriously perturbed. Conse-
the gas phase into the torch. Unfortunately, the quently, the method features the best absolute
volume of carrier gas used is too small to carry detection limits reported by ICP-AES for boron.
more than a small fraction of the boron ester into

the plasma--so little, in fact, that the method's ExperimentalProcedure
detection limit (50 ng/mL) is considerably worse

than that normally associated with strictly con- Instrumentation. An Applied Research
ventional pneumatic-nebulization. The approach Laboratories, model ARL-3520, ICP-AES was

of Hosoya et ai. 97 simply combines collection of used for the development of this method. The
the methoxyborate volatilized from a sample in sample introduction system was modified as
water with a conventional ICP-AES analysis of shown in Figure 64. Argon plasma flow, coolant
the collecting solution. Since the actual deter- flow, and other ICP instrument settings are listed
mination is strictly conventional, the only thing in Table 19 and are quite similar to those used by
gained by the esterification/distillation steps is the same instrument for conventional analyses.

freedom from line overlap problems. The sample pickup tube (0.5 mm lD PTFE) of a
standard pneumatic nebulizer (Meinhard

Another paper 98 describes a technique involv- TR-30-A3) was inserted through the rubber stop-
ing two separate volatilizations of the ester: the per-tube adaptor used to seal the top of the poly-
first separates the methoxyborate and the bulk of propylene test-tube reaction vessel. Two other
the methanol from the sample matrix and con- small PTFE tubes were also inserted through this
denses the two out together. The second step stopper. One of these was connected to a syringe

involves a gradual heating of the condensate to pump (Sage Instruments model 341A) used to
volatilize a portion of the ester into the argon deliver methanol, and the other (0.8 mm ID) to

stream goi,,g to the torch. Since methanol and vent the bottom of the stoppered reaction vessel
methoxyborate form an azeotrope with a boiling to an atmospheric-pressure argon reservoir. A
point of N53°C, the azeotrope reaches the torch "Y" inserted into the nebulizer's argon line
before the bulk of the methanol, even though the directed a small fraction of this argon first
methoxyborate and methanol have boiling points through a flow restrictor and then into this reser-
within one degree of each other. Introducing ali of voir. The reaction vessels were 9.5 x 74 mm poly-

the ester would have simultaneously put enough propylene test tubes cut to a length of 32 mm. The
methanol into the plasma to extinguish the dis- nebulizer was connected directly to the bottom of
charge. The detection limit was equally the torch witha short piece of surgical rubber tub-
unimpressive--approximately 40 rig/mL, ing. The reaction test tubes were kept as short a

possible and the spray chamber was removed to
The technique described here uses a carefully minimize severe "tailing" of the signals that

miniaturized version of the simple apparatus that would otherwise occur as the methoxyborate
Siemer originally developed for boron detection would absorb/desorb from the excess surface area
by flame emission. In common with the earlier on its way to the torch.
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Figure 64. Schematic of modification to ICP-AES sample introduction system for the in-situ
generation of methoxyborate.

Table 19. ICP-AES parameters for the determination of boron as methoxyborate.

Coolant flow (L/min) 11
Plasma flow (L/min) 1
Carder flow (L/min) 1.1

Incident power (Kw) 1.2
Viewing height (mm) 15
Boron wavelength (nm) 249.776
Meinhard nebulizer TR-30-A3

Radio frequency (MHz) 27

The nebulizer's natural suction was used to Plastics are used wherever possible because

provide the force necessary to sparge the argon they are both readily available and chemically
carrier flow though the solution in the reaction compatible with the reagents. Glass is to be
vessel, and then aspirate the resulting gas mix into avoided wherever possible because most types of

the torch. The aspiration rate of the selected nebu- glass seem to have sufficient "acid-leachable"
lizer was-40 mL/min of gas. Using the standard boron in them that "background signal" is
nebulizer to do this is not only convenient, but a overwhelming.

negative-pressure sample introduction system
also prevents any inadvertent leaks from causing The instrument's tuning system was adjusted
loss of analyte, so the plasma would not be extinguished, since
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the gas being aspirated into the torch's sample calibration curve would give a line slope of
introduction tube changes during the various 31.9 + 0.3 mV/ng, y-intercept of 159 + 8 mV,

stages of an individual analysis. The three standard error of the y estimate of 16 mV, and
different gases introduced during an analysis regression coefficients (r 2) greater than 0.998.
include argon only, argon with a combination of Typical detection limits, expressed as three times
methanol and methoxyborate vapors, and air the standard deviation of a blank, are about
only. In the case of the ARL-3520, adjusting the 0.2 ng.
tunable air-capacitor to give minimum reflected

power when the nebulizer was freely aspirating Tissue SamplePreparation.Tissues samples
air meets this requirement. With this adjustment, were acquired from a dog that had been adminis-
the reflected power ranges between 0 and tered BSH intravenously at a rate of

15 Watts as the gas composition varies during 1 mg boron/kg body weight/min, with a total
analyses, dose equal to 55 mg B/kg body weight. The

1-2 g samples were homogenized to a paste with
For developmental/diagnostic work, a standard a mortar and pestle prior to the subsampling for

laboratory integrator-recorder (Perkin-Elmer analysis. To create a more homogenous sample
LCI-100) was used to record/display the "raw" that would provide more reliable subsampling, a

photomultiplier tube signal. The ARL-3520 with separate "reference" tissue was prepared by
"A-type" electronics already has test jacks suit- adding BSH to raw beef liver. The beef liver was
able for this. These jacks are not normally active, then homogenized in a blender, lyophilized, and
but can be activated using software commands in ground to a powder.
the "TEST" mode of operation,

Samples were prepared for methoxyborate
A previous report 83 describing use of the ICP-AES analysis by a "caustic ashing"

ARL-3520 as a chromatographic detector made technique. This technique involved weighing the
similar use of those jacks. For routine analytical sample (1-30 mg) into a tared 5-mL platinum cru-
work, the spectrometer's standard readout system cible and wetting it with two drops of a dilute
was used to integrate the peak response sodium hydroxide solution (N0.2 M). The
for 60 seconds, crucibles were then placed onto a cold hotplate,

gently heated to dry the samples, and the hot plate

Calibration. Calibration was performed using was turned to its maximum setting to char the
standards prepared from 1000 lag/mL commer- samples. Final decomposition was performed by

cial boron standards for atomic spectroscopy heating the crucibles to a bright orange color over
(Fisher Scientific) that contain the boron as boric an open air-propane tqame. When a crucible had

acid. At each boron concentration, 5 laL of the cooled, it was placed onto an electronic balance,
standard was placed into the bottom of the reac- tared, and 100 [aL (0.18 g) of concentrated
lion vessel, 25 [aL of concentrated sulfuric acid sulfuric acid was weighed into it. An Eppendorf

(approximately 0.04 g) was added, and the reac- pipette was then used to rinse this acid repeatedly
rien vessel was stoppered with the modified down the sides of the crucible to assure both
stopper. Methanol was added via the syringe complete dissolution and thorough mixing. The
pump for five seconds (70 [aL). The signal crucibles were then stored in a desiccator until the
integration period was initiated at the beginning actual analysis was to be performed.
of the methanol addition. The boron response was
integrated for 60 seconds--enough time for the Sample Analysis. One of the reaction vessels
signal to essentially return to baseline, was tared onto a top-loading electronic baltu_ce

Calibration was generally done, in triplicate, with and a 25-[aL aliquot of the sulfuric acid solution
standards containing 0, 5, 15, and 50 ng of boron from a sample crucible was weighed into it. The
(i.e. 5 [aLof 0, 1, 3, and 10 [ag B/mL aqueous vessel was capped with the stopper-adaptor and
standards). Linearity is excellent. A typical the remainder of the analysis was performed
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exactly as described previously with the calibra- adjusted to force practically ali of the boron
tion standards, through the torch within a convenient 60-second

integration period. The previously quoted
Results and Discussion. The argon carrier detection limit of 0.2 ng absolute was generated

gas flow rate affects the rate at which the gener- with this sensitivity-compromised flow rate.
ated methoxyborate is sparged from the reaction
mixture and carried to the torch, the height of
maximum boron emission intensity above the The amounts, both relative and absolute, of
torch's load coil, and the residence time of water, sulfuric acid, and methanol also affect the

individual boron atoms within the viewing area of peak shape and/or sensitivity of the response.
the plasma. Low sparge and total carrier gas flow Table 20 shows the effect of varying the amount

rates generally give larger responses, peak and of sulfuric acid while keeping the amounts of
area, but the time necessary to integrate them boron (5 ng), water (5 laL), and methanol (70 _tL)
becomes inconveniently long. For this work, the constant. If insufficient acid is used, the responses

total carrier flow was kept at 1.1 L/min (-20 psi), are both small and drawn out. Presumably, this is
which kept the nebulizer uptake rate at about because of water's inhibitory effect on the
40 mL/min. These values represent an acceptable esterification process; sufficiently concentrated
tradeoff of sensitivity and analysis time. sulfuric acid can absorb this water and keep its
Figure 65 shows both peak widths (at 20% of activity low. As more acid is added, the response
peak maximum) and cut and weigh integrals of passes through a rather broad maximum and then

signals generated by 5 ng of boron at various starts decreasing. Presumably, the reason for this
argon carrier flow rates/pressures. For routine is that if there is too much sulfuric acid, its own
analytical work, carrier gas flow rate is usually reactions with the alcohol does not leave enough
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Figure 65. Effect of the carrier flow rate (represented as psi of back pressure) on the peak area and peak
width at 20% of the maximum height.
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Table 20. The dependance of the quantity of water and sulfuric acid on the measurable boron from the
in-situ formation of methoxyborate.

Sulfuric acid a Waterb

gL Area _tL Area

20 17.5 5 24.7

40 15.3 10 23.3

60 8.3 15 15.8

80 3.0 20 4.6

a. Methanol,boron, and water are constant

b. Methanol, boron and H2SO4 are constant

"free" alcohol left over to esterify the boron. As achieve good background stability and to prevent

less boron is transported to the torch per unit of drift during sample analysis.
time, it becomes difficult to distinguish the boron

signal from the baseline and the peak areas drop The recorder tracing in Figure 66 demonstrates
significantly. The ratio of sulfuric acid to a typical peak shape and gives an idea of the repro-
methanol appears to be the important feature in ducibility of the method. The reproducibility of
this case, since the addition of more methanol will 60-second electronically integrated responses are

restore the signal, somewhat better than those of peak height mea-
surements of the same signals. The reproducibility

As can be seen from Table 20, excess water of signal integrals seen with triplicate analyses of
added to the reaction mixture in the test tube also either standards or blanks is typically less than
affects the peak shape and should be kept constant 2.5% RSD, and often less than 1.5% RSD. A rep-

and to a minimum. Less than 5-10 [aL of water resentative mean integral response value for series
does not have a significant effect on the peak of blanks would be 135mV (s= 2.5), and the corre-

shape or area, but as the amount of water sponding integrals for a series of50-ng standards
increases, the peaks again become shorter and would be 1700 mV (s = 22.3). Linearity extends
broader andgenerally less well defined, from the detection limits to well beyond

250 ng boron. When the boron level exceeds the
In the INEL laboratory, boron carryover has latter level, this technique would offer no advan-

been noted during standard ICP-AES boron rage over conventional ICP-AES, unless there was
analysis. To limit the carryover, a rather lengthy a significant matrix interference. Many different

between sample rinse procedure has been imple- sample decomposition methods were investi-
mented for routine boron analysis. This rinse gated. These methods include nitric acid diges-
procedure reduces boron carryover, but does not tions in Parr bombs, test tube digestions using
completely eliminate boron accumulation in the sulfuric acid/potassium permanganate or nitric
torch. Boron accumulation in the torch can be acid/hydrogen peroxide, and caustic ashing with
easily demonstrated when the same torch used for both flames and furnaces. Apparent boron recov-
standard analyses is also used for the methoxybo- eries from BSH after Parr bomb acid digestions

rate technique. With each succeeding blank were typically twice as high when the determina-
analysis a significant, but decreasing, boron tion was done by standard ICP-AES than when the
background signal can be observed. Therefore, same solution was analyzed with the esterification
torches previously used to analyze solutions process. The problem was not tissue decomposi-
containing any significant boron concentrations tion, but conversion of the very stable
should be avoided. A clean, boron-free torch must Na2B 12HIzSH to borate. None of the previously
be used with the methoxyborate technique to mentioned wet digestion techniques reproducibly
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Figure 66. Representative peak shapes obtained from repeated analysis of 5, 10, and 15-ng boron
standards.

and quantitatively decomposed this compound, reasonable agreement. Five individual tissue sam-
Dry ashing methods with sodium hydroxide in pies of different organs acquired from a dog that
high temperature furnaces (~500°C) were unsuc- had been treated with the BSH co_npound were

cessful because ali of the available furnaces had analyzed by the methoxyborate technique and by
previously been used for borate fusions, and a standard ICP-AES method. In both methods ali

boron recoveries were much greater than 100%. analyses were done in duplicate. The results of this

To prevent the external boron from entering, the comparison are presented in Table 21. A paired
crucibles were covered, but after 1.5 hl', only t-test indicates that there is no significant differ-
-36% of BSH boron could be recovered. The ence between methods at P = 0.05. An F-test shows
quickest and most satisfactory sample preparation no difference in the precision of the method. The
technique for dealing with samples containing
boron as BSH has been caustic ashing at high precision of the two analysis methods is similar as

temperatures over a burner, reflected by the relative percent differences
between two measurements of the same sample

Comparison of samples analyzed with the caus- digest, which ranged from 0-5% for the standard
tic ashing/methoxyborate technique and acid ICP-AES analysis technique, and from 0-6% for

digestion/standard ICP-AES demonstrates the methoxyborate technique.
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Table 21. Comparison of tissue sample analysis results from standard ICP-AES and DCP-AES with
methoxyborate generation.

Direct aspiration Methoxyborate
ICP-AES generation ICP-AES

Tissue (lag B/g) (lag B/g) Difference

Spinal cord 5.6 4.1 1.5

Liver 81.9 87.8 -6.1

Spleen 20.4 22.9 -2.5

Adrenal gland 44.3 49.0 -4.7

Thyroid 22.0 22.7 -0.7

Lyophilized beef liver a 7.8 7.4 0.4

Mean difference -2.0

Standard deviation 3.0

tcalc 1.6"3,

ttabat P = 0.05 2.57

a. Spiked with boron as Na2BI2HIISH

Also included in Table 21 is the lyophilized beef Summary
liver sample. The boron concentration in the beef
liver was again determined by both the standard

ICP-AES and the methoxyborate techniques. The This work has described a relatively simple
standard ICP-AES analysis determined the con- modification of the sample introduction system of
centration to be 7.8 -1- 0.3 _tg B/g (n = 6). The a standard ICP-AES instrument so it can be used

determination by the methoxyborate technique to reliably quantitate boron in small samples. The
found the tissue concentration to be introduction of boron into the ICP torch as

7.4 + 0.2 _tg B/g (n = 5). Boron in an aqueous methoxyborate in the vapor phase allows the most
BSH standard was recovered at -90%. sensitive boron emission line to be used for quan-

titation, since the boron is removed effectively

Overall, good agreement exists between stan- from the sample matrix. The primary limitation of
dard ICP-AES and ICP-AES with methoxyborate this technique is that ali boron in the sample must

sample introduction for tissue samples. Absolute be converted to boric acid to acquire quantitative
detection limits on the order of 0.2 ng boron with generation of the methoxyborate. The conversion
the methoxyborate sample introduction will allow of boron containing compounds, including BSH,
this technique to easily quantitate boron at ng/mg in tissues to boric acid can be done effectively
levels in samples as small as 1-10 mg. With this with a caustic ashing procedure followed by dis-
technique, detectability of boron in a 5-mg sample solution in concentrated sulfuric acid. The moth-
is now approximately 0.2 ng B/mg with practical odology described here may potentially be used

quantitation limits near 0.6 ng B/mg. This repre- to determine both therapeutic and dietary boron at
sents a minimum of a tenfold decrease in the detec- part-per-million levels in a variety of small bio-
tion limit of boron in small tissue samples over the logical sample types. This work has also appeared
best conventional ICP-AES procedures, as reference 99.
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SECONDARY ION MASS SPECTROMETRY (SIMS)

Dr. Victor Chia, PI, Charles Evans & is typically 1to 5 _tm.Ion microprobe TOF-SIMS
Associates utilizes a finely focussed primary beam that is

rastered about the sample surface. Ion microprobe
Localization studies of boron in tissues were image resolution is determined by the primary

performed at CE&A under the direction of beam diameter which is typically 0.2 _tm. Funda-
Dr. Robert Odom. The research group comprised mental research of ion and molecular imaging of

of Drs. Victor Chia, Roger Bleiler, David Sams, biological tissues by TOF-SIMS probably rep-
CF,ve Jones, Jack Sheng and Connie John with resents the future in instrumentation for intra-
Dr. Chia a_, the CE&A coordinator with cellular localization studies.

_'esearchers from INEL, WSU, and Duke

University Medical Center (DUMC). The goal of Quantification
the research wa_ to establish experimental

(sample and instrumental) protocols for quantita- Preliminary experiments to certify SIMS for
tive imaging of boron atoms in brain tumor tissue boron quantification in tissues were performed
cells. If successful, this technique could be used using boron doped agarose and gelatin samples.

to evaluate the effectiveness of carrier drugs to Boron doped mixtures of 0.7% w/v of agarose
deliver boron Io malignant tissue ce!Is, and 5% w/v of gelatin were prepared and their

concentrations determined using ICP-AES by
Instrumentation INEL researchers. These solutions were depos-

ited using a micropipette onto high purity

Ali SIMS analyses were pertormed ,ising semiconductor silicon wafers forming a relatively
either a Cameca IMS-3f or 4f mass analyzer, smooth, untextured film after air drying over-
These instruments are double-focu';sipg (electro- night. Spin coating techniques were also used to
static and magnetic sectors) mass spectrometers improve surface homogeneity with little or no
with mass resolution greater than 3500, and improvements. All samples were gold-coated

imaging with a spatial resoluticI_ of 1-2 _tm. A prior to SIMS analysis using a Cameca IMS to
schematic diagram of aCameca IMS-4f is shown improve charge compepsation. The SIMS
in Figure 67. High mass resolution was necessary analyses of boron doped agarose and gelatin
to resolve 10Bll-I from )]B and llBIH from 12C samples were performed in a dynamic mode

(carbon is a major constitueilt of all ti,,,sue using a high primary beam current. Secondary

samples.) A state-of-the-art time-of-flight SIMS ions of boron (l°B and liB) and carbon were
(TOF-StMS) instrument manufactured at CE&A monitored as a function of sputter depth and these
was also utilized in this research. The system, in-depth profiles were continued until they were

shown in Figure 68, was equipped with a Cs+ ion constant. Table 22 shows typical instrument
source for ion microscope analysis and a liquid oarameters used for these experiments. Boron/

metal ion gun Ga + microbeam source for ion carbon ratios were calculated by normalizing the
microprobe analysis. Ion microscope analysis lib ion counts by its isotopic abundance. The
employs a large diameter (>300 _tm) primary ion results of this experiment are presented in
beam and forms mass-resolved ion images by Figures 69 and 70 which show boron

projecting the lateral distribution of secondary concentrations in agarose and gelatin versus
ions formed at the surface onto a two dimensional SIMS boron/carbon ratios. Although these

;mage detector. Ion microscope image resolution calibration plots showed good linearity, it is

4
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Table 22. Cameca instrument conditions used for Gelatin and Agarose analyses.

Parameters Gelatin Agarose

Primary beam

Ion source 02.+ 02.+

Acceleratingvoltage 8 keV 8 keV

Intensity 300nA 30 nA

Beam diameter 250 lxm 50 tam

Raster size 0 tam 250 _tm

Secondary beam

Polarity Positive Positive

Contrast aperture 150 tam 150 _tm

Fieldaperture 85 tam 85 tam

Resolving power 1000 1000
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Figure 69. Boron calibration curve in agarose.
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Figure 70. Boron calibration curve in gelatin.

generally accepted within the SIMS community, surrounding the tissue specimen suggesting leach-
that accurate calibration standards for quantifica- ing of boron from the tissue. We suspect that these

tion is matrix specific. We therefore also samples were prepared by freezing tissue at 0°C,
performed boron calibration experiments using sectioning at this temperature and air drying with
rat brain stripped (#56005-2, Pel Freez) minimal consideration to the tissue integrity dur-
(50% w/w) and dog brain homogenates spiked ing the sample preparation procedure. For
with 10B and llB prepared from Na2BIaHI1SH successful SIMS imaging, viable tissues with a
and H3BO3 to evaluate their suitability as calibra- flat surface is a prerequisite requirement.
tion standards. The SIMS depth profiles and the
calibration plot from the rat brain calibration

experiment are shown in Figure 71 and 72. Ali In the later part of 1992, attention was focussed
calibration experiments displayed linearity with a on developing tissue sample preparation proce-
correlation coefficient greater than 0.98. dures in collaboration with WSU and DUMC

researchers. The methodology developed was
based on cryotechniques to stabilize and "fix"

Sample Preparation ultrastructures of the specimen cells as it existed
under physiological conditions. Under ideal
experimental conditions, cryofixation will

The first few tissue samples supplied to CE&A preserve the constituents of the biological system
for SIMS analyses were inappropriate due to poor in their viable position and minimize ice crystal
sample preparation. For instance, boron was formation to within a size range that is smaller than
observed at significant concentrations in regions the spatial resolution of the observation technique.
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Figure 72, Boron calibration curve in rat brain matrix.
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The general procedure adopted was to cryofix a without adding potential contaminants. As Fig-
viable tissue using a Reichert-Jung MM 80E ure 73 indicates, conventional transmission elec-
Metal Mirror Cryofixation System for ultrarapid tron microscopy must be performed in parallel to

freezing. This method provided cooling rates in the SIMS analysis to evaluate the quality of the
the vicinity of 50,000 K/s and good freezing (vitri- cryosections with respect to induced structural
fication) to a depth of about 10-15 _tm.Cryoultra- artifacts from the cryopreparation procedures.

microtoming of the frozen tissue (if necessary)

was then followed by freeze-drying. An outline of TOF-SIMS Imaging
a sample preparation flowchart is shown in
Figure 73. Sample preparation by cryofixation is

more difficult to perform than chemical fixation. Several examples of TOF-SIMS images are
However, the advantages of cryofixation were presented to demonstrate the utility of TOF-SIMS
very significant. For example, leaching ofendoge- for localization studies. Figure 74 shows the posi-
nous diffusible elements and loss of organic com- tive secondary ion image of a model membrane
pounds during dehydration and embedding steps surface, composed of phosphatidylcholine cova-

were eliminated in this procedure. Concentration lently attached to silica particles with the polarend
buildup of diffusible elements in artifactual loca- groups exposed. This image was acquired in the
tions due to concentration gradients in the tissue ion microprobe mode. The beads are 7-12 _tm in

and preferentially bound sites were also elimi- diameter (cell dimensions) and were randomly
nated, lt is true that cryofixation, as opposed to distributed onto a carbon substrate. Pseudo three-
chemical fixation, is the only method that dimensional images of the spheres are clearly

preserves intracellular elemental distributions observed in this figure, lt was important to realize

I ViableCells [orTissue

,,
I I

[ Chemi°alI [ U'trarapieIFixation Freezing

I ,, i
I I I,, , !

[ E,,.,beae,r,gi ICr,t,ca,Po,r,,I I Cryo(Ultra)I Freeze]Drying Microtomy Substitution
II I_ _ ,, i

! il 1 I;reezeD_'ngl F Cry°trans;erll Embedding I
I ,'" ' , I I
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Figure 73. Biological tissue preparation.
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A laboratory rat was intravenously infused results was used for boron quantification in the
with BSH (100 mg B/kg body weight, natural liver tissue. Dynamic SIMS profiles acquired
abundance boron) and the boron was allowed to from the liver of the diffused and control rat are
distribute to the tissues for about one hour. This shown in Figure 78. Boron concentrations of

rat and a control rat (not administered with boron) about 53 _tgB/g in the infused rat and about 13 _tg
were then euthanized and the liver and three B/g in the control rat were observed. An optical

regions of the brain (cerebral hemispheres and micrograph of the freeze-dried section and a
brainstem) removed and immediately cryopres- boron secondary ion image of the infused rat's

erved using a liquid nitrogen metal mirror fixa- liver are shown in Figure 79. Boron appears
tion unit. Tissue samples designated for SIMS homogeneously distributed and was not observed

analysis were stored in a liquid nitrogen dry-ship- in the tissue voids indicating that no diffusible
per dewar and mailed to DUMC. After ultracryo- boron was lost during sample preparation. The
microtoming and freeze-drying at DUMC the potassium secondary ion image in Figure 80
tissue samples were returned to CE&A under shows clusters of high intensity spots probably
vacuum for SIMS analysis. The remaining por- corresponding to cells. The observed potassium/
tions were shipped to INEL for ICP-AES analy- sodium ratio of about eight suggests that the tis-
ses. sue was viable at the time of cryopreservation.

Presently, only the liver tissue samples have

been imaged and depth profiled by SIMS. Boron These preliminary results illustrate that quanti-
quantification was performed using brain homo- tative imaging is possible by SIMS with
genate as the matrix standard. Figure 77 shows appropriate cryopreservation of tissue. Quanti-
boron calibration curves of boric acid and BSH in fication using brain homogenate gave reasonable

brain homogenate and BSH in gelatin in which boron concentration values in the liver; a compar-
the absolute boron concentrations were quanti- ison with ICP-AES results will confirm the

fled by ICP-AES. Note that the slope of the cal- accuracy. Boron was homogeneously distributed

ibration plot for BSH in brain homogenate was in the freeze-dried liver section of the infused rat.
lower than the corresponding boric acid plot, and The viability of the tissue at the time of cryo-

that similar slopes were observed for the plots of preservation was confirmed by the high
boric acid in brain homogenate and BSH in gela- potassium to sodium ratio. The high intensity

tin, suggesting that the sampled aliquots from potassium spots observed probably correspond to
BSH in brain homogenate contained the aqueous individual cells. Further improvements in the
unbound boron, cryopreservation methodology is required to

obtain higher resolution images which will

For the purpose of this study, an average value provide even better localization of boron in
of the brain homogenate and gelatin calibration tissue.
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ALPHA TRACK-ETCH

Dr. Clive Nelson, PI, Idaho State Univer- these methods of measuring boron in liquid or
sity, College of Pharrnacy ashedsamples aresufl'iciently adequate t'or most

clinical purposes, i1prevents a detailed cos'cia-

Researchers at ISU have demonstrated the use live analomical investigation of boron distribu-

of track-etch techniques for measuring boron in lions within intact tissue.
tumors and brain tissue.

A metl'|od tk_robtaining the concentration and
distribution o1' boron in intact whole brain

There are various brain imaging techniques sections in small animals or in intact tissue from
(for example, CT, positron emission tomography

larger animals is possible by track-etch methods.
and nuclear magnetic resonance) thal have

The method essentially involves freeze-drying
become available during the past decade. These

sections of tissue, overlay(rig them with speciallytechniques have made it possible to map the
structure anti l'unction in both normal and chem(- prepared films sensitive lo nuclear particles,

tally altered human brain, bombarding the tissue and fihn with thermal neu-
trons, etching ()til the I()B(n,(t)TLi pm'licit ll';,Icks

in the t'ihn, superinaposirtg lhc film on lhc tissue,
Such techniques have proven extremely and analyzirtg lhc distribution of Iracks with tile

helpful in certain types of analyses: yet their
aid of a light microscope. Atoms of I'_oronarc ev(-demonstrated use in the measurements of brain
dented by those areas wherein particle tracks

boron in limited, and the sensitivity in fine occur. The method ix sensitive and suitable for

structure analysis (for example, boron in nuclear any tissue where boron-induced tracks arc signili-
masses) generally ranges from poor to unachiev-
able. The boron images are often poorly defined canlly above background,

in comparison to the resolution and sensitivity of Materials and Methods
boron de(eml(nations by track-etch methods. On

the other hand, track-etch methods carmol be used Liver anti brain lissttcs from dogs thai hall Ix'en

under in vivo condition, given substances containing I_l_,were ma(lc
available for this work by WS[I researchers. "lhc

Conventional autoradiographic techniques are tissues were received in a frozen condition and

still generally used to obtair| the distribution o1" were immediately stored in _.llow temperature
selected chemical substances in biological freezer, in preparing lhc tissues for sectiosling,
tissues. The substance under consideration ix small alnotlnls (~ Icm 3) were cut I'r_m tile fro/en

tagged or labelled wilh a radioactive element; specimens and tluickly mountetl on li.',,nue
often carbon- 14 or tritium thai naturally emits holders. Normal saline, made with distilled waler,
beta particles fl_r long periods of lime. The beta was used lo ]'rccze lhc tissue to the holdcr_.

particles are registered as density changes in Twenty micron-thick scctio|ls were cut isl a
silver impregnated film. Conventional cryostat nlicroh)ine lind lhc sections were systenl-
autoradiography, however, cannot be used to at(tally mounted and affixed lo a cold plastic
adequately measure boron. Boron has no isotope slide by slightly warming lhc plastic under lhc
that emits beta particles over long periods of section with a finger. Tile pr¢_ccdure was carried

tilne, lind exposure ot" the film to a reactor envi- out in the alnlospherc of the cryl)sl;ll nlicliltOlllC

ronmer|t essentially ruins the sensitivity of lhc with a controlled minimunl lhawing _l lhc lissuc.
film. Other nlethods are available to determine The plexiglass slides with nioulllctl tissue see.
boron in tissue but they have traditionally been lions were placed in open slide boxes (c_Jllnining
based on either pooled samples (that is, in the a few small pieces of dry ice)mid freeze-tit(cd.
case of small animals or brain areas) or the exci-

sion of enough tissue lo enable the measurement In a series of experiments, three types of

o1"boron content by various teci-miques. Although nuclear track detector films were anal)'zctl for
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their effectiveness iii measuring tracks from The nuclear tracks in the film originating from
ll}BIn.ttlVLi reactions in dog brain and liver tissue sections were counted by use of a net
tissues. The films included allyl diglycol reticle in the eyepiece of the microscope. The
carbonate ICR-39), from American Acrylics, track counts were obtained in two ways through-
Slralford, CT: colorless cellulose nitrate out the film. One was to count tracks in random

{1.,!,1115-3)from Kodak-Pathe, Paris, France: and fields of view over the film (random counting).
cellulose nitrate (CN- 1) fabricated in our labora- q'he other was to count tracks in a series of adja-

tory from ttercules Incorporated nitrocellulose, cent field views across or tlp and down the film
The films were placed over unstained freeze- (deliberate counting).
dried sections of tissue and securely attached at
bolh cads of lhc slide wilh plastic tape. The slides Boron concentrations in liver and brain were
and tlw overlaying films were stacked 10 to 15 obtained by comparing the number of tracks
per packet, lightly pressed and taped together. To originating from t°B(n,¢t)VLi reactions in these
measure lhc neutron flux that the packets were tissues with I°B(n,o.)TLi tracks produced ft'ore a

expo.,,ed It>during neutron irradiation, four gold set of standards. The standards were made by
disks/3()rag/disk) were dispersed throughout mixing I°B (as boric acid, H31°B03 99t)_ enrich-
each packet. The packets were placed in poly- ment; Eagle Picher) in solution with 1 gm
ctllvlclw bags. sealed al_d irradiated with about amounts Hf homogenized chicken liver in 20 mL
I_11 nculrt_lls/cll_2 in the ISU nuclear reactor, plastic beakers. A small amount (100 _!) of a

:\fief irradiati_ms, lhc gold disks were removed warm 5% gelatin solution was added to each bea-

from lhc packets and counted for gamma radi- ker, the mixture was gently stirred for 1()minutes
al i_m act ivi tics with a multi-channel analyzer that and then placed on a Vortex-Genie test tube mixer
;tilter,cd Ileulron flux deternlirmtions, for two minutes to expel ;lit"pockels. Several

series of 103, i ()-a, 10-5, I()-a 10-7` and 108

grams of t°B per granl of homogenized liver were
The perinwters of several tissue sections on

made-up. The standards were allowed to set up
each slide x_erccarefully traced on the film with a

over night al 35°C and were then kept frozen at
iinc-pt_inlcd tungsten carbide scribe and two
,,Jnall h_les were drilled tllrougla the film and into -60°C until sectioned, affixed to plexiglass slides,
lhc plexiglas.,, slide with a high speed twist drill, and freeze-dried. The various types of films

1"tlc Iracillgs were done with the aid ot"a zoom (CR-39, LR 115-3 and CN-I ) were positioned
nlicl'oSt'ope al about 10X to 15X magnification, against slides containing the unstained standards,

exposed to about 1()11 neutrorls/cm 2 and
t:nlikc the conventional bright field microscope, processed like the tissue specimens. The nuclear
IIIc /oo111 scope allows up to i()centimeters tracks from the liver standards were counted,
x_c,king distance and greatly increases the ease

corrected lhr backgrouml tracks, and normalized
arid accuracy of the tracing procedure. The

to an exposure of I() II neulrorls/crn 2. The track
lr;tcillgs and later realignment of the holes (drilled counts were used Io conslrucl ztset of standards.
tlia,.:'.t_tlallv aparl near the ends of the slides) made

il D_ssiblc to accurately count and analyze the Results
_tlphatracks in theetched films.

Allyl diglycol cerbonate (CR-39) film
lhc lillns were detached from the slides and

clcl_cd in a series of tliffcrenl concentrations and The first film lo bc analyzed for possible use in
tcn_pcratttres of sodium hydroxide to determine determining the distribution altd concentration of
tlw best etching c_mditions for track production. I°B in tissues was CR-3t). This polymer was

A thcrtlleucgttlator kepl the temperatures within introducecl as a possible irack dclector about

; -I (" After ctchitt,,_,the procedtire of reposi- 12 years ago and has been described by. some as
liollillg anti realigning the high speed twist drill having remarkable track-recording properties, lt
I_,lc,, _va,,undertaken. The realignment of holes was observed some years ago in CR-3t) plastic,
I,_Illi,, technique can be within 5 to 7 ht. like various other plastics used for nuclear track
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detection, thai tile ratio of track_ to hulk (surfitce) exposed to I()--! and I() x g bor'on liver sttmdttrds
clchrateincrease.,+with Jlll..'t'ei.I.',iiIl_tellll_,,'rttlul'eSitn<,lit'radititedwith I()II IletltI'OIllCIll2 WeI'C

inlhccauslicelcllsolution.Also iiwas t_bserved especiallydil'l'iculttoquimlilatebecauseofback-

II1alCR-39 _)blainedI'r_mldiffcretllnlanufactttrers grot,tnd tt'acks.Due to the low etlergyuf litr

has differcnl¢IchcImruclcristic.',+,ThereI't_re,it lUB(n,<Jt)TI+inuclearparticles,the originally

was ncces.,+arym checklhcresi_m.'.+¢oflhcCR-39 formedneedle-likeghosttracksintileCR-39 film

I'ilmforalpha trackproductiununder vat'i_us rapic.IIycI1angeto pit.,+during etching.II"the

etchingcondili_ms.The.s,a scrie.'.+_I"the+,+¢l'ilrns etchingproce.',.'.+ixStOl_pedwhen lhcfirstneedle-

was CXl>_sedloradioactiveIead-(ztl)l'ixan alpha liketracksappear,thenuml+eroftracksaresignif-

lmrliclestmrc¢)and etchedt)vera period_I"6() to icanllyredt|ced.Alternatively,Ol_tirntlnltrack

9(} minutes iii 7{)°C und 75_'( ' in various con- productiun requires a longer time interval of

cenlralions of sodium hydroxide (NaOll). Every etching Ihat results in pit-like tracks.

Ihtvc minutes during lhc etching period, lhc film

was removed from the etching bath and analyzed Dog brain and liver tissues were included in
I'_wtrackforrnittionand oi_timumelchir_gc_mdi-

tiltanalysi.,+_I"II)[_concentralionsI+yti+',+cof
lionswere determined.Ali>hatrack.,,inCR-3Y

CR-39 Iilms."I'hcbackgroundtracksintilefilms
filrnfrom a ZlUPb alpha source are sh_>wn in

caused dil'fictlllies in lhc track analysis (_1"both
Figure X lc.IIinevidenllhillpitsratherlhalt livertis_ueand liverslandards.When ('R-3_)

tracks occur in lhc film. films were expused t_ neutrt_nx, ii was nearly

impossible to dill'erentiateI'_ackgrottnd I'r_rn

A series of experiments using liver standards 1_13(n,_)71,i ltticks. APl_arently malty _I' these

(containing from I(1._ to I()-x g Big stiUldard} with background tracks t_riginate from rec_il prt_tons
CR-39 films wits also carried out. 'l'he films within the film.

Figure 81. Alpha Iruckslr_,nlll¢ra¢litmcliv¢i._t_tt)pet_l'l.ead--2I()(21()l'b)inthreel+VlW_tritluclcartrack

dclccIingfilm:A -I+I+.II5-3,I+,-('N-Iand ('-.('R-3t),_ 4()(IX.
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Kodak-Pathe Colorless 1,.Rl15-3 Film Figure 8 lb. The higher energy alpha particles
from the 21°pb source produce a desirable
needle-like track that allows a better means of

The LR II 5-3 t'ihn was next analyzed for its determining boron origins.
potential use in determining the concentration
and distribution of I°B in tissues. Kodak origi-

nally made cellulose nitrate film in Rochester, Dog brain, liver, and liver standards 10-3
NY as a part of their products for special through 10-s g B/g standard were analyzed for
biomedical imaging applications. Later the boron by CN-I films. The l°B(n,c0VLi reactions
manufacturing of cellulose nitrate films was in brain tissue produced the best tracks. Photonft-
moved to the Kodak facilities in France. The crographs of the processed CN-I films are shown

colorless LR 115-3 film .glows the alignment of in Figures 82 and 83. lt is evident from Figure
tracks in the fihn with their origin in the tissue. 82a that I°Bfn,cz)7Li boron tracks in cerebral gray

Like the CR-39 film, it was necessary to check matter were unevenly distributed. Some areas
the response of LRl l5-3 film for I°B(n,ot)TLi indicted considerably more boron (track)

track production. A succession of films was deposition than other areas.
exposed to 21°Pb alpha particles and etched over

a period of 25 to 75 minutes at 60°C in a 2.5
normal sodium hydroxide solution. Films were The boron (tracks) in the cerebral white matter

analyzed for track formation every five minutes. (Figure 82b) were much less concentrated and
A plmtonaicrograph typifying track formation in more evenly distributed than tracks in cerebral
LR li 5-3 film from a 21°pb source i.-,sho,vn in gray matter. The boron (tracks) in the granular

Figure 8la. The film is slightly overetched and layer of the cerebellum (Figure 83a) were less
the tracks are beginning to lake otaa pit-like form. than those found in cerebral gray matter and it did

not appear lo be as unevenly distributed. The
boron (tracks) in cerebellum white matter

A series of track analyses using liver starldards (Figure 83b) kad a distribution similar to cerebral
(from 103 lo 1()-s gl°B/g standard), and clog liver while matter. Figure 83b shows (at a lower
and braip= tissue was also done witl_ LR 115-3 magnil'ication) the edge of some cerebral gray
films, As expected from the higher energy of '.he tissue where boron (tracks) were more evenly
21°pb alpha, the length of tracks from standards distributed lhan the boron (tracks) in the cerebral

",10pband tissues were shorter than those in -
gray tissue shown in Figure 82a. The number of

exposed film. Longer etching periods are boron (tracks) in the gray matter areasofthe
required lo obtain an optimum track number and cerebellum and cerebrum were consistently
length. However, tight control of etching time is greater than boron (tracks) located in the
necessary, otlaerwise many of the tracks beconae gray-white transitional and white rnatter areas.
pil-like and I°B origins in tissue become difl'icull
to locate.

Brain boron concentrations obtained by

l°B(n,ct)TLi track analysis in CN-I film were
Cellulose Nitrate (CN-l) Film

compared with INEL brain boron determinations
by ICP-AES techniques. The t°B(n,cz)TLi track

This fihn has been used before by the Pl of this analysis results were generally within plus or

project and the optimum etching conditions for minus 10 percent of the ICP-AES results. This
the CN l'iln_ were known. Nevertheless, since was encouraging when considering that one
new batches of the cellulose nitrate solution were method (Track-etch)relies ota track counts from

made up al the beginning of the project ii seemed rather small areas of uneven distributions of
F.",tdent to check out the response of fihns made boron atoms in intact tissues :',tad the other
from the new solutions. Alpha tracks in (.)N-] method (iCP-AES) requires liquefying the tissue

211)pb before measurements are made.l'ilms from a source are shown in
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The sensitivity of boron measurements by use than pits. Their colorless transparent characteris-
of the CN-1 films used in this projects was lim- tics permit the simultaneous viewing of

ited by the background tracks. A series of statisti- lOB(n,a)7Li tracks and tissue.
cal testing of means from track count populations
(i.e., tracks from 10-8 gl0B/g standard and The difficulties with uniformity and reproduc-

background tracks with neutron exposures at ibility of low alpha particle energies in track
l0 lI neutrons/cm 2) indicated the limit of analysis formation in CR-39 film were clearly apparent in

to be close to 10-8 g of l°B/g, various experiments with this polymer. However,
both CR-39 and LR I 15-3 films may be useful for

Discussion and Conclusion certain types of I°B determinations.

The results of this project indicate that CN- 1 ISU researchers hope to utilize track-etch tech-
film can be used to determine the distribution and niques in the future to analyze l°B distributions

concentration of I°B in brain tumors and in animal tumors. The analysis would be used to

surrounding tissue. CN-1 films can be fabricated examine the application of processes that may
to a desired thickness, are sensitive to low energy alter the microenvironment of the tumor and

alpha particles, and form slender tracks rather optimize l°B distributions.

m
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RESONANCE IONIZATION SPECTROSCOPY,SIRIS AND LARIS

Dr. Heinrich Arlinghaus, PI, Atom boron not bound to protein as a result of proce-
Sciences, Inc. dures required by the process. SIMS, in combina-

tion with an ion microscope, or the ion

Introduction microprobe, is capable of achieving micron to
near sub-micron lateral resolution. Despite its
relative high sensitivity (down to low ppm forBNCT relies on the capture of thermal neu-

trons by boron deposited biochemically in the some elements), SIMS has not yet been

tumor, and subsequent fissioning of the boron successful in locating and quantitating boron
into energetic lithium ions and alpha particles. As accurately in intracellular areas of tissue sections

the range of the fission fragments is relatively at concentrations of interest in BNCT.
small (a few _tm), the clinical efficacy of the ther-
apy is only guaranteed if the boron is positioned
in a sensitive area of the tumor cell, such as the In the SIMS technique the sample is
cell nucleus. An important requirement for bombarded with a focused, energetic ion beam
improved BNCT is the development of a more which sputters particles off the sample surface.
selective boron delivery mechanism. This will Some fraction of the sputtered particles are
enable targeting only malignant cells, while ejected as ions. These ions are extracted, mass

maintaining a sufficiently long biological half- analyzed, and detected. The ion beam can be
life of the boronated compound for delivery of a focused to a few microns in diameter enabling
therapeutic neutron dose. The ability to image the analysis with high lateral resolution. There are,
boron concentration in tissue sections and even however, several limitations to the SIMS

inside individual cells would be an important aid technique, some inherent in the secondary ion
in the development of these delivery mecha- lormation, some due to the physics of ion beams,
nisms. However, to date, this has not been pos- and some due to the nature of sputtering. Sput-
sible because of limitations in analytical tering produces predominantly neutral atoms; the
capabilities. Recently, workers at Atom Sciences, ion yield for B is typical 10-4 - 10-6 or smaller,
Inc., in Oak Ridge, TN, under the direction of the and can vary by many orders of magnitude as a

PI, Dr. Arlinghaus, have been developing two function of surface contamination and matrix
methods to address this problem. These composition. These factors have several
techniques both use resonance ionization consequences. First, sensitivity is inherently
spectroscopy (RIS)to detect boron and differ limited due to the low ion yield. This is a
only in the method of atomizing the sample for particularly serious limitation when high lateral
RIS analysis. Using these two techniques, called and depth resolution analyses are required, since
SIRIS and LARIS, Atom Sciences has recorded relatively few atoms are available. For example, a
images of boron concentrations as a function of square micrometer of a solid surface has
position in biological tissues. Concentrations at 10 7 atoms on its surface. If the ion yield is 10%,

the low parts per million (ppm) have been dem- removal of one monolayer would yield a single
onstrated for SIRIS, and sub-ppm levels for count at the ppm level; but, with ion yields of
LARIS. Spatial resolutions of about 3x6 lam2 for 0.01%, the same measurement would require
SIRIS and 10x20 lam2 for LARIS have been 1000 ppm to detect a single count. Secondly, the
shown, but can be improved to sub-lam levels orders-of-magnitude variability in ion yield as a
with instrumental improvements, function of surface and bulk composition makes

quantitation difficult. Quantitation can also be
Several techniques such as alpha track-etch l°° jeopardized by interferences from molecules and

and SIMS l°l have been used to identify boron in isobars having the same mass as the analyte. In
cells. The alpha track-etch methodology lacks the addition, charge effects often complicate
iequired resolution and may ';uffer from loss of analysis.
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SIRIS and LARIS do not suffer from many of interferences. The ionization efficiency for the
the limitations of SIMS but also do not benefit selected element can be as much as 109 times

from the maturity of a well-established procedure higher than for the other elements in the sam-

such as SIMS. However, the recent progress at ple. 1°2 The high selectivity of the RIS process
Atom Sciences in developing SIRIS and LARIS also helps maintain linearity in the mass
for boron imaging in biological tissues is quite spectrometer ion extraction region by reducing
encouraging and is described in this report, space charge effects that would otherwise be pres-

ent due to ionization of the major constituents of

Experiment the sample. Since the isotope shifts of most ele-ments are small in comparison to the bandwidth

of the RIS lasers used in the experiments (7 - 12
RIS is a laser-based ionization technique GHz), all isotopes of a chosen element will be

common to both SIRIS and LARIS. lt uses ionized with essentially equal sensitivity. Isoto-

tunable lasers to resonantly ionize neutral pic selectivity is achieved with the mass
(usually ground state) atoms of a selected element spectrometer. If a TOF mass spectrometer is used,
sputtered from a sample surface. Typically, the ali isotopes of an element can be detected simul-
resulting ions are detected in a mass spectrometer, taneously. The mass spectrometer requirements
The transitions between discrete excited states are are therefore reduced to the resolution of neigh-

unique to each element; therefore resonance ion- boring isotopes of a single element; the high ion-
ization is extremely selective (see Figure 84). ization selectivity of RIS and the suppression of
This makes RIS especially valuable for trace ele- the secondary ions virtually eliminate interfer-
ment analysis in biological materials where ences from molecular ions, isobacs or scattered

molecular ions or isobars are a serious source of ions from the major constituents of the sample.
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Figure 84. Demonstration of the SIRIS element selectivity. [SIRIS signal for Zn (solid line) in a brass

ample containing Cu (67%) and Zn (-33%).]
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The RIS process is also extremely sensitive Simple RIS schemes, such as ultraviolet (UV) +
and efficient. The intensity of modern pulsed dye visible (VIS) + infrared (lR) (Figure 85a),
lasers is sufficient to saturate both the bound- UV+UV+lR, VIS+VIS+IR, and UV+lR, yield
bound transitions and the ionization step, thereby near-uniform sensitivity down to the few-atom

assuring near-unit probability of ionizing ali level for 80% of the elements in the periodic
atoms of the selected element that are in the system. 103,106Ionization via autoionizing states
volume intersected by the RIS laser beams. The (Figure 85b) requires lower laser intensity in the
efficiency of the process of ionizing and detecting photoionization step, thereby reducing
a selected element in a sputtered cloud depends interference from nonresonant processes.

on the temporal and spatial overlap of the Selective ionization in elements of the upper
resonance laser beam with the atomized cloud right-hand corner of the periodic system requires
(20-50%), the ionization efficiency (~100%), the more complex laser arrangements to generate
total transmission of the mass spectrometer vacuum ultraviolet radiation (Figure 85c). These
(50-80%), and the detector efficiency (50-80%). elements can also be ionized with simple laser

For most elements, useful yields (atoms detected/ schemes by the absorption of two photons to
atoms sputtered) between 2-10% can be achieved reach a two-photon resonance, with consequent
and sub-parts-per billion detection limits are ionization from the absorption of a third photon

possible. 1°3,1°4,1°5So far, the highest reported (Figure 85d). Although this process is less
useful yield is N26% for indium in silicon. I°4 selective and sensitive than the previous 9nes,

shown in Figure 85a,b,c, it still has a significant

Laser RIS schemes have been proposed from advantage over conventional ionization and non-
the ground state of ali elements except He and Ne. resonant photoionization methods.

Autoionizinglevel
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Figure 85. Simplified energy level diagrams illustrating the photoionization of neutral atoms.
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SIRIS charge build up and leads to much better
quantitation during analysis of insulating

RIS requires free atoms in the gas phase. One samples. For example, in some insulating or
atomization method, ion sputtering semi-insulating samples, the delay between ion
- SIRIS 104,107_provides an analytical technique sputtering and the RIS laser pulse is sufficient to
that avoids many of the disadvantages of nonre- dissipate any charge without additional
sonant and electron impact secondary neutral compensation.
mass spectrometry while maintaining most of the

SIRIS can be employed to measure elementadvantages of SIMS, and offers significant

improvements over SIMS in efficiency, matrix concentration as a function of depth. SIRIS depth
dependence, isobaric and molecular profile measurements involve two steps: (a) scan-
interferences, sensitivity, dynamic range, and ning the sample with a continuous ion beam to
quantitation accuracy, etch a crater to a specific depth, and (b) taking

data with a pulsed ion beam in the center of the

In the SIRIS experiments, the sample is bom- crater after a specific number of raster frames.
The crater is typically made much larger then the

barded with a pulsed Ar . ion beam (up to
107ions/500 ns pulse). The expanding cloud of analysis area to avoid crater-edge effect. Traceelement concentrations can be monitored at
sputtered material consists of excited state and
ground state neutral atoms, molecular fragments, frequent (less than 0.1 nm) depth intervals
and ions" the ions are removed by timed because the high efficiency of the SIRIS

' technique enables detection at the ppb level while
extraction voltage switching (positive ions are
retarded, negative ions are accelerated) and consuming less than one monolayer of material inan area of - 1x10-4 cm2.
electrostatic energy analysis. The remaining

neutral particles are then selectively ionized by LARIS
the RIS laser beams. Efficient overlap of the laser

beams with the cloud of desorbed material is Much lower detection limits in the same
achieved by choosing the appropriate delay time analysis time can be achieved by replacing the ion
between firing the ion gun and firing the RIS beam with a laser beam, i.e., LARIS. 1°8,1°9Use

laser, and carefully positioning the RIS laser of a laser pulse instead of an ion pulse for the
beams with regard to the ion beam/sample sur- atomization process results in three or more
face intersection. The ionized atoms are extracted orders of magnitude more material being released
into a mass spectrometer consisting of an electro- from the sample. Thus, with LARIS, tens of

static energy analyzer and magnetic sector. Imag- monolayers can be removed with a single atom-
ing is achieved by either scanning the ion beam izing laser pulse while with SIRIS many bom-
over the sample or by changing the x and z target barding ion pulses are required to remove one
positions while the ion beam position remains monolayer of atoms from a sample. The practical
fixed, lateral resolution limit of LARIS is 1-2 _tm, thus

inter/intracellular mapping is possible. Imaging
Charging of insulating samples such as biolog- is achieved by changing the x and z target posi-

ical tissues can lead to quantitation difficulties in tions while the atomization laser beam and the

SIMS measurements by altering electrostatic RIS laser beam positions remain fixed.
potentials in the ion extraction region and thereby

significantly changing ion detection efficiency. Electron Imaging
With SIRIS, charge compensation is possible
using pulsed low energy (down to 10 eV) Visual images of the sample surface can be
electrons, which are introduced during the time obtained by rastering the ion beam over a fairly
interval between sputtering pulses. In addition, large area (~ 1mm 2) and synchronously (with the
the time separation between ion bombardment raster signal) use the detected ion-induced
and the extraction process reduces the effects of electrons from the sample to modulate a high
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brightness x-y CRT display. As the raster holder, two HeNe lasers for exact target

generalnr is digilal, il is possible In position the positioning, a video imaging system for sample
ion beam anywhere within ils raster field at a observation, a compuler-conlrolled sample
resolution of 1024 pixels per axis. Absnlule cal- insertion system, and a double focussing mass

ibralion belween the atomization laser position spectrometer detection system (for mnre details
and the ion beam position can be readily achieved see references 108 and II0). The excimer laser

by illmging a laser-made burn spol with the ion- system is very versatile and can run at 15B nm
induced electron microscope. Secondary eleclron (F2), 193 nm (A rF), 222 nm(KrCI), 248 nrn
images can be obtained from the tissue samples (KrF), ?08 nm (XeCI), and 351 nm (XeF) wave-

and compared with phnlographs lo identify the lengths. The high-precision manipulator prnvides
positinn nf characteristic features (specific cell + 25 mm motion in x and y wilh a resolution of

structures, etc.) as well as to absolutely calibrate 0.25 IJrn and a repeatability of 1 I,tm, 200 mm

lhe ion bearn position with the phntnmicrograph, motion in z with resolulion nf I ILlmand a repeat-

Experimental Setup ability ni" I l.tm, 360 ° motion in O and a linear
drive In actuate a fifth axis. The manipulator

A schematic of the SIRIS/LARIS instrument provides stepper motors driven under computer

used for the experiments is shown in Figure 86. control thai can change positions at a speed of up

The system consists of an excimer laser fnr laser to 10,(100 steps per second. A sample carousel

atomization, a duoplasmatron microbeam inn can hold up to eight regular sized 20 mm x 20 mm

gun, a pulsed flood eleclron gun, :m RIS laser samples, or lk)ur regular sized samples and four

system (repetition rate 30 Hz) pumping twn 20 mm x 170 mm long samples. Ali the impnrtant

pulsed dye lasers, a secondary electron imaging SIRIS/LARIS system functions are controlled by

system, a computer-controlled (x, y, z, 0) sample an IBM compatible computer.

Atomization
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--F- mass analyzer
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2 HeNe ] ] Energy I energy
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D e-_ D1 _ I Electron I II I I '''''_. ...... \,e _1. flood _Video _ "-" I sect.ormass\
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Figure 86. Diagram of the experimental arrangement to measure boron in tissues with SIRIS and LARIS.
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Result and Discussion a 160 jamx 160 [amarea.The grid structurecan be
readily resolved, and the grid dimensions (grid

SpatialResolution transparency) are in agreement with the actual

To determine the spatial resolution of the ion ones. From the images, and additional linescans
beam, ion-induced electron images were obtained over the grids, the spatial resolution was

on various test specimens (grids, line gratings, and determined to be better than 10_m x 20 l,tm. This
tissue materials). A typical ion-induced electron resolution can be improved with special optics.
image obtained from a 600 mesh, -65% transpar-
ent Cu grid (42 [am grid spacing) is shown in Fig- The following standard set of operating parame-
ure 87. The hexagonal grid structure can be readily ters were selected for use in imaging the tissue
resolved, and the grid dimensions (grid transpar- samples. Ion beam current = N0.6 nA (7500 ions/2
ency) are in agreement with the actual ones. From [aspulse), ion beam spot size = 3 lainx 6 lain, num-
these and other images, the spatial resolution was ber of shots = 3000-7500, atomization laser wave-
determined to be better than 3 _tm x 6 lam. The typ- length = 248 nm, atomization laser spot size = I0

ical ion beam current for this beam diameter was lum x 20 _m, atomization laser fluence = I-2
0.6 nA (--,1900 ions/500 ns pulse). J/cre2, laser shots per point = 30, sampling interval

= 20 _m. These parameters enabled us to acquire
To determine the spatial resolution of the SIRIS data to low ppm, and LARIS data to low-

atomization laser beam, LARIS images were ppb sensitivity limits without ablating through the

obtained on 300 mesh, 60% transparent Al grids full thickness of the sample. Typical SIRIS scans
(84.7 [am grid spacing) and 400 mesh, 50% and images required several hours of run time
transparent Cu grids (63.5 [am grid spacing). In while LARIS scans could be obtained in several
these experiments, the RIS lasers were tuned minutes, with images in less than one hour. q'he
respectively to Ai or Cu. Figure 88 shows a reproducibility and signal level of the LARIS data
LARIS image obtained from the 400 mesh Cu is sufficient for good images to be acquired with
grid. This image was taken with 3 [am steps over only five laser shots per point.

Figure 87. Ion-induced electron image of a 600 mesh (42 [amgrid spacing) hexagonal Cu grid.
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Figure 88. [.ARIS ima,,_.'_(_Ia 4()()mcnh.._(V; Ir;ul,,p',LrL.'ncv.(_?,.5 Llnl,,,p;lu'iJl'-'_('U .'-'rid"

Quantitation _vcn ;it _45 (' ,)\crll _ht. "lhc c(_rrclali_)ll _)I

"I'o test the qLli|ntitiltion ilL'curac\' and lhc _i_i_l_l_.,,,\vill_ lhc l_,SIRIS ,,i_ni_l in ,,h,_ i_ in
detection limitn oI SIRIS. _icr_l'u_c tube'.,, l:igurc _). lhc c_lil-,raii_n curve _blaincd \_ilh

containing blank and BSII (sodium hall oI lhc %IRIS in linear dozen l_ lhc I pp=n Ic\cl. l'l_c
closododccaboran\'l mercaplidc anion lo\_c,,l _._llUcilllilli_l p_i_l _ i_,,gu_Icd a,, i_n

BI2HIISI1-2 ) d._pcd gelatin nan_plen \vilh upper limil b\ lhc INI£1.. and ll_crcl_rc \_;_', _u_l
concei_lralionn bcl\rech 2 l.lg B/_ and I()()l.l_ l_,/g, u_,cdI_ Fit II_' dala. "l'hc real v_luc can bc u,\Irap_-

were prepared al INEl, in lhc ('h_.,n_ical Sciei_cen lalcd ll_m ll_c u'_rrclali_l] plol and x__.', dolor-
Group un¢l_r lhc direcli_n oI l)r. Bauer. (iL'lalin n_incd t_ b_: _()pl_b. lhc d_.'lecti_n lin_il l_r
was chosen as il in believed I_ bca _I _latch I_ SIRIS \_an inuch l_\vcr ll1_n I()() ppb bu'c_u,,c ll_c

lhc density and chemical composition oI tic,sue. hi,nal \'irluall_ di',al_p_-'arcd \_l_.'n lhc RIS l_,,_'I
The boron c,oncenlralion \van deicrmi_cd b\ I('I _- \v_, du'lun_.'d _II rc,,oni_cc. l'he s_.n_c,,a_plc',
AES n_canurcmcnln al INHI.. Samplcn x__.'rc _.'r_.' aln_ _nal\,,cd \_ilh I...\RIS. (i_l c_rrcla-

pushed oul oI the microfuge tul_en \vith a pol.vclh- li_ \_an aln_ _bl_incd \_ill] I.ARIS. l_ul lllu' ,,i_nal
ylene rod allcr cutlin_,__olT lhc rape'red end. ,,\n lhc in much higl_.'r lluu_ lhc SIRIS .,,i_u_l (l"i_urc ,_I.
material extruded _ut oI" lhc large end. nlicu'n _I" "lhc SIP, tS ,,i_lal l_r ll_u'blank n_m_plcdcvi_Icd I_

approximalcl\' ().._ to I.()mm thi_:kn_.'_,', x_u,rc l_ighu'r b_l_ _.._l_.u'_Irilli_lls. x_hich c_uld lw dec
sliced off with a clear,cd d_ul_le u'd__'d ra/_r I_ neffacc c_li_i_]i_lion. SIP, tS is _ucl_ _n_rc
blade. The slices w_.,remounlcd _n _ _.'le_mnilic_n n_.'_nili\'c I_ surlacc c_nlami_ali_u_ ll_an I...\RIS

nurl'a_.'ewith a few !_l, of >I_ ._.Icg_hm-cn_ ullra- bccau,,c SIRI% I._pi_._ll\ _nal\/._.',, _nl\ II_" I_I_

pure waler to pn_vide adhesively,and dried in a_ le\v m_n_l_\cr',.
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Figure 89. Correlation of boron signals from identical BSH doped gelatin samples using SIRIS and

LARIS.

The results demonstrate that identical quantita- Tissue Sections of Uninfused and BSH
tire resultscan be achievedwith either SIRIS or Infused Dogs
LARIS, but with a factor of ~1000 moresignalin
the LARIS mode. LARIS also integrates over SIRIS scans were initiated to optimize the
hundreds of monolayers while SIRIS analyzes mounting process of tissue samples. Several
only the first few monolayers. In the 1 to 50 lag samples such as skin and retina tissue from
B/g concentration range tested in these measure- uninfused and BSH infused dogs were prepared
ments, excellent correlation between boron con- by Dr. Gavin's group at WSU. Skin biopsies from

centration and the measured signal was obtained, two dogs that had been infused with BSH were
embedded in O.C.T. embedding compound,The standard deviation of the measurements was
frozen to -20°C, microtomed to 3 lam thicknessbetween less than 1% to at most 3%. lt was antici-
sections, and mounted on clean silicon wafers

pated that the sputtering/atomization process in that had been supplied by Atom Sciences. Con-
gelatin materials is similar to that of biological trois and blanks were provided by using skin tis-
tissues. This allows the use of doped gelatin sue from an untreated dog, and by using frozen
standards to calibrate the BSH concentration in O.C.T. material. These samples were scanned
tissues, over several millimeter long tracks with the
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SIRIS system to determine the boron concentra- relative to the sample holder was determined by
tion as a function of position. Boron was ionized measuring with a vernier caliper and recorded for
by using ultraviolet (249.7 nm) and visible (563.3 future reference.
nm) photons for the resonance steps, and infrared

photons (1064 nm) for the ionization step. For ali After introduction of the sample into the
of these samples, the highest boron concentration SIRIS/LARIS system, ion-induced electron
was found on the silicon wafer, and at the june- images were taken to absolutely calibrate the ion

tion with the mounting substance. No significant beana position. Then several traverses, both in the
differences were seen between control samples
and BSH infused samples. A possible explana- x and the z direction, were taken to gain an over-
tion for these strange results is that the long time ali understanding of boron concentration, and its
period between sample microtoming, mounting variability as a function of position and visible
on the Si wafer, and drying, allowed diffusion of sample morphology. The sample was then
surface boron contamination on the silicon to removed from the SIRIS/LARIS system vacuum

accumulate at interfaces. A typical SIRIS scan is chamber and rephotographed. The location of
shown in Figure 90. where the atomization laser sampled the tissue

section was usually visible as a lightening of the
Tissue Section of BSSB Infused Rat sample, allowing us to make an accurate

measurement of atomization laser position on the
Another opportunity for obtaining test samples sample in relationship with the manipulator

came from Dr. George Kabalka at the University
of Tennessee (Uotq') as a byproduct of his liB position. The ion beam track was not visible

because the ion beam current density was so lowMRI experiments on BSSB (BSH dimer =
B24H22S24-)infused rats from BNL. The samples that only a fraction of a monolayer of material
were prepared by Dr. Robert Switzer, also from was consumed for each data point. Figure 91
UotT. Brain, kidney, liver and tumor samples shows a photomicrograph, an ion-induced elec-
were excised approximately one hour after eutha- tron image, and the boron SIRIS and LARIS sig-
nasia of a rat that had been infused for one week nal as a function of position in BSSB infused rat

with a total dose of --250 lag B/g body weight kidney. The first SIRIS scan (top left figure) was
with an interperitoneal osmotic pump. After obtained with a sanapling interval of 200 l,tm over
removal of the organs, they were sliced into 0.5 a distance of 7 mm. For the second SIRIS scan,
mm slabs and frozen on dry ice. The frozen slabs (,top right figure) the track length and the
were mounted on cryostat chunks and 20 tam sampling interval were reduced to 2 mm by
thick sections taken in the cryostat. These were

20 lain. The intensity variation in the high-picked up on gold-coated Si wafers, thawed
briefly to flatten the section and immediately resolution SIRIS scan is similar to the Iow-
refrozen and naaintained at 70°C for several days resolution SIRIS scan. demonstrating the high
until dry. These were then transferred to a sealed reproducibility achievable with SIRIS. The data
polyethylene box in the presence of desiccant show a significantly higher boron concentration
until final transference into the vacuum of the in the outer, lighter colored region qf the kidney

SIRIS/LARIS system, as compared to the inner regions. The outer part
of the kidney is the region in which filtration is

Kidney taking piace, with a very large mass of blood ves-

sels and a barrier through which numerous elec-
Photomicrographs of the mounted tissue sec- trolytes and metabolites diffuse and exchange.tions were taken with an AO dissection micro-

The inner part nf the kidney is just a mass of
scope and a 35 nam camera adaptor. Low
magnification images were taken so that the posi- collection tubes that transports the substances
tion qf the sample ota the sample holder couL,l b,: extracted from the blood to the bladder. There-
measured. Additional images were taken at fore, it is not unreasonable to have a high boron
higher magnification to highlight various inter- (presumably BSSB) concentration at this barrier
esting regions of the sample. From the photomi- as the kidneys work overtime to renaove this for-
crographs, the position of interesting features eign substance from the blood.

133



- 1846 Retina SIRIS C.547
x=27.50

48 - 0.020 mm/pt
3' - B
m

° I.__ 32 -
ffl

m 16 A

0
77 78 80 81

27.5

A B C

Figure 90. Position/concentration measurements using SIRIS in retina tissue section of control animal in
which no BSH infusion was performed.

The SIRIS/LARIS system performance and 1.8 tag B/g. The good correlation between the
sensitivity was checked frequently by taking SIRIS and LARIS results indicates that both tech-
SIRIS data on the same 49.1 lag B/g BSH doped niques are feasible for measuring the boron con-

5% gelatin sample and LARIS data on the 5.6 lag centration in tissues. The LARIS signal was
B/g BSH doped 5% gelatin sample. These -20,000 times higher than the SIRIS signal. This
measurements were always made at the begin- implies that within its operating range, LARIS

ning and the end of each day, plus several times can reduce the analysis time for imaging of boron
throughout the day. The average sensitivity for concentration in tissues significantly.

boron in the 5% gelatin was approximately 2 lag Even though we do not have direct comparison
B/I cts/1000 shots for SIRIS, and 1 lag B/Volt measurements from these tissues, Kabalka,
(= 1 ktgB/10,000 cts/1000 shots) for LARIS. et al., lI° reported 240 lag B/g average concentra-

tion in the entire kidney of a similarly infused rat.

If one assumes that the SIRIS response to This factor of 10 discrepancy could have several
boron in BSSB in tissues is the same as to boron possible causes--such as analyzing only an area of

in BSH in 5% gelatin, then the -8 cts/1,000 shots low boron concentration or underestimating the
average signal seen in the outer regions (z=83.2 dry to total weight ratio of the tissues. The LARIS
to z=84.0) corresponds to ~ 16 lag B/g, and the scan shows that the signal between z = 84.8 and z
1 cts/l,000 shots average signal in the inner = 85.5 is approximately a factor of 4 to 5 times

region to -2.0 lag B/g. The LARIS response for higher than between z = 83.2 and z = 84.0. If one
the same regions corresponds to 19 lag B/g and would take this number as an average boron
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Figure 91. Photomicrograph (middle left), ion-induced clcctr(m iln;.tgc (boltom righi)alld N_ron SIRIS

(top left and righi)and I.ARIS (bottom left)signal in P,SSFI infused rat kidney.

conccrllraliotlvalue,the discrepancy w_uld inlcr-valsover a 1.2tnnlx 1.2mm area.N{_licc

already be reduced lo a laclor of 2. More detailed lhc ticlailcd sll'tlcltlrc iii b_uh ilnagcs. _ilh ,,cvcral
studies of means It) calibralc lhc boron "h{u spots" in Iu_rol_ COIlCCllll';.lli()ll. ,"\l,_()Ii()liCC

concentration from SIRIS/I.ARIS IllC;.l.',;tlrClllClllS thai il_crc is xll'tlCttll'C iii the inner (Io_v l'l etch-

has lo bc done infutureexperiments. Cclllralit)ll)tcgit_t+,v,illlinlrcqucnt,but t)CC;,t-

xion;tl "'hot spots." [!nl_rlunatcl\', lhc present

Figure 92 shows a pholomicrograph of lhc image display capabililicn arc limited and shiny

kidney section wilh both lhc x (vcrlical while only it very sm;til parl (ft'lhc detail axailal_lc i_ lhc

line) and z position (horiz(mlai while lines)atom- dala. Also di.,,plavcdin l:igurc t)2 arc lhc tuu_
izalion laser traverses, a_d lWO I_or(m C()llCClllr;.|- conccntralion profile.', along t\vo ad.iaccnl x-sc;.|nn

lion images of IWt) diffcrcnl areas (both ;.ll lilt lhal make tlp lhc inl;.igc. The Sll()llg c_rrclali_ _1

junction belween the outer and inner regions) in peaks and vallc\'s in concc_lr;tlJon for lhc ad.ia-
tile rat kidney, Bright areas correspond Io high cenl scans imlicalcs ihal lhc rapid signal vari;_-
boron concentration, dark areas to I_v, boron con- t:_()llS;.ts;.t ftinclion ()I p{_sititm seen in t-igurc til

ccnlralion. The upper image was sampled al (and also lhc t)lllcl figure,, It)bC discus.',cd bcl_x_')

!() him intervals m_d covers a 5()() Hm x 5()() ILIm arc real change,, in bortu_ c_tt_ccnllalions i_ II_c
area. The lower image was sampled al 2() ILtm tissue,,,, alld II()l _lll ;,trlifacl of lhc IllC;,IstlrCIlIClll.
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:_iqure 92. Photomicrograph (middle) and LARIS images (right) of BSSB infused rat kidney.

Brain onto the gold coated silicon wafer (Figure 93a, at

Figure 93 shows two orthogonal position- i x = 34 and z = 73). A SIRIS scan was not obtainedfrom the brain tissue as it would have taken too

concentration LARIS boron measurements long for the B concentrations in the brain tissue

through a section of rat brain. The most immediate samples with the present ion gun adjusted to pro-
impression is the factor of more than 100 reduction duce a 5 _tm ion beam spot.
in boron concentration as compared to kidney tis-

sue. This is quite reasonable, considering that the
blood-brain-barrier was intact in this animal, as An expanded view of the central region of the

the artificially induced tumor was confined to one LARIS scans through the brain tissue section is
of the rat's legs. Even though the signal is very low shown in Figure 93b. The photomicrograph in the

(average of 0.02 V in the lower regions, corre- lower cor,,,_i"of the figure was taken under differ-
sponding to 20 ng B/g relative to the gelatin cal- ent lighting conditions to enhance the structural
ibration), we are confident in its authenticity. We contrast; the black marks on the laser tracks indi-
note that the x-scan was completed before the cate the range of the expanded view. The intersec-

z-scan; careful inspection of the data at the inter- tion of the two position concentration traverses is
section (x = 26.5, z = 76.7; Figure 93b) shows that in the hippocampus region of the brain. Both the

the signals from the x and z scans are within 10% x and z scans traverse the choroid plexus, which
of each other and the x scan measurement is the produces CSF by an active "ultra-filtration"

higher one, as expected. In addition, the boron sig- process from blood. The CSF contains very little
nal seen is in the tissue, as no detectable boron sig- protein and no ceils, in some se_se, this is similar
nal is seen at the ends of the scans where the to the kidney (but at a much lower level), where the

atomizing laser beam has moved off the tissue and boron is c .)ncentrated in the region in which an
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Figure 93. Boron concentration along two orthogonal tracks in BSSB rat brain (left). (Data wa.,, cullected

at 20 btm sampling intervals.)
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"ultra-filtration" process is occurring. Note that a sampling interval of 20 _tm over a distance of
the boron peak is much broader in the x-scan than 2 mm. The white line represents the SIRIS line
in the z-scan, which correlates with the fact that scan while the dark line shows a previous LARIS

the beam traverses a much longer region of the line scan. The dark area at the bottom left comer
choroid plexus in the x-scan than in the z-scan, of the photomicrograph shows a region imaged
Even the "saddle" in the x-scan data corresponds with LARIS. The data shows a higher boron con-
to the region in which the atomizing beam centration in the regions that looked lighter on the
traverses tissue of the hippocampus, photomicrograph as compared to the darker

regions. This was also observed with LARIS. The
Referring back to Figure 93a, the minor peaks signal between 30.25 and 30.65 is slightly

at x = 31.2 correspond to the location of the exter- reduced because the SIRIS line scan intersects the

nal capsule (a band of axons) that separates the LARIS image region.
cortex from the striatum. This is also a watershed

zone for two sources of the vascular supply for

this area. The somewhat higher boron concentra- Figure 95 shows a photomicrograph, an ion-
tion may be explained by the fact that this is a fine induced electron image, and a SIRIS boron image
capillary bed, similar to that found in the kidney of the tumor section. The image was blended to
filtration zone and in the choroid plexus, improve visualization. Bright areas correspond to

high boron concentration, dark areas to low boron

Liver and Tumor concentration. The image was sampled at 5 i.tm
intervals and covers a 50 lam x 50 lain area. Notice

Two tumors were in this rat, one labeled "left," the detailed structure in the image, with "hot

one "right." LARIS position-concentration scans spots" in boron concentrations. Also notice that
of both tumors, and also a section from the liver, features of the electron image can be easily corre-

yielded similar results, and were intermediate lated to the photomicrograph. The LARIS boron
between the kidney and the brain concentrations, image of a 2.44 mm x 1.22 mm tumor region and
The boron LARIS signal from the liver showed the corresponding photomicrograph is shown in

very fine-scale concentration variations that aver- Figure 96. This large rat tumor image shows
aged to a fairly constant 2 V (2 _tg B/g) through- somewhat more systematic variations in boron
out the liver, except when the beam crossed a concentration, in that regions that looked dark in
blood vessel lumen or other sinus, in which case the photomicrograph tended to have lower boron

it dropped to essentially zero, indicating that we concentrations than the light regions. The low
were not having contamination problems. The rat signal in the dark regions is mainly caused by
tumors did show somewhat more systematic vari- freeze drying effects exposing the probing laser
ations in boron concentration, in that regions that beam to the substrate material. This can be
looked dark in the photomicrograph tended to improved by better mounting techniques. Also,
have lower boron concentrations than the light the mobility can be reduced by cooling the sam-

regions, as shown in Figure 94a. ples with liquid nitrogen during analysis, lt
should be even possible to transfer frozen

Figure 94b shows a SIRIS scan from the samples into the cold stage sample carousel
"right" tumor. The SIRIS scan was obtained with position.

2
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Figure 94. Boron LARIS concentration along two orthogonal tracks in BSSB infused rat tumor (left)._
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Figure 95. Photomicrograph (left), ion-induced electron image (top right), and SIRIS boron image (bottom
right) of a tumor section.
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\
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Figure 96. Photomicrograph (upper) and LARIS image (lower) of BSSB infused rat tumor. (The sampling
interval was 20 [am. Light region correspond to high boron concentration.)
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Conclusion sensitivities ill tile low pprn level. A high repeti-
tion rate excimer laser system, used for both
atomization (LARIS) and to purnp dye lasers

From the data presented above, it is quite clear (SIRIS and LARIS) could reduce the time
that the SIRIS/LARIS technique is well suited for required to record an image over a 500 _m x

quantitative and sensitive imaging of trace ele- 500 p,marea with a few _trnresolution to less than
ment concentrations in biological tissue sections, five minutes. The LARIS mode could be used to
Even though the measurements made on tissue quickly determine the spatial boron concentration
sections were only intended to demonstrate the down to the low ng/g level in intercellular areas
feasibility of the technique, the quality of the data while the SIRIS mode could be used to determine
is sufficient to make useful biological observa- the spatial boron concentration and its variability
tions. Future enhancements of the SIRIS/LARIS in intracellular areas. If a TOF mass spectrorneter

instrumentation can significantly improve the is used in future experiments (currently under
analytical performance. A liquid metal ion gun construction), ali the B isotopes could be detected
could increase SIRIS spatial resolution lo 0.1 _m simultaneously. Thus, infused BSH could be

with sensitivities in the low ppm level. Similarly, separated t'rom natural boron background in
better focussing optics could improve LARIS tumor cells by isotope ratio measurements if
spatial resolution to 1.0 _m or better with isotope-enriched BSH were used.

141



NEUTRON BEAM MEASUREMENT DOSIMETRY

Dr. Yale Harker, Dr. Pete Randolph, and rather than a single foil is used to modify the
Cecilia Amaro, Radiation Measurement energy responseof the different foils in the stack
Physics, INEL by progressively reducing the neutron tlux at the

primary resonance energy, in the t'ast neutron

In 1992, the BMRR core was modified energy range(>10keV),thematerialselectionis
based on the threshold energy ot" the specific

primarily to increase the intensity of the response neutroncrosssection.
epithermal- neutron beam. As a result ot' this

modification, it was necessary to perform a series
Neutron reaction rate data from epithermalof beam characterization measurernents to

neutron response foils and the fast neutron
conl'irm the changes to the neutron spectrum, the

response foils are analyzed to determine the
beam penetrability, and the resulting dose

neutron spectrum using the least squares analysis
components preparatory to resuming irradiations adjustment code FERRET. III
in the large animal model studies. The character-
ization measurements were, as much as possible,

The specific details of the spectrum measure-
repeals of previous measurements performed

ment process are given in reference I12 which
before the BMRR modification and were per-
formed in November 1992 and January 1993. presents the methods and results of spectrum

measurements performed on the BMRRThey consisted of neutron spectrum measure-
ments in the free beam and neutron flux and epithermal neutron in 1988 and 1989 prior to the

core modifications discussed above.
gamn3a close distribution measurements in plastic
phantoms. The latter measurements were
performed in the free beam and using beam Shown in Figure 97 is the neutron spectrum

from reference 112 as measured by the foil
defining apertures. This report briefly describes activation method before the BMRR core modifi-
the measuren3ents perfommd, presents the results

cation. In this figure, the measured spectrum is
and compares these results against the before compared to the neutron spectrum calculated
modification measurement data and with data from a Monte Carlo neutron transport code for the
derived from neutron transport calculations for core configuration prior to modification. Shown
the new BMRR configuration, in Figure 98 is the current neutron spectrum

measured by the szmaemethod and compared with

Neutron Spectrum the calculated neutron spectrum using the same
lransport code for the current core cont'iguration.

Measurements Frona these two figures, it is apparent that there
are no major changes to the shape of the spectrum
resulting from the core modification. The major

Neutron spectrum measurements were change is the naagnitude of the spectrum. Listed
performed using a set of neutron actiwttion foil in Table 23 are the integral flux and close values
stacks. The activity on each foil is analyzed using before and after the core modification. From the

a high resolution gamma spectrometer thal is able data presented in this table, the increase in
to identify the specific activity of the activation epithermal flux for the epithermal beam without
product. From the specific activity data, the beam defining apertures is 4c/%. The increase in
neutron reaction rate can be calculated for each fast neulron dose is indicated to be 26%. As a

foil analyzed. The material used in each foil stack result, the core modification may have irnproved
is selected on the basis of its response with respect the beana quality (fast neutron Kerma) by 15%.
to the neutron energy: i.e., neutron cross section However, the improvement in beam quality is
as ztfunction of neutron energy. In the epithermal- considered at this time as a possible effect
neutron energy range (0.5eV-10keV), the mate- because there were limitations on the after-
rial selection is based otathe energy of the neutron modification fast-neutron measurements. Those
cross section primary resonance. A foil stack measurements were limited to one fast neutron
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Figure 97. BMRR epithermal-beam neutron spectrum before core modification.
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Figure 98. BMRR epithermal-beam neutron spectrum after core modification.
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Table 23. BMRR epithermal beam parameters - integral flux and dose values.

Before modification After modification Ratio after/before

Total neutron flux 6.54E+08 9.64E+08 1.47

(n/cm2-s per MW)

Fast neutron flux 3.44E+07 4.29E+07 1.25

(n/cm2-s per MW)

Epithermal flux 6.20E+08 9.21E+08 1.49
(n/cm2-s per MW)

Fast neutron dose 1.67 2.10 1.26

(cGy/min per MW)

Neutron kerma 4.49E- 11 3.80E- 11 0.85

(cGy per n/cm 2)

response activation reaction, l l5In(n,n') 115mln; phantom. Three phantoms were used in the after-
whereas the before-modification measurements modification characterization of the BMRR

included both the l lSIn(n,n')llSmln reaction and epithermal-neutron beam. These consisted of a
the l°B shielded 235U(n,f)fission product reac- cylindrical phantom, a Labrador dog head

tion, the combination of which gave a broader phantom, and an ellipsoid phantom. Ali phantoms

energy range of response. The measurement of were constructed of clear acrylic plastic. The
the latter reaction was not performed for the after- cylindrical and Labrador head phantoms were
modification series, used in the before-modification characterization

measurements and one-to-one comparisons of the

Table 24 shows a comparison of the after- current data with previous data are possible. In
modification measured epithermal-beam the case of the cylindrical phantom measure-

parameters and the corresponding parameters ments, a 7.62-cm (3-in) diameter beam defining
derived from a Monte-Carlo neutron transport aperture was used in both the before- and after-
calculation. The calculation is based on a detailed modification measurements. In the case of the
model of modified core. From the data presented Labrador head phantom, 10-cm x 10-cm and a

in this table, measured and calculated epithermal 5-cm x 10-cm apertures were used. The ellipsoid

flux are in good agreement. The differences in the phantom was only used in the after-modification
fast neutron flux and dose are much the same as in measurements. This phantom measurement was

a similar comparison for the before modification performed so that INEL dosimeter data and BNL
fast parameters and are due to a deficiency in the dosimeter data can be compared directly. For the
calculation model to accurately handle neutron ellipsoid phantom measurement set, no beam

streaming at high neutron energies. In the before- defining aperture was used.
modification case, the fast-neutron range of the

BMRR calculated spectrum was adjusted to be In the INEL phantom measurements, copper/
consistent with the measured data. This same gold alloy wire segments were used to measure

procedure will be applied to the after- the thermal-neutron and epithermal-neutron flux
distributions. The gamma dose distributions were

modification calculated spectrum, measured using CaF2:Mn thermoluminescence
dosimeters (TLD 400). The BNL phantom

Phsntom Measurements measurements used bare and cadmium-covered

gold foils for measuring the thermal- and
In these measurements the thermal-neutron epithermal-neutron flux distributions and 7LiF

flux, epithermal-neutron flux, and gamma dose thermoluminescence dosimeters (TLD 700) for
are measured as a function of position inside the measuring the gamma dose distributions.
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Table 24. BMRR epithermal beam measurements and calculations, after modification.

Measurement Calculation Ratio

Total neutron flux 9.64E+08 1.01E+09 0.95

(n/cm2-s per MW)

Fast neutron flux 4.29E+07 3.18E+07 1.35

(n/cm2-s per MW)

Epithermal flux 9.21E+08 9.78E+08 0.94
(n/cm2-s per MW)

Fast neutron dose 2.10 1.31 1.61

(cGy/min per MW)

Neutron kerma 3.80E-11 2.23E-11 1.70

(cGy per n/cm 2)

Shown in Figure 99 are the thermal-neutron phantoms measurements is the reason behind this
flux distributions versus the distance along beam difference. The calculated neutron fluxes for the
(z) axis inside the cylindrical phantom, free beam and the phantoms also indicated the

same differences in the increase in neutron flux;

Both the before-modification (4/91) and after- that is,-50% for the free beam fluxes and -30%

modification (11/92) measurements are shown. In for the phantom fluxes.
both cases, the peak thermal-neutron flux occurs
at a depth of between 2 and 3 cm inside the

phantom. Beyond that point, the after- The thermal- and epithermal-neutron flux .
modification flux drops off faster than the before- distributions for the ellipsoid phantom are shown
modification flux. The epithermal neutron flux in Figures 101 and 102. In Figure 101, the INEL
distributions are shown for the same phantom in measurements are compared with the BNL
Figure I00. Once again the after-modification measurements and calculations. In Figure 102,
flux falls off faster with depth than does the the INEL measurements are compared with the

before modification flux. This type of behavior INEL calculations (rtt_MC). From these two
can be explained by a difference in the angular figures, it can be seen that there is excellent con-
flux distribution between the before- and after- sistency b'.ztween the INEL and BNL measure-
modification neutron beams. Listed in Table 25 ments and calculations. The gamma dose
are the peak thermal-neutron flux values for distribution in the ellipsoid phantom is shown in
cylindrical and labrador phantoms. In both Figure 103. In this figure, only the results fi'om
phantoms, the core modification amounted to a the BNL measurements and calculations are
28% increase in the peak thermal-neutron flux. shown. The INEL dose measurements are about a
This increase is below that observed for the free factor of 2 below these results and the difference

beam flux measurements (49%) reported above, is thought to be due to a difficulty in processing

lt is felt that the difference in angular flux the TLD400s used in the INEL measurements.
distribution combined with the collimating effect However, the INEL calculations are in agreement
of the beam limiting apertures used in the with the BNL results.
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Figure 99. Thermal neutron flux distribution as a function of depth in the cylindrical phantom.
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Figure 100. Epithermal-neutron flux distribution as a function of depth in the cylindrical phantom.
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Table 25. Peak thermal neutron flux data.

Before modification After modification

peak flux peak flux

(n/cm2-s per MW) (n/cm2-s per MW) Ratio (after/before)

Cylindrical phantom 4.44E+08 5.66E+08 1.28

7.62cm dia. aperture

Labrador phantom 6.55E+08 8.41E+08 1.28

10cre x 10cm aperture
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Figure 101. Thermal and epithermal-neutron flux distributions as a function of depth in the ellipsoid

phantom (INEL measurements compared with BNL measurements and calculations).
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Figure 102. Thermal and epithermal-neutron flux distributions as a function of depth in the ellipsoid

phantom (INEL measurements compared with INEL calculations).
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Figure 103. Gamma dose distribution in ellipsoid phantom.
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Cnclusions neutron flux distributions in the phantoms (before
and after rnodification) also support this
conclusion. There is excellent agreement between

From the data presented in this report, the INEl_, measurements and INEL calculations and
BMRR core modification completed in 1992 between INEL results (measurements and
resulted in an increase in free beam intensity of calculations) and the BNL results (measurements
49% and there are no significant alterations in the and calculations) in cases where direct

shape of the epithermal neutron spectrum, comparisons can be made. The one exception is

Evidence exists to suggest that the fast-neutron the gamma dose data and in this case it is felt that
dose to epithermal neutron flux has been reduced the problem lies with the INEL gamma
by the core modification. However, more measurements.
measurements will be needed to confirm this

observation. When beamdefiningaperturessuch In summary, it is felt that the BMRR
as those used in the INEL large animal model epithermal-neutron beam is now sufficiently
studies are used, the net increase in beam characterized to proceed with the INEL large

intensity is 28% The difference between the animal model studies and that the INEL model
increase in free beam intensity (49%) and the developed for patient treatment planning is
increase in the collimated beam intensity (28%) is capable of accurately predicting dose
due to a change in the beam angular flux contributions for future irradiations using the new
distribution at large angles. The differences in BMRR epithermal-neutron beam.
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GTRR PHYSICS SUPPORT

Dr. Dave Nigg and Floyd Wheeler, Reactor more typical of that required for routine human
and Radiation Physics, INEL treatment should BNCT becnme a widespread

modalitv. In addition, the GTRR bream,.:feventu-

Introduction ally employed for human clinical trials, would
offer patients a significantly better probability of

BNCT research in the U.S. has focused on the local tumor control, and would allow treatment of
a much larger fraction of those patients who coulduse of an epithermal (0.5 eV to l0 KeV) neutron

beam. An epithermal-neutron beam offers much potentially benefit from BNCT than with the

better tissue penetration than the thermal-neutron BMRR beam. Finally_ ii may be noted that there
are ongoing efforts directed toward developmentbeams currently used for BNCT of human tumors

in Japan. Various types of epithermal-neutron of drugs that are more effective (that is, that have
sources for BNCT have been proposed over the a greater preferential accumulation in malignant
years. Reactor-based sources, accelerator-based tissue relative t,_ normal tissue) than the most
sources, and radioactive neutron sources have ali widely-employed, currently-available drug

been extensively examined. The first practical, (BSH). It can be demonstrated that neutron beam
large-scale, epithermal-neutron beam for BNCT qualit-:, and boron drug quality tend to have a
was installed at the BMRR approximately four synergctic relationship. The increased
years ago. This beam was designed and effectiveness of any improved boron drug will be
constructed in a cooperative effort between BNL significantly magnified by an improved beam,

and INEL. lt has been used extensively for BNCT that is, the system is not linear. Beam quality and
research activities conductet, oy INEL, BNL, and drug quality do not combine linearly. Overall
others, treatment efficacy depends upon a complex inter-

act!on of both.

Although the BMRR beam has served the The basic, generally-accepted criteria for a
BNCT research community weil, and will therapeutically-useful epithermal-neutron beamcontinue to be a valuable research tool for the

for BNCr are as follows:
forseeable future, there are also reasons to

seriously consider the construction of an • The intensity should be sufficient to allow
advanced epithermal-neutron beam facility that reasonably short treatment times (perhaps
would offer certain significant improvements in one hour or less) without surgical removal
performance relative to the BMRR beam. c, overlying tissue. This reduces the stress
Conceptual design calculations conducted during on the patient and allows treatment to be
the year by INEL researchers, in collaboration completed before significant bioelimination
with the Georgia Institute of Technology, have of boron from the irradiation volume has
shown that a beam having ifigher intensity ._'gnifi- occurred.
cantly lowers fast neutron contamination and

offers much better collimation :ban the BMRR • There should not be an excessive level of

beam. This proposed beam would allow certain fast (that is, greater than 10-20 KeV)
types of large animal irradiations to be done with- neutron contamination. Fast neutrons are

out surgically reflecting the scalp and other tissue disproportionately damaging to normal
overlying the treatment volume of interest. Also, tissue.
extrapolation of animal BNCT irradiation data for

the purpose of decidin5 whether to proceed to • There should not be an excessive level of

human clinical trials (the ultimate objective of ali gannna contamination.
BNCT research) would be facilitated by the avail-
ability of the proposed GTRR beam. This is • The beam should be well-collimated in
because this beam has spectral qualities that are order to provide the maximum level of_
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thermal neutron flux generated at depth per reactor adjacent to the biomedical beam port.
unit flux at the surface. Collimation also Outside the vessel, the existing large reflector and
serves to reduce uncertainties in the shield penetration is lined with a laminated bis-
delivered radiation dose that arise from muth-lead-cadmium filter housing. Within this
positioning of the target irradiation volume, housing is a region of dry aluminum plates

occupying a volume fraction of 90%. This region
is approximately 0.7 m thick. It is followed by aKnowledgeable individuals can (and do) argue

ad-infinitum with regard to the relative 0.076m regionoflithiated-aluminum plates and a
importance of each of the above criteria. 0.01 m titanium plate for spectral shaping in the
Informed opinions also vary considerably as to 0-1 eV and the 10-100 KeV ranges, respectively.
exactly what specific numerical requirements Finally, there is a 0.076 m bismuth-lead gamma
should be associated with each criterion. As a shield. The movable concrete shield block is also

practical matter, an ideal beam (neutrons only in lined with laminated bismuth, lead, and cadmium
the desired energy range, monodirectional, with to help provide collimation of the neutron beam
sufficient intensity and no gamma contamination) and to suppress contamination from concrete
cannot be generated using any currently-known capture gamma radiation. A bismuth and
technology. Hence the arguments center around lithiated-polyethylene thermal neutron and
the issue of "how good is good enough". The gamma shield is positioned on the exit port wall
currently-operational BMRR epithermal-neutron of the currently-existing treatment room. Provi-
beam is generally considered to have physical sion can be made for a variety of beam delimiter

properties that are acceptable for a variety of inserts to control the size and shape of the beam
animal research applications and possibly for exit port.
treatment of a small fraction of human brain

tumors (those near the surface). As will be
discussed, the proposed GTRR beam offers Calculations to estimate the neutronic perfor-
certain significant performance improvements mance of the proposed epithermal beam at the
over the BMRR beam. GTRR were performed by the same basic com-

bination of two- and three-dimensional radiation

The discussion presented here will include a transport techniques that was successfully

brief technical description of the proposed GTRR employed for physics design of the B MRR
epithermal beam facility. Following this, the epithermal-neutron beam.
results of some representative dosimetry

calculations that compare the radiobiological The calculated exit port neutron flux spectra
efficacy of the BMRR and GTRR beams will be for the BMRR and the GTRR neutron beams are
presented. Finally, some observations and compared in Figure 105. It can be seen that inten-
conclusions will be offered, sity of the GTRR beana is somewhat greater than

that of the BMRR beam and the fast neutron com-

Description of the Proposed ponent is significantly smaller. The RBE of the

GTRR Epithermal Beam Facility fast neutron component of the BMRR beam has
been measured as high as 5 ± l, emphasizing the

The GTRR is a heavy-water moderated and need to suppress this component as much as pos-
cooled plate-fuel-type reactor with a graphite sible in order to avoid unnecessary healthy tissue
neutron reflector. The proposed GTRR damage during therapy. The proposed GTRR
epithermal-neutron beam facility would be beam is also well-collimated. This is shown in
installed in the existing large biomedical irradi- Figure 106, where the angular distribution of this
ation port as shown in Figure 104. In this beam is compared to that of the BMRR beam. A

__ conceptual design, an in-vessel filter/moderator well-collimated epithermal-neutron beam gener-
- structure, composed of 90% aluminum and 10% ares approximately twice as much desirable ther-

D20 by volume, occupies the space between the real neutron flux at depth per unit entrance flux
core and the reactor vessel on the side of the than an isotropic beam.

z
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Figure 104. Conceptual epithermal-neutron facility at the GTRR.
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Figure 106. Comparison of BMRR and GTRR neutron beam angular distributions.

This reduces the undesirable healthy-tissue presented here will be for a lucite canine-head

dose near the surface relative to the desirable phantom that has been used extensively for
boron capture dose (which is proportional to experimental characterization of the BMRR

thermal neutron flux) at depth. Some integral beam. This phantom is shown in Figure 107. lt
parameters of interest for the two beams are has dimensions that are typical of a Labrador
shown in Table 26. Again il can be seen that the Retriever head, (This is the breed used for tissue

GTRR intensity is somewhat greater, with a tolerance studies in the INEL Large Animal

reduced fast neutron component and greater col- Project). A variety of flux wires and gamma
limation (ratio of exit port current to flux). The dosimeters can be placed in lhc vertical and

significance of the Advantage Depth data given in horizontal holes that are drilled at evenly-spaced
Table 26 is discussed in the following section, intervals throughout the phantom. This phantom

has been extensively modeled using a variety of
Therapeutic Comparison of the independent three-dimensional radiation

BMRR and GTRR Epithermal transport techniques, Excellent agreement
Beams between calculated and measured thermal

neutron fluxes thai are developed in the phantom
The differences between the actual clinical when it is placed in the BMRR epithermal-

performance of the BMRR beam (prior to the neutron beam has been demonstrated. Because

September, 1992 reactor BMRR core the canine phantom is almost as large asahuman
modifications) and the proposed GTRR beam can head, the calculated results presented here are
be illustrated by analytic dosimetry calculations also qualitatively similar Io what would be
for a tissue-equivalent phantom. The comparison expected for human applications.
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Table 26. Integral parameters---GTRR conceptual design.

Parameter Design requirement GTRR (5MW) BMRR (3MW)

Epithermal neutron flux >2 x 109 (4 ± 1) x 109 (2 -I-0.5) x 109
(n/cm2/sec)

Fast neutron dose per <2 x 10-11 (1.5 + 0.5)x 1011 4.7 x 10-11
unit epithermal flux
(cGy/n-cm 2)

Current to flux ratio Maximize 0.86 0.6

RBE advantage depth Maximize 7(@ 30 ppml°B) 6(@ 30 ppm I°B)
(cm)

Figure 107. Lucite canine-head phantom.
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For the demonstration presented here, the It should be noted that the data presented here
canine phantom was assumed to be positioned in are for the BMRR beam prior to the September
the BMRR and the GTRR beams with the beam 1992 BMRR core modifications. Preliminary
axis perpendicular to, and the beam impinging data indicate that these modifications have

upon, the top of the head in both cases. The increased the BMRR beam intensity by
standard 10 cm by 10 cm external BMRR beam 50 percent.
delimiter was assumed. The same size and shape
was assumed for the internal GTRR beam Thus the treatment time comparisons given

delimiter port in order to provide a consistent above may change accordingly once the new
comparison. Figure 108 shows selected dose- BMRR beam is fully characterized. Preliminary

depth profiles generated in the canine phantom data also indicate, however, that the BMRR beam
for each of the two beams. The dose from boron spectral quality (as opposed to intensity) has not

capture (at 50 ppm), the total non-boron dose (the changed significantly, although this tentative
fast neutron dose, the incident and capture conclusion is still under review.

gamma dose, the nitrogen (n,p) dose, etc.) are
Figure 109 shows a comparison of RBE-shown, along with the fast neutron dose compo-

weighted dose depth profiles for the two beams.
nent plotted separately. The geometry of the The data in Figure 109 are based on the
phantom model was exactly the same for both

assumption of BNCT treatment using BSH, with
beams. The neutron spectrum, intensity, and a realistic blood concentration ot" 30 mg/Kg
angular distribution of the beam source for each (ppm) and a tumor-to-blood ratio of 1.0. In addi-
model was represented by an angular flux bound- tion, it was further assumed that, as in standard

ary condition, constructed from the results of the photon therapy, the healthy tissue al a selected
transport calculations used for design of each critical location is brought to its RBE-weighted
respective beam facility, tolerance dose (assumed here to be 15 RBE-Gy).

The dose-limiting tissue was assumed for this
exercise to be the capillary endothelium in normal

lt can be seen from Figure 108 that the brain tissue at the location of the peak RBE-
desirable boron dose at depth is generally about a weighted dose to healthy tissue. Given this nor-

realization, hypothetical RBE-weighted tumorfactor of three times larger per MW of reactor
power for GTRR. For a given total therapeutic dose-depth profiles corresponding to the data
dose, the treatment time for GTRR is therefore given in Figure 108 are shown in Figure 109. This
about a factor of 5 shorter at the rated reactor provides one consistent, relatively widely-ac-

cepted, measure of perl'ormance for one beam rel-
power of 5 MW than is the case for BMRR at its ative to the other, with ali controllable parameters
rated power of 3 MW. In addition, the significant held constant for both. lt can be seen that the so-

suppression of the fast neutron (or hydrogen called "advantage depth" (depth at which tumor
recoil) dose component for the GTRR beam rela- dose falls belov¢ the healthy tissue tolerance close)
tive to that of the BMRR beam is readily is about 1 cm greater for theGTRR beam. By the
apparent. Although not immediately obvious use of standard radiobiological cell survival mod-
from the plots, the GTRR beam also offers a els, it can be shown that this difference in advan-

slightly more favorable boron dose-depth profile tage depth corresponds to one or two orders of
than the BMRR beam. These latter two magnitude greatermalignantcellkillingpowcr
characteristics of the GTRR beam are radiobio- for the GTRR beam _mtali depths of lherapeutic
logically very significant, interest for primary brain tumors.
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Figure 108. Calculated physical absorbed dose-depth results along beam centerline.

As is always the case with any calculational measured RBE of 2.7 was used for the nitrogen
model, the results presented here are heavily (n,p) reaction in both healthy and malignant

dependent upon the input assumptions. The tissue. The gamma component of each beam was
results will vary with the assumed boron assigned an RBE of 0.625 to account for cellular
concentration and with the assumed RBE factors repair during irradiation. An RBE value of 5.0

for the various dose components. Any reasonable was used for the fast neutron component in both
set of these parameters will, however, still show beams. All other components were assumed to
the same qualitative comparison for GTRR have an RBE of 1.0. The nitrogen content of the
tumor-cell killin G advantage. The RBE factors dose-limiting healthy tissue will also affect the
assumed in this analysis are based on various data results. A conservative value of about 2.8 percent
available in the published literature. A factor of by weight was used in this exercise. Finally, it
2.3 was used for uniformly-distributed boron in may be noted that there is considerable biovari-
tumor tissue. For the capillary endothelium, a ability in healthy tissue tolerance to radiation.
so-called "compound RBE factor" of 0.33 was The value of 15 RBE-Gy employed here is within
used. This factor includes the combined effects of the range observed in canine studies, but

both classical RBE and geometric protection (due complications have been observed at lower doses
to high-LET charged particle imbalance) that are for some human ateriovenous malformation
characteristic of this tissue with BSH as the (AVM) patients treated with photon radiation at

boron-carrying agent. The commonly-accepted lower doses.
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Figure 109. Tumor REB close-depth profiles for GTRR and BMRR.

Conclusions whether to proceed to human clinical trials (the
ultimate objective of ali BNCT research) would

Considering economics, geographic locatioo, be facilitated by the availability of the proposed

and the physics studies presented here, the pro- GTRR beam because this beam has spectral qual-

posed GTRR beam offers, overall, the most desir- ities more typical of that required for routine
able known source of epithermal neutrons for human treatment, should BNCT become a

BNCT that is available, or can be made available, widespread modality. In addition, the GTRR

in the U.S., using present reactor or accelerator beam, if eventually employed for human clinical

technology. The best currently-operating epither- trials, would offer patients an improved
mal neutron source in the U.S. is the BMRR probability of local tumor control. It would allow

beam, which will continue to see heavy use for treatment of a much larger fraction of those
BNCT research for the forseeable future. The patients who could potentially benefit from

BMRR beam, however, has a radiobiologically- BNCT because the ratio of tumor dose (and tumor

significant level of fast neutron contamination, cell killing) to healthy tissue dose is inherently
which has led to surface tissue damage in some greater for this beam at ali depths of therapeutic

canine experiments. Studies conducted by INEL interest. The calculations have shown that this is

researchers during the year show that this con- the case for both the best currently-available

tamination can be suppressed to a significant boron carrier drug (BSH) and, based on the

extent with the proposed GTRR beam. This results of the studies conducted during the year, is

would allow some types of advanced animal expected to be even more pronounced with any

experimentation to be done without surgically improved boron drugs that may become available

reflecting the scalp. Also, extrapolation of animal in the future. This is a subject for continued study
BNCT irradiation data for the purpose of deciding during Fiscal Year- 1993 and beyond.
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