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PREFACE
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order to illuminate progress in the synthesis and tar-
geting of such compounds and to evaluate and document
progress in radiobiological and dosimetric aspects of
neutron capture therapy. It is hoped that this meeting
will facilitate transfer of information between groups
working in these fields, and encourage synergistic
collaboration.
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Enhancement of Tumor Dose v i a Neutron Beam F i l t r a t i o n and Dose Rate,
and the Effects of These Parameters on Minimum Boron Content*

R.G. F a i r c h i l d and V.P. Bond
Brookhaven National Laboratory

Upton, New York 11973

ABSTRACT

Calcu la t ions are tuade of the minimum boron content in tumor necessary for
Neutron Capture Therapy. These es t imat ions a re made for va r ious neutron
beams, on the b a s i s of t h e r a p e u t i c gain produced by e f f ec t i ve dose (absorbed
dose x relative biological effect). The effects of repair are evaluated, in
anticipation of boronated biomolecules having selective and long-term binding
t-> tumor cells, thus allowing protracted irradiations. Pure epithermal neu-
tron beams (free of significant fast neutron and gamma contamination) are
found to offer major advantages, particularly when the effects of repair are
included. The various boron compounds being investigated for NCT are
evaluated on the basis of necessary minimum boron content in tumor.

INTRODUCTION

Poor r e s u l t s in cancer therapy are due mainly to the l i m i t a t i o n , by the
presence of normal t i s sues wi th in the r a d i a t i o n f i e l d , of the doses that can
be del ivered to tumor. The use of the B ( n , a ) ' L i r eac t ion in radiotherapy
produces r a d i a t i o n s with a shor t range (^1 c e l l diameter) so t h a t , in p r i n c i -
p l e , i t should be poss ib le to keep the dose r e s t r i c t e d to the tumor c e l l s . In
add i t ion , the reac t ion products provide r a d i o b i o l o g i c a l advantages general ly
accorded to high-LET radiations. Ini t ia l c l inical t r ia ls carried out between
1951 and 1961 failed. The poor results were attributed to two major problems:
poor neutron penetration in t issue, and boron levels in blood higher than
those in tumor. Viable tumor was found at depth following radiation doses
that exceeded the tolerance of normal surface tissue (1).

The careful clinical studies carried out by Dr. H. Hatanaka have done
much to stimulate interest again in NCT. Results with a thermal neutron beam
and the "second-generation" compound Na2Bj2^H^H, with a tumor-to-blood concen-
tration ratio of about 1.5, show median survivals higher than those obtained
with conventional techniques v.2). Further improvements should result from the
improved neutron penetration provided by epithermal reactor neutron beams
which are now available (3). Also, recent studies have indicated that
deuteration of tissues should significantly improve neutron densities at depth
(4).

Major advances should be possible following the development if a
boronated compound showing selective binding to tumor. Physiological
targeting of boron to tumor cells would allov clearance of boron from normal
tissues, if the boronated molecules have an assumed biological half- l ife (in

*This work was supported by the U.S. Department of Energy under Contract
DE-AC02-76CH0016.



tumor) of the order of days. The consequent improved °B ratio ( i . e . , ratio
of B concentration in tumor to that in normal tissue) should then provide
conditions requisite for successful therapy. A number of biomolecules have
been identified which may serve as vehicles for the transport of boron to
tumors; these include chlorpromazine, thiouracil, porphyrins, amino acids,
nucleosides, antibodies, steroids, and liposomes. A major activity emphasized
at this meeting is the work being done on the synthesis and testing of
boronated inalogs of these compounds.

Success in this activity would lead to additional improvements in NCT.
The long biological half-life of such molecules would relax requirements for
intense neutron flux densities, thus allowing the use of alternative neutron
sources such as heavily filtered beams with improved dosimetric character-
i s t i c s . For example, scandium-filtered beams should be capable of deliver-
ing ^2-keV neutrons, which would have optimum penetration in tissue with a
minimum of adventitious radiation.

Dosimetric aspects of NCT are well known. The major contributions of
dose to normal (boron-free) tissues are due to gamma rays from the H(n,y)D re-
action and protons from the N(n,p)**C reaction-. Further adventitious radia-
tions are delivered by fast neutron and y contaminations present in the inci-
dent beam. Experience has shown that contaminating Y rays can be effectively
removed. Appropriately filtered beams may give good neutron penetration
without significant fast neutron dose. Consequently, the remaining normal-
tissue dose will be due mainly to low-LET y's from H(n,y)D> with a smaller
component from the N(n,p) C reaction. In principle, i t should be possible
to reduce the former contribution by fractionating the doses to allow repair.

This paper describes the evaluation of therapeutic gain produced by vari-
ous neutron beams, the effects of repair, and a determination of the minimum
boron content necessary for NCT.

METHOD

In evaluating therapeutic efficacy, the determining factor is the ratio
of tumor dose to maximum normal tissue dose, termed the "advantage factor"
(AF) (5). Problems encountered in conventional radi"therapy stem mainly from
the inability to obtain an AF greater than 1. Treatment volumes must be
extended beyond bulk tumor in an effort to include unseen microscopic exten-
sions of growth. The presence of normal tissues within the treatment volume
then limits tumor dose to the normal-tissue tolerance dose. To the extent
that misalignment of beam and tumor occurs during the usual course of ̂ 30 frac-
tions over six weeks, the AF is less than 1.

It is generally considered that when tumor dose can be augmented by 10%,
significant (observable) improvement in local control can be obtained. In the
implementation and evaluation of a new therapeutic modality, it would perhaps
be unwise to proceed unless a 20% increase in tumor dose could be expected, in
order to ensure an observable response. Thus a criterion for embarking on the
testing of a new modality would be that the AF >̂  1.2.

Advantage factors can be evaluated from absorbed dose distributions
measured in anthropomorphic phantoms. The mixed-field components'measured in
a tissue-equivalent phantom head are given in Table 1 for an incident thermal
and epithermal neutron beam which are representative of neutron sources in use

- 2 -



Table 1. Absorbed dose rate (rads/minute) in a tissue-equivalent
anthropomorphic phantom* I from Fairchild (6))

Dep th in
tissue,
cm

0
1
2
3
4
5
6
7
8
9
10

Y

530
530
490
415
350
285
225
180
145
115
95

Thermal

N

205
150
110
75
50
30
20
10
7
5
3

neutron

H 1°B

90
70'
50
40
30
20
17
15
12
10
8

beam

(35 yg/g)

2925
2140
1500
1030
670
460
300
190
130
70
50

Y

50
78
88
93
93
88
81
73
66
59
53

Epithermal

N

3
10
13
14
14
12
10
8
7
5
4

H

183
144
111
85
64
49
40
32
27
22
20

neutron beam

10B (35 yg/g)

42
130
193
212
201
180
151
121
95
75
60

*Medical Research Reactor, Brookhaven National Laboratory; reactor power 5 MW.
Y> N, and H = dose from H(n,y)D, ^N(n,p)1^C, and proton recoils.

or available for use in NCT today (6). Relative depth-flux distributions for
such thermal and epithermal neutron beams are given in curves A and B respec-
tively in Fig. 1 (normalized to 1 at 7 cm depth). The advantage of a distribu-
tion such as that produced by an epithermal beam (curve B) is that, during
delivery of the required dose at depth, surface tissues are traversed by fewer
thermal neutrons. As seen in Table 1, however, there is a significant fast
neutron component in the epithermal beam. This beam is obtained by filtering
out thermal neutrons from a 1/E reactor spectrum with P. Cd filter (3). Alter-
natively, it is possible to provide essentially monochromatic energy neutrons
by using "pass-band" filters such as scandium, which transmits 2-keV neutrons
with very small contaminations of Y rays and fast neutrons (7-9). The thermal
neutron distribution for such a beam incident on a phantom head (8) is also
shown in Fig. 1; the two distributions (from epithermal and 2-keV beams) are
quite similar in shape, although the Sc-filtered beam is ̂ 2 orders of magni-
tude lower in intensity (^108/cm2-sec) (9) because of the heavy filtration nec-
essary to provide a relatively clean beam. In addition, curve B also repre-
sents the thermal neutron distribution in a phantom head reported for 37-eV
and ̂ 30-keV beams (10,11). Thus, to a first approximation, it can be assumed
that the thermal neutron distribution given by curve B in Fig, 1 represents
that generated by any energy or mix of energies in the intermediate
(epithermal) neutron energy region (between 0.5 eV and 10 keV).

The epithermal neutron energy region is of particular interest for NCT
in that below ^10 keV it is thought that the proton recoils produced by
scattered neutrons no longer have the energy required to produce ionizations

- 3 -



12

8 10
DEPTH (cm)

Fig. 1. Thermal neutron flux density
generated in tissue-equivalent phantom
head by a thermal and apithermal beam
(3) and a 2-keV beam (8). Data normal-
ized to 1 at 7 cm.

EFFECTIVE DOSE RATE
EPITHERMAL BEAM

TOTAL DOSE (NO BORON)

a 4 6 e IO
DEPTH (cm)

Fig. 3 . Same as Fig. 2, but for an
epithermal beam.

EFFECTIVE DOSE RATE
THERMAL BEAM

6 8 10
DEPTH (cm)

Fig. 2. Effective dose rate vs depth
in an anthropomorphic phantom head for
various components produced by an inci-
dent thermal beam. To obtain effective
dose, absorbed dose values from Table 1
were multiplied by appropriate RBEs.
RBE values were 2 for fast neutrons and
the ^N(n,p)l*C reaction, and 2.5 for
the 10B(n,a)7Li reaction.

Sao

a.
is
u.o
(A

EFFECTIVE DOSE RATE
2 keV BEAM

TOTAL DOSE (NO BORON t

6 8 10
DEPTH (cm)

Fig. 4. Same as Fig. 2, but for a
2-keV beam (8).
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6 8 10
DEPTH (cm)

Fig. 5. Therapeutic gain (ratio of ef- Fig. 6.
fective dose to tumor relative to the
maximum effective dose to normal tissue)
for thermal, epithermal, and 2-keV neu-
tron beams as a function of depth in an
anthropomorphic phantom head. Absolute

THERAPEUTIC GAIN
(WITH REWIR)

35/ifl IOB-'a TUMOR
IOB RATIO-3

B content in Curaor was 35 Vg 1 0 B/g,10
with a concentrat ion r a t i o between tumor
and normal t i s s u e (•*•"]$ r a t i o ) of 3 .

5[ -1 1 1 r
THERAPEUTIC GAIN

(NO REPAIR)
35>.-gl0B/g TUMOR

IOB RATIO=IO

-2keV

6 8 10 12
DEPTH IN cm

Fig. 7. Same as Fig. 5, but with
a 1°3 ratio of 10.

6 8 10 12
DEPTH (cm)

Same as Fig. 5, but
including repair.

HERAPEUTIC GAIN
(WITH REPAIR)

35»ig l 0B/g TUMOR
'OB RATIO' 10

6 8 10
DEPTH IN cm

12

Fig. 8. Same as Fig. 6, but with
a 1: B̂ ratio of 10.
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(5 ,8 ) . Energy w i l l be d iss ipa ted mainly by hea t ing , which i s expected to pro-
duce l i t t l e b io log ica l e f fec t . Thus, say with 2-keV neutrons, there may be no
contaminating rad ia t ion other than that from the N(n,p) C and H(n,Y)D reac-
t ions unavoidably produced by thermal neutrons generated at depth.

Various radiobiological fac tors are thought to influence therapeut ic
outcome. These include the poss ib le rad io- res i s tance of hypoxic c e l l s (oxygen
gain factor) and the r e l a t i ve i n s e n s i t i v i t y of c e l l s in Go ( the l a t en t or
non-prol i ferat ing pool) as well as the r e l a t i ve b io logica l e f fec t (RBE) as
influenced by the l inear energy t ransfer ' LET). These factors are somewhat
more nebulous than the parameter "absorbed dose" used to obtain the AF. The
effects of RES can, however, be incorporated in the evaluation, as they are
fa i r ly well known, and indeed must be accounted for in evaluating the b io log i -
cal effects of the ^^B(n,a)^Li react ion for c l i n i c a l app l ica t ion . Recent mea-
surements have indicated tha t the KBE for the *^B(n,a) 'Li an^ t^e l*N(n,p) C
reaction are 2.3 and 1.9 respect ive ly (12) . Zamenhof has found a value of 2
for fast neutrons (10) encountered in NCT.

Rounding off gives a value of 2 for the RBE of fast neutrons and the
*^N(n,p)^C reac t ion , and a value of 2.5 for the ^B(n ,a)7Li r eac t ion . These
numbers wi l l be used to obtain the b io logica l ly "effect ive dose" from absorbed
dose; values of "effective dose" wil l then be used to evaluate possible thera-
peutic gain (TG). Given the c r i t e r i a arrived a t above, that the tumor dose
should be 20% higher than maximum normal-tissue dose ( i . e . , TG ^1 .2) the mini-
mum usable boron content can then be derived.

RESULTS

The absorbed dose distributions for the various mixed-field components of
a thermal beam given in Table 1 have been multiplied by the appropriate RBEs
to -;et the "effective dose" distribution shown in Fig. 2. Similarly, an
"effective dose" distribution for an incident epithermal neutroti beam was
obtained by using data in Table 1 (Fig. 3). The "effective dose" distribution
for a scandium-filtered beam (Fig. 4) is idealized in that the thermalized neu-
tron distribution generated in tissue was taken from Harvey and Mill (8) but
the Y dose rate was obtained from measured values for the "epithermal" beam.
This v-a. done on the assumption that, since the thermal neutron depth-flux
curve was similar, the Y dose would be also [in both cases there is negligible
Y contamination in the incident beam (5, 9)). A major assumption is that the
fast neutron dose is also negligible. This should follow from theoretical
considerations, but remains to be verified. From the "effective dose" distri-
butions in Figs. 2, 3, and 4 it is then possible to evaluate the therapeutic
gain (TG), which is defined in the same way as the AF except that in this case
the ratio of tumor dose to maximum normal-tissue dose is based on the parame-
ter "absorbed dose x RBE."

The TG is a function of depth in tissue, absolute concentration of ̂ ^B in
tumor, and *"B ratio (i.e., ratio of boron in tumor to that in normal tissue).
For the sake of illustration, au absolute B concentration of 35 yg/g was cho
sen in conjunction with a 10B ratio of 3, and the therapeutic gain was plotted
as a function of the third parameter, depth, in Fig. 5, for a thermal, an
epithermal, and a 2-keV beam. These parameters are similar to, but somewhat
better than, those in use for NCT now in Japan (2,6).

- 6 -



If a protracted irradiation schedule similar to that in conventional ther-
apy is used, it should be possible to increase normal tissue tolerance to low-
LET radiation by a factor of 1. (It is assumed here that there is no signifi-
cant repair for the other components.) This results from the repair of low-
LET damage in conjunction with biofeedback producing regeneration of normal
tissue, which is a well-known phenomenon. The TG has been plotted for each
beam in Fig. 6 with the assumption of a fractionated regimen instead a single
acute dose; thus the y components given in Figs. 2, 3, and 4 have been reduced
by 2/3. Protracted irradiation would be possible if the boronated compound's
biological half-life were long enough, and indeed it might be necessary if al-
ternative low intensity neutron sources (such as a Sc-filtered beam) were
used. Thus Fig. 6 includes the effects of repair of low-LET damage. The ef-
fects of repair have little consequence with respect to TG for the thermal
and epithermal neutron beams, but a significant improvement is seen for the
2-keV beam.

The parameters used in Figs. 5 and 6 are illustrative for boron compounds
now in use for NCT. To illustrate the effect of the anticipated improvement
in clearance of boron from normal tissues with use of boronated biomolecules
that physiologically bind to tumor cells (6), curves analogous to those in
Figs. 5 and 6 were constructed for a B ratio of 10: without repair (Fip.
7) and with repair (Fig. 8). From these data it is apparent that clearing
boron from normal tissue is advantageous. Further major improvements are
observed when the effects of repair are combined with the effects of using a
2-keV beam.

DISCUSSION

2-keV Beam

The data provided in Figs. 2, 3, and 4 allow the derivation of therapeu-
tic gain (TG) for any condition desired. The numerous variables involved f^B
ratio, concentration, depth in tissue, type of incident beam) make generaliza-
tions difficult. Nevertheless, it can be clearly seen from Figs. S to 8 that
the deeper penetration of higher energy neutron beams is advantageous in that
the TG maintains a usable value (i.e. >_ 1.2) for significantly greater depths
(6 to 11 cm vs S2 to 4 cm for thermal beams). Furthermore, repair is seen no
give significant advantages, particularly with relatively "pure" 2-keV beams
which are not contaminated with over-riding high-LET contaminations. The
major increase in TG demonstrated for the 2-keV beam in Fig. 8 (*°B ratio =
10; with repair) suggests that, upon the availability of boronated compounds
with biological half-lives in tumor of the order of days, the development of
such beams would be of prime importance.

Minimum Boron Content

The selection of biomolecules to serve as vehicles for boron transport to
tumor is complicated by the requirement for therapy of molar concentrations
higher by a factor of ̂ 10* to 10^ than those needed for diagnostic techniques.
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Thus the capacity of physiological pathways is likely to be exceeded before
therapeutic levels are achieved. It then follows that in evaluating the poten
tial of various molecules as influenced by binding-site densitites, associa-
tion constants, etc., a parameter of major importance is the minimum 1"B con-
centration that will provide measurably improved tumor control. This param-
eter can be estimated, with reasonable assumptions. If it is assumed that
(i) the TG must be ̂ 1.2, and (ii) this value must obtain to a depth of 4 cm,
then the minimum value for absolute B concentration can be derived. This
is done by using the following equation to solve for the necessary dose from
10B at 4-cm depth:

V 4 ) + V 4 ) = lml {V m ) + V m ) / R}
where '

D (x) = dose to boron-free tissue at depth x,

D (x) = dose to tissue from the minimum boron concentration at depth x,

R = 10B ratio,

m = depth where maximum dose to normal tissues occurs, and

D_(m) = M DT3(4), where M = D_(m)/Dn(4) is obtained from Fig. 2, 3, or 4.

Data from the thermal beam, for example, with R = 10, give

5 + DB(4) = 1.2 |ll.2 + (7,3/1.7) • DB(4)/10)} ,

D (4) =17.5 .

The minimum boron content (Vg B/g tumor) is then obtained:

17.5/1.7 x 3.5 = 36 yg/g .

The minimum 1"B concentration has been determined for l̂ B ratios of 3, 10, and
00, for the various neutron beams described above (Table 2). With use of a
rather optimistic B ratio of 10, the minimum "B concentration is ̂ 30 Pg
B/g tumor for a thermal beam and ^15 for an epithermal beam; if a beamp

analogous to a monochromatic 2-keV beam can be developed, the minimum value
'drops to *̂ 2 Pg B/g tumor, and with repair, this can be halved.

The above values suggest minimum boron concentrations in tumor tissues
requisite for improved cancer therapy; a uniform boron concentration (intra-
and extracellular) has been assumed. Available evidence indicates that if the
same bor n concentrations are restricted to nuclear, cytoplasmic, or extra-
cellular volumes, the necessary (local) boron concentrations will have to be
higher by a factor of at least 2 to 4.
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Table 2. Minimum

Beam '

Thermal not
Epithermal
2-keV

B concentration

Without

3

possible
16
2.8

repair

10

36
15
1.9

oo

17
14
1.7

10B Ratio

With

3

not possible
17
1.4

repair

10

28
16
0.94

OO

13
16
0.83

Evaluation of Potential of Prospective Compounds

A number of biomolecules are under investigation as possible vehicles for
boron transport. These compounds were chosen in part because there were indi-
cations that physiological pathways might be adequate, and because boronated
analogs had, for one reason or another, been described in the literature (6") .
Boronated analogs of most of the sevyn classes of compounds discussed below
have recently been synthesized and are currently being tested for efficacy in
the NCT procedure, "s reported in various papers in this Symposium. The poten-
tial of these compounds, based on necessary minimum boron content, is briefly
reviewed.

Steroids • A number of reports describe boronated estrogens (13-15). In
the review by Hechter and Schwartz (161, a total of 4.5x10^ extrogen receptor
sites per cell was assumed (in MCF-7 cells, which had the highest receptor-
site density of nine breast cancer cell lines evaluated). With the further as-
sumption of a single carborane cage per steroid ligand, and a nuclear mass of
400 pg in which 80% of the receptor sites are concentrated, it then follows
that the nuclear concentration of boron is 0.015 Ug/g. This projected boron
content is too low to be useful. Hechter and Schwartz (16) suggest a number
of ways to enhance this number, including the use of less specific binding
sites .

Antibodies. Boronated antibodies are being synthesized by various groups
(17-21). Current work indicates that up to 10 boron atoms per active anti-
body molecule should eventually be available, while studies of tumor-
associated antibodies show antigen-site densities of ^10^ sites per cell (22).
Combining these parameters with a cell volume of 1000 ]J3 (the approximte vol-
ume of a hamster V-79 cell) a boron concentration of 17 Pg/g is obtained
(assuming uniform distribution throughout the cell). This boron concentra-
tion approaches the usable range with neutron beams now available, particu-
larly if "cocktails" of var-.ous boronated monoclonal antibodies increase the
available antigen-site densities. However, in view of the difficulties
encountered in targeting therapeutic amounts of radio-labeled antibodies in
vivo, it is unlikely that application of this technique will be simple.
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Nucleosides. Schinazi et al. have synthesized a boronated analog of
thymidine (DBDU) which shows evidence of biological activity (23). Mammalian
cells are known to have ^6 pg of DNA with 5.5x10 base pairs, providing
^3.2x10 thymine bases available for substitution. Assuming a nuclear volume
of 100 y3 (100 pg), and 5% substitution of DBDU for thymidine (Tyd), the nu-
clear boron concentration would be 27 yg B/g (6,24). Forty percent substitu-
tion of halogenated deoxyribonucleosides for Tyd has been obtained both in
vitro and in vivo, while 5% replacement has been reported in human tumors
(24). Thus, provided that DBDU proves to be an effective analog of Tyd, a
therapeutic boron concentration should be possible.

Chlorpromazine (CPZ). Mishima and co-workers (25) have described the syn-
thesis and testing of a boronated chlorpromazine (BCPZ). Other studies have
shown that the total binding capacity of melanoma for CPZ (as well as other
melanin-affinic agents) is >̂ 0.8 ymol per mg melanin, and that it should be pos-
sible to deliver therapeutic amounts of BCPZ (•-/>30 Vg B/g) , with multiple-dosing
procedures (26).

Thiouracil (TU). The possibility of utilizing boronated thiouracil is
being investigated by two groups (27,28). The total binding capacity of
melanin for TU is ̂ 7 ymol TU per mg of sythesiz=d melanin. Studies with
unboronated TU have shown that therapeautic amounts can be easily delivered
with only >̂ 10% of the sites filled (28). (Assuming the boronated analog
behaves the same way, the carrying capacity for 10% of the sites is ̂ 30 yg
B/g). A major advantage of TU over CPZ is that it is taken up as a precursor
to melanin synthesis, t.nd thus shows no affinity to preformed melanin. While
the boronation of urzieil has been described by Schinazi (23), the succesful
synthesis of borona'ced TU has yet to be reported.

Amino Acids. Various boronated analogs of amino acids are being tested
in Europe, Japan, and the United States (25, 29-31). Since proteins comprise
>̂ 15% of tissue and have a rapid turnover, incorporation adequate for therapy
would be expected; this has been verified with the unboronated amino acids
glycine and phenylalanine (29). Studies by Mishima and co-workers with the
compound p-borono-phenylalanine (BPA) have shown significant biological activ-
ity and incorporation in B-16 melanoma cells in vitro. In vivo studies have
demonstrated uptakes of 10 to 30 yg B/g of tumor, with tumor regression
reported following neutron irradiation of both transplanted and spontaneous
tumors (in hamster and swine, respectively) (25).

Porphyrins. The possibility of using boronated porphyrins has two dis-
tinct advantages. One is that,as opposed to the melanin-affinic n^lecules
such as CPZ and TU (as well as perhaps BPA), porphyrins are apparently taken
up equally well by all types of tumors. Second, uptake is robust, with a
carrying capacity which is in principle J*10 times that needed for therapy
(32). Although the excess carrying capacity and general applicability make
porphyrins unique among the various compounds being investigated, little ef-
fort has been directed toward synthesis of the many possible boronated analogs,
and only two very preliminary reports are available (14,32).

Most of the papers to be presented in this Symposium describe the synthe-
sis and testing of new compounds for NCT. Some of these compounds have al-
ready demonstrated significant uptake and biological activity. It is to be
hoped that at least one of these boronated molecules will be capable of provid-
ing the selective uptake in tumors which can then be used to demonstrate- the
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full potential inherent in the NCT procedure. Ultimately, it might be desir-
able to load tumors with boron via multiple physiological pathways; f>r exara-
l>i-e, the possibility exists that boronated analogs of antibodies, porphyrins,
and nucleosides could be used to simultaneously target boron to various parts
of tumor cells .
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The Evaluation of Necessary Conditions for
Neutron Capture Therapy Using Boronated
Antibodies

Robert G. Zauenhof, Ph.D.

Medical Physics Division, Tufts-New England
Medical Center, Boston, MA

Glyn R. Wellum, Ph.D.

New England Nuclear Corporation,
Billerica, MA

ABSTRACT*

The application of "blood-brain-barrier" boronated compounds to neutron capture
therapy, although demonstrating encouraging clinical results, does not permit
large (>2-3) macroscopic tumor-to-blood boron concentration ratios to be
achieved. The concept of employing boronated antibodies, specifically tar-
geted toward certain tumor types, to transport boron to the desired cellular
sites is superficially attractive. To determine whether such an approach
is practically realistic, we have carried out a modeling study to examine the
interplay of various "physical" and "biochemical" variables, such as neutron
flux-depth and dose-depth distributions, antibody-antigen association
constant, antigen site density, number of boron atoms per antibody molecule,
and the amount of boron present in the blood pool, in their impact on the
"advantage depth" (a criterion for therapeutic efficacy). It is concluded
that given the pharinacodynamic properties of potentially useful antibody
preparations, significant improvements in therapeutic efficacy over the
currently available "blood-brain-barrier" compounds are not likely to be
readily achieved.

*No complete manuscript submitted.
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Filtered-Beam Dose Dis t r ibu t ions for Boron
Neutron Capture Therapy of Brain Tumours

B.J. McGregor
Nuclear Technology Division

and
B.J . Allen

Applied Physics Division
AAEC Research Establishment, Lucas Heights Research Laboratories

Private Mail Bag, Sutherland 2232 NSW, Aus t ra l ia

ABSTRACT

The va r i a t ion of RBE dose in b ra in t i s sue has been calculated as a func-
t ion of depth for f i l t e r e d reactor neutron beams from thermal to above 100
keV. Concentrations of "B in the tumour great ly enhance the tumour dose r e l -
a t ive to that for normal t i s s u e . The optimum dose-depth d i s t r i b u t i o n s are
obtained with a 6-keV neutron beam. In the brain t i s s u e model for a tumour
concentrat ion of 40 ]lg l^B/g, the half-dose-depth i s 7 cm, and the maximum
useable depth is 10 cm for a tumour/t issue boron concentrat ion of 10. For
these condi t ions , an average tumour dose enhancement of ^3 i s found.

1. INTRODUCTION

The pr inc ip les of neutron capture therapy (NCT), although f i r s t enun-
cia ted in 1936 (1 ) , have been slow in implementation. The f i r s t NCT t r i a l s
u t i l i s e d the 1 0 B(n,a) 7 Li react ion at the Massachusetts I n s t i t u t e of Technol-
ogy reac to r (2) (MITR), where boron doping of bra in tumours was used with
in vivo therapy by a thermal reac tor beam. The large boron-10 capture cross
sect ion ensures a high production r a t e of oi and Li p a r t i c l e s . The l i n e a r
energy t ransfers of these pa r t i c l e s are 150 and 175 keV ym , and the ranges
are 9 and 4.5 ym, which is less than or of the order of one c a l l diameter .

The boron neutron capture therapy (BNCT) t r i a l s were not encouraging be -
cause of problems associated with the low boron tumour/blood r a t i o ( l e s s than
u n i t y ) , the poor pene t ra t ion of thermal neutrons , and the high Y dose to the
p a t i e n t . The method lay dormant u n t i l 1973 when Hatanaka and Sano (3)
reported an improved pro toco l . In subsequent yea r s , some promising remissions
from bra in tumours have been obtained ( 4 ) , although the method is less than
sa t i s f ac to ry because of the limited penet ra t ion of the thermal neutron beam in
t i s s u e , i . e . half-dose-depth (HDD) ^2 cm. However, the thermal beam should be
p a r t i c u l a r l y suited to BNCT of advanced, primary melanoma ( 5 ) .

An important requirement for BNCT is to devise a neutron beam with
enhanced penetra t ion so that higher doses can be given to the tumour with
g rea t e r sparing of the skin and heal thy t i s s u e .

To th i s end, Fr iger io (6) used cadmium to f i l t e r thermal neutrons (<0.5
eV) from a well thennal ised beam at the Argonne Research Reactor, and found a
g r e a t l y improved pene t ra t ion of the "epithermal" beam. Fairchi ld (7) measured
c r a n i a l isodose d i s t r i b u t i o n s in * t i s sue-equiva len t phantom for an epithermal
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beam from the Brookhaven Medical Research Reactor. This beam contained a sig-
nificant contamination of fast (>10-keV) neutrons.

A one-dimensional, discrete ordinate.. transport code (ANISN) was used by
Zamenhof et al. (8) to calculate the dose-depth distribution in a brain model.
In this study, the relative biological effectiveness (RBE) for photons,
protons, and the 10B(n,a)7Li reaction was taken to be RBE(y) = 1.0, RBE(p) =
2.0 and RBE (a,7Li) =3.7, the last value be;?«* taken from the experiments of
Davis et al. (9).

It was noted that the neutron kerma (cJ kg"1) per unit neutron fluence
has a minimum value in the 3T- io 50-eV range. Kerma is the kinetic energy
released in matter and is the sum of the kinetic energies (AE) of all charged
particles produced by n and y interactions in a mass (AM) of tissue. It is in
this region chat the energy transfer changes from primarily neutron capture in
nitrogen [ •i-̂ 'N(n,p) **Cj below 10 eV to mainly proton recoils from neutron colli-
sions with hydrogen nuclei (^(lijn)^] above 200 eV. For this reason,
Zamenhof et al. (8) calculated dose-depth distributions for thermal and 37-eV
beams, the MITR therapy beam, and a 2"cf source. The last two cases included
D2O and *"B filtered beams, i.e. tailored beams.

Absorbed dose components were obtained for H(n,n), N(n,p), H(n,y)
(i.e. included Y), and 0 to 160 Vg 10B/g tissue. The half RBE-dose-depth
values (HDD) for 40 ]ig ̂ B/g tissue aro given in Table 1.

Table 1. RBE Dose-depth

Thermal
37-eV
MITR beam
2 5 2Cf t a i l o r e d

Parameters

HDD (cm)
ANISN

2.
4.
2,
5.

.0

.2

.2

.3

(Zamenhof e t a l . (8)J

MUD (cm)
ANISN

4,
8,
4,
6.

.3

.2

.3

.3

MUD
Monte

3
4

(cm)
Carlo

.5

.2

The maximum useable depth (MUD) is i:hat depth of tissue for which the
total tumour dose equals the maximum normal tissue dose, wherever the latter
occurs (i.e. the MUD is that depth where the tumour and maximum tissue doses
are equal, or where the advantage factor AF = 1.0). The MUD can then be used
to compare beams tor different tumour/blood 10g ratios, and for different abso-
lute ^ B concentrations in the tumour. Typical results for 40 yg B/g and
tumour/blood ratio = 10 are given in Tab3e 1. These results indicate the ad-
vantage of the 37-eV neutron beam for BNCT.

A multidimensional dosimetry calculation (10) using a Monte Carlo
code gives somewhat lower values for MUD than ANISN for the MITR and tailored
n cry

•"^Cf beams (Table 1 ) , and po in t s to the need for a ful l dimensional ca lcu la -
tion to obtain accurate dose-depth r e s u l t s .

The concept of a f i l t e r e d beam was fur ther extended by Mil l and Harvey
(11) to the 2-keV beam which could be obtained from a scandium f i l t e r (12) .
For the 2-keV beam, the peak fluence depth i s 2.8 cm, and the ha l f - f lux depth
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HFD =6.3 cm. Taking a nominal flux of 5xlO12 n cm 2 s"1 per unit lethargy
for a typical high flux reactor, and compounding with transmission and geomet-
ric factors, Mill,and Harvey (11) calculated a flux of ""7.4xlO7 n cm"2 s"1 for
a scandium filter. For this flux and 30 Ug 10B/g tissue, a mid-brain tumour
dose of 70 cGy h"1 would result. This is equivalent to 260 cGy h"1 for
photons, and could be acceptable for fractionated dose therapy.

Fairchild and Bond (13) compared experimental thermal, epithermal, and
2-keV relative thermal flux distributions as a function of depth. Half-flux
depths (HFD) are given in Table 2. The peak flux of the BNL 2-keV beam (13)
is 9x10 n cm s at 2 cm tissue depth, two orders of magnitude down on the
Mill and Harvey flux calculation. For the scandium-filtered 2-keV beam with
35 Ug ^B/g, the HDD = 4.2 (absorbed dose), which is comparable to the 37-eV
beam calculation of Zamenhof et al. (8).

Table 2. Half-flux and Dose Depths, from Fairchild and Bond (13)
(Note that the epithermal beam contains a significant contamination

of fast neutrons)

HFD (cm) HDD (cm)

Thermal 2
2-keV 4,2 4.2
Epidermal 6.2

The foregoing r e s u l t s point to the enhanced performance of the 37-eV,
2-keV, epithermal, and ta i lo red 2*2Cf beams over that of the thermal beam.
Whereas there is no p r a c t i c a l beam f i l t e r at ^37 eV, 2 3 8 U, Sc, 5 6 Fe , and 2 8 S i
f i l t e r s have been used a t 186 eV and 2, 24, and 144 keV in neutron physics
experiments. There is a lso the p o s s i b i l i t y of a copper f i l t e r at 7.5 keV.
However, higher neutron energy beams, although achieving greater pene t r a t ion ,
cause increasing RBE doses co he-l'chy t i s s u e . I t i s therefore timely to
inves t iga te the r e l a t i v e performance of these f i l t e r s to determine the RBE
dose-depth d i s t r i b u t i o n so as to find the optimum beam for BNCT. In t h i s
paper, one-dimensional ANISN ca lcu la t ions are made for the complete set of
f i l t e r e d beams. Dose-depth d i s t r i b u t i o n s are obtained in each case H(n ,y) ,
^N(n ,p ) and 1H(n,n)1H, and 1 0 B(n,a) 7 Li energy t r ans fe r mechanisms.

Data are presented in graphs and t a b l e s , and advantage factors and maxi-
mum useable depths are found for a range of B tumour concentrat ions and
tumour-to- t issue *-®B r a t i o s . Calculat ions are made for the brain tumour
mode 1.

2. ANISN CALCULATIONS

The one-dimensional d i sc re t e -o rd ina t e s t ransport code ANISN (14) was used
for the ca lcu la t ion of comparative dose-depth d i s t r i b u t i o n s in the human
b r a i n . For these c a l c u l a t i o n s , the scalp and skul l a - -ssumed to have been
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removed. The code treats the effects of the transverse neutron and Y~ray leak-
age with an approximate buckling correction. However, the code is expected to
be adequate for comparative dose calculations, as distinct from accurate dose
distributions in the cranium. For this purpose, Monte Carlo calculations are
required, and these will be reported separately. The ANISN code uses 42 group
neutron and y-ray coupled cross section data derived from ENDFB-IV. The group
structure is vir tual ly the same as that used by Zamenhof et a l . (8) and is
given in Table 8. It accounts for anisotropic scattering by a third-order
Legendre polynomial expansion of the differential scattering cross section
usir- the extended transport method.

The neutron and Y~ray spectra in successive layers of brain tissue are
needed to determine the absorbed dose and biological <*. ;se equivalent in each
volume element. The ANISN code accomplishes this by solving the one-
dimensional, multigroup, time-independent Boltzmann transport equation, using
the Sfl variant of the discrete ordinates method.

The neutron and Y~ray fluences are converted to dose using the kerma fac-
tors for normal tissue tabulated b~ Zamenhof et a l . (8) but modified for the
brain composition given by Schaeffer (15) and listed in Table 3. A signif i-
cant difference between brain and normal skin t issue composition is the impor-
tant nitrogen proportion in the brain which is 1.9% rather than 3.5%. Table
8 shows the effect of the different compositions on kerma factors.

Table 3. ANISN Calculat ional Parameters

Cross section area 13,9 x 13.9 cm^

Element Weight %
Brain composition 0 72.6

C 15.1
H 10.15
N 1.9
Cl 0.10
Na 0.15

Densi ty 1.00 g cm
S p a t i a l r e s o l u t i o n 0.5 cm , , __
Incident in tegrated neutron current 10 n cm

Secondary charged p a r t i c l e equilibrium is required for the equivalence of
kerma and absorbed dose. Heavy charged p a r t i c l e s have ranges of <5 mm for neu-
tron energies below 16 MeV, and secondary e lec t ron ranges are genera l ly <10
mm. The equil ibrium requirement can be relaxed if , as for y r a y s , the second
derivat ive of the kerma-depth d i s t r i b u t i o n in t i s s u e is not large ( 8 ) .
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3. RELATIVE BIOLOGICAL EFFECTIVENESS

A comparison of RBE dose for different neutron beams requires a knowl-
edge of the relative biological effectivness of the different energy transfer
mechanisms. The quality factor (QF) is designed for chronic or low dose condi-
tions as encountered in radiation protection, and is not suitable for use with
the acute or high doses administered in therapy. The RBE is found from spe-
cific mammalian experiments with low survival end points. Whereas the RBE for
hydrogen capture Y rays (2.2 MeV) can be taken to be 1, there is considerable
uncertainty about the N(n,p) and the hydrogen elastic neutron scattering com-
ponent, as well as the reaction products of the B(n,oO Li reaction.

RBE (protons;

At proton energies between 30 and 100 keV, the linear energy transfer to
the medium (LEToo) is at its maximum value of ̂ 90 keV Vm~ . Consequently, the
RBE is also at its maximum value. For the ̂ N(n,p) reaction, the proton
energy is 0.63 MeV, whereas for the neutron elastic collisions on hydrogen,
the proton recoil energy is less than or comparable to the neutron energy.

The neutron RBE is determined from in vitro experiments and dose calcula-
tions, and varies markedly in the keV energy region depending on the biological
end point used. Consensus indicates a broad maximum at RBE ̂3 at a 10%
fraction for 100 to 600 keV, corresponding roughly to the broad peak in the
effective LEToo calculation of Kellerer and Rossi (16). The few data available
below 100 keV show an inverse relationship with energy (17).

In thai, our calculations are mostly for neutrons below 30 keV, we assume
an RBE ̂ 2, which is consistent with the thermal value. However, at higher
energies, a larger value should be used. It is worth remarking on the paucity
of data in this critical region.

RBE (a,7Li)

Biological experiments for a variety of media and for survival, mutation,
and chromosome aberration end points show a wide range of RBE values. For mam-
malian c s l l s , values range from 1.05 (spleen-thymus weight) to 23 (chromosome
aberrations in blood). The value consistently used in BNCT calculations is
RBE = 3.7, reported by Davis et a l . (9) on HeLa cells with 2 to 20 Pg 10B/g
concentrations.

An important factor in the B dose calculation is the boron selective
dose rat io (BSDR), defined by Kobayashi and Kanda (18), which relates to the
effectiveness of boron concentrations within the tumour ce l l . This would af-
fect experimental RBE values, but at this stage the effect is unknown.

For the purposes of this paper, we have adopted the Davis et a l . value of
RBE = 3 . 7 . Should this value be changed in the future, the tables for boron
dose can be readily modified by tha factor RBE/3.7.

The emission of a 478-keV Y ray from the ^B(n,ot Y)^Li reaction occurs in
most (93.9%) boron-10 capture reactions. However, because the dose contri-
bution of the Y ray is <0.2% of the to ta l ^B dose to a volume element (8) ,
i t is ignored.
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4. RESULTS

The dose-depth distributions for standard tissue reported by Zamenhof et
a l . (8) for an incident flux of 1010 neutron cm"2 s"1 for thermal, 37-eV, and
reactor beams were recalculated and, with the exception of the thermal and re-
actor beam resul t s , good agreement was found. In these cases a value of half
the incident neutron current of 10 ^ neutron cm"2 s~* was needed to obtain the
same dose distribution, suggesting different normalisations.

Dose distribution data are calculated for the thermal, <37-eV>, <186-eV>,
<2-keV>, <24-keV> and <144-keV> neutron energies, the brackets indicating aver-
age energies corresponding to possible reactor f i l t e r s , with the exception of
<37-eV>. This, energy was chosen by Zanienhof et a l . (8) because i t lies at the
broad minimum in the absorbed dose curve. Actual energy ranges for each neu-
tron winr*-..- are given in Table 4 together with the relevant f i l t e r parameters.

Table 4. Filtered-beam Parameters

Average
energy (keV;

Thermal
0.037
0.186
2.0
5.5

24
144

Energy
range (keV)

<0.15 eV
0.023-0.061
0.061-0.45
1.23-3.35
3.35-9.12

9.12-67
67-302

Filter

-
238D

Sc
Cu
Fe
Sb-Fe
Si

Filter
energy (keV)

0
2
7

24
144

.186

.0

.5

*Radioactive photo-neutrot. source.

The RBE dose-depth data for an incident current of 10^ neutron cm"2 s *
are given in Table 5 for the sum of H(n,y), H(n,n)H and 14N(n,p), and the

B(n,oO'Li components, the last being for a concentration of 1 yg 3/g
tissue. From these data i t is possible to calculate the RBE dose for any
absolute concentration of ^B in the tumour, and for any tumour/brain tissue
°B concentration ra t io . The RBE dose-depth distributions for 1 yg ^

tissue and induced y plus p dose are plotted in Figure 1, and the total
dose-depth distribution for 40 yg ^B/g tissue is shown in Figure 2.

It can be readily observed that beams in the eV to low keV energy region
are the most suitable for BNCT of the brain. The-;e beams give good dose-depth
penetration and skin sparing, the <6-keV> beam offering the optimum skin
sparing condition. This is not the case for the therma"1 beam, where the
maximum dose is in the skin, nor for the 144-keV beam, where hydrogen recoil
effects dominate the energy transfer within the f i rs t centimetre of tissue.
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Table 5. Neutron-induced RBE Dose-Depth E stributions in Brain Tissue (cJ kg *]
for 1 Ug -^B/g Tissue

(For incident integrated neutron current of 10*" neutrons cm~̂ )

0
0
1
2
3
4
5
6
7
8
9

11
14

Depth
(cm)

.001-0.5

.5-1.0

.5-2.0

.5-3.0

.5-4.0

.5-5.0

.5-6.0

.5-7.0

.5-8.0

.5-9.0

.510.0

.5-12.0

.5-15.0

0.001-0.5
0
1
2
3
4
5
6
7
8
9

11
14

.5-1.0

.5-2.0

.5-3.0
• 5-4.0
.5-5.0
.5-6.0
.5-7.0
.5-8.0
.5-9.0
.5-10.
.5-12.0
.5-15.0

1

1.
1.
1.
1.
1.

4

<

1

1,
1
1,
1
1,
1
1
1
1

.0
T

2 . 0
P

<thermal>
44
,63
,55
.33
.11
.91
.74
.60
.49
.41
.33
.23
.137

.10

.30

.62

.77

.78

.67

.50

.30

.10

.93

.77

.53

.30

.98
1.01

.65

.42

.26

.17

.107

.067

.043

.027

.017

.0065

.0015

<2-kev>
.64
.72
.75
.72
.64
.53
,41
.30
.22
.15
.10
• C43
.011

3.7
a,7Li

.80

.83

.53

.34

.22

.137

.087

.055

.035

.022

.014

.0053

.0013

.18

.33

.50

.54

.51

.43

.33

.25

.18

.12

.082

.035

.0093

1.0
y

1.41
1.69
2.05
2.15
2.05
1.84
1.59
1.34
1.11

.92

.75

.51

.30

1.03
1.23
1.53
1.69
1.71
1.62
1.47
1.29
1.10

.93

.77

.53

.30

2.0
P i

<37-eV>
.36
.61
.84
.83
.70
.53
.38
.27
.18
.12
.076
.031
.0076

<6-keV>
1.29
1.22

.96

.79

.66

.54

.42

.31

.23

.16

.11

.047

.013

3.7
*,7Li

.30

.51

.70

.69

.58

.44

.32

.22

.15

.095

.062

.025

.0062

.17

.30

.46

.51

.49

.42

.33

.25

.18

.13

.087

.039

.010

RBE

1.0
T

1.28
1.53
1.87
2.00
1.95
1.78
1.56
1.33
1.12
0.93
0.76
0.52
0.30

.95
1.12
1.41
1.57
1.62
1.57
1.45
1.29
1.12

.95

.80

.55

.32

2.0
P a

3.7
9

<186-eV>
.33
.54
.75
.77
.68
.54
.40
.28

.r.o

.131

.086

.036

.0090

.24

.42

.61

.63

.55

.44

.33

.23

.16

.107

.070

.029

.0074

<24-keV>
5
4
2
1
1

.4

.6

.8

.66

.05

.71

.51

.36

.26

.18

.13

.057

.016

.14

.25

.40

.46

.46

.41

.34

.27

.20

.14

.10

.047

.013

1.0

"fine
2 .0 3

P a ,

MITR (8)
1.31
1.26
1.15
1.05
0.96
0.88
0.80
0.73
0.67
0=61
0.56
0.46
0.35

<144-keV>
.83

1.11
1.34
1.47
1.50
1.47
1.37
1.24
1.10
1.02

.88

.63

.37

18
16
11

7
4
2
1
1

.1

.2

.1

.1

.4

.7

.65 .

.03 .

.65 .

.42 .

.27 .

.115 .

.032 .

.7
7 L i

110
20
32
39
41
39
34
29
23
18
133
069
022
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Fig. 1. RBE dose in cJ kg x (cSv) as
a function of depth in brain tissue
for (a) 1 yg ^"B/g tissue, (b) induced
Y and p components. Data are shown
for thermal, <0.037>, <0.19>, <6>,
<24>, and <144> keV average neutron
energies for an incident integrated
current of 10 n cm"-.

DEPTH dm)

Fig. 2. Total RBE dose in cJ kg~]

(cSv) for 40 yg 10B/g and various
average neutron energies as a
function of brain depth. The <6>
beam gives the best skin sparing.
Incident integrated current is 10-
n cm~2.

keV

The advantage factor (AF) is the ratio of the tumour dose to the maximum
tissue dose for a given beam filter, absolute 1"B concentration, and relative
tumour/tissue concentration. Advantage factors have been calculated for a
likely therapy condition of 40 yg B/g and a tumour/tissue ratio of 10.
These data are plotted for each filter in Figure 3.

Because of the blood-brain barrier (19), the normal brain tissue uptake
of the boron compound is small, and Hatanaka (20) reports ^ B concentrations
in brain tissue of £l yg l^B/g. The main boron contamination, therefore,
arises from the blood, but this comprises only 5% of the total brain mass
(21). Thus, for a tumour/blood ratio of only 5, the average tumour/tissue
concentration is 100. However, local damage to capillaries may set the dose
limit, rather than damage to normal brain cells, so we have assumed a
tumour/tissue '•"'B ratio of 10 as being a likely condition.

The best advantage factors at 2 to 10 cm are achieved with the <0.19>,
<2>, <6>, and <24> keV beam. If these beams could be realised, an advantage
factor of 4 to 5 for 1 to 5-cm depth could be achieved for 40 yg ^Bg/g tumour
with a tumour/tissue ratio of 10.

In cancer therapy, this advantage factor would be outstanding. Further,
an advantage factor of >1 would prevail to a depth of 10 cm, i.e. MUD =
10 cm.
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Fig. 3. Depth dependence of advan-
tage factors for ̂ B concentrations
of 40 Ug/g tumour and 4 yg/g tissue.
The <0.19>, <6>, and <24> keV beams
show a factor of four enhancement
over the thermal beam at 5 cm depth.

20
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Fig. 4. Variation of advantage factors
with absolute and relative ^"B concen-
trations for the <6> keV beam.

Advantage factors for various tumour/tissue concentrations are given in
Table 6 and shown in Figure 4 for the <6-keV> beam. Above 40 yg tumour/4
Jig tissue, l i t t l e gain is found in MUD. However, increases in absolute
and relative concentrations will give very useful increases in advantage
factors. For l̂ B concentrations of 100 Ug/g tumour and 1 yg/g tissue, average
advantage factors of more than 10 could be achieved. Average advantage fac-
tors <AF> within the same useable depth are given in Table 7 for each beam for
a range of tumour and tissue 1"B concentrations. The <6-keV> beam has the
best overall performance, marginally ahead of the <0.19> and <2> beams but
markedly superior to the <24> keV beam.

Incident Y~ray component

The foregoing results have not included an incident Y~ray component in
the neutron flux, which would be present in the real situation. The magnitude
of the Y~ray flux per 1010 neutron cm"2 could range from 0.05 cGy to 10 cGy,
depending on the neutron and y-ray shielding in the beam. For comparative
purposes, we have included the Y~ray flux distribution of MITR, taken from
Zamenhof et a l . (9). The incident distribution is given in ANISN groups 31 to
42 in Table 8, and corresponds to a total incident y-fluence of 1.68x10^ Y
cm 2 , which is equal to a dose of J i .3 cGy at the surface, per 1010 n cm"2.
The dose-depth distribution resulting from this incident Y~ray flux is given
in Table 5 .

The effect of this incident Y~ray dose-depth distribution can be quite
important at thermal energy for moderate boron concentrations. For 40 yg
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Table 6. Advantage

1Ug 10B/g:

Depth (cm)

0.001-0.5
0
1
2
3
4
5
6
7
8
y
11
14

.5-1.0

.5-2.0

.5-3.0

.5-4.0

.5-5.0

.5-6.0

.5-7.0

.5-8.0

.5-9.0

.5-10.0

.5-12.0

.5-15.0

2
2
2
2
2
2
2
1
1
1
0
0
0

Factors for

Total dose (cJ

1

.49

.74

.95

.99

.86

.58

.22

.85

.50

.21

.97

.62

.33

4

3.
3.
4.
4.
4.
3.
3.
2.
2.
1.
1.
0.
0.

00
64
33
52
33
84
21
60
04
60
22
74
36

4
5
7
7
7
6
5
4
3
2
1
0
0

10

.02

.44

.09

.58

.27

.36

.19

.10

.12

.38

.75

.97

.42

9
14
20
22
22
19
15
11
8
6
4
2
0

<6-keV> Beam (AF

kg'1)

40

.12

.4

.9

.9

.0

.0

.1

.6

.52

.28

.36

.14

.72

100 Tumour:

19
32
48
53
51
44
34
26
19
14
9
4
1

Tissue:

.3

.4

.5

.5

.4

.2

.9

.6

.3

.1

.58

.48

.32

MUD:

=

4

1

1.
1.
1.
1.
1.
1.
1.
m

m

.

m

m

6.

tumour dose/max

00
22
4
5
5
3
07
87
68
54
41
25
12

0

Advantage

10

1

1.
1.
2.
2.
2.
2.
1.
1.
1.
m

a

B

•

7.

I

3
8
4
5
4
1
7
4
,0
80
59
32
.14

,8 :

40

1

3.
4.
7.
7.
7.
6.
5.
3.
2.
2.
1.

L0.

1
8
0
7
4
4
1
9
8
1
46
72
24

,7

tissue dose)

factor (AF)

40

4

2.
3.
4.
5.
4.
4.
3.
2.
1.
1.

a

•

9.

0
2
6
1
9
2
3
6
9
4
96
47
16

7

100

10

2.5
4.3
6.4
7.1
6.8
5.8
4.6
3.5
2.5
1.9
1.3
.59
.17

10.4

100

1

6.5
10.8
16.
17.9
17.2
14.8
11.7
8.9
6.5
4.7
3.3
1.5
.44

12.6

Table 7. RBE Dose Parameters of F i l t e r ed Beams
(MUD is max useable depth in cm, for AF ^ 1; <AF> is average advantage

factor within MUD)

Beam

Thermal
<0.037>
<0.19>
<2>
<6>
<2&>
<144>

Ug 10B/g in tumour: 10
in tissue: 1

MUD

4
7
7.5
8
8
5
1

<AF>

2.2
1.9
1.9
1.9
1.8
1.2
1.0

40
4

MUD

6
8.5
9
9.5
9.7
10
5.5

<AF>

3.5
3.4
3.2
3.3
3.2
2.8
1.3

100
1

MUD

8
11
12
13
13.5
11
9

<AF>

10.2
10.6
9.9
10.2
10.0
4.9
1.7
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Table 8. Neutron Fluence to KERMA and Photon Fluence to KERMA Ffictors
(1.47-7 = 1.47xlO-7)

Group

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Neutrons
Lower
energy
bound

302 keV
183
67.4
24.8
9.12
3.35
1.23 keV

454 eV
167
61.4
22.6
8.32
3.06
1.125
0.414
0.152
0.001

Fluence to KERMA,
erg(g particle cjn̂ )~l

Brain

1.47-7
1.08-7
7.20-8
3.60-8
1.60-8
5.60-9
2.20-9
7.55-10
2.92-10
1.31-10
8.47-11
8.10-11
1.24-10
1.94-10
3.20-10
4.98-10
1.65-9

Tissue

1.47-7
1.08-7
7.20-8
3.60-8
1.60-8
5.60-9
2.20-9
7.55-10
3.02-10
1.45-10
1.11-10
1.35-10
2.11-10
3.35-10
5.61-10
8.85-10
2.94-9

Group

31
32
33
34
35
36
37
38
39
40
41
42

Gamma rays
Lower
energy
bound

10 MeV
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.51
0.10
0.01

Fluence to
KERMA, erg(g
particle c m )

2.45-7
2.25-7
2.05-7
1.85-7
1.64-7
1.43-7
1.21-7
9.63-8
6.71-8
3.82-8
1.51-8
7.42-9

tumour/4 Ug tissue, the MUD reduces by 20% and the <AF> by 30% for a thermal
beam. However, for the same concentrations, MUD and <AF> are reduced by only
6% for the <6-keV> beam.

The dose-depth results for the low keV beams are most encouraging and
require confirmation by detailed Monte Carlo calculations. It remains to be
seen whether or not a therapeutic beam with sufficient intensity in the low
keV energy range can be realised. However, if high boron concentration ratios
can be attained (e.g. 100/1), a thermal beam can be effective up to 8-cm
depth, if the y~ray component is kept low.
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FILTERED BEAMS FOR NEUTRON CAPTURE THERAPY
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ABSTRACT
For Neutron Capture Therapy (NCT) one would like a beam of neutrons

with greater than 10̂ -° n/cm2-sec with energies in the range from a few eV to
a few keV, with a minimal number of slower and faster neutrons and a minimal
number of gamma rays. One approach to producing such a beam is to filter
the raw neutron flux from a reactor or an accelerator through filtering ma-
terials that preferentially pass the desired neutrons while rejecting the
undesirable neutrons and gamma rays. The different kinds of filters that
might be considered are discussed and estimates of how closely these might
come to meeting the desired conditions are presented. Experience with such
filters at the MURR is included.

I. Introduction: Neutron Capture Therapy (NCT) is one promising method for
the treatment of certain cancers. In NCT a chemical, which is loaded with
1 0B, is injected into a patient and preferentially seeks out the cancer.
The patient is next exposed to neutrons which react with the ^B producing
high LET products which destroy the'cancer cells. The three major develop-
ments that must be successfully achieved for NCT to move from promise to
practice are: 1) identifying nontoxic chemical compounds that will deliver
the l0B in large enough quantities to the tumor while being in low concen-
trations in healthy tissue, 2) engineering beams that will deliver high
enough fluxe? of the optimum energy neutrons to the cancer region while be-
ing low in flux of the undesirable energy neutrons and gamma rays and 3) de-
veloping microdosimetry methods that will clearly identify how well 1) and
2) are being achieved.

This paper focuses on a possible method for achieving the beam of neu-
trons. The desired beam for NCT is about 1010 n/cm2-sec of neutrons within
the energy range from about 1 eV to 30 keV, few neutrons with higher or
lower energies and few gamma rays. Neutrons are not stable so they must be
produced when needed. To produce a large enough source flux of neutrons
will require either a reactor or an accelerator. After the reactor or ac-
celerator has produced as high an intensity of the desired neutrons as pos-
sible, it is the purpose of the filter to pass the desired energy neutrons
while rejecting the undesirable energy neutrons and gamma rays which are
produced along with the desired neutrons in the nuclear reactions.

II. Why Neutrons from 1 eV to 30 keV: Reactors and accelerators produce
neutrons that can span the energy range from about 15 MeV down to thermal
energies. The number of neutrons in each decade depends on the reaction and
the moderator surrounding the target or source. Figure 1 shows a typical
spectrum from a light water moderated fission reactor. The fission reaction
produces neutrons in a fission spectrum which is group 3 in the figure. The
water moderator slows down the neutrons through the keV to eV range, which
is called the 1/E spectrum (group 2). At thermal energies the neutrons come
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Figure 1: Typical spect-
rum from d light water mod-
erated reactor: 1) thermal
distribution, 2) 1/E dis-
tribution, 3) fast fission
distribution. The shaded
area is 1 eV to 30 keV.

1 10 3 10 6

NEUTRON ENERGY (eV)

into equilibrium with the moderator to form the thermal spectrum (group 1).
For an accelerator, the source is some nuclear reaction which produce^ neu-
trons in groups or bands above a few keV. A moderator around an accelerator
source will produce a similar 1/E group and a thermal group as are produced
with a fission source. Thus the spectrum of neutrons from either a reactor
or an accelerator that is moderated to produce some neutrons in the 1 eV to
30 k?V range will be similar. In the rest of this paper the reactor spectum
will be used to discuss the filters.

Figure 2: The general
shape of the biological ef-
fect produced by neutrons
in healthy tissue. The
shaded area is 1 eV to 30
keV.
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Figure 2 shows the general shape of the relative biological effect of
neutrons of different energies. Above about 10 keV the biological effect
increases and more healthy cells will be killed by these neutrons so an
upper limit of about 30 keV is set for the desired flux of neutrons
Neutrons below 1 eV interact quickly with ^ B near the surface or skin which
produces a high skin dose which is undesirable. Neutrons with energies
greater than 1 eV will penetrate several centimeters into a body before be-
ing moderated to thermal at which energy they can be highly absorbed by
B. Thus the desired band of neutrons that penetrate before thermalizing

that will not burn the skin and that cause modest effects from recoils to
healthy tissue extends from about 1 eV to about 30 keV
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III. Ho"i Filters Work: Since neutrons are particles with a finite rest
mass but no net charge, the interaction of neutrons with the material of a
filter is essentially through nuclear reactions and the probability of such
reactions is expressed as a cross section o. If the neutrons of number Io
start from a source, and are directed through a filter of length x, and the
number of nuclei/cc is n, then the number of neutrons I that arrive at the
position of the patient is:

I = Io (geometry effects) exp (-nxa).

The geometrical effects will be considered in a later section. Cross sec-
tions for neutrons have been measured and graphs of these cross sections
have been compiled1. A similar relation applies for the attenuation of gamma
rays2 but the na is replaced by a mass absorption coefficient \i.

To act as a filter of neutrons, the cross sectio.. should be small for
the energy band that one wants to pass and large for all other energies that
should be stopped. Neutron cross sections have general features and these
can be studied to select desirable filtering materials. Figure 3 shows a

figure 3: A generalized
neutron cross section
showing 2) the free atom
region and 3) an S wave re-
sonance region. The shaded
area is the 1 eV to 30 keV
band.

1 10 3 10 6

NEUTRON ENERGY (eV)

generalized cross section. Near thermal (range 1) the cross section in-
creases because the neutrons experience the binding of each nuclei to its
neighbor or the cross section increases because the 1/v absorption cross
section is large. Over the free atom cross section range (range 2), the
atoms experience interaction with isolated nuclei. The neutrons can experi-
ence a resonance interaction (range 3) where the cross section is very large
for small energy steps. For S wave resonances, interference may cause a dip
before the resonance and this dip or window is used in some filters to pass
a band of neutrons. In range 4 the resonances overlap each other and dips
or windows seldom occur. Over the whole range of cross sections long-range
oscillations are experienced because of optical type interference between
the neutron and the nucleus. These oscillations can sometimes be used to
advantage in filters. Neutron filters are designed to use the low cross
section windows and regions to pass the desired neutrons and the high cross
sections to stop the undesired neutrons.
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IV. Present Neutron F i l t e rs : Table I l is ts '* several f i l t e r s that are being
used or have been t r ied as neutron f i l t e r s and that pass neutrons between 1
eV and 30 keV. The U, Sc and Fe f i l t e r s are resonance window f i l t e r s in
which a strong resonance (for Sc two closely spaced resonances) with a deep
minimum before the resonance acts as a window to pass neutrons. Besides the
primary resonance and window, there are other higher energy S wave reson-

Table I
Neutron F i l te rs in the 1 ev to 30 keV range

Primary F i l te r ing
Material

238y

Sc

Fe

56pe

Al/S

Center of Neutron
Energy Band (keV)

0.186

2

24

24

0.001-30

Band Width
(keV)

0.0015

0.7

2

2

30

Relative
Intensity*

1

6

4

12

30

*The re lat ive intensi t ies were estimated af ter studying the reported
geometries, source fluxes and fluxes of each type of f i l t e r .

ances that also have windows and pass higher energy neutrons. Secondary
f i l t e r i n g materials have been added to these f i l t e r s to block these higher
energy windows. For example Al and S are added to the Fe f i l t e r s to block
the windows above 24 keV.

The Fe f i l t e r ' at the MURR has been used for nuclear engineering ex-
periments. The f i l t e r is in a tube 2.6 cm in diameter, while the sample po-
s i t ion is 3.5 m from the source. The f i l t e r is a 50 cm length of Fe metal
followed by 20 cm or Al and 5 cm of S. The f lux of 24 keV neutrons at the
sample position i j about 1.2 x 106 n/cm2-sec. The 24 keV neutrons are 92%
of a l l neutrons in the beam ana the measured f lux of gamma rays is
44 mR/hr.

The geometrical arrangement of the source, f i l t e r and patient or sample
par t ia l ly determines how many neutrons w i l l reach the patient. The flux <f>
arr iv ing at a patient i s :

A

where the isotropic f lux at the source is <|>0, the area of the source is A
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and the distance between the source and the patient is d. The f i l t e r i n g ma-
te r ia l is placed between the source and the patient. The <j> can be optimized
to some extent by using a larger A and a shorter d. Optimizing th is Fe
f i l t e red beam by expanding the source area to the f u l l face of the MURR and
shortening the source to patient distance to 2 m would gain a factor of
about 1000. Thus an iron f i l t e r might be designed for MURR from which the
f lux would be greater than 109 n/cm2-sec. In the 56Fe f i l t e r 5 , the sepa-
rated isotope is used instead of the element because the other isotopes of
Fe cloud the 24 keV window of 56Fe. Using the separated isotope instead of
the element, the cross section at the window drops from one half barn for
the element to 10 mb for the isotope 56Fe. Thus a longer length of 56pe c a n
be used as a f i l t e r without suffering a large attenuation at the primary
window. This longer length produces more attenuation of neutrons at other
windows, and more attenuation between windows and more attenuation of gamma
rays. Unfortunately, large quantities of 5^Fe to make a f i l t e r are ex-
pensive. I f 56pe could be obtained, a f i l t e r del ivering 3 x io" n/cm2-sec
might be achieved at MURR.

A Sc metal f i l t e r 6 has also been used at RURR and comparisons indicate
that an optimized Sc f i l t e r would deliver more neutrons than an optimized
elemental Fe f i l t e r . However, the cost of a large quantity of pure Sc metal
to make a large area f i l t e r would be prohibi t ive (over one mi l l ion do l la rs ) .
Also the cost of separated isotopes to use as secondary f i l t e r i n g materials
to remove neutrons above 30 keV would be prohib i t ive. A practical Sc
f i l t e red beam for NCT does not look possible.

In developing the 238U f i l t e r 7 a t MURR, secondary f i l t e r i n g materials
were added to stop higher energy neutrons coming through other windows in
the cross section. Neutrons that pass through higher energy windows appear
to extend in energy to only a few keV. Since windows up to 30 keV are a help
rather than a hindrance, a 238U f i l t e r without secondary f i l t e r i n g material
might pass more f lux by a factor of 10 but s t i l l r e s t r i c t the f lux to
energies less than 30 keV. The 238U f i l t e r is very ef fect ive for stopping
gamma rays and fast neutrons. Depleted uranium (0.2% U235) is re la t ive ly
inexpensive and would increase the aesired f lux by about a factor of 2.
Again optimizing by increasing the source size and shortening the distance
for a 238U f i l t e r at MURR might produce a beam of 3 x 109 n/cm2-sec.

The Al/S f i l t e r is a mixture of resonance window effects and optical
osc i l la t ion effects. Materials around mass number 30 have a lower cross
section in the free atom range than in the Mev region. In addition strong S
wave resonances occur near and above 30 keV. The difference in the cross
sections below 30 keV compared to above 30 keV is not as great as one could
hope for but s t i l l a f i l t e r of Al and S passes many neutrons below 30 keV
while stopping most neutrons above 30 keV.

An Al/S f i l t e r 8 ' 9 has been tested at MURR using the 2.5 cm diameter
be?" a t beamport F and Figure 4 shows the calculated neutron spectrum and
dose spectrum. A cut-of f is observed near 30 keV. These spectra have been
substantiated by measurements using Bonner sphere detectors*". Again consid-
ering an optimized beam of larger source and shorter distance, a f lux of
neutrons near 1010 n/cm2-sec might be expected at MURR. From these compar-
isons of f i l t e r s i t appears that several are possible candidates to reach a
f lux of 1010 n/cm^-sec at an intermediate neutron source l ike the MURR.
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V. Possible Improvements: Improvements of the filtered beams that might be
considered include: increasing the reactor power, increasing the source
area, shortening the distance between the source and the patient, increasing
the 1/E flux group from the source, improving the coupling between the
source-reflector and the filter and optimizing the filtering materials'
lengths. In most reactors the neutron flux is proportional to the power so
an increase in power will produce an increase in flux. Since this is a
possible option for a few reactors, but not for all, increasing the power
will not be considered further in this paper.

Increasing the source area and shortening the distance between the
source and the patient will increase the flux at the patient. The full face
of the reactor core could be used as the source area if necessary, but some
existing reactors will be restricted because of existing shielding. The
source to patient distance should be made as short as possible while still
leaving enough distance for adequate shielding around the filter. These two
increases have already been taken into account in the "optimized" beam of
the preceding section.

Most existing research reactors have been designed to give maximum fast
flux (>0.8 Mev) for radiation damage experiments or maximum thermal flux
(<0.3 eV) for isotope production or thermal neutron scattering experiments.
Few reactors have been designed to maximize the 1/E flux. The existing re-
actors should be examined to see if a change or modification of the re-
flector would yield more 1/E flux. Such a modification would increase the
1 eV - 30 keV flux while not increasing the fast flux.

Closer coupling of the source and filter might yield increased flux.
In the uncoupled case the source plus moderator produce a flux distribution
like that of Figure 1. Here the filter passes only those neutrons from this
spectrum that match the energies of the windows. In contrast, if the
filtering material and the moderating material were the same, the neutrons
might cascade down in energy till they reached a window, then the neutrons
would fly out through the window of the moderator-filter. Thus all the
neutrons from the source would become available to cascade down to the
window.

The window in 56Fe is 2 keV wide, or 8% at the 24 keV of the resonance.
In contrast neutrons experiencing elastic collisions in Fe have a maximum
energy loss of 7%. Thus every neutron that moderates down to the window
will experience an energy corresponding to the window; every neutron falls
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into the window. About a hundred col l is ions w i l l occur from fission down to
24 keV and the d i f fus ive spreading of the source may be large before the
neutrons have reached 24 keV and some neutrons w i l l be lost to capture.
However, this coupling might work and should be considered to increase the
f lux . Iron-56 would provide a more ef fect ive coupling than elemental Fe. In
a similar manner, the Al might act as a f i l ter-moderator for an Al/S
f i l t e r e d beam.

In reference 3 i t is pointed out that two types of beam holes are avai-
lable for f i l t e red beams. The reentrant hole that looks at the reactor core
has more fast neutron and gamma- ray components aimed through the f i l t e r at
the patient. The tangential hole forces the neutrons to scatter at least
once before start ing toward the patient. The tangential hcie arrangement
reduces the f lux of fas t neutrons and gamma rays compared to i/E neutrons
f ly ing toward the pat ient. With a tangential beam port and scatterer. less
f i l t e r is needed which saves some f lux .

The only 56pe f i l t e r is at BNL̂  where almost the ent i re U.S. supply of
separate 56Fe is used (estimated cost $400,000). This f i l t e r is very effec-
t ive for passing most 24 keV neutrons while rejecting a l l others. However,
to "optimize" an 56pe f i l t e r by using a larger area would be prohibi t ive in
cost. F i l te rs of ^6pe with the very small cross section at the window are
very appealing for more development i f the cost could be overcome.

The "optimized" fluxes of the Fe, Al/S and U f i l t e r s which are ap-
proaching 1010 n/cm2-sec and their low cost indicate that these should be
considered further to see i f another factor of from 2 to 10 can be squeezed
out in addition to improving on the fast neutron and gamma reject ion. Add-
ing a section of Ar to the Al/S f i l t e r may make i t more ef fect ive.

Several11 other resonance window f i l t e r s have been suggested but not yet
t r i ed . These are l7OEr(6O eV), 184W(160 eV), 68Zn(400 eV), 6oNi(5 keV),
58 Ni(13 keV) and °^Zn(2 keV). However, each of these uses expensive ma-
te r ia ls and w i l l probably not be pract ica l .

VI . Conclusions: With the intermediate power nuclear reactors, i t appears
that beams of 1010 n/cm2-sec of 1 eV to 30 keV neutrons can be achieved by
using f i l t e r s and optimizing the beams. The f i l t e r s that appear most promis-
ing are the Al plus S f i l t e r with the possible addit ion of Ar, the 238y
f i l t e r with no secondary f i l t e r i ng mater ial , the Fe f i l t e r coupled to the
source as a moderator followed by Al and S secondary f i l t e r s , and the Al/S
f i l t e r with part of the Al coupled as a moderator to the source.
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Boron in Fast Neutron Therapy? Present Developments and Prospects

Borje Larsson

Dept. of Physical Biology, The Gustaf Werner Institute, Uppsala, Sweden

Low energy neutrons present in tissue during fast neutron therapy may be
used for dose enhancement in tumours that can be selectively loaded with
boron. Since the probability of tumour control is a steep function of the dose,
prospects of > 5% selective increase of the biologically effective dose would
provide a strong motive for such a supporting "neutron capture therapy" (NCT).
Measurements reported in 1978 (Waterman et al. , Phys. Med. Biol. Ti_ (1978)592)
indicated, indeed, that an uptake of 35 yg luB/g of tissue would produce
2.5-11% increase of the absorbed dose at 8 cm depth, on the central axis of
beams with median energies of 9.0-2.4 MeV, 12x12 cm . The enhancement was de-
pendent on the field configuration, and the point of measurement, but for a
given beam it never seemed to vary by more than a factor 2, within a spherical
target, 6 cm in diameter and centered on the beam axis.

With a view toward the high energies of fast neutrons available at modern
apparatus, and the desire to give efficient capture dosage also to tumour
cells near the edge of the field, uptakes of > 100 yg x B/g of tumour ought to
be strived for. Although such high concentrations may be within reach, it has
so far been impossible to avoid, in the same time, untoward concentration of
boron in the blood stream and normal tissues. As this problem would not be
less in fast neutron therapy than in NCT, there is additional motive for the
development of improved or new 10B-carriers. Although important progress has
been made in preclinical or clinical studies with low-molecular compounds
designed for NCT, there seems to be a long way to go before the results can be
applied without risk in efficient NCT-assisted fast neutron therapy. The same
is probably true for the foreseen new generation of boron compounds that
ideally wo/ild show more selective accumulation in tumours, biological half-
-lives in the order of days, and a 10B ratio (concentration in tumour/normal
tissue) of > 10 (Fairchild and Bond, In Proc. Int. Meeting on Stable Isotopes,
Kansas CityVMo, U.S.A., June 6-12, 1982).

With reference to the above observations, biological and pre-clinical
studies are being initiated to facilitate later decisions about the possible
introduction of boron compounds in fast neutron therapy. Measurements of
neutron capture fluence should be done in clinically used fast neutron fields,
in addition to currently used parameters. On the basis of such measurements,
subtherapeutic amounts of 10B-carriers/ could soon be safely administrated, in
case where the information obtained would be of diagnostic value. This would,
for example, be very likely in studies with monoclonal antibodies labelled
with °B as well as with a radioactive marker, such as 123i or 18F. This com-
bination would allow scintigraphic localization at the organ levely as well as
neutron capture radiography of biopsy specimens, for determination of antibody
behaviour at the cell and tissue levels. The knowledge obtained would permit
detailed appreciation of the merits and pitfalls associated with the applica-
tion of the studied carriers in tht- eventual therapeutic situation.
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ON THE POSSIBLE USE OF SPALLATION SOURCES

IN NEUTRON CAPTURE THERAPY;

PROPOSED MEASUREMENTS OF NEUTRON SPECTRA AT S . I . N .

J.F.CRAWFORD, S . I . N .

and

B.LARSSON, UPPHALA

The use of the powerful combination of ep i the rmal
neutrons and Boron-10 loaded m a t e r i a l s for r ad io -b io logy and
rad io - the r apy was f i r s t proposed many yea r s ago (Ref 1 ) , and
the idea has been used more r ecen t ly (Ref 2 ) . H i t h e r t o , the
amount of Boron-10 which could in p r a c t i c e be put i n t o the
systems of i n t e r e s t has been severe ly l i m i t e d . However, the
recent development of monoclonal a n t i b o d i e s which can be
loaded wi th very much more Boron, p o s s i b l y almost pure
Boron-10, and which w i l l d e l i v e r t he Boron t o s p e c i f i c
sites, has revived interest in the technique. Antibody
compounds now becoming available offer the promise of
attaching 1000 or more Boron-10 atoms to specific s i tes .
One can therefore expect to be able to load target cells
with at least 100 ppm of Boron-10. This paper is concerned
with the production of suitable neutron beams, and more
particularly with the measurement of their energy spectra.
Ref 5» an up-to-date summary, contains many useful
references.

We describe here preparations for measurements of energy
spectra and fluxes of epithermal neutrons from proposed test
spallation sources in proton beams available at the Swiss
Institute for Nuclear Research (S.I.N.). The method is
based on conventional time-of-flight techniques and requires
pulsing of the accelerator. Although no results can yet be
presented, the plans seem to be of interest to i l lustrate
the rationale and potentialities of the use of accelerators
in Neutron Capture Therapy, as alternatives to nuclear
fission reactors and other devices. Our intention is to
develop an understanding of the properties of proton—induced
neutron fields, and of the technological aspects of their
utilization in biomedical applications of neutron.capture in
cell-seeking compounds loaded with Boron-10. The work is done
with a view to the ultimate use of proton accelerators in
hospitals to provide facil i t ies for pion or proton therapy,
isotope production, N.C.T., etc.

For completeness, we l i s t here various methods of
generating neutrons:
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Stripped deuteron beams
Specific nuclear reac t ions (e .g . low energy protons on
scandium)
Transuranium neutron sources (e .g . californium-252)
Alpha emi t t e r s with conver ters (e .g . Am-Be)
Photon-induced reac t ions
Fusion-produced neutrons
Reactors
Spallation sources

We believe that spallation sources have great potential
among these alternatives. This is the reason for our
present interest in setting up experiments to study the the
production of filtered epithermal neutron beams by-
accelerated protons. Pig 1 (taken from Ref 4) shows the
neutron yield (neutrons per incident proton and heat load
per produced neutron) as a function of proton energy. The
curves shown are calculated; however, some of them are well
supported by measurement. It is worth pointing out that at
lass than 60 MeV, Beryllium becomes a more prolific source
than lead. Because the neutrons are produced by a
spallation process, and because they are moderated, their
energy is not a strong function of proton energy.

Table I, derived from References 5 and 6, lirts proton
facilities that may be useful for the proposed experiments
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Figure 1 Comparison of neutron
yields and energy deposition in
various reactions in targets of
thickness equal to the beam
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NAME

SIN^.3

CERN SC

RCNP

T ohuku

LBL
CP-42

TRIUMF

LAMPF

HC-40

CYCLONE

JINR

SNS

.IPNS

TABLE I -

LOCATION

Stellenbosch

Villigen

Geneva

Osaka

Sendai

Moscow

Munich

Berkeley-
Berkeley

Vancouver

Los Alamos

Uppsala

Lou vain

Orsay

Dubna .

Rutherford

Argonne

- USEABLE PROTON

ENERGY/CURRENT
MeV/Microamp

1OO/1OO

600/150
72/200
600/2000
72/2000

600/3

550/100

40/100

1000/15

22/500

60/200
42/200

500/100

800/>500

40/100 (goal)
200/10

95/50

200/7 (goal)

700/35

800/200

450/10

ACCELERATORS

NEUTRON
FACTOR

37

1500
34
20000
300

30

900

6

300

1 1

21
12

700

>7000

6
16

16

1 1

425

3000

60

STATUS

1985

Running
Running
1984
1984

hunning

Design

Running

Design

Running

Running
Off-the-shelf

Running

Running

Running
1985

Running

Runnir.g

Running

1984

Running
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(spectral measurements in microampere beams, tests necessary
to find optimized target-moderator-layout combinations).
The "neutron factor" is simply the yield of neutrons per
incident proton multiplied by the proton beam current in
microamps". I t measures the "neutron current" leaving the
neutron production target. The integrated flux of neutrons
after moderation and filtering will be less.

From the experience gained at the various centres
listed, we note that there are three practical alternatives
for hospital-based proton facil i t ies with some potential for
large-scale routine therapy with modalities tested so far:
Many-hundred MeV accelerators (for pion therapy)
Few-hundred MeV accelerators (for proton therapy)
Small cyclotrons (for eye therapy and fast neutron therapy)

•Amongst these, the small cyclotrons may be considered
for combined fast-neutron and neutron capture therapy (cf
Larsson's earlier comi"'-.nication) but, because of limited
intensity, not yet foi "pure" neutron capture therapy; they
would be useable for radio-biological studies. Thus we are
interested in studying the "many-hundred" and "few-hundred"
MeV-.alternatives. I t appears that the techniques for
producing and investigating proton-induced neutron fields
are similar at all these proton energies, and that in fact
the S.I.N. facility at Villigen, Switzerland, offers the
proper prerequisites for both types of experiment. For
practical reasons we have chosen to propose experiments with
the 72-MeV proton beam from the injector cyclotron. The
proton beam (up to 200 microamps at 72 MeV in this case) is
incident on a spallation source consisting of a target
material (which can be Li, Be or something much heavier like
Pb or U), surrounded by perhaps a metre of moderator (water,
heavy water, Al, Fe, etc). Because of the differences in
spallation properties as a function of proton energy, the
target and moderator materials must be chosen in the light
of the proton energy to be used, the neutron spectrum
desired, etc. The epithermal neutrons are extracted through
a hole perpendicular to the incident proton beam, but not
necessarily in the same plane as i t . Fig 2 shows a possible
arrangement, based on the work of Atchison (Ref 7).

Protons are brought to rest in a lead target, which need
be only a few cm long. Neutrons, produced with MeV
energies, are moderated by the water to thermal or
epithermal energies within, a few cm, and within a few
microseconds, the time depending on the final energy. Boron
compounds are dissolved in the water to absorb unwanted
thermalised neutrons." The beam pipe is adjustable in
position, to test the effects of different thicknesses and
layouts of the water moderator. Different moderator
materials such as deuterium can be conveniently tested, as
can various f i l ter layouts. Once an optimal layout is
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found, and this can be done without exact knowledge of how
good i t i s , a final design can be made. The 200-microamp 72-
MeV proton beam at present available would produce several
times 10**14 neutrons per second in the lead. I t should be
possible to produce an intensity of several hundred thousand
per sq cm-second at a distance of a few metres fcr
radio-biology. The more powerful, injector at present
nearing completion will be able to deliver an order of
magnitude more beam at the same energy.

The resulting neutron intensity and energy spectrum can
be calculated by Monte Carlo techniques; however, there are
uncertainties in such complex calculations, especially at
the lower proton energies, and a direct experimental check
is felt to be necessary. In principle, neutron beams can be
measured by activation techniques, in which various
materials are exposed to the beam and the resulting
activities are measured. Given enough activatable
materials, and enough information about their activation
properties, i t is possible to extract the properties of the
epithermal neutron beam in an indirect and time-consuming
way. The method described here is more direct. In essence
it is the same as that of Bollinger and Thomas (Ref 8). The
basic technique is to measure the time-of-flight of the
neutron from the spallation source to a neutron detector.
At reactors and other continuous sources, this can only be
done by some kind of mechanical beam chopper arrangement,
which can be awkward and expensive to build. However, an
accelerator beam can in general be pulsed. At S.I.N. the
pulse length can be as short as 500 nS fwhm, with a pulse
repetition rate of a kHz or so. This is done
electrostatically at a very early stage of acceleration,
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where the protons have an energy of less than 100 keV. The
time of emission of the neutrons can therefore be defined to
a precision of ± a few hundred nS. To complete the
measurement, a neutron detector with corresponding time
resolution and reasonable efficiency is needed.

Like most of the work under discussion at this
Symposium, the detector is based on the reaction

n + B-10 ===>> He-4 + Li-7
with the release of 2.3-2.8 MeV as kinetic energy of the
charged products. Prom a few millieV up to 500 keV, the
cross-section for this reaction is approximately inversely
proportional to the neutron velocity.

There is commercially available a liquid scintillator,
NE 311 (Ref 9), which contains b% of Boron by weight. If
natural Boron is used, then about \$ of the scintillator by
weight is Boron-10. The Boron load can be enriched in
Boron-10, but for reasons discussed belov, we do not believe
that this is worth the substantial extra cost. The He and
Li fragments come quickly to rest in the scintillator,
emitting about 400 detectable photons as they do so.
Because of saturation effects, this is about 50 times less
than would be emitted by low LET radiation of the same
energy. The light is detected by a pair of 5" PMTs. The
tank itself is 3 x 3 x 30 cm; these dimensions give a good
match to the 100 sq cm photocathode area of a 5" PMT. The
walls of the counter are polished aluminium, the
reflectivity of which is taken to be 70$. One can then
estimate that if the n,atron reaction takes place near the
centre of the tank, each PMT should detect about 5
photo-electrons. Near a tube, the nearer tube detects
about 8 photo-electrons, the farther about 2. For each
detected event, amplitude and timing information from each
tube can be recorded for later analysis. This information
can be processed in various ways. Pulse height and/or shape
can be used to suppress gamma background. To reduce tube
noise, one can demand coincident signals in the two tubes.
(Room background will not be affected by this technique.) In
addition, the timing difference "etween the two tubes can be
found. This will provide information on where in the
counter the boron capture took place, and would provide a
check that the counter was uniformly efficient everywhere.

Such a device can measure the time of occurrence of a
boron fission accurate to a few nanoseconds. In addition,
the neutron is calculated to take about 300 nS to be captured
in the counter (Ref 8). This is a good match to the pulse
length of the accelerators at S.I.N. Fig 3 shows, in the
form of a nomogram, the energy, time-of-flight and flight
path of neutrons. It will be seen that with a flight path
of 10 metres, a repetition rate of 1 khz and a time
resolution of + 300 nS, neutrons between less than 1 eV and
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almost 1 MeV can conveniently be measured. Higher energies
would require longer flight paths; lower, a longer repetition
time. Because of practical limits on timing and flight
paths, this performance could not be achieved with a
mechanical chopper.

The efficiency of a counter of this kind can be
calculated by Monte Carlo techniques. Such calculations
were f i rs t done by Bollinger and Thomas in 1957 (Ref 8). A
repeat of their calculation with better knowledge of
cross-sections etc., and with much better stat ist ics, shows
good agreement (Pig 4)• The figure shows for the most part
estimates for a counter containing 95$ Boron-10. Some data
are also given for natural Boron. As can be deduced from
the behaviour of the absorption cross-section, the natural
material responds in the same way as pure Boron-10 would to
neutrons of about 18 times the energy. For the highest
energy calculated, 40 keV, a 3-cm-thick counter has an
efficiency of over 25$- It is clear that the natural
material, which is more than a factor 10 cheaper, is fully
adequate for our purposes.

Needless to say, it is vital to understand the
efficiency of the counter as a function of neutron energy.
This can of course be calculated by the programs mentioned
above. However, i t is felt that a direct experimental check
would be most desirable. This can be done in at least two
ways: with two similar counters directly in tandem, one can
study the different rates in the two counters as a function
of neutron energy (or time-of-flight). The ratio of these
rates can be calculated by the Monte Carlo program, and
compared with the measured values. Roughly speaking, one is
measuring the counter efficiency as a function of energy.
To i l lustrate the principle, consider a neutron energy of 2
keV, corresponding to a time-of-flight of 17 microsec over
a ten-metre path. Then the ratio of counting rates in the
counters after this flight time is expected to be about 2:1 .

An equivalent result can be achieved by installing in
front of the counter different thicknesses of an absorbing
material (e.g. boron-loaded polythene), the atomic
composition of which is similar to that of the counter. One
then studies the measured neutron rate as a function of
absorber thickness and compares the measured values with
Monte Carlo predictions. Thus, considering the same
example, an absorber of the same thickness as the counter is
expected to reduce i ts counting rate by half. In each case,
the objective is to confirm by measurement the accuracy of
the calculations, upon which the understanding of the
counter efficiency chiefly depends. The choice between the
two methods would be influenced by availability of beam
time, equipment, etc.
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An additional check on the overall performance of the
source and detector can be made by taking data at different
flight paths. If a l l is well, the resul t ing time spectra
should scale in a simple way with the f l ight path. On the
other hand, neutrons not coming directly from the source,
gammas from neutron absorption, e t c . , wil l in general behave
differently.

References:
1) G. I . Locher, Am. J . Roentgenol. , Vol. 36, pp 1-13
(1936).
2) See for example: H
Neurochirurgica Vol. 42
Symposium.
3) "Neutron Sources for Basic Physics and Applications", an
OECD/NEA report edited by S. Cierjacks. This is Vol 2 of
the series "Neutron Physics and Nuclear Data in Science and
Technology", published by Pergamon Press in 1983:
539.7'213 QC793-5.N462 ISBN 0-08-029351-4

Atomic Energy of Canada report

^atanaka et a l . , Acta
, p 57 (1978), and reports at this

et al.4) M. A. Lone
AECL-7839•
5) Cyclotrons 1978
NS-26 No 2 (1979)
6) Ninth In t . Conf.
Caen, 1981 .
7) F. Atchison, S.I.N
8) L. M. Bollinger and G-. E
Vol. 28, pp 489-496 (1957).
9) Available from Nuclear Enterprises, Sighthi l l , Edinburgh
EH11 4BY, Scotland. Because NE 311 is inflammable and
hygroscopic, appropriate precautions are necessary.

John A. Martin, iEEE Trans Nucl Sci

on Cyclotrons and the i r Applications,

unpublished.
Thomas, Rev. S c i Instruments,

- 43 -



Physics Studies on Neutron Field and Dosimetry
for Neutron Capture Therapy in Japan

Keiji Kanda, Tooru Kobayashi

Research Reactor Institute, Kyoto University
Kumatori-cho, Sennan-gun, Osaka 590-04, Japan

Otohiko Aizawa
Atomic Energy Research Laboratory
Musashi Institute of Technology

Oozenji, Aso-ku, Kawasaki 215, Japan

Hiroaki Wakabayashi, Yoshiaki Oka
Nuclear Engineering Research Laboratory

University of Tokyo
Tokai-mura, Naka-gan, Ibaraki 319-11, Japan

1. Introduction

In accordance with the requests of medical doctors, physics studies on
neutron field and dosimetry for neutron captura therapy and its related study
have developed very much in the past 15 years in Japan.

The existing reactors have been remodeled for biomedical purposes, and
some new facilities are being planned. The associated studies for neutron
capture therapy have also been done experimentally and theoretically.

This paper reviews these studies in a limited space, although it cannot
cover all.

2. Remodeling of Existing Reactors

2.1 HTR

In 1968, the first irraddiation for neutron capture therapy was
performed using the Hitachi Training Reactor (HTR, 100 kW). (See Fig. 1).
Since then, 13 patients were treated until 1974, and the reactor shut down in
1975. The physics study on the irradiation field in the HTR is reported in
Reference (1).

2.2 KUR

The Kyoto University Research Reactor Institute (KURRI) group (K. Kanda,
T. Kobayashi et al.) developed a low-gamma neutron field by adapting a
bismuth scatterer (2,3), (see Fig. 2), and it was employed in the heavy water
facility of Kyoto University Reactor (KUR, 5000 kW, see Fig. 3). They also
showed the effectiveness of low-gamma-ray field:on the depth dose from the
viewpoint of relative boron accumulation effect (RBAJE) , as shown in Fig. 4. i'he
thermal neutron flux and gamma-ray dose rate of the facility (4) are,
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Neutron flux: «3to 5 x 109 n/cm2 sec

Gamma-ray dose rate:"60to 90 R/hr

y/n ratio, in rad: 0.5%

The KUR is the only reactor of medium power used for joint study among
university researcheres in Japan, so it is in continuous use and not suitable
for clinical purposes. The prescheduled reactor operation program for six
months prevents the interruption of the schedule by patients. It was used
only once for clinical purposes, but is very crowded for fundamental
experiments in biology and medicine.

New shielding materials using LiF, e.g. tile, flexible sheet and
textile, were developed by KURRI, which do not yield secondary gamma rays and
improve the y/n ratio very much (5, 6, 7), as shown in Fig. 5. Table 1 shows
their shielding ability for thermal neutrons. Figure 6 shows thermal neutron
transmission for LiF fiber or textile. These materials enable us to make a
low-gamma-ray irradiation box for small animals and cells?as shown in Figs. 7
and 8. The temperature in the box is controlled from -10°C to 50°C, which is
now commonly used by biologists.

Table 1 Thermal Neutron Shielding
Various Materials

LiF cile
natural
enriched

Sheet,
6LiF

V
Textile

6LiF
B C
BN

40
40

40
40
30

1) 0.49 g/cm'
* depends on

Thickness

[

w/o
w/o

w/o
w/o
w/o

(mm)

10
2

5
5

13.0
12.5
11.7

3, 2) 0.43 g/cm
weaving

Density

(g/cm3)

2.51
2.41

1.36
1.36

*
*

3, 3) 0.47

Ability for

Neutron

transmission

2.51 x 10~^
1.52 x 10

7.30 x 10~3

2.69 x 10

1.45 x 10"^
1.25 x 10
3.40 x 10

g/cm

2.3 MITR

The idea to use the bismuth scatterer and LiF tiles was applied to the
thermal column of Musashi Institute of Technology Reactor (MITR, 100 kW
TRIGA-II) (by 0. Aizawa, K. Kanda et al.) shown in Figs. 9 and 10. As the
distance between the core and irradiation post and the operation power were
limited, the cavity effect on increasing neutron flux was also adapted (8).
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The thermal neutron flux and gamma-ray dose rate of the facility are,

Neutron flux: 1.3 x 109 n/cm2-sec

Gamma-ray dose rate: 25 R/hr

•y/n ratio in rad: 0.1b%

The gamma-ray exposure rate distributions with and without a whole-body
phantom are shown in Fig. 11.

The facility has been used for brain tumor treatment by Prof. Hatanaka
and for other biological experiments.

2.4 YAYOI

The University of Tokyo group (H. Wakabayashi et al.) tried to use the
YAYOI (2 kW, fast neutron source reactor) for medical and biological
purposes. As shown in Fig. 12, the beam is collimated between the shielding
materials, such as polyethelene* borated paraffin and Bi+C with rectangular
holes. The irradiation post is 15 cm from the exit of the collimator or from
the back surface of the heavy concrete shield (9, 10, 11). This facility has
HOC yet been used for clinical purposes because of the intensity. It was
used for measurements of RBE (12).

Another group of the University of Tokyo (S. An, Y. Oka et al.)
Including many researchers from other universities developed an epithermal
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enriched neutron field for medical purposes using the YAYOI (13).
Collimation of the neutron beam and shielding of the irradiation room were
obtained with 6LiF flexible sheets and a laminated shield plate. The
characteristics of the optimized field are as follows: fj>th = 3.2 x 10

8 n/cm2

sec at a 2.4 cm depth in the head phantom, contaminating fast neutron and
gamma-ray local doses are 990 and 357 rem during the required irradiation
time, 2.6 hr. The configuration of the column is presented in Fig. 13.

2.5 UTR-Kinki

Kinki University group (Y. Honda, R. Miki et al.) remodeled the
UTR-Kinki (1 W, twin core) for biological experiments using bismuth blocks
and LiF tiles (14). Although the operating power is low, it has been used,
for example, for mutation experiments at low dose rates.

3. Design of New Facilities for Biological and Medical Irradiations

A research group, including medical doctors, reactor engineers,
physicists, chemists, zoologists, and radiation biologists, has been
organized by S. An of the University of Tokyo to design a new facility to uti-
lizethe epithermal column in a 2 MW TPIGA reactor. The configuration of the
epithermal neutron column is shown in Fig. 14 (15, 16).

KURRI has a plan to construct a research reactor of 30 MW, named the
KUHFR, Kyoto University High Flux Reactor, to which a special facility for
medical irradiation will be attached (17). As shown in Fig. 15, there is a
clinical irradiation room in the basement besides a normal irradiation room
for basic biology on the core floor.

In medical irradiation facilities heavy water has been commonly used as
a moderator. The KURRI group developed a technique to evaluate the effect of
(y, n) reactions of heavy water on beam quality of a biological irradiation
facility (18, 19). The reactions were treated as a kind of "up-scatter" in
the ANISN-JR code. An example, applied to the KUR Heavy Water Facility, of the
technique to calculate neutron flux distributions is shown in Fig. 16.

4. Neutron Flux Monitor and Boron Analysis

The absorbed dose in tissue mainly depends on neutron flux and boron
concentration. The group of Y. Hayakawa (Tsukuba University) developed a
small simultaneous monitoring system of thermal neutron flux,as shown in Fig.17
(20). It has been used to estimate neutron dose in actual treatment.

The KURRI group developed a microanalysis system of ppm-order boron-10
concentration in tissue for neutron capture therapy by prompt gamma-ray
spectrometry (21, 22) as shown in Fig. 18. It was applied to measure the
time-dependent boron-10 concentration in vivo in tumor of hamsters (23).

5. Concentration of Boron-10 Dosage

Two groups at National Institute of Radiological Science (NIRS) and
KURRI independently proposed the calculation methods on absorbed dose by
heavy charged particles caused by 10B(n,a) 7Li reactions in tissue, which
made the advantage of selectivity clear (24, 25). The former model is based on
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a cerebral vascular wall, while the latter model is based on cell level. Figure
19 shows the cell model of 10B(n,a) 7Li reactions. Figure 20 shows the
surviving fraction versus thermal neutron fluence.

All the above studies except for NIRS were supported by Grant-in-Aid
from the Ministry of Education, Science and Culture, and encouraged by Prof.
H. Hatanaka of Teikyo University Hospital and Prof. Y. Mishima of Kobe
University School of Medicine.

THERMAL NEUTRON FLUENCE

Fig.19 Cell model
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RESEARCH GROUP ON BNCT IN JAPAN (19 75-1979)

One of the authors, S. An, organized a research group on boron neutron
capture therapy (BNCT) during 1975 to 1979 with financial aid from the
Ministry of Education, Science and Culture, Grant-in-Aid for Developmental
Scientific Research No. 189007(1975-77) and No. 389001(1978-79). The group
consisted of medical doctors (H. Hatanaka, K. Sano, T. Minobe, Y. Mishima,
H. Mogarai, K. Kitamura, J. Egawa, Y. lino, and T. Watanabe), reactor engineers
and physicists (S. An, Y. Oka, A. Furuhashi, H. Wakabayashi, A. Sekiguchi,
K. Kanda, T. Shibata, K. Sumita, T. Sato, Y. Murata, M. Hattori, S. Harasawa,
M. Saito, K. Kitao, T. Nozaki, R. Miki, M. Hachiya, M. Taguchi, S. Arai, and
S. Sakamoto), chemists (M. Okamoto, H. Kakihana, and S. Sumimoto), a veterinar-
ian (A. Takeuchi) , and a radiation biologist (Y. Ueno). Therapy and develop-
ment of irradiation fields were two major objectives of the group. Some of
the studies were partly supported financially, for example (a) clinical trials
at Musashi Institute of Technology reactor by H. Hatanaka, (b) a study of
epithermal neutron field and design of a reactor facility for BNCT, which were
performed at the University of Tokyo, (c) remodeling of the Musashi Institute
of Technology reactor for BNCT, (d) research on thermal neutron fields for
BNCT at Kyoto University Research Reactor Institute, (e) study of simultaneous
monitoring of thermal neutron fluence rate during therapy, etc. Meetings were
held frequently. The results of the researches were summarized in two
Japanese reports (1,2). It was concluded in 1976 that a nuclear reactor facil-
ity was required for developing BNCT and related research. Conceptual design
of the facility was performed according to consultation among the group mem-
bers (3-5).

OPTIMUM NEUTRON ENERGY FOR BNCT

The authors concentrated on study of an epithermal neutron field for
BNCT, Irradiation with epithermai neutrons shows deeper penetration in tissue
than with thermal neutrons (6). Fast neutron and gamma-ray contamination
should be minimized, while epithermal neutron level is kept high enough for
the therapy.

Optimum neutron energy for BNCT was studied using a two-dimensional dis-
crete ordinates transport code TWOTRAN-II. The group constants used were neu-
tron (13 groups) and gamma-ray (3 groups) coupled cross seccions based on
ENDF/B-IV and PUPOP4 libraries. Neutron KERMA factors were calculated from
the data in ICRU Report No. 13. The dose conversion factors of the 10B reac-
tion were calculated based on the Q values and the absorption cross sections
(7). A head model of a man was used for the calculation. It was fashioned as
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a cylinder of dimensions 16.6 cm in diameter and 23 cm in height. The neutron
beam was uniformly incident on the bottom face of the model. The tissue compo-
sition was approximated by Rossi fluid. The neutron and gamma-ray distribu-
tions in the phantom were calculated for varying energy of incident neutrons.
The dose rates of neutrons and gamma rays were figured out based on the distri-
butions. The dose rates by the ^B(n,0t)^Li reaction were also calculated
by assuming that 30 yg and 10 yg of ^ B were contained in tumor and capillary
respectively.

The dose-depth distributions for irradiation by fast neutrons (3.3 to
0.82 MeV) are presented in Fig. 1. This figure shows that fast neutrons are
not suitable for BNCT because of the low *"B dose rate. The dose-depth distri-
bution for thermal neutrons is presented in Fig. 2. Although the 1( B̂ dose is
very high, the dose distribution decreases very rapidly in the phantom. The
dose-depth distribution for epithermal neutrons (130 to 29 eV) is shown in
Fig. 3. Maximum dose is observed in the phantom, and the attenuation is not
so rapid. It can be seen from these figures that epithermal neutrons are most
suitable for BNCT.

The concept of maximum usable depth (MUD) has been used for evaluation of
the dose-depth distributions. It is defined as the depth in tissue where the
total dose to B-loaded tumor equals the limit of the dose to normal tissue

^ iwith a given ^ B concentration. In. this study the limit was assumed to be 0.4
times the maximum dose level of normal tissue loaded with 10 yg 10B per gram
of tissue. The concentration of B in tumor was assumed to be 30 yg/g of tis-
sue. That is, the maximum dose limit of normal tissue loaded with 10 yg of
B was assumed to be 5000 rad, while the lower limit to destroy tumor loaded

with 30 yg of 10B was assumed to be 2000 rad. The values of MUD for irradia-
tion with monoenergetic neutron beams having the energy of each group are
summarized in Fig. 4 together with the values of the neutron dose at the brain
surface, when the total dose reaches 20 Gy (2000 rad) at the MUD. The figure
shows that epithermal neutrons having energies between 10 eV and 0.5 keV are
suitable for the present purpose. Maximum usable depth is 7 cm for epithermal
neutrons and 5 cm for thermal neutrons.

DESIGN OF EPITHERMAL AND THERMAL NEUTRON COLUMNS

Various kinds of neutron sources were evaluated for BNCT with epithermal
neutrons. The results were summarized in a Japanese report (8). A thermal
reactor was thought to be superior to an intermediate energy nuclear reactor
and a Cf source, because of the limited experience with intermediate

^52reactors, and the cost and availability problems of ^52tjf> ^ n a n n u i a r core
TRIGA reactor was chosen as a source. The neutrons leaking downward through
the central hole are convenient for treating patients. It was also thought
that the beam contains rather less fast neutrons than a direct beam from the
core. In order to obtain epithermal neutrons, the neutrons from the core
should be moderated by putting moderation materials or spectrum shifters in
the central hole and below the core. The ratios of the leakage neutron fluxes
with and without moderation materials in the core are presented in Fig. 5.
The figure shows the characteristics of various moderating materials. The hor-
izontal axis of the figure shows neutron energy. The first group is for fast
neutrons and the 13th is for thermal neutrons. Fast neutrons should be
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attenuated as much as possible without attenuating epithermal neutrons. The
figure shows that a combination of aluminum and heavy water is effective for
the purpose. The leakage neutrons still contain a large fast component. The
materials should be used as thick layers under the central hole of the core.
The optimum volume ratio of heavy water to aluminum was studied. The ratios
of group fluxes through a 77.5-cm-thick mixture of aluminum and heavy water
are presented in Fig. 6. The results are normalized to the ninth group flux
for each case, and the values of the fluxes are also presented. The figure
shows that the neutron spectrum is greatly improved by adding 10% of heavy
water to aluminum, while the addit-ion of a higher percentage of heavy water de-
creases intensity. A mixture of aluminum with 10 to 20% heavy water is suit-
able for the present purpose.

After extensive study of configuration of layers, shielding against gamma
rays and thermal neutrons -in the beam, and also biological shielding surround-
ing the moderating layers, we obtained a final configuration of the epithennal
neutron column, which is shown in Fig. 7. The details of the opLiinization
study are presented in Ref. 3. The volume fractions of the moderating layer
are aluminum 85% and heavy water 15%. LiF tiles are used fo" removing thermal
neutrons. A 15-cm-thick bismuth layer is used for decreasing 6amma rays.
The shield surrounding the column consists of iron, borated polyethylene, and

88 s ?
O OKI N

19 05

39 05*

-4-R 10

Core

| • Le<ik
Z t :o '" l

S | j - | t r u n ,

? 1.5

5 1.0

i

- 0.5

o

(5

Magnesium
Lead
Iron
H..0
DjO
Carbon
Aluminum

-9
-

1
1

6
3

at 1
55->
0 9 *
37 +
1 1 +

MVv
9
9
8
8

A l

1 0
0 9
0 8
0 7

D20
0 0
0 1
0.2
0 3

lev 10 100 Ikev 10 100 iMeV 10

10

10

10

10
lev 10 100 Ike1 10 100 IMeV J

13 12 II 10 9 8 7

Neuron eneryy i,

5 4 ? 2 1

number

13 1? I I 109 8 7 6 5 4 3

Neutron energy group number

Fig. 5. Effect of various spect

Fig. 6. Effect of the volume ratios
of aluminum and heavy water on the
transmitted neutron spectrum throughg p transmitted neutron spe

shifters on leakage neutron spectrum. a 77.5-cm-thick mixture

- 60 -



lead. The dose-depth distribution in the phantom head irradiated at the col-
umn is shown in Pig. 8. The profile shows maximum dose at 1.5-ctn depth.' The
MUD is about 7 cm. The fast neutron component is only 30 rad h~ MW~ . The
dose rate of the B-containing tissue is 680 rad h MW . The irradiation
time for BNCT is about 7 hours at a power of 2 MW. Relative biological effec-
tiveness (RBE) is not considered in this study because it is difficult to as-
sign definite RBE values for the beam of the present study. If RBE is consid-
ered, the irradiation time is 3 hours at 2 MW and MUD is again about 7 cm.
Here the assigned values of RBE are 1.0 for gamma rays, 2.0 for neutrons, and
3.7 for the ^Bdi.OtVLi reaction.

Thermal neutrons are superior to epithercml neutrons for the treatment
of shallow seated tumors. Some calculations were performed for the design
of a thermal twitTon column. The results are shown in Fig. 9. Heavy water is
used as thermalization material. The dose-depth destribution in the head is
shown in Fig. 10. MUD is about 5 cm. The time for the therapy is 1.3 hours
at 2 MW. If RBE is considered, the time becomes 30 minutes. A void region in
the column is supplied for maintaining neutron intensity because the total
length of the column should ba the same as that of the epithermal neutron col-
umn if they are built into one rotary plug. The length can be less if a
thermal neutron column is built alone. The key issue of optimization would be
effective attenuation of fast neutrons without decreasing intensity of low
energy neutrons. If both the heavy water zone and the layer of aluminum and
heavy water in Fig. 9 are replaced with graphite, the fast neutron dose at the
surface of the head phantom during therapy becomes about ten times the pres-
ent value. If one wants to use graphite as a thermalization material for
LNCT, fast neutron contamination should be screened out. A two-dimensional
Sn calculation would be a very powerful tool for designing and evaluating
an irradiation field.

DESIGN OF A REACTOR FACILITY FOR BNCT

A reactor building was designed according to the above results. A cross-
sectional view is shown in Fig. 11. There are one vertical and two horizontal
irradiation rooms. The column between the core and the vertical irradiation
room consists of a rotary plug and a fixed part to support the reactor core.
The epithermal column, the thenial column, and a shield are set in every 120
degree sector of the rotary plu'̂ . When treatment is not being performed, the
shield is set below the core, and the background dose level of the room becomes
very low. One of the horizontal iiradiation rooms is for thermal neutron ther-
apy and the other is for epitherual neutron therapy. Surgical operation and
monitoring of patients can be performed in the neighboring rooms. Design of
a whole reactor facility was also performed. The facility consists mainly of
the reactor, a hospital, and a research building. All kinds of research on
neutron capture therapy can be performed at the facility.

EXPERIMENTAL STUDY OF EPITHERMAL NEUTRON FIELD AT YAYOI

The epithermal neutron field was studied experimentally at the fast neu-
tron source reactor, YAYOI, of the University of Tokyo (9). A neutron beam
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column was constructed for the study. Depth-flux curves in a head phantom
were measured with combinations of iron, graphite, polyethylene, lead,
and bismuth layers in the column. Combinations and thickness were optimized
in order to obtain high thermal neutron fluence (3x10^^ nvfc) at a 2.4-cm
depth in the phantom under tolerable contamination of fast neutrons and
gamma rays. The optimized configuration is shown in Fig. 12. Characteri-
zation of the irradiation field was performed by using a tissue-equivalent
ionization chamber, a LET counter, gold foils, a rem counter, and TLDs
(10,11). Fast neutron dose was found to be still high, but source intensity,
or reactor power of YAYOI, is too low to add more layers under the limit
of irradiation time. The maximum power level of YAYOI is only 2 kW. The
authors are not satisfied with the field as an epithermal neutron field,
but it has been used for basic research. Irradiations of beagles and mice
were performed at the column. The effect of collimator size on the neutron
intensity in the head phantom was studied. The thermal neutron flux in
the phantom greatly increases with the diameter of the LiF collimator (11).
This characteristic should be incorporated in procedures used during BNCT.
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CALCULATION FOR A 45Sc 2-keV NEUTRON FILTER

Design of a beam filtered by Sc for BNCT and biological research was
studied by calculation (12). The calculational method was similar to that for
the epithermal neutron column study. DOT 3.5 was used instead of TWOTRAN-II.
ANISN was used for a one-dimensional parametric survey. There were no eval-
uated cross sections of ̂5gc for transport calculations. One of the authors,
Y. Oka, had to evaluate neutron nuclear data on Sc (13). The evaluated
data were included in a Japanese evaluated nuclear data library, JENDL-2.
Group constants of 4- Sc for transport calculation was prepared from the data
by using the RADHEAT-V3 code system (14). Account was taken of group struc-
ture at 2 keV in order to represent the cross section minimum of Sc. An
extensive parametric survey was performed. YAYOI was modeled as a neutron
source. The result showed that (a) a mixture of aluminum and heavy water
effectively decreases fast neutrons; (b) a layer of 2-cm-thick cobalt is
good for removing leakage neutrons through higher resonance windows of ^Sc;
(c) the optimum scandium filter length is about 90 cm. A model for two-
dimensional calculation is shown in Fig. 13. The relation between filter ra-
dius and transmitted neutron flux, dose, and purity was studied using the
model. Purity is the percentage of 2-keV component in the total dose or flux.
The result at 2-kW reactor power level is sho'-m in Fig. 14. Intensity of the
beam increases with the filter radius, while the "dose purity" decreases. Re-
grettably the iriuensity of the dose is too low for medical and biological re-
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search. Furthermore, gamma rays were not taken into account for the above cal-
culation. When chey were taken into account, the dose purity, percent of 2-
keV neutron dose in the total dose, became only 2%. This is due to capture
gamma rays from Sc. The secondary gamma-ray production data were taken from
the POPOP-4 library. The data whose identification number is 210101 were
used. These were the only gamma-ray production data on ^ S c that we found.
Extensive calculation was performed in order to improve dose purity and beam
intensity. The final model for two-dimensional calculation is shown in Fig.

15. A LiF tile was used to decrease thermal neutron leakage to the scandium
zone. A manganese reflector was used to increase 2-keV neutrons. Lead was
used to decrease gamma rays. The dose purity at the beam exit becomes 57%,
but the intensity of the 2-keV dose decreases to 3.75x10"^ rad h"* at 2 kW.
The result is far from satisfactory for medical and biological research. Cal-
culation for a scandium filter using a TRIGA reactor as a source was also
performed. The best result showed 43% dose purity and 2.5x10 rad h of
2-keV neutron dose at 100-kW level. The result is still unsatisfactory for the
purpose.
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SUMMARY

1.

2.

A reseaich group on BNCT which was organized by one of the authors, S. An,
during 1975 to 1979 had great success in clinical trials and development
of irradiation fields.

Calculated dose-depth distribution in a head shows that optimum neutron
energy for BNCT is between 10 eV and 500 eV.
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3. Layers of aluminum and heavy water whose volume ratio is 85/15 are effec-
tive in decreasing fast neutrons while maintaining a high epithermal neu-
tron level.

4. Conceptual design of epithermal and thermal neutron columns and a reactor
facility based on an annular core TRIGA reactor is completed. Heavy water
is far superior to graphite as thermalization material for BNCT. Two-
demensional discrete ordinates transport calculation is a powerful tool
for design and evaluation of an irradiation field.

5. Calculation for a ^Sc 2-keV neutron fi l ter for biomedical research re-
veals the problems of weak beam intensity and a high level of capture
gamma rays from scandium.
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Mixed Dose Distributions of Fast Neutrons and Boron
Neutron Captures for the Fast Neutron Beam from YAYOI

Hiroaki Wakabayashi, Koji Yosii, Norihiko Sasuga, and Hideharu Yanagi
Nuclear Engineering Research Laboratory, Faculty of Engineering,
The University of Tokyo, Shirakata Tokai-mura, Ibaraki, Japan

1. INTRODUCTION

In our efforts to develop boron neutron capture therapy (BNCT), thermal
neutron based research and therapy have been conducted with some success.
Thermal neutrons, however, are rather limited in penetration into tissue, and
therefore deep-seated tumors are outside the scope of BNCT. Thermal neutrons,
furthermore, tend to produce a captured photon background; the smaller this
portion, the better for BNCT. Doctors are, thus, requesting a specific medi-
cal reactor which can provide intense intermediate neutrons. Neutrons, born
as fast fission neutrons, undergo moderation into thermal neutrons through in-
termediate energy regions in moderating media. Without a specifically designed
powerful intermediate neutron source reactor, it is usually difficult to form
a usable intermediate neutron flux with little photon contamination for deep-
seated tumor BNCT.

A new approach between fast neutron therapy and BNCT may be valuable to
the extent it is feasible.

II. A NEW APPROACH (1)

A fast neutron source reactor, a low powered research reactor based on a
highly enriched uranium metal core (YAYOI for example), can alleviate the weak
points of thermal reactor based BNCT. With the use of such a fast neutron
beam as a radiation source into tissue, a better dose distribution with less
photon contamination can be obtained.

Fast neutrons have nearly 0.9 MeV as an average initial energy after
inelastic collisions in the core and, thus, are expected to have far greater
penetration than thermal neutrons. Fast neutrons, though deficient in selec-
tivity for BNCT, can be introduced directly into a central part of a bulky
tumor, where slowing down and diffusion processes are expected to form a ther-
mal neutron flux most desirable for BNCT with a boron distribution pronounced
at the infiltrated periphery of a bulky tumor. In this way, a boosting of
dose can be accomplished.

With this in mind, extensive measurements of neutron fluxes and doses
(fast and thermal neutrons and photons) were done for both a water phantom and
a body phantom. Preferable dose intensity and profiles were found which seem
applicable for fast neutron therapy with a boost provided by BNCT.
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III. YAYOI AND ITS BIOMEDICAL FACILITY

YAYOI (2) is a 2-kW rated fast neutron source reactor fueled with 28 kg
Eu (93%). The maximum flux at the core center is 10 n/cm 'sec with an aver-
age neutron energy of nearly 900 keV. An irradiation facility (Figure 1) was
devised to study irradiation effects on biomedical systems at a distance of
1 m from the core center.

The beam is collimated between the shielding materials, such as polyethyl-
ene, borated paraffin, lead, heavy concrete, and a special collimator made of
paraffin and B4C with rectangular holes (the shape can be varied from 3x3 cm
up to 9x9 cm^ for wider and irregular collimations by use of 9 replaceable
iron rods of 3x3 cm square). The irradiation front is 15 cm from the exit of
the collimator or from the back surface of the heavy concrete shield, which
serves as a biological shield for the whole body of a patient.

IV. DOSE RATE DISTRIBUTION IN AND AROUND WATER AND BODY PHANTOM

a. Dose Rate Distribution in Water Phantom

Placing a 30-cm cubic water phantom at a distance of 15 cm away from the
exit of 3x3 cm^ and 9x9 cm^ collimators, fast neutron and photon dose rate
(Df, DG) distributions were measured both axially and laterally by paired ioni-
zation chambers (shown in Figure 2). In a similar manner, but using gold foils
with and without cadmium cover and taking the difference, thermal neutron flux
distribution was measured.
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In order to estimate absorbed doses, all units were convert ;> into units
of Gy/min, with the following values as KERMA factors:

Thermal neutrons (Dth) 0.0149X10"11 Gy/fluence

Fast neutrons (Df) 2.37 xlO"'1 Gy/fluence (for 1-MeV neutrons)

Boron (n,a) reaction (DB) 7.27 xlO"14 Gy/thermal fluence/Ug/g

Here pg/g is the boron-10 concentration in tissue. Also, to convert Gy/fluence
into Sv/min, RBE values of 2 and 3.7 were assimed for the neutron and boron
reactions respectively. These values were all taken from Zamenhof et al. (3)
with che conversion units 1 rad = 10~2 Gy and 1 rem = 10~2 Sv respectively.
Epithermal neutron dose contribution can be neglected because it is only
a fraction of thermal neutron dose and seemed small enough to be excluded
for this case.

The results are shown in Figure 3-1 in units of Gy/min/2kW and in Figures
3-2, 4-1, 4-2, and 4-3 in units of Sv/min/2kW.

a-1. Axial dose rate distribution (Figures 3-1, 3-2)

Axial absorbed doses decrease either exponentially (Df) or with a peak at
a depth of 2 to 3 cm (DG, DB, Dch) in the water phantom (Figure 3-1). Note
the similar order of magnitude of DB and Df at a depth of ̂ 10 cm. This can be
seen as a boosting of the fast neutron dose.

RBE doses of axial distribution are summarized in Figure 3-2 for colli-
maters of 3x3 cmz and 9x9 cm2. Other various configurations with 9 steel rods
of 3x3 cm can be constructed by superpositions of the data for the 3x3 cm2

case. From the therapeutic point, of view, this RBE dose is more amenable to
comparison than absorbed dose. A brief explanation follows, with the 9x9
cm case as a specific example.

The fast neutron RBE dose decreases almost exponentially from 1.2
Sv/min/2kW with a half-value depth (HVD) of 3.3 cm, while the photon RBE dose
makes a peak of 0.1 Sv/min/2kW at ̂ 3 cm and then decreases exponentially. The
total axial dose, at the point of entrance to the tissue, is characterized pri-
marily by the fast neutron dose with less of a boron reaction dose contribution.
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Assuming a uniform boron compound distribution in tissue, the RBE dose
due to the B(n,ot)'Li reaction was calculated, taking as a reference a boron
concentration of 40 pg/g tissue. Its distribution, similar to that of thermal
neutrons, is about 36 times more intense and exceeds the fast neutron RBE dose
in the area beyond 5.3 cm in depth. It makes a peak of 0.43 Sv/min/2kW at a
depth of 4 cm. This accounts for the remarkable extension of HVD from 3.8 cm
(DTi) to 7 cm (DT2) and is certainly a therapeutically interesting advantage
of this method because it almost corresponds to neutrons of an average energy
of 6 MeV (16 MeV D on 'Be) such as those at Hammersmith Hospital and at the In-
stitute of Medical Science, University of Tokyo (4,5).

a-2. Lateral RBE dose rate distribution (Figures 4-1, 4-2, 4-3)

Lateral RBE dose distributions at depths of }, 4, and 8 cm are all shown
in Figure 4. HVD for Df is about 14 cm through the collimator width of 9 cm.
This broadening is due to directional spread rather than to the scattering ef-
fect of radiation in the medium.

The lateral boron reaction dose distributions, with a HVK of about 16 cm,
are broader than those of fast neutrons.
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As far as thermal neatron and, similarly, boron reaction doses are
concerned, collimation within tissue is almost impossible, thus their distribu-
tions within tissue are determined by fast neutrons as the source, and conse-
quently a more intense dose is obtainable to the extent that the presence of
fast neutrons can be permitted. Photon dose shows a broader distribution
along the lateral distance, corresponding to the thermal neutron capture dis-
tribution as a photon source.

At a depth of 1 cm in the phantom, the fast neutron component is far more
dominant than iny other. Obviously the total RBE dose here is intense enough
to be applicable for therapy purposes even at a radical distance of 8 cm (>0.1
Sv/min) (Figure 4-1).

At a depth of 4 cm and a radial distance of 7 cm in the phantom, the
boron reaction dose almost equals that of the fast neutron (Figure 4-2), and
the total RBE dose still remains around 0.5 Sv/min.

At a depth of 8 cm of phantom, the boron reaction RBE dose exceeds every-
where the fast neutron dose (Figure 4-3). The total RBE dose at both lateral
and radial distances of 8 cm is still 0.24 Sv/min. These distributions are
quite favorable, specifically for a tumor therapy conceptually depicted in Fig-
ures 5 and 6, which will be discussed later.
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Fig. 5. Tumor irradiation by fast
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Fig. 6. Conventional tumor irradiation
by fast neutron and/or yradiation with-
out skin sparing.

Thus, the measurements conducted have shown that it is possible to get
a favorable distribution of doses in tissue from a therapy point of view for
certain applications.

b. Dose Rate Distribution In and Around Body Phantom

In order to evaluate the dose distributions in an actual case, a body
phantom (BP) of polyester plastic (65 kg and 170 cm tall) was positioned
with the chest back surface as the reference point, assuming, for example,
a bulky lung tumor situated on the beam axis. Figures 7 and 8 show the axial
and the radial (on the surface) distributions of the thermal and fast neutron
flux and photon dose rate, referenced to the data on the water phantom (WP),
making use of indium (En > 1.3 MeV), gold, and TLD (BeO) respectively.

It was found that the axial distributions of photon dose rate in the two
phantoms are very similar, while thermal neutron flux in the body phantom is
flatter than in the water phantom and some 30% lower. This tendency should >.
taken into account for a therapy application.

The slight difference for thermal neutrons reflects a lower density of
the body phantom at the chest, which accounts also for a similar tendency for
the fast neutron dose distributions, as seen here for Dn (WP) and <}>f (BP).
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c. Distribution of Radiation Dose Over Other Parts of Body

In our effort to pursue radiation therapy, the evaluation of unfavorable
side effects of radiation exposure is important. Figure 9 shows some dose
rates for a 1-Gy administration at a depth of 1.5 cm into the chest from the
back surface: the reference point. The dose distributions for several spe-
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DN=3.1, DG=3.8
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Unit:rad/min.

(Operation Position B)
Fig. 9. Estimation of
whole-body radiation dose,
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cific parts are summarized in Table 1, referenced to the ICRU 26 (Jan. 1977)
criteria. A dose of 0.03 Sv seems relatively high for the dose limitation of
0.05 Sv/yr for the marrow, indicating a need for more collimation and/or radia-
tion shielding for this type of application.

Table 1. REM dose to be delivered at various critical organs for 1-Gy dose
at chest: 1.5 cm depth from the back surface, compared with ICRP criteria.

Critical organ

Bone marrow (the ilium)

Genital gland

Thyroid gland

Leg joint

REM dose
10"2 Sv

3.4

0.7

6.2

0.68

ICRP criteria
10"2 Sv/year

5

5

30

75

Comment

Most critical

V. DISCUSSION

a. Dose Rate Distribution

Favorable dose distributions for BNCT-enhanced fast neutron therapy were
fourd at the YAYOI facility at the University of Tokyo research reactor
(Tokai-mura, Ibaraki, Japan) for therapy of bulky tumors with a radius as
large as 4 cm. Actually such a tumor has a stratified configuration, as
shown in Figure 5. The region is schematically divided into thfee parts.
Mixed Region (I) refers to the part where normal tissue is dominant, with suf-
ficient oxygen, and thermal neutrons are preferably allowed, while Dormant Re-
gion refers to the part where tumor tissue is dominant, with deficient oxygen,
and the fast neutrons can be allowed. Mixed Region (II) lies in between ?nd
can help in the moderation of fast neutrons. Thus the advantage of BNCT can
be maintained, sparing the normal tissues located at the tumor periphery as
well as the relevant skin, as shown in this figure.

The advantage of this method seems obvious compared with the situation in
Figure 6, which shows conventional tumor irradiation by fast neutrons and/or
photons without skin sparing. This situation is essentially nothing but total
destruction of both tumor and nearby normal tissues altogether.

On the other hand, the fast neutron beam from a fission reactor has a
higher LET (J*100 keV/y) than other higher energy neutrons on average, and
seems more favorable in terms of radiation therapy of surface tumors in light
of its limited penetration.
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b. BNCT Enhanced Fission Neutron Therapy

BNCT with thermal neutrons has been somewhat successful in its applica-
tion only to brain tumors, while cyclotron fast neutrons (En = 7 to 21 MeV)

from the TAMVEC cyclotron (E = 16 to 50 MeV) did not always show promising re-
sults for brain tumors (6), probably because of more damaging higher RBE ef-
fects on normal tissue than on tumor. Quite recently, however, significantly
good results were reported with " Cf neutron brachytherapy for hemispheric ma-
lignant glioma (7). In these cases, fast neutron doses of 2.5 Gy at 1 cm and
0.83 Gy at 2 cm from the applicator plus ̂ 60 Gy of °"Co photon of whole brain
irradiation were administered. The increase in performance status in nine of
ten patients and the decrease in mass size seen on the CT scan suggested that
local response and tumor shrinkage occur after neutron implant therapy plus
radiotherapy. As in this case, fission energy fast neutrons may, for some
cases, be serviceable. The YAYOI fast neutron beam can also be used to de-
liver 2.5 Gy of fast neutron dose for some five minutes at a depth of 1 cm
from the entrance of the tissue. Conversely, if high LET radiation is effec-
tive, BNCT with 2^Cf faS£ neutrons may be effective and worth examining, and
it deserves attention.

The development of a dedicated facility for a fast neutron source reactor
for this specific purpose (8) has been described.

VI. CONCLUSION

Fast fission neutron therapy enhanced by BNCT would be possible by
employing a fast neutron source reactor like YAYOI. In this paper, experimen-
tal results obtained in a cubic water phantom (30 cm on a side) are shown, and
some of them (9x9 cm case) seem interesting for therapy purposes. These data
were compared with anthropomorphic phantom data, and vT30% decreases of thermal
flux, compared at the peak, were found. This should be taken into considera-
tion when irradiating patients.
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The absorbed doses in the tumor and in the brain of a patient treated
by boron neutron capture therapy are determined by the neutron fluence and
the concentration of boron-10 in the tumor and in the blood. In the past we
used a gold foil activation method to determine the neutron fluence. This
method has the drawback that the exact neutron fluence can be determined only
after the irradiation is over. We developed in 1977 a system for simultaneous
monitoring of thermal neutron flux during irradiation of the patient. Al-
though we reported this in 1978, further advances have been made. We aLso report
briefly on the measurement of boron-iO concentration in tissues.

The neutron intensity in the brain is influenced by many factors, such as
the distance between the patient's head and the irradiation port, the size of
the irradiation field, and the depth of the tumor. We developed a small detec-
tor for simultaneous monitoring which can be implanted into the brain of the
patient.

10 , / 7 . - Fig. 1. Two kinds of nuclear reactions.
5 B *Qn = 2

H e * 3Ll * z - " M e V The upper one is utilized for boron
neutron capture therapy, the
lower for simultaneous monitoring of

}H*4.8MeV slow neutrons.

In Figure 1, two kinds of nuclear reactions are ̂ hown. The upper one is
the reaction used for boron neutron capture therapy. In 94% of cases this re-
action accompanies promnt gamma rays -?i 0.48 MeV. The prompt gamma rays can
be utilized for quick n vitro assay of boron-10 concentration in the tissue
(Kanda et al., Fairchild et al., this Conference). The lower reaction has a
considerably higher released energy than the upper one. The released energy
is completely transferred to the heavy charged particles, namely alpha parti-
cles and tritium. The cross sections of the two nuclear reactions have similar
dependence on neutron energy, being inversely proportional to the velocity
of the neutrons.
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Fig. 2. The simultaneous detector
for slow neutrons. Si n-type and
p-type surface barrier dicde is used
to detect heavy charged particles
produced by °Li(n,oO H reaction.

Connector
Aluminum Foil

of P) Surface Barrier Diode

UNIT: mm

Figure 2 shows, schematically, the simultaneous neutron detector we have
developed. This neutron detector is made of a silicone surface barrier diode
with a lithium-6 fluoride film attached to i ts surface to form a thin radia-
tion-sensitive layer. The sensitive layer is <20 lim without bias voltage ap-
plied. When neutrons impinge on the detector, lithium-6 nuclei capture the
neutrons, yielding alpha particles and tritium nuclei. These heavy charged
particles are completely stopped within the radiation-sensitive layer,
producing big pulses. On the other hand, the contaminating gamma rays produce
high energy electrons with low LET. These electrons lose only a small part of
their energy within the thin radiation-sensitive layer, producing small
pulses. The-neutron-sensitive part is 4 mm in diameter, and the cable is 1.6
mm in diameter.

Figure 3 is a photograph of the detector, with a scale in centimeters.
As can be seen, the detector is quite small. Usually the neutron-sensitive
part is covered by a thin rubber tube to protect the detector from water and
other fluids .

Figure 4 is a block diagram of the monitoring system. The rie.utron detec-
tor produces signal pulses. The pulses are amplified and analysed by a
multichannel analyzer at PHA mode. The pulse-height distribution is printed.
The amplified pulses are discriminated by a single-channel analyzer, and,
through a ratemeter, the counting rate is recorded continuously.

Figure 5 shows the pulse-height distribution of the pulses. The abscissa
is the pulse height, that i s , the channel number. The ordinate is the
counting rate. Two major peaks are apparent. The higher peak is due to
tritium nuclei, the lower to alpha particles. These two peaks are well
separated from small noise pulses due to pile-up of electron pulses produced
by gamma rays.

Figure 6 shows the proportionality between the neutron flux (the
abscissa) and the signal counting rate (the ordinate). The proportionality is
very good, which means that no dead-time correction is necessary. The flux is
changed by changing the thermal output power of the reactor.

Figure 7 shows the stability of the detection system. The abscissa is
the irradiation time in minutes, and the ordinate is the counting rate. It
can be seen that the stability is /ery good. The neutron fluence rate was
1.4x10^ n/cm^-sec.
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Figure 8 shows, schematically, the irradiation setup. It shows a nuclear
reactor from which thermal neutrons are generated. The neutrons impinge on
the the operated patient's head. A simultaneous neutron detector i s inserted
•'nto the hole created by removal of the tumor mass. Another detector is
placed at the surface of the brain to determine tha maximum dose delivered to
the brain.

Figure 9 shows the actual application of the simultaneous neutron
monitors. The inserted neutron detector has its neutron-sensitive part
covered by a thin rubber tube to make it waterproof. A neutron shield,
containing boron-10, prevents thermal neutrons from reaching the scalp. This
is needed because human skin tfl.kes up boron-10 compounds. We use either
boron-containing or lithium-6-containing plastic helmets or sheets.

Figure 10 shows the simultaneous neutron detector placed on the surface
of a surgical drape which covers the patient's head in order to prevent
bacterial contamination.

Figure 11 shows schematically the irradiation of a patient's brain. It
shows a reactor and a patient lying on the bed. The irradiation room has a
shield door made of conrete. The patient is anesthetized by remote control.

Figure 12 is a photograph taken just before the irradiation of a pa-
tient, who lies with the head apposed to the irradiation port, which has a
collimater made of lithium fluoride ceramic. Also seen are a monitoring TV
camera, preamplifiers for the neutron detectors, and two thin black cables for
the neutron detectors, attached to the preamplifiers. One detector is put on
the surface of the brain and another inserted in the cavity created by removal
of the tumor mass.

Figure 13 shows data for a brain tumor treatment during which the neutron
flux changed because of critical swelling of the brain matter. The abscissa
is the duration of irradiation of the patient (in minutes), and the ordinate
is the counting rate of the detector on the surface of the brain, with the
right-hand ordinate showing the corresponding neutron flux. During the irradi-
ation, we observed a slight increase of neutron intensity of ^4.5%. This may
be interpreted as having been caused by protrusion of the patient's brain
through the craniotomy hole. The protrusion was estimated to be abou*" 5 mm.
The neurosurgeon (Hiroshi Hatanaka) took it for acute swelling of the brain
caused by acute swelling of the tumor. The physicians therefore applied a
hyperventilation maneuver to the patient, initiated at the time indicated by
arrow A, which contolled the swelling of the brain. At the time indicated by
arrow B, the reactor was shut off.

The detector seems to be useful for future epithermal neutron irradia-
tion, since the dependences of the boron-10 reaction and the lithium-6 reac-
tion cross sections on neutron energy are the same. The detector will monitor
the "effective" neutron flux in future epithermal neutron irradiations in
boron neutron capture therapy.
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Fig. 8. Irradiation setup of
patient. (1) Simultaneous slow
neutron detector, (2) plastic
hollow ball, (3) helmet contain-
ing ^LiF powder for shielding
scalp from thermal neutrons, (4)
thermal neutron collimator con-
taining °LiF powder, (5) surgi-
cal drape to prevent bacterial
infection, (6) intracranial tube
for remote anesthesia, (7) wax
shielding containing borax to re-
duce leakage of thermal neutrons
from gap between neutron colli-
mator and helmet. The shield re-
duces total-body dose to patient.

Fig. 9. Actual application of the simultaneous detector for slow neutrons.
Detector inserted into tumor bed is indicated by arrow. Plastic hollow ball
is seen near detector. Black sheet around craniotomized head is shielding
containing 1UB to shield against thermal neutrons.
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Fig. 10. Simultaneous detector for slov/ neutrons, attached to surface of
surgical drape, monitors the neutron fluence permissible for brain surface.

Fig. 11. Schematic drawing of patient irradiation.
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Fig. 12. Patient just before neutron irradiation. Preamplifiers for the
neutron detectors and two thin cables of the simultaneous detectors for slow
neutrons can be seen.
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Fig. 13. Critical swelling
of brain matter observed by
simultaneous neutron moni-
toring system, with detector
at surface of brain. Note
the steady riss in count
rate. Hyperventilation was
achieved at A; reactor was
shut off at B.
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I would like to mention a quick in vitro assay of boron-10 concentration
in the tissue and blood, which detects the prompt gamma rays from a specimen
irradiated by a thermal neutron beam of known flux. We conducted the follow-
ing experiment at the Rikkyo University reactor (Figure 14). The reactor is
the same type as the one at Musashi Insti tute of Technology, a Trigger Mark II
type (General Atomic Co. Ltd). The gamma rays from the reactor core are mini-
mal at the beam ports. We put in the sample containing boron-10, and we de-
tect the prompt gamma rays by a germanium-lithium drift detector.

Figure 15 shows the germanium detector shielded by lithium-6 fluoride ce-
ramics to prevent activation of the detector by thermal neutrons.

Figure 16 shows the experimental setup. The beam port is colliraated by
a lead block with a hole. A sample holder made of quartz glass contains
blood. The neutron flux at the position of the sample is 3.7x10" n/cm2-3ec,
when the reactor thermal output power is at i ts maximum (100 kW). The sample
is accurately positioned by a holder made of transparent plastic.

Figure 17 is a picture taken from a viewpoint nearly perpendicular to
that of Figure 16. It shows the lead collimator behind which the germanium de-
tector is located.

Figure 18 shows the pulee-height distribution of detected gamma rays
emitted from pure water samples containing various concentrations of boron-10.
The prompt gamma-ray reaction from boron-10 can be discriminated from other
peaks because of the wider peak width ascribed to Doppler broadening.

Figure 19 shows the linear relationship between the counting rate of
prompt gamma rays and the boron-10 concsntration. Prompt gamma rays were
observed even in the case of pure water containing no boron-10. This was
attributed to ambient boron-10 contamination.

Figure 20 shows the pulse-height distribution of gamma rays from the
blood of a patient. The blood cample was taken just prior to the irradiation.
The prompt gamma rays emmitted by boron-10 reaction are prominent. From the
counting rate and the calibration curve shown in Figure 19 the concentration
of boron-10 in this sample is determined to be 18 yg boron-10 per gram of blood
The error was estimated to be ±5%. The measuring tiue was 16 minutes. The ac-
curacy and the measurement time seem to be sufficient for clinical purposes.
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Fig. 14. Cross-sectional drawing
of the Rikkyo University Reactor,
showing collimator, position of
Ge(Li) gamma-ray detector, and
sample to be measured. Setup for
quick in vitro assay of *̂ B con-
centration in tissue.

Fig. 15. Ge(Li) gamma-ray detector shielded from thermal neutrons by
ceramic t i l e s .
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Fig. 16. Experimental setup for quick in vitro assay of
in blood.

concentration

Fig. 17. View perpendicular to Fig. 16, showing lead collimator.
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Fig. 18. Pulse-height distribution of
detected gamma rays from neutron-irradiated
water samples containing *"B at concentra-
tions (Mg/g water) of (1) 0.0, (2) 22.0,
(3) 87.5, (4) 237.0.

i
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PRELIMINARY DQSIMETRY STUDIES OF THE MIT REACTOR (MITR-II)
MEDICAL FACILITY

Manzar Ashtari, University of Kentucky, Lexington, KY 40536
Gordon Browneil, Mass. Institute of Tech., Cambridge, MA 02139
Mark Forrest, 8righam and Women's Hospital, Boston, MA 02115

INTRODUCTION
Boron Neutron Capture Therapy (BNCT) is a technique that

exploits the *-®B{n, cJ7Li reaction in boron loaded tissue exposed
to an intense flux of thermal neutrons. The emitted high energy
charged particles, alpha particles and lithium-7 recoils, release
large amounts of energy withir a single cell or its immediate
neighbor, causing irreparable damage to the cell. Since the
range of the resulting charged particles is small, on the order
of 8-1Q microns, their distribution in tissue is expected to be
restricted to the region of the boron loaded tissue, where the
cells will be selectively destroyed.

The dosimetry of BNCT requires a variety of diverse experi-
mental procedures, for the following reasons. First, a wide
variety uf radiation components is involved. These include ther-
mal, epithermal and fast neutrons, externally incinent gamma
rays, neutron induced gamma rays and heavy charged particles
from the 10B(n,a)

7Li and the l4N(n,p)1^C reactions.
Second, since the different radiation components exhibit differ-
ent relative biological effects, the dose evaluation must account
for each dose component separately so that the total biological
effect can be determined. From the experimental point of view,
the separation of doses creates a problem because most dosi-
metry equipment responds to both neutrons and gamma rays.

A conventional method in mixed field dosimetry involves the
use of two ionizatxon chambers with different relative neutron
sensitivities (Rossi-56). A tissue equivalent ionization chamber
flushed with a tissue equivalent gas (TE), has aoproximately the
same sensitivity to Q3mma rays as to neutrons, while a graphite
walled chamber (GG) flushed with CO2 gas is primarily sensi-
tive to gamma rays. To use these chambers to unfold the com-
ponents of a mixed radiation beam such as MITR-II medical
facility, the relative sensitivity of the chambers, TE and GG,
to nei'trons and gamma rays must be known. These sensitivity
factors can be determined theoretically or experimentally.

Owing to extensive therapy studies with fast neutrons
around the world, fast neutron and gamma sensitivity factors
fir TE and GG chambers have received considerable attention.
Because the thermal neutron dose components of fast neutron
beams are very small the response of these chambers to thermal
neutrons has received very little attention in the 1 iterature.
Unlike most neutron therapy modalities, BNCT calls tor a radia-
tion beam, such as MITR-II medical facility, which is primarily
composed of thermal .leut* ons. Therefore a series of experiments
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was planned to evaluate the thermal neutron sensitivity of the
TE and GG chambers to thermal neutrons (Ashtari-82).

Using the above chambers and their associated sensitivities
to the fast a, 4 thermal neutrons and gamma rays, along with a
polyethylene phantom providing variable depth (simulating the
human head) a combination of experiments was performed Co unfold
the components of the radiation beams in question.

These experiments focused on the comparison of the dose
components and depth distribution of the two beams: A soft beam
with a cadmium ratio of 250-300 and a rather harder beam with a
cadmium ratio of 30. The harder beam was obtained by draining
the D2O tank of the medical facility (see Fig. 1). This was
done in order to obtain a beam with an improved depth dose
distribution. The more superior beam was chosen for future
studies of BNCT.
IRRADIATION FACILITY

The irradiation facility used in the course of this work
was the medical therapy facility at the Massachusetts Institute
of Technology Reactor (MITR-II). The medical inerapy facility
is a surgical operating room that is located directly benesth
the reactor. A oenetration in the room, ceiling allows a beam
of either thermal or epithermal neutrons to be admitted.

The therapy beam is controlled by four shutters. These
shutters are the DpO blister tank, the H2O tank, the bora..
shutter and the lead shutter. The medical facility arrangement
is shown in Fig. 1.

The D2O blister tank, which can be drained, controls the
energy spectrum of the beam. The H2O shutter is used to
attenuate the neutron beam. A 1/2 inch moveable olate of boral,
and a 9 inch thick slab of lead, are located in the ceiling and
comprise the secondary shutter system.

Experiments are normally set up in the medical therapy room
while the reactor is operating at full power. This is done by
first veii Tying that all four shutters are closed, setting up
the experiment, evacuating all personnel from the medical room,
and then closing the room's shielded door. The appropriate
shutters are then opened for the desired time.

Additional absorbers and/or special collimators can be
inserted in the beam. This was done to focus the beam on a
small target. Polyethylene blocks are normally placed about
t/Te target so that the remaining portions of the therapy room
will be shielded from neutron radiation.
IONIZATION CHAMBERS

The neutron insensitive ior.ization chamber we used was a
high purity graphite chamber with a central electrode made of
graphite (EG&G model IC-18G); it was constructed in such 3 way
that CO2 gas could flow through the chamber. The neutron
sen.--iiti.ve chamber was made of A-150 tissue equivalent plastic
and filled with a tissue equivalent gas (see Table 1). This
chamber and the graphite chamber, which had identical shapes,
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were used as a pair. The physical characteristics of both are
presented in Table 2.

Both chambers were calibrated in November 1981 (Far West
Technology, Inc., Goleta, California), with a Co-60 source of 7
R/min. The flow rate for calibration and during all experiments
for both chambers was 5 cc/min.
TABLE 1 ELEMENTAL COMPOSITION OF TISSUE EQUIVALENT GAS (AAPM-80)

ELEMENT
H
C
N
0

% BY WEIGHT
10.2
45.6

3.5
4C. /

TABLE 2 PHYSICAL CHARACTERISTICS OF THE (TE) and (Gu) CHAMBERS

CHAMBER
MODEL

IC-18

IC-18G

WALL
MATERIAL

A-150 TE
plastic
graphite

WALL
THICK,

(cm)

0.163

0.139

CHAMBER
VOL.
(cc)

0.1

0.2

CALIBRATION
(R/coulomb)

Air
2.5 E+10

1.96 E+10

TE
2.18 E+10

--

CO 2

1.25 E+1C
METHODS

It is possible to investigate the response of an ionization
chamber to thermal neutrons by using a filter that absorbs all
the thermal neutrons. Such a filter must have a high capture
cross section but must not produce secondary radiation. Li-6
compounds are the best candidates for such a purpose. The re-
sponse of the chamber to the mixed beam with and without the
filter may be compared to determine its sensitivity to thermal
neutrons.

A Li-6 enriched LiF epoxy filter was made and measurements
with and without the filter were performed for both the graphite
and tissue equivalent chambers. The results are summarized in
Table 3. It is apparent from the table that the response of
both chambers to thermal neutrons was high.
TABLE 3 EXPERIMENTAL RESULTS OF TE/TE AND GG/CO2 CHAMBER
READINGS USING Li-6 ENRICHED EPOXY FILTER

-CHAMBER/GAS

TE/TE
GG/C02

NO FIL

3.
3.

TER

2
6

AVERAGE
READING
E-10
E-10

CHAMBER
(coulombs

1.39
2.20

Li-6

)
E-10
E-10

FILTER
CORFECTED FOR
Y ATTENUATION

1.45 E-10
2.29 E-10

Since the capture cross section of carbon and oxygen is
very small, on the order of millibarns, these elements do not
account for the thermal neutron response. Therefore, the re-
sponse of the graphite chamber to thermal neutrons suggests that
a secondary activated source of gamma rays was generated in the
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presence of thermal neutrons. Therefore, to estimate the direct
contribution of thermal neutrons to the chamber response, this
interfering source of radiation had to be eliminated. Various
sources were explored, such as the filtering, stem activation,
and gamma rays produced in the shielding material around the
chamber.

A new filter—a 1.5cm thick graphite holder filled with
Li-6 enriched LiF powder — was tested with the graphite chamber
with CO2 gas. The experiment gave similar results to those
obtained with the epoxy filter.

Aluminum stem activation was tested in a separate experi-
ment. A plastic bag was filled with Li-6 enriched LiF powder
and wrapped around the aluminum stem. Measurements were made
with and without the stem covered. The stem activation contri-
buted only 8% of the response and therefore was not a major
activation source, contrary to what had been suspected,

Finally a small aperture collimator was used to reduce
the streaming of neutrons into the surrounding material and to
test the response of the graphite chamber to the activation
gamma ±ays originating from polyethylene blocks around the
chamber. A decrease of only 3% in the graphite chamber re-
sponse with Li-6 filter, after correction for attenuation,
confirmed that the main source of the unwanted radiation was
from the shielding material. A refined experiment was then
planned to keep the production of this background radiation
as low as possible.

The neutron beam was thus confined to the chamber, and
streaming into the medium was sharply reduced. Materials used
in this study were chosen with extreme care. For example, the
material that supports the chamber under the beam should not
produce gamma rays wit!i intens> beams of thermal neutrons, it
is almost impossible to fulfill this criterion unless pure
Li-6 metal (the only element that does not produce capture gamma
rays) is used. Unfortunately, lithium metal, which is highly
reactive and explosive, is extremely difficult to work with.
Therefore, another element with a very small capture cross
section was chosen. Graphite, with its extremely low cross
section (3.6 millibarn) and durability, was found to be the
best choice for the chamber holder. A piece of graphite,
machined into the shape of a pipe, housed the chamber so that
only the active part of the chamber could be exposed.

To restrict the beam primarily to the active portion of
the chamber, the holder was completely surrounded with plastic
bags filled with Li-6 enriched LiF powder. The bags were wrap-
ped around all but the top part of the chamber holder. The
holder was then placed in a box filled with natural LiF powder
to further absorb the thermal neutrons before they escaped from
the medium (Fig. 2). A hole with the same diameter of the
graphite holder was made in the top part of the box to expose
the chamber. A Li-6 enriched filter disk with a small hole
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c
and filter)

(2.2 cm in diameter--the same as in the box and graphite holder)
was used to stop thermal neutrons from reaching the chamber when
the three holes (those of the graphite holder, box,
were not aligned, as it is shown in Fig. 3C.

PATIENT COLLIMATOR

I EPOXY FILTER

SMALL APERTURE COLLIMATOR

MUVF DISC ? H ! t R 1O LLUSt APERIURt

L. 6 ENRICHED ,..F
• 0.3cml

GRiPHlTF PIPE

BCX A'lTH LID

FIG. 2 SYSTEM PLftCED UNDER THE REACTOR BEAM SUCH THAT ALL THE
OPENINGS OF THE GRAPHITE PIPE, EPOXY FILTER AND THE COLLIMATOR
ARE ALIGNED.

The entire system was then placed under the beam using a
small collimator with a hole the same diameter as those in the
graphite holder. When all the holes were aligned, the chamber's
active portion and the part of the graohite holder that housed
the active volume were the only materials exposed to the beam
(Figs. 3A and 3B). Thermal neutrons not coming from the beam
were absorbed and the production of unwanted gamma rays was
prevented. To determine the effect of thermal neutrons in
the beam on the chambes, the filter disk was pulled back along
the box surface to cover the hole (Fig. 3C). This was done
with great care so as net to disturb the alignment of the beam
and the chamber.

Having determined the response of the chambers to thermal
neutrons, the dual ionization chambers and the gold foils were
used to unfold the components of the beam for the two cases
where the D2O blister tank was empty or full. To evaluate
the depth dose distribution of the various radiation components
of the beam, we constructed a polyethylene head phantom, 17.8
cm. in diameter and 19.8 cm. in height. The phantom was made
from a solid piece of polyethylene with 1.27 cm. diameter holes
drilled through it, and extending to the center of the phantom.
The first hole was made 0. 75 cm beneath the surface and the rest
were spaced 1.75 cm apart (measured center to center) as de-

- 93 -



picted in Fig. 4.
The dose distribution in the phantom was determined by

first placing the chamber on the surface of the phantom. The
system was then aligned under the 7.6 cm. diameter collimator.
The water, lead, and boral shutters were opened, and the phantom
was irradiated with mixed neutron and gamma radiations. The
current was integrated over one minute (as measured by the
electrometer) for both positive and negative polarity and re-
peated three times for each case. Subsequent to this measure-
ment, the D2O blister tank was emptied and an identical set
of measurements was recorded so that the responses of the
chamber in the absence of the D2O could be compared.

Next, all shutters were closed, and 12 minutes later (the
time needed for the D2O tank to fill) the chamber was placed
in the first hole, 0.75 cm within the phantom. The remaining
holes were blocked with polyethylene rods. During this maneuver
special care was taken to maintain the original position of the
phantom under the beam. The experimental procedures Followed
were identical to those for the previous position. The same
experiment was carried out for positions 2, 3, 5, 7, 9, and 11,
which correspond to phantom depths cf 2.50, 4.25, 7.75, 11.25,
14.75, and 18.25 centimeters (Fig. 4). Detailed data were
obtained for the graphite and tissue equivalent chambers when
the D2O tank was empty as well as full. In order to unfold
the components of the beam in the above experiments, the cham-
ber's response to thermal neutrons was excluded from the total
chamber reading depending on the magnitude of the corresponding
thermal flux at that position. Since the thermal neutron flux
drops considerably with depth in the phantom, gold foils were
used to evaluate the corresponding thermal neutron flux at each
depth. After the ion chamber readings were corrected for ther-
mal neutron contribution, the fast neutron sensitivity factors
for the GG chamber and for the TE chamber were used in the
following simultaneous equations (flAPM-80) to calculate the
doses from fast neutrons and gamma rays for each experimental
condition:

RT = kTDN + hTDG
RU = kUDN + h\JDG

where the "h" and "k" are sensitivity factors due to gamma
rays and fast neutrons respectively. Subscript T stands for
neutron sensitive device and U is for the neutron insensitive,
ON and DQ are the fast neutron dose and gamma dose in rads.

The thermal neutron doses were calculated by using the
measured thermal neutron fluence and a KERMA-to-fluence factor
of 1.48 X E-ll rad-cm2/n (Zamenhof-75).

The incident gamma dose component was evaluated by placing
the graphite chamber at various locations within the phantom
while thermal neutrons were absorbed immediately at the beam
exit. This procedure eliminated the formation of neutron in-
duced gamma rays and left only the incident gamma component.
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FIG. 3

FIG. 4
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The chamber response was corrected f >r attenuation of gamma
rays by the filter.
RESULTS AND CONCLUSIONS

The first part of our results showed a thermal neutron
response of 1.59 E-23 coulombs-cm2In for the graphite chamber
and 4.8 E-22 coulombs-cm2In for the tissue equivalent chamber.
These numbers correspond to .02% and 15% of the total response
of the graphite and tissue equivalent chambers, respectively.
The higher TE chamber response is due to ^^N(n,p)^^C re-
action in the TE gas of the TE chamber. The experimental re-
sults are summerized in Table 4.
TABLE 4 THERMAL NEUTRON RESPONSE FOR GG/CO2 and TEITE CHAMBERS

CHAMBER 1
GAS

GGIC02
TE/TE

FLUX
(nIcmZ-sec)

1.05 E+9
1.69 E+9

NO
FILTER

Li-6
FILTER*

AVE. CHM. READING (coulombs)
3.90 E-10
3.25 E-10

3.89 E-10
2.76 E-10

READING
DUE TO Nth

(coulombs)
.01 E-10

.049 E-10
*Chamber Readings were corrected for attenuation of gamma rays

Figures 5 and 6 show the distributions of different
dose components versus depth for the D2O tank full and empty.
The top curves (solid triangles) in both graphs are the total
background dose which is the sum of total gamma (incident and
induced) and thermal and fast neutron doses. The open triangles
are the total gamma dose which is the major component of the
background dose, particularly when the D2O tank is full.
When the D2O tank is empty, the fast neutron dose (solid cir-
cles) plays an important role as well. The induced gamma dose
(crossed circles) is greater than the incident gamma dose up to
about four to five centimeters deep inside the phantom. Hence,
the induced gamma dose is important near the surface (comprising
67% of the total gamma dose) and the incident gamma dose (open
squares) is the major gamma component at deeper locations within
the phantom. The fast neutron dose (solid circles) at the sur-
face is 17% higher than the thermal neutron dose when the D2O
tank is empty and a factor of ten lower than thermal neutron
dose when the tank is filled.

Finally, the thermal neutron dose component (open circles)
is lower than the fast neutron component at all depths when the
D2O shutter is open. When the shutter is closed, the thermal
neutron component is greater, closer to the surface. At depths
below 9 cm, however, the fast neutron dose remains higher.

A comparison of the magnitude of the surface dose of each
dose component in Figs. 5 and 6 shows that in the absence of the
D2O the thermal neutron dose increased by a factor of 2.16 and
the total gamma dose was elevated by a similar ratio 2.15. The
fast neutron dose, however, increased-25 fold. Despite this
high increase the fast neutron dose comprised only 23% of the
total dose. The major background dose component was the total
gamma dose. This dose, in turn, was mostly from the induced
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gamma rays at the surface (where thermal flux is high) and
incident (core related) gamma rays at depth. Total gamma
dose produces 57% of the total background dose. The remaining
20% results from thermal neutron dose not related to boron
capture.
FIG. 5 FIG. 6

TOTAL BACKGROUND DOSE
TOTAL GAMMA DOSE
INDUCED GAMMA DOSE
INCIDENT GAMMA DOSE
FAST NEUTRON DOSE
THERMAL NEUTRON DOSE

* TOTAL BACKGROUND DOSE
•, TOTAL GAMMA DOSE
a INDUCED GAMMA DOSE
:: INCIDENT GAMMA DOSE
• FAST NF.UTRON DOSE
o THERMAL NEUTRON DOSE

4 6 8 10 12 14 16
DEPTH IN P H A N T O M (CM)

18 2C 0 2 6 8 10 12 14 16
DEPTH IN PHANTOM (CM)

18 20

ABSORBED DOSE VS. DEPTH IN POLYETHYLENE HEAD
PHANTOM WITH D20 TANK CLOSED (7.5 Cm D ia me te r
C o l l i m o t o r ) REACTOR POWER 4.6 MW

ABSORBED DOSE VS. DEPTH IN POLYETHYLENE HEAD
PHANTOM WITH D 2 0 TANK OPEN (7.5 Cm Diameter
C o l l i m a t o r ) REACTOR POWER 4 .6MW

When D2O was present a greater percentage of the total
background dose resulted from the total gamma dose (75%). In-
duced gamma rays comprised 66% of this dose and the remaining
34% resulted from incident gamma rays. The fast neutron
contribution in this case was only 0.2% of the total dose.

It was concluded from these experiments that the beam
obtained by draining the D2O tank is superior because it
results in more thermal neutrons, better depth penetration
and shorter irradiation times.

We have seen that the dose from the reaction of the thermal
neutrons with the boron compounds contributes a major part of
the total dose. Determination of this close, however, requires
accurate information regarding the thermal neutron flux and the
B-10 concentration in blood and/or tissue. Measurement of the
thermal flux is possible with an accuracy of 10%. The prin-
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cipal remaining problem in SNCT therefore is the determination
of the B-10 concentration at the time of therapy. To date there
has been no adequate technique of an on—line boron assay.
Future clinical trials cannot be performed until such a tech-
nique is developed.

Another impediment to clinical trials is the lack of
detailed information on the neutron spectrum of the MITR-II
medical team. This information and the development of an on-
line boron assay are strongly recommended as the next step in
Boron Neutron Capture Therapy.
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In Vivo Measurement of Time Dependent Boron-10 Concentration in Tumor
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1. Introduction

For boron neutron capture therapy, neutron irradiation doses depend
greatly on 10B, which is pre-injected into the tumor in concentrations of
ppm order (1-4). Therefore, to estimate the clinical effect and to decide
the irradiation time, it is indispensable to know the B concentrations in
the tumor just before neutron irradiations. The goal of the present study
was to measure the *^B concentrations in tissue under the conditions that (i)
samples should be alive after the measurements and (ii) the measuring time
should be less than one hour with use of about a 1 g sample. We used the
method of prompt gamma rays from 10B(n,a)7Li* reactions, because it had the
possibility to be applied to the direct measurements of 1UB concentrations of
tumors in patients without any pretreatments and without great damage.

We have developed a system to detect neutron-induced prompt gamma rays
by using the combination of the KUR thermal neutron guide tube, °LiF tile
neutron shield (5,6) and a Ge(Li) detector. This system has a very low
background of gamma rays for (n,y) measurements.

For the normalization of the neutron irradiation condition for known and
unknown samples, prompt gamma rays from the H(n,y)D reactions were used.
This treatment has many advantages for measuring homogeneous samples. By
these improvements, we succeeded in measuring 10B concentrations of ppm order
in 1 g of tissue accurately, reproducibly, and in a short time for neutron
capture therapy.

2. Experiment

2.1. Neutron guide tube and neutron shielding material

The neutron guide tube is an apparatus which draws out neutrons of long
wavelength to a distant point from the reactor core, so that pure thermal
neutrons are available with very low contamination of gamma rays, epithermal
and fast neutrons. The neutron guide tube of KUR has a guide part of 9.9 m
and ?! neutron beam size of 10 (width) x 74 (height) mm2. The fluence rate of
thermal neutrons is 2 x 10 n/cm2.sec with a gamma-ray contamination of
about 1 mR/h at an operating power of 5 MW. Fig. 1 shows the measuring
system.

LiF tiles were utilized as neutron shielding material near the sample,
because of its small secondary gamma-ray production. Table 1 shows the
features of the neutron shielding materials, i.e. B,C, Cd metal and LiF. The
number of capture gamma rays from LiF tiles developed by our group is
extremely low compared with B.C and Cd metal. Moreover, the number of gamma
rays from LiF tiles of enriched 6Li is much less than that from natural Li.
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6LiF tiles made the equipment compact in size, which resulted in a small
distance between the sample and the Ge(Li) detectrr, and so a high
geometrical efficiency was obtained.

neutron guide lube

4 0 0

r e o c l o r r o o m w o l l

400 5 0 0

200mm

Fig. 1. Measuring system of 10B(n,a)7Li* prompt gamma rays attached to the
neutron guide tube of KUR.

Table 1. Released energy of gamma rays per thermal neutron capture.

Material Gamma-ray energy a)

per capture (MeV)
Relative value Comment

6LiF
Nat.
Nat.
Nat.

LiF
B4C
Cd

3.793X10
4.381X10
4.465X10
9.04

- 4

- 3

- 1

1
11.5

1180
23800

6 Li 7.4%
mainlv from IOB
mainly from ll3<Cd

a) Formula 2,a, /£,/2,<r, / , where a/, microscopic cross section (b). / : fraction ratio in element,
£,: released gamma-ray energy (MeV). (Refer to Table of isotopes, 7th ed.)
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2.2. Gamma-ray spectrometry

The energy resolution of the Ge(Li) detector system for gamma rays was
2.3 KeV at 1.33 MeV. The gamma-ray spectrum was measured directly in the
0-2.3 MeV range without the anti-Compton technique. When the S/N ratio is
low, it can be improved by using the anti-Compton technique, but this usually
results in a lower counting efficiency than the dire -I measurement. For the
present purpose, we gave a higri priority to getting a high counting efficiency
for a short-time measurement.

2.3. Samples

The standard samples with various 10B concentrations 0.01-100 ppm were
made by diluting the JIS standard solution of IDOb pp..; ( - ivf pHm B) witi.
distilled water. The uncertainty of the 10B concentration for the 0.01 ppm
standard sample was less than 1 %. We used the standard samples to check the
detection limit of this measuring system. In addition, standard tissue
samples were prepared into which ':rown amounts of ^ B in boric acid were
added.

As sample case material, we can use pure Teflon (C2F^)n which does not
contain ^ B and H, but we can not use ordinary aluminum because of its
impurity of 10-100 ppm ^ B . The Teflon sample cases used were 10 mm in outer
diameter, 0.5 mm in thickness and 30 mm in length.

3. Determination of " B concentrations

The concentrations of boron and hydrogen can be assumed to be
homogeneous in the tissue, so that prompt gamma rays emitted from hydrogen
can be used for the normalization. In the thermal neutron energy region,
cross sections of both 10B(n,a) 7Li* and H(n,y)D have the 1/v characteristic,
and the branching ratio of Li* is constant as follows:

JLi + a 63%.

+ y (478 keV)

H.T.= 7.3x 10~I4s.

We can find that at any point in the sample, the ratio of gamma rays
emitted from the ^'B(n,a)^L±* reaction to that from the H(n,y)D reaction is
independent of thermal neutron irradiation conditions, i.e. neutron fluence
rate, neutron energy spectrum and neutron distribution, as long as the
distribution of 1 0B and H in the samples is homogeneous. Therefore, the
ratio of gamma-ray counts of 10B(n,a)7Li* to that of H(n,y)D counted by a
Ge(Li) detector is proportional to the atomic number ratio of 10B/H in the
samples.

The 10B concentration in an unknown sample can be determined by
comparison with known sample data. The relationship is as follows:

C = CnR A /RnAn (1)
x 0 x x 0 0

where
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10B to those from H for

•̂"B concentration of an unknown sample,
•^B concentration of the known sample,
counting ratio of prompt gamma rays from
an unknown sample,
counting ratio of prompt gamma rays from B to those from H for
the known sample,
concentrations of H in an unknown sample,
concentrations of H in the known sample. Usually, Ao =

The present method has the following advantages:
1) Thermal neutron irradiation conditions, i.e. neutron fluence rate,

neutron distribution and neutron energy spectrum in the sample, are
not affected.

2) Counting efficiency of the Ge(Li) detector is not affected.
3) Quantitv and dimension of sample are rot restricted.
4) Distance between the Ge(Li) detector and the sample irradiation

position is flexible.

The quantity of the sample is not
essential in this method, but it
relates to the statistical error of the
gamma-ray counting, so thai- the
quantity of the sample is important for
practical measurements.

4. Results

Fig. 2 shows an example of a ,
gamr '-ray energy spectrum from
-°B(n,a)'Li* reactions for various
10B standard solutions of 1 g, measured
by the Ge(Li) detector. Because of the
Doppler effect of Li* movement, gamma
rays emitted from Li""1 have a broad
spectrum which looks a little broader
than 10 KeV. While prompt gamma rays
from (n,y) reactions have steep peaks,
•"• B(n,a) Li* prompt gamma rays can be
distinguished from the others by using
the difference of the energy spectrum
shape. Practically, we achieved the
measurement of a swine melanoma sample
of ppm order 10B without interference
by gamma rays of 475 KeV from
2%a(n,v")24Na reactions (see Fig.3).

478 keV
51 I keV

M.T.

'••... . .' \ 10ppm 9000

0

•-,, A LOppm 6100a

•••-•.,,._••/ \ 0 .1 ppm 32000s

....... . , r ••
L -•"••-•-...«..,..•..,' \ 0 . 01 ppm 38000s

distilled water

----•-• 3 2 0 0 0 s

use teflon cose

400 420 440 460 480 500

channel number

Fig. 2. Part of gamma-ray energy
spectrum measured by Ge(Li) detec-
tor uear 10B(n,a)7Li* prompt
gamma rays for various 1 0 B con-
centrations.
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Fig. 3. Total gamma-ray energy spectrum measured by Ge(Li) detector for swine
melanoma sample of 1 g containing 2 - 3 ppm 10fi.
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B accumulation in tumor.
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5. Discussion and application

For practical use, the terms such as C ,R ,A and A in eq.(l) can be
determined previously with sufficient accuracy compared with R . So we
considered that the error of C depends mainly on the relative standard
deviation of R . A semi-empirical equation between the deviation of R and
measuring time1 in this system, a(X,t), is derived from data on l(f ppm
standard solution for 9000 sec as follows:

,v , 1 I J2.02-X+23.6 J44.8+1.68
°( 1')~^r\ 2.03-A- + 44^

where X: 10B concentration (ppm), t: measuring time fsec).

10B concentrations of 10 ppm, which are usually used for this therapy,
can be measured in less than 30 sec with 10 % accuracy.

This metbod has been applied for the measurement of time-dependent
boron concentrations in melanoma-bearing hamsters, (see Photo. 1) Figure 4
shows the results, in which the difference of B concentration in hamsters
with and without melanoma is clearly observed.
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ABSTRACT

In order to predict the efficacy of boronated compounds for neutron cap-
tare therapy (NCT) it is mandatory that the boron concentration in tissues be
known. Various techniques for measurement of trace amounts of boron (1 to 100
ppm) are available, including various wet chemical and physical procedures.
Experience has shown that, with the polyhedral boron cages in particular, the
usual colorometric and spark emission spectroscopic methods are not reliable.
Although compounds may be traced with radiolabels, direct physical detection
of boron by non-destructive methods is clearly preferable.

Boron analysis via detection of the prompt Y ray from the B(n,oO Li re-
action has been shown to bt: a reliable technique. Two prompt-Y facilities
developed at BNL are described. One, at the 60-MW High Flux Beam Reactor
(HFBR), uses sophisticated beam extraction techniques to enhance neutron inten-
sity and reduce fast neutron and Y contamination. The other was constructed
at Brookhaven1s 5-MW Medical Research Reactor (MRR) and uses conventional
shielding to provide an "on-line" boron analysis facility adjacent to beams
designed for neutron capture therapy (NCT), thus satisfying one of the requi-
site for clinical application of this procedure.

Technical restrictions attendent upon the synthesis and testing of
boronated biomolecules often require the measurement of trace amounts of boron
in extremely small (mg) samples. A track-etching technique capable of
detecting ng amounts of boron is described. Thus it is possible to measure
the boron content in small amounts (mg samples) of antibodies, or boron uptake
in cells grown in tissue culture.

INTRODUCTION

Technical difficulties associated with the synthesis of boronated
biomolecules make it necessary to measure the boron content of these compounds
at various stages in their production. In addition, the many variables
involved in evaluating biological effects from the ^°B(n,a)^Li reaction make
it necessary to have accurate information about boron content in tissues dur-
ing the time course of experimentation. Perhaps most important of all, there
is a firm consensus among those who have been or are involved in clinical ap-
plication of NCT, that knowledge of boron concentration in tissue immediately
prior to irradiation of humans is mandatory (1-4).
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It is the common experience of many of those participating in this
sium that conventional microanalytical techniques for boron analyses are
unsatisfactory. Wet chemical colorimetric procedures often employed are time
consuming, taking many hours, to days (5). In particular, we have found that
the latter methods do not produce consistent results with the polyhedral
borane and carborane cages commonly incorporated in experimental compounds;
this inconsistency is probably due to incomplete breakdown of the cages (6).
Spark emission spectroscopic techniques are equally unreliable, perhaps be-
cause of the low vaporization point of the boron cage compounds. Conventional
radiolabels have been used as tracers in order to circumvent problems
encountered in boron microanalysis; however, the potential lability of the tag
as well as of boron itself appear to introduce unwarrented complications.

Boron analysis via detection of the prompt Y ray from the 10B(n,a)'Li
reaction has been reported by others (7,8), and is used in Japan for investiga-
tion of NCT (9,10). This method of quantification is independent of the chemi-
cal form of boron. Another major advantage of this procedure is that it is
non-destructive; no observable damage is produced following the relatively low
exposures to thermal neutron beams. Consequently, for example, borated
monoclonal antibodies may be evaluated for boron content, and then used for bi-
ological experiments.

Two prompt-Y facilities have been developed at BNL; one of these is at
the 60-MW EFBR, and uses sophisticated (and therefore expensive) beam extrac-
tion devices to enhance neutron intensity while minimizing fast neutron and Y
contamination. The second facility was constructed at the 5-MW MRR, with con-
ventional techniques, in order to make possible "on-line" boron analysis imme-
diately prior to possible clinical trials of NCT at the therapy beam ports of
the MRR. Both facilities have similar sensitivities (̂ 200 counts/min per Vg
i u B ) , and can detect at least 1 yg ™B per gram tissue in a few minutes.

Biochemical techniques used in the synthesis and analysis of boronated
biomolecules typically produce extremely small quantities of natural boron for
measurement. Various column chromatographic analyses produce multiple small
samples; monoclonal antobodies are expensive even in mg amounts; typical cell
culture experiments produce ̂ 10 cells («n mg) per cell-culture flask. In re-
sponse to these needs, a track-etching technique has been developed in which
0.5-Uliter (0.5-mg) droplets containing ^0.1 yg of natural boron per ml can be
detected (̂ d-l ng nB) (11).

METHOD AND RESULTS

Prompt-Y Analysis

At Brookhaven's HFBR, various beam extraction techniques (Ni-plated
glass wave guides; cold Bi filters) are used to produce "pencil" beams of
pure thermal neutrons (J*2 cm in diameter) which are free of significant contam-
inations of fast neutrons and Y rays. A stylized configuration of such a fa-
cility is shown in Fig. 1; in this geometry, background radiation was low;
shielding around the 2x2-inch solid state detector (pure Ge or Ge(Li)) was
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SAMPLE HOLDER SAMPLE / I BEAM
I CATCHERS

Fig. 1. Diagram of typical geometry used for prompt-y analysis of
pure thermal neutron beam from HFBR.

at a

minimal, and the detector could be positioned within a few inches of the beam.
Background was further reduced by absorbing thermal neutrons scattered off
the sample with an enriched Li2CO3 cylinder positioned coaxially with the
beam and around the sample. Currently the H-l beam at the HFBR is being used.
The thermal neutron flux density is ̂ 3x10 n/cm -sec at 60 MW; sensitivity
is J700 counts per Pg *"B per 200 sec, which is ̂ 8% of background. Thus, for
the usual 200-sec measurement, the error caused by background (1 SD) =0.15
Ug 10B. All measurements are obtained from 1 g-samples of water or tissue
in quartz test tubes. Typical spectra obtained from water and boron standards
are shown in Fig. 2.

HFBR PROMPT-^ FACILITY
H-l BEAM; 60 MW; 200 SBC

190 200
CHANNEL NUMBER

Fig. 2. Spectra obtained from the HFBR, showing background from water
samples, and the response from *"B standards in H2O used for calibra-
tion of unknown amounts of boron in various tissues.
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Access to the H-l beam of the HFF.R is limited because of requirements of
physics experiments. A noted above, problems encountered in clinical applica-
tion of NCT have demonstrated the necessity of determining boron content of
blood (and of tumor also, if possible) immediately prior to the irradiating of
patients (and during the course of irradiation, if applicable). Consequently,
an "on-line" facility for prompt-Y analysis of boron has been constructed at
the MRR radial tube (Fig. 3). In this apparatus, beam extraction, collima-
tion, and shielding have been accomplished by using conventional (low-cost)
materials available at any reactor facility. At a power of 2 MW, the flux
density is ̂ 8xlO7 n/cm2-sec, and the sensitivity in ̂500 counts per 200 sec
(16-cm source-detector distance), which is *^4% of background. Thus at the
MRR, background is twice that at the HFBR, and the sensitivity is somewhat
less. Spectra from water and boron standards measured at the MRR are shown
in Fig. 4.

°LI.,COS

SLEEVE

Fig. 3. Geometry of prompt-y apparatus at the MRR. Source-detector distance
has been changed to ^16 cm.

to

Mil 1—
15,000
16,000

511 keV

MRR PROMPT-r FACILITY
RAD IAL BEAM, 2 MW; 200 sec

S 175 180 185 190 195 200 205 210 215
CHANNEL NUMBER

Fig. 4. Spectra obtained from the MRR, showing background from water, and the
response from *"B standards in water.
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Boron Analysis by Track Etching

Prompt-y measurements are ideal for 1-g tissue samples. However, the sen-
sitivity of the method is not adequate for many needs, such as !-mg tissue sam-
ples obtained from tissue culture experiments. Therefore the technique
developed by Gabel et al,(11) has been used for these smaller samples. In
this procedure, 0.5-uliter drops (0.5 mg) of the solution to be analyzed are
deposited in cellulose nitrate track detectors (Kodak Pathe LR115 type 1; 6-
Jl-thick film on polyester sheets), and irradiated to -^6slO12 n/cm2-sec (1 MW,
300 sec), at the patient port of the MRR. Standard solutions of natural boron
are deposited on the film to construct a calibration curve, as shown in Fig.
5. Boron is mixed with F-10 cell medium plus fetal bovine serum (FBS) , which
serves as a matrix to hold the boron while drying. Relatively uniform fields
of alpha tracks are obtained in this manner. Asymmetric deposition of boron
is found if water is used as a solvent; the small crystals observed when phos-
phate buffered saline (PBS) + 1 mg protein/ml is used as the solvent (11) were
also eliminated.

After irradiation, the film is developed in 10% NaOH at 60°C for 45
minutes. Tracks are then counted opto-electronically with a Zeiss microscope
(4X objective with a green filter) interfaced with a Quantimet image analyzer.
Fields obtained from drops with 1 and 10 ]ig natural boron per ml are shown in
Fig. 6 along with background fields. As can be seen from the calibration
curve, the sensitivity extends below 0.1 ]ig natural boron/ml (0.02 Vg 10B/ml),
and, since 0.5-mg drops are used, the techniques can detect ng amounts of natu-
ral boron.

I0 6

I 0 5

a:

en

I03

I I 1 1 I I 11 I I I I I 1 1 I I I

CALIBRATION CURVE
FOR

CELLULOSE NITRATE FILM

6x!012 n /cm 2

i i i l i i i i i i i i 1

0.001 0.01 0.1 1.0
fiq nB per ml

10 100

Fig. 5 . Cal ibra t ion curve obtained with 0 . 5 - y l i t e r drops of standard solu-
t ions of na tu ra l boron.
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Fig. 6. Cellulose nitrate film irradiated to >^6xlO12 n/cm2-sec at the MRR.
Field A = background; B = background from cell growth media used for suspension of
boron standards; C = 10 ]ig nB/ml in 0,5-yl drop; D = 1 yg nB/ml in 0.5-yl drop.

DISCUSSION

Endogenous boron levels in humans are ̂ 0.1 yg nB/g (in blood, for exam-
ple; ref. 12). The lowest level of *°B considered to be useful for therapy is
si yg 10B/g tumor (13). These levels define the limits of sensitivity of
interest for prompt-y analysis of boron in tissue samples. As described
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above, the two promptly facilities at BNL provide this capability, with the addi-
tional sensitivity at the HFBR used for tissue analysis of low boron concentra-
tion often obtained with trial compounds synthesized with natural boron.

Since the response from 1 Ug of 10B is only a few percent of background,
background subtraction is of great importance. In particular, the prompt Y
from Na (472 keV) interferes with B analysis and must be corrected for, to ob-
tain accurate results. Table 1 summarises Na and H contents in human tissues.
If sample size or exposure time is monitored by the hydrogen capture Y ray (at
2.2 meV), then care must be taken to account for varying contents of H in dif-
ferent tissues. Most importantly, Na content is seen to vary from 8 to 18%,
and thus will be responsible for significantly different backgrounds. We have
taken multiple readings of various "blank" tissue samples from our mouse and
rat tumor models, and have found that background must be corrected according
to tissue type as well as sample size. For example, the background produced
by Na varies from the equivalent of ̂ 0.5 lig °B/g of muscle to ̂ 1.1 ug 10B/g
for blood or tumor.

Although the relative background obtained at the MRR prompt-Y facility is
J*2 times that at the HFBR, the sensitivity and background is such that the
analysis of 1 yg ^B/g tissue is possible in a single 200-sec run. Conse-
quently it has been possible to develop an "on-line" capability for boron anal-
ysis which will make possible the determination of boron content in blood
immediately prior to (and during, if desired) irradiation of humans for NCT.
Thus, one of the prime requisites for future clinical trials has been met.
Furthermore, only conventional shielding materials were used, so that any reac-
tor facility considering NCT in humans can construct a similar facility.

Table 1. Percent

Tissue

Brain
Blood
Small intestine
Liver
Muscle
Pancreas
Lung
Parenchyma
Blood
Spleen

by Weight

Wt in g

1,400
5,500
640

1,800
28,000

100
1,000
570
430
180

of H and Na

g/tissue

150
550
67
180

2800
9.7
99
55
44
18

in Human Tissues

H+

Wt %

10.7
10.0
10.5
10
10
9.7
9.9

10

, from Snyder

Na+

g/tissue

2.5
10
0.64
1.8
21
0.14
1.8
1.0
0.8
0.22

(12)

Wt

0.
0.
0.
0.
0.
0.
0.

0.

%

18
18
10
10
08
14
18

12
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Probably the most difficult way to evaluate a boron compound for poten-
tial efficacy in NCT is to try to measure tumor control in animal tumor models
following NCT. This necessitates multiple animals at multiple dose points,
with concomitant experiments on controls in the neutron field as well as in
x-ray beams. The development of information about the boron content necessary
for successful NCT and about the potential effects due to variation in
microdistribution (13-15) significantly reduces the necessity for such time-
consuming and expensive experiments. The basic information is available from
the boron content of tissues measured as described above.

Some basic parameters are more easily obtained from in vitro experiments
in cell cultures. The biological activity of boronated antibodies and the
binding of melanin affinic molecules as well as that of steroid and nucleoside
analogs may all fit into this category. Again, a simple boron analysis on a
cell culture of >/*10 cells (̂ 1 mg) is much simpler than the determination of
meaningful survival curves in mixed fields of neutrons and Y rays (again
accompanied by the appropriate controls). The track-etching techniques
described above provide the capability- for this type of analysis, as cells may
be lysed and deposited on film for appropriate analysis.

Additionally, needle biopsies may be obtained from tumor immediately
prior to NCT, for boron analysis by track etching. The whole procedure could
be completed within 1 hr, thus providing a most important parameter for
determining the requisite exposure time for tumor control.
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Introduction

Many clinical and laboratory trials of specific tumor de-

struction by neutron capture products were performed since the
10 7exoenergetic reaction B(n,a) Li had first been suggested for

this purpose /1/. Most of them were not as successful as one

might have expected from the fundamental idea of producing the

destructive energy selectively within the target volume.

Apart from the crucial biochemical problem with specific

loading of tumor cells with absorbing nuclei ( B or Li), the

proper choice of incident neutron energy seems to be of essen-

tial importance. Thermal neutron beams have mostly been applied

till now /2,3/, even though superiority of epithermal /4,5/ or

even intermediate /6,7/ neutrons has already been suggested** .

In spite of some comparative studies of slow neutron beams from

different assemblies /l,9/f quantitative optimization of the

incident neutron energy for the sake of neutron capture therapy

has not yet been performed.

Method

In the calculations presented here we concentrated on the

case of a deop-sited tumor, represented by a 1-cm diameter bo-

*0n leave from the Inst.of Physics and Nucl.Techn. AGH, Krakow,
Poland.

** The use of B was also proposed for enhancing conventional
fast neutron therapy by making use of neutrons slowed-down
within the patient's body /8/.
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ron-loaded core centrally located within the ICRU sphere /TO/

(a standard 30-cm diameter tissue-like phantom of a human body).

Neutrons of varying energy were assumed to impinge isocentrical-

ly onto the phantom surface. Space-energy distributions of scat-

tered neutrons and neutron-induced gamma' radiations were cal-

culated by solving the stationary transport equation in the

multigroup discrete-ordinates numerical approach. The one-di-

mensional ANISN transport code /11/ and the DLC-31 multigroup

data set /12/ (37 neutron and 21 photon groups, derived from

the DNA =>-I ENDF/B-IV cross-section libraries) were applied for

this purpose. The depth distributions of the absorbed dose were

then calculated in the kerma approximation with the use of re-

cent f ]-lence-tc-kerma conversion factors /13/. The partial con-

tributions of different secondaries to the absorbed dose were

also calculated.

Results

Fig. 1 presents the relative contribution of the
10 7

B(n,a) Li reaction to the absorbed dose in the tumor location

vs. incident neutron energy for the case of 50 ng/g of B in

the target. Contributions of photons and other secondaries

(mainly protons) are. also given. It is evident that the short-

range neutron capture products dominate only in some limited

energy interval (approximately 0.05 - 2 MeV in this case) . For

lower neutron energies, gamma rays from the radiative capture on

hydrogen nuclei become most important, whereas above 2 MeV recoil

prot-ons from elastic scattering play a dominant role.

A similar tendency was observed for a wide range of boron

concentrations within the tumor volume, the effect being propor-

tional to the B content up to about 200 ug/g. Therefore, below

this concentration, the relative dose increment (referring to

the case with no boron in the target volume) may be presented

per unit B uptake, as it is done in Fig. 2, bota in terms of
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Fig. 1. Relative contributions to the
absorbed dose in the central core (1-cm
diameter, 50 Ug/g 10B) of the ICRU sphere
irradiated isocentrically with neutrons
of varying energy.
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Fig. 2. Total and neutron dose
increment due to 1 Pg/g uptake
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Fig. 3. Relative hot-spot value vs.
B content in 1-cm diameter core of

ICRU sphere isocentrically irradiated
with different neutron beams
f th.: thermal neutrons;
c.f.: fission neutrons from a
converting plate; E = 1 MeV).
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total dose and of neutron dose separately. The comparison of

the two curves implies that the sharp maximum for the total

dose (at ca. 500 keV), indicating the most appropriate incident
1 2neutron energy, is caused mainly by the H(n,y) H reaction. It

has to be emphasized, however, that this "most appropriate

energy" must not be considered as the absolute optimum. The

problem strongly depends on target positioning, and for lower

tumor depths the maximum will obviously occur at somewhat lower

energies, but still in the Intermediate neutron energy range.

The D curve in Fig. 2 reflects the hypothetic situation of the

absence of secondary gamma radiation. This case is obviously

unrealistic, but it depicts the way in which significant en-

hancement of treatment efficiency may be expected, i.e. by

partial elimination of gamma-ray production. This can be

achieved e.g. by deuteration of irradiated tissues /14/ or by

introduction of heavy water into body cavities close to the

tumor (e.g. in the treatment of bladder carcinoma).

It is also useful to analyze the magnitude and local-

ization of the "hot spot", i.e. the local dose maximum apart

from the desired central maximum at the boron-loaded target.

The minimum ratio of these two maxima may be considered as an-

other criterion of optimization. In Fig. 3 the relative hot-

spot values for some selected neutron beams are presented vs.
10varying B content in the tumor. In this case the results do

not strongly depend on geometrical factors and the optimum at

about 40 keV seems to have some more general meaning, because

the hot spot is usually located outside the range of field

disturbances caused by boron in the target volume and just

reflects the dose build-up due to (n,n), (n,p) and (n,y)

interactions.
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Conclusions

Optimization of incident neutron energy is an important

question for the development of neutron capture therapy. This

is a complex multiparameter problem of which only some princi-

pal dosimetric aspects we.:e dealt with in this paper. Further

research is obviously required - at present even the opti-

mization criteria are not clearly defined. However, from the

above-presented preliminary numerical analysis it can be de-
1 2rived that the energy spread-out due to the H(n,y) H reaction

can be significantly reduced by shifting the applied neutron

beams towards the intermediate energy range. Moreover, it seems

that, due to the negligible radiative capture of neutrons by

deuterium nuclei, introduction of heavy water into internal

body cavities in the tumor vicinity should also improve

treatment efficiency in some selected clinical cases.
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1 Introduction

Neutron capture therapy utilizes high-LET particles of short range such
as a particles and 7Li nuclei produced by neutron reactions with 10B, ^i ,
etc. The advantage of the therapy is the selective destruction by neutron
reactions cf only the tumor into which *"B compound has been injected and not
the normal tissue. The range of the local destruction covers cells
containing 10B and their adjacent cells, since the range of a particles is
almost the same as a typical cell diameter of 10 \im.

Medical colleagues asked us to estimate the absorbed dose in a cell
nucleus when B is injected only into the cytoplasm and not into the cell
nucleus because the cell nucleus ir thought to contain the key of life. For
ordinary radiation therapy, such as X rays, gamma rays, or electron beams,
the average absorbed dose over the order of millimeters is sufficient to
estimate a therapeutic effect. For neutron capture therapy, however, the
therapeutic effect is sensitive to variations in the absorbed dose
distribution within a cell (see Fig. 1).

Fig. 1 The principx-. of selective therapeutic effect for boron neutron
capture therapy. Main reactions in tissue are 10B(n,a)7Li, 14N(n,p) 1L*C,
and H(n,y)D,

For neutron capture therapy, calculations of absorbed dose of heavy
charged particles from the 10B(n,a) "^i reaction in tissue have been made by
Davis et al.(l) and Kitao(2). Their calculations were motivated by the
success of boron neutron capture therapy for brain tumors by Hatanaka(3).
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One of the keys of boron neutron capture therapy is the selective
concentration of boron in tumors. For brain tumors the so-called blood-brain
barrier(3) is utilized to concentrate the boron in tumors. On the other
hand, melanin synthesis is utilized for malignant melanoma. The melanin is
not synthesized in the cell nucleus(4) so boron is concentrated only in the
cytoplasm. In other words, boron is not uniformly concentrated in tumor. We
made a new model(5) to estimate the absorbed dose in a cell nucleus when the
^ B concentration is different in the cell nucleus and cytoplasm. The model
can estimate an interference effect between parts with and without B
concentrations, which are located together within the range of the charged
particles.

The shape of a cell nucleus is assumed to be spherical for easier
analytical treatment. The range-LET relation of heavy charged particles in
tissue is approximated by a definite linear equation, according to Kellerer's
approximation of tracks(6), and was calculated from the tabulated data of
Northcliffe and Schilling for water(7).

2 Calculation model for physical damage in the cell nucleus

For the analytical calculation the following is assumed :

1) The cell consists of a cell nucleus and cytoplasm. A spherical celt
nucleus is located at the center of a cell and is surrounded by cytoplasm.

2) Tissue consists of equal-sized cells which are located regularly in it.
3) The movement of the particles is isotropic.
4) The path of the particles is a straight line.
5) The particle production rate in cells is spherically symmetric around the

center of each cell nucleus.
6) The range-LET relation is the same in both a cell nucleus and cytoplasm.
7) The range-LET relation is expressed by a linear equation.

By using this calculation, the following four physical effects are
obtained as average expected values :

1) absorbed energy in cell nucleus,
2) number of particles hitting and/or passing through cell nucleus,
3) integrated particle track length in a cell nucleus,
4) absorbed energy distribution in the cell structure.

The following five parameters were used : i) cell nucleus radius, ii)
distance between cell nuclei, iii) particle range, iv) differential energy
loss : range-LET relation, and v) particle production distribution in cell.

3 Calculated results of a typical cell and tissue

We studied the absorbed energy in cell nucleus (AECN) as an example in
this paper. The assumptions made in calculations for a typical cell and
tissue are shown in Table 1. In Table 2, nuclear reaction data with thermal
neutrons are shown for C, H, 0, and N in normal tissue and for 1(3B injected
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Table 1 Assumption, in Calculation suggested by Mishima

Cell nucleus radius
Cell radius
Tissue structure
Elemental composition of tissue
Thermal neutron fluence

10B concentration
Cell nucleus
Cytoplasm

homo
20 ppm
20 ppm

2.5 Mm
5.0 Mm
Close packed
(QH4 0O l 8N)n '
10" nvt

hetero"
0 ppm

22 ppm

* Refer to ICRP Report 26.
b Average concentration was 20 ppm in cell.

Table 2 Expected Reactions Caused by Thermal Neutrons in Tissue

Thermal neutron cross section

Element

Natural
Abundance

Reaction
Microscopic

a (barn)'
Macroscopic

2 (cm~')b

Released energy
per reaction

(MeV)

'H
2H

12C
13C
I4N
i s N

I6Q

'"O

ioB

99.985
0.0145

98.892
1.11

99.635
0.365

99.759
0.037
0.204

19.61

'H(n l7)2H
2H(«,T)3H

nC(n,y)nC
13C(«,7)I4C
14N(«,p)14C
lsN(n,7)16N
16O(n,7)nO

l8O(n,7)19O

10B(«,a)7Li*
10B(«,a)7Li

0.332
0.0005
0.0034
0.0009
1.81
0.000024
0.00018
0.24
0.00021

3837
(93.7%)c

(6.3%)

1.99 X 10"2

4.34 X 10"9

2.52 X 10~5

7.48 X 10-"
2.70 X 10~3

1.31 X 10-'°
4.84 X 10"6

2.39 X !0~6

1.15 X 10"8

4.33 X 10"3

2.91 X 10"4

2.22
6.25
4.95
8.15
0.63
2.48
4.14
1.82
3.95

2.79
(7 = 0.478)

(no 7)

T a b l e 3 Energy and Range of Charged P a r t i c l e s Produced i n T issue

Renction
Released energy

{MeV)
Particle energy

{MeV)
Particle range1

in water

14N(//,p)l4C

17O(n,a)l4C

10B(n,a)7Li

10B(«,a7)7Li

0.63

1.32

2.79

2.79
(7 = 0.478)

p = 0.59
I4C = 0.04

a = 1.42
I4C = 0.40

a = 1.78
7Li = 1.01

a = 1.47
7Li = 0.84
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0.2
8.7
1.5

10.2
5.5
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for neutron capture therapy. Table 3 shows initial kinetic energy and range
in water for the particles.

Foi the range-LET relation in tissue for protons, a particles, and Li
nuclei we used data in water of Northcliffe and Schilling. These are shown
by a numerical table, but we made figures from them to show the shape of the
range-LET relation. Arrows in Fig. 2 show the starting point of the particle
produced from each nuclear reaction. The range-LET approximation of protons
produced from 14N(n,p)14C reaction is assumed to be LET = constant. For the
other particles produced from the reaction of 14N(n,p) lkC, 17O(n,a)14C,
10B(n,aY)7Li and 10B(n,a)7Li, they are assumed to be LET oc 1 - X (where X is
fraction of range expended).

TOr

60'

,-. 50
E
-S 40-
v
* 30

20

10

a)

,'H Ions

12 i5 5 6
range (

2

250

200

150

100

50

0 L-,

b)

12 10 8 6 4
range (u<n)

5COr

400-

300

200-

100

0 12 ib 5 5 5 Y

range (u"i)

F i g . 2 Range vs LET in water for (a) H ions, (b) jHe ions, and (c) 'Li ions.

Table 4 shows the calculated results of AECN and percentage interference
of AECN by other cell nuclei. From Table 4, we can find that the localized
dose effect, which is the most remarkable feature of neutron capture therapy,

7is based mainly on protons, a particles
14N(n,p)ll*C and 10B(n,ay)7Li reactions.

and 7Li nuclei produced from

In this case, the interference of 12 adjacent cell nuclei for AECN is
less than 2%. However, the ratio of AECN without particle production in each
cell nucleus to that with homogeneous particle production throughout the
tissue is 4.40/7.09 = 0.619, so that for estimating absorbed dose of neutron

10irradiations,
nucleus.

, g
it is very important to know whether 10B is in the cell

4 Boron Selective Dose Ratio BSDR

We already defined boron accumulation effect(8), BAE, which represents
the ratio of absorbed energy in 10B-containing tissue, to that in 10B-free
tissue. The BAE was calculated by the concept of KERMA and includes absorbed
energy from gamma rays which are essentially mixed in the thermal neutron
field from a nuclear reactor and from (n,y) reactions in tissue. The BAE
clarifies the importance of a thermal neutron field with low gamma-ray
contamination for effective neutron capture therapy.
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Table

Reaction

4 Results

Particle

of Calculations

Absorbed energy
(MeV)

with Assumptions

Interference
(%)

o t Table 1

Comment

uN(n,p)MC

l7O(n,«)14C

P
I4C

a
"C

1.04
0.0704
0.00222
0.000626

Total I.II

I4N and "O exist
homogeneously in
tissue

l0B(/l,a7)7Li

l0B(«,a)7Li

Total

l0B(n,a7)7Li

I0B(H,rt)7Li

a
7Li

a
7Li

a
7Li

a
7Li

4.18
2.39
0.329
0.186

7.09

2.91
1.15
0.242
0.0994

Total 4.40

IOB exists homo-
geneously in tissue

0.72
0
1 64
0

B exists only in
cytoplasm

Table 5 Calculations oi BSDR for Various 10B Distributions in Cells

Class

s,
s2
s3
s.
s5
s6
s7

s,+s2
S3+—+S7

s,+—+s7

1 c = average

Radius of region
containing '"B

(fim)

0-1.25
1.25-2.5
2.5-3.0
3.0-3.5
3.5-4.0
4.0-4.5
4.5-5.0

0-2.5
2.5-5.0

0-5.0

IOB concentrations in

WB concentration
of region (ppm)

64.00 • c"
9.14-c

10.99 -c
7.87 -c
5.92 -c
4.61 -c
3.69-c
8.00 -c
1.14-c
1.00-c

cell (ppm).

BSDR

+ 1.42-c
+ 1.05-c
+ 0.443 -c
+ 0.239 -c
+ 0.I39-C
+ 0.0901 -c
+ 0.0608 • c
+ 1.10-c
+ 0.148-c
+ 0.268 -c

Average WB
concentration (ppm)

at BSDR = 2

0.70
0.95
2.26
4.18
7.19

11.1
16.4
0.91
6.75
3.73
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From the present calculation, we define the boron selective dose ratio
(BSDR) for quantitative treatment of the selective therapeutic effect at tht
cell level.

BSDR =

Absorbed energy in cell nucleus from heavy charged particles in
tissue containing 10B

Absorbed energy in cell nucleus from heavy charged particles in
normal tissue

Table 5 shows that BSDR depends on the 10B distribution in a cell. We
found that BSDR was much influenced by the 10B distribution in a cell.
Accordingly, for estimating absorbed dose in a cell nucleus due to neutron
irradiation, it is very important to know the 10B distribution in a cell.
BSDR, which is strongly related to the 10B concentration and its distribution
in a cell, is a very useful scale for representing the selective therapeutic
effect of neutron capture therapy.

THERMAL NEUTRON FLUENCE ,_12
x 10 nvt

1.0 2.0 3.0 4.0

ABSORBED
ENERGY
3.15 x lCf 1 2

2.34 "
9.83 x,1
5.30 "
3.09 •
2.00- '

1.35 •

0.01 -

(ug/g) (MeV/nvf)

Fig. 3 Effect of 10B distribution in cell on survival fraction
(average iUB concentration : 20 yg)
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The relation between thermal neutron fluence and survival fraction
is known from many experiments and can be expressed by a single exponential
line which has good reproductivity for cells not containing 10B. For cells
containing 1 0B, a variety of survival curves are observed even though the aver-
age concentration of 10B over the cell samples is the same. Figure 3 shows a
theoretical estimation of the variability based on the distribution of 10B in the
cell.

5 Discussion

Je can say that the BSDR is one of the useful ways to quantify the
selective therapeutic effect in neutron capture therapy as well to develop
the microanalysis system for 10B ccncentration(9). Also, the BSDR, which
includes the effects of both 10B concentration and its distribution, can give
a new viewpoint for the development of boron compounds for neutron capture
therapy; i.e., the former goal for boron compounds was to inject more B in
the tumor, but a new viewpoint will be to inject more B at more effective
points in the tumor cell.

In the present paper, BSDR is defined as physical damage from absorbed
energy in the cell nucleus; however, we can define other BSDRs for other
targets, such as cell membrane, lysosome, and DNA, by using other types of
physical damage or hit number or track, length. These BSDRs will also be
useful.

Here we have not mentioned gamma rays, because (i) their LET is small,
(ii) their FBE is small, (iii) their range is long, and (iv) their total
local energy absorption is small compared with heavy charged particles.

The authors express their gratitude to Professor Y. Mishima of Kobe
University Hospital and Professor H. Hatanaka of Teikyo University Hospital
for their valuable suggestions. They thank Professor M. Ishida of Kyoto
University Research Reactor Institute (KURRI) for his advice on radiation
biology. The calculation method was discussed with Dr. K. Kitao of National
Institute of Radiological Science and Mr. Shiroya of KURRI. This work was
supported by a Grant-in-Aid from the Ministry of Education, Science and Culture.
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There is considerable discrepancy in the literature re-

farding the relative biological effectiveness (RBE) of the
^B(n,a)^Li neutron capture reaction. Whereas data obtained in

vivo indicate values of about 2 (1,7-9), a value of 3.7 has
been obtained for HeLa cells grown in culture (2). In view of
the importance of this value for the implementation of success-
ful boron neutron capture therapy, we have redetermined the RBE
value for cells in culture (3).

V79 Chinese hamster cells were grown for two days in media
containing different concentrations of boric acid (natural
isotopic abundance). They were detached with a trypsin solu-
tion containing the same concentration of boric acid, suspended
in phosphate buffered saline, again with the same boron con-
tent, and exposed to the thermal neutron beam at the patient
port of the Medical Research Reactor at Brookhaven National
Laboratory, At a reactor power cf 1 MW, £he neutron fluence
rate inside the irradiation vessel was 5.45x10^ neutrons/cm^_
sec. After irradiation, the cells were seeded out to form
colonies. Survival of cells was recorded as percentage of
clones formed compared with non-irradiated controls.

The dose D of the boron neutron capture reaction was cal-
culated from D = 8.43xl0"6 x $ x F, where $ is the fluence and
F the fraction by weight of boron. The dose rates for the
boron reaction were between 7.7 and 46 rad/min. The dose rates
for gamma and fast neutrons were 9.2 and 9.0 rad/min respec-
tively; that for tae ^N(n> p) ̂ C reaction was 2.6 rad/min,
assuming a nitrogen content of 1.7% by weight.

Figure 1 shows survival curves for different amounts of
boric acid present. Straight lines were fitted to the
experimental points, excluding the points for zero dose. When
the inverse of the slopes is plotted against the amount of
boron present, a straight line is obtained. This indicates
that there is, in the dose rate interval investigated, no
noticeable dose rate effect. Doses could therefore be treated
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0.05 -

0.02 -

0.01 -

0.005 -

Figure L. Survival curves for
irradiation of V79 Chinese hamster
cells at BNL with thermal neutrons
in the presence of boric acid.
The 10B concentrations, in ug/ml,
were zero Co), 2.8 (o), 5.6 (°),
11.2 (7), and 16.8 ( A ) . Cells
were irradiated in suspension.
Colonies of 50 or more cells that
had formed after plating and
incubation for 8 days were
counted. The mean ± S.D. of
quintuplicate experiments, each
consisting of 5 dishes per data
point, is shown. From Gabel et
al. (3).

FLUENCE (units of 10

as additive. The D o Value of the 1 0B(n,a) 7Li reaction could
therefore be determined from all the data of Fig. 1, and was
found to be 66 rad, with an estimated error of 10%. By using
the DQ value of 150 rad determined (between 10 and 0.1%
survival) for these cells when exposed to 250-kVp xrays, an
extrapolated RBE value of 2.3 is obtained.

This value is in agreement with previously reported values
in animal systems (1,7-9). It is in disagreement with the
value of 3.7 measured previously for cells in culture (2). In
the calculations leading to the value of 3.7, it was assumed
that the boion-containing growth medium, which was poured off
the plated cells just prior to irradiation, was removed com-
pletely. Then, boron neutron capture events could occur only
within the cells, depositing some of their energy outside the
cells. In our hands, removal of culture medium from dishes
left behind a film of lrquid 30 to 40 um thick which would
contain boron and thus would invalidate the above assumption.
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Because of the short range and the high LET of the par-
ticles from the boron neutron capture reaction, a significant
effect on radiation damage might be expected from the relative

nucleus
D,

the cell
here for Do represents,
capture events in the
thought that a calcula-
the cells would not be

distribution of boron with respect to
(2,5,6). The dose of 66 rad obtained
on the average, less than two neutron
volume of one cell. It was therefore
tion of the average dose delivered to
adequate to describe the observed radiation damage. We have
therefore developed a computer program which generates neutron
capture events in isolated cells by Monte Carlo simulation.

Events were modeled as ensembles of tracks of two identi-
cal particles emerging back-to-back (see Fig. 2), with a com-
bined range of 13.6 um. The origin of each track in space, as
well as the track direction, was generated randomly. The den-
sity of tracks could be adjusted to a given average dose. The
s:mmed lengths of all parts of the tracks entering or passing a
spherical volume representing the nucleus of the cell and their
variations were recorded. Subsets of these values were
obtained according to whether the tracks originated iu the
nucleus, in the cytoplasm, or outside the cell.

Figure 2. Monte Carlo simu-
lation for boron neutron
capture reactions. The
values for RE and a were
chosen such that a ranaom
isotropic distribution in space
of track origins and directions
was gene ra te d.

RN, Rc: RADII OF NUCLEUS AND CELL

LE: LENGTH OF PARTICLE TRACK

The r e s u l t of a t y p i c a l s i m u l a t i o n i s shown i n F i g . 3 .
The d i a m e t e r s of c e l l and c e l l n u c l e u s were 13 .0 and 7 . 6 um,
r e s p e c t i v e l y , c o r r e s p o n d i n g to the v a l u e s measured f o r t h e V79
C h i n e s e h a m s t e r c e l l s used in the RBE m e a s u r e m e n t s h e r e . The
p r o b a b i l i t y of o c c u r r e n c e of a t r a c k l e n g t h sum in t h e n u c l e u s
s h o r t e r t h a n , or e q u a l t o , t h e v a l u e g i v e n on the h o r i z o n t a l
a x i s i s p l o t t e d .
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Figure 3. Probability of occurrence of track length sums. The
probability of the track length sum in the nucleus is shown for
a cell with a radius of 6.5 Vim and a nuclear radius of 3.8 urn.
1000 events were simulated. With the average dose of 160 rads,
this corresponds to 21,000 generated tracks.

For a mean dose of 160 rad, about 5% of the simulated
events result in no track entering or passing through the
nucleus, even when the distribution of the track origins is
uniform. In 10% of the events, the accumulated track length in
the nucleus is <3 urn. With a mean dose due to the ̂ ^B(n,a) 'Li
reaction of 160 rad and a homogeneous boron distribution, the
experimentally observed survival is 10%.

When the same average density of tracks originates only in
the nucleus, a much larger fraction of simulated events (35%)
results in no track in the nucleus' (which here is equivalent to
no capture event), as is the case with tracks originating only
in the cytoplasm or outside the cell. For the latter case, 75%
of the events resulted in a track length sum of <3 ym, compared
with 3 8% and 46% for the tracks originating in nucleus or
cytoplasm.
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DENSITY OF TRACK ORIGINS ( I / c m 3 )

4 6 8 10 0 2 4 6 10x10
10

Figure 4. Probability of
occurrence of track, length
sums as a fraction of
track density for uniform
distribution of track
origins (o), tracks origi-
nating in the nucleus (D).
and tracks originating
outside the cell (A;.
Plots for a track length
sum of (a) 0 um and (b) 3
um.

Figure 4 shows plots of probabilities of a given track
length sum occurring vs density of tracks per volume element,
These plots would represent survival curves, if the events
inflicted lethal damage. Table 1 shows the track density
ratios needed to obtain the same probability of no event for
track length sums of 0 and 3 um. These values might be
interpreted as RBE values.

Table 1. Track
Length

Track length
sum

0
3

pin
ym

Density Ratios
Sums

Nu c 1 e u s
vs uniform

2.80
2. 31

for

vs

Occurrence

Outside
uniform

3-20
6.23

of Same Track

Outside
vs nucleus

1,
2.
. 14
,70

Figure 4a shows the probabilities of a track length sum of
zero um (which is equivalent to no hit). In order to obtain
the same probability of hit, about three times the density of
tracks needed in uniform distribution has to be achieved when
tracks originate only outside the cell or only in the nucleus.

Figure 4b shows that, in order to obtain the same proba-
bility of a track length sum of 3 um, 2.3 times the track
density of uniform distribution is needed for events occur-
ring only in the nucleus, but 6.2 times this density is needed
when tracks originate outside the cell.

(It should be borne in mind that the density of tracks
applies to that volume in which the tracks originate; the

- 132 -



number of tracks simulated in the nucleus is therefore <5% of
the number simulated with a uniform distribution. For a
constant neutron fluence, the density of track origins would
translate directly into the local boron concentration,)

These simulations indicate that the average dose deliv-
ered in different geometries may not always be a good reflec-
tion of the biological effects to be expected. They raise the
question as to what track length of a high LET particle is
sufficient for cell death. The simulations performed here
suggest a value of around 3 urn. By confining boron to the
outside of cells, using boron-conjugated macromolecules (4),
this might be answered experimentally.

Here, we have not taken into account the variation of
energy transfer from the particles along their paths. We
thought, however, that only quantitative changes in the re-
sults of the above simulations might be found if this werp
taken into account.
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EFFECTS OF DEUTERIUM OXIDE AND CYSTEAMINE ON THE ACUTE
LETHALITY OF HEAD IRRADIATION

K. Rosander,* D.N. Slatkin and R.D. Stoner
Medical Department, Brookhaven National Laboratory, Upton, New York, USA

In radiation therapy of human tumors it is desirable to deliver the
lowest possible dose to associated normal tissues. For boron neutron capture
therapy (BNCT), one possible approach to this problem would be to deuterate
tissue water.^»^»3 Transient partial deuteration of body water would
increase neutron penetration to a tumor and thereby also permit lower radia-
tion doses to superficial normal tissues. Body water deuteration in the 20
to 40 atom % D range would reduce superficial tissue doses by about 30% for a
given dose to a 6-cm-deep tumor.^ In BNCT, partial deuteration of tissues
would also reduce superfluous prompt gamma radiation from the hydrogen
neutron capture reaction.

Deuterium oxide modify~J BNCT dosimetry physically^ and exerts a radia-
tion-protective effect against low LET whole-body radiation without diminish-
ing the lethality of whole-body high LEI radiation from the 10B(n,a)7Li
reaction. >2>& Experiments reported here were performed to ascertain the
effects of deuterium oxide on the lethality of high LET and of low LET radia-
tion directed primarily to the brain.

The heads of partially deuterated and normal mice were irradiated by
x rays (low LET) or by charged particles from the ^^B(n,a) Li reaction (high
LET) at two dose levels which caused the acute central nervous system (CNS)
radiation lethality syndrome in less than and In more than one-half of
exposed animals, respectively. Since cysteamine, another chemical radiation-
protective agent, is known to lessen strand breakage in brain endothelial
cell DNA caused by up to 1.8 x 10^ rad of low LET radiation directed primar-
ily to the heads of rats,8 parallel experiments were performed on deuterated
and normal mice treated with a radiation-protective dose of cystearaine (150
jig per gram of body weight) given intraperitoneally about 15 to 20 min prior
to Irradiation. Mice were deuterated by replacing acidified drinking water
(2 ml concentrated HC1 per liter) with similarly acidified, partially deuter-
ated (50 ±. 1 atom % D) water during the 13-day time interval which preceded
irradiation. Body water levels of deuterium on the day of irradiation are
estimated" to be about 32 atom "L.

Neutron irradiations were carried out at the Brookhaven National
Laboratory Medical Research Reactor operated at a power level of 3 MW. Mice
were bred and treated in accordance with the regulations of the American
Association for the Accreditation of Laboratory Animal Care. About 20 min
before the start of exposure to neutrons, 8 to 12-wk-old female Swiss albino
mice- were injected intraperitoneally with 96% 10B-enriched boric acid
dissolved in water at a concentration of 37.98 mg/ml. The volume of solution
injected, 0.02 ml per gram of whole-body weight, delivered 120 ug ^ B per
gram of body weight to each mouse. About 10 to 15 min before neutron

*Present address: Gustaf Werner Institute, Uppsala University, Box 531,
751 21 Uppsala, Sweden
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irradiation, each group of eight mice was anesthetized by a series of eight
intraperitoneal injections of 7.5 mg/ml sodium pentobarbital <,0.01 ml per
gram of body weight). Mice were then confined to plastic tubes2 in an
irradiation holder where their bodies were partially shielded from slow
neutrons by lithium carbonate powder (Fig. la,b). The head of each mouse
projected 12 mm beyond the irradiation-holder toward the reactor and touched
the 25.4 x 25.4 cm bismuth face plate of the irradiation port. Four deutera-
ted and four nondeuterated mice were irradiated for either 900 sec or 1050
sec. Slow neutron fluxes measured by unshielded gold foils were about 4.8 x
1 0 ^ n/cup—sec at mouse head surfaces. Dose rates from gamma photons, from
fast neutron contamination of the slow neutron radiation field, and from the
l^N(n,p)^C reaction were approximately 2.5, 1.2, and 1.3 rad/sec, respec-
tively.-

Low LET radiation was delivered to the head of each mouse by a Oeneral
Electric Company "Maxicron 250" x-ray generator. Eight mice (4 deuterated
and 4 nondeuterated) were irradiated for either 1200 sec or 1350 sec in a
slowly rotating mouse holder (Fig. lc,d) under sodium pentobarbital anesthe-
sia with mouse bodies shielded by a 1/4-inch-thick lead plate. The x-ray
generator was operated at 250 kV, 30 mA with 0.5 mm Cu and 1.0 mm Al filtra-
tion. The brain of each mouse was about 12 cm below the anode of the x-ray
generator. The upper surface of the lead plate was 9.5 cm below the anode.

It is apparent from published data that the average post-irradiation
survival time (D days) following acute x-irradiation (r rad) of the mouse
head can be approximated by the equation

D = 2r"2-65 x 1012

if r is in the 30,000 to 70,000 rad range.7 For example, 30,000 rad or raore
of low LET radiation to the head is expected to cause death by the CNS radia-
tion lethality syndrome within three days after Irradiation. Other experi-
ments indicate that post-irradiation survival times within three days after
irradiation are almost never associated with the gastrointestinal or the
hematopoietic radiation lethality syndrome.'7- Death within three days after
acute irradiation of the head was used as the measure of CNS radiation
lethality in this study. Typical signs of the CNS radiation lethality
syndrome were observed, including convulsions, opisthotonos, anorexia, pilo-
erection, and immobility without diarrhea.

The results of these experiments are summarized in Table 1, which shows
fractions of groups of mice that died within three days after heel irradia-
tion under several experimental conditions. Radiation doses to cerebmvar.cu-
lar tissues from the ^°B(n,ci)7Li reaction, R rad, can be estimated from2

R = 8.83 FN x 10~6

where F is the weight fraction of 10B in blood, and N is the slow neutron
fluence (cm"2) at the point of interest in the mouse brain. It is apparent
from Table 1 that deuterium oxide, unlike cysteamine, enhances CNS lethality
caused by low'LET or by high LET radiation directed primarily toward the
head.

Table 2 is a brief summary of our present knowledge concerning the
influence of deuterium oxide and of cysteamine on the hematopoietic
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Fig. 1. Reactor irradiation holder for eight mice; front (a) and rear (b)
views. X-irradiation holder for eight mice; general (c) and
close-up (d) views. The lead body shield has been removed from
the x-irradiation holder to show the one-inch-diameter plastic
tubes in which anesthetized mice were confined during irradiation.
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Table 1. Fractions of mice that Hied within 3 days after acute irradiation
of the head.

D2O Control Cysteamine Control

10B(n,ct)7Li: Incident Slow
Neutron Fluence

(cm"2)

4.3 x 1013

5.0 x 1013

x-ray: Brain Surface
Dose (rad)

4.5 x 104

5.1 x 104

19/24
23/24

20/32
26/36

11/24
14/24

4/36
10/36

5/24
5/20

5/56
22/56

9/24
9/24

12/54
25/56

Table 2. Effects of cysteamine (MEA) and deuterium oxide (D2O) on the
hematopoietic (BM), gastrointestinal (GI), and central nervous
system (CNS) radiation lethality syndromes. Entries marked with
asterisks are based on data from this study.

10B(n,a)7Li,D2O

10B(n,c07Li,MEA

x-ray, D2O

x-ray, MEA

BM

untested

untested

protection^,2 ,̂

protection^O

GI

equivocal
enhancement^

untested

untested

protection-^

CNS

enhancement*

equivocal
protection*

enhancement*

equivocal
protection*

- 137 -



(BM),! »2.6,10 gastrointestinal (GI), 2^ 1 and central nervous system (CNS)
radiation lethality syndromes. Entries marked with asterisks are based on
data from this study. Radiation doses required to induce the CNS radiation
lethality syndrome in mice are 5 to 10 times higher than doses generally used
for radiotherapy of human brain tumors. The mechanism or the observed
deuterium oxide-mediated enhancement of nearly lethal doses of radiation to
the central nervous system is unknown. Whether deuterium oxide would enhance
or reduce the effects of radiotherapeutic doses of radiation on mammalian CNS
tissues is also unknown.
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1. Introduction
Here we consider the prerequisites for observing local "receptor"

act iv i ty, in animals or patients, through injection of appropriately label-
led macromolecular "ligands" for subsequent topographic analysis. At the
organ level , the concentration pattern of the radioactive tags may be mea-
sured non-invasively, by "Positron Emission Tomography" (PET) or by "Single
Photon Emission Computerized Tomography" (SPECT), while at the histological
level, the analysis may be performed, at microscopic resolution, on biopsy
and autopsy materials. The latter approach is the particular theme of this
communication where the merits of stable boron-10 as a marker are studied
in particular.

There is presently a search for ef f ic ient , safe and practically conve-
nient methods for quantitative analysis of receptor act iv i ty in vivo in
experimental physiology and clinical medicine. Important applications are
foreseen, especially in studies of the behaviour, in the body, of proteins
or glycoproteins, such as antibodies, toxins, hormones and growth factors.
Specific macromolecular tracers with a f f in i ty for cellbound members of the
immunoglobulin family (1) may also be developed.

The present state of development is i l lustrated by reference to stu-
dies of the t raf f ic and targeting of labelled aitibodies and antibody deri-
vates. The potentialities of a number of new tracer nuclides are f i r s t men-
tioned with a view also towards other macromolecules (M > 10,000 dalton)
that may be used to identify, localize and quantify receptor activit ies
expressed by organized cells in their natural habitat.

The term "cell-seeking antibodies" is used to signify native or modi-
fied immunoglobulins as they have been prepared for observation of ant i -
genic cell surface markers. The majority of the studies referred to have
been concerned with 150,000 dalton IgG antibodies, the most common class of
blood-borneimmunoglobulins. The molecular structure of such antibodies is
well known (2). Typically, i t consists of two identical "heavy" protein
chains (50,000 dalton), each in close association with a shorter carbohyd-
rate chain, and two identical " l ight" protein chains (25,000 dalton). A
similar ground structure is also seen in the less common IgD and IgE ant i -
bodies and also in the subunits of the larger, more complex antibodies (IgA
and IgM).

The unfolded structure of IgG antibodies resembles the letter Y, in
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which the two arms correspond to-the "Fab" parts of the molecule and the
stem is made up of the "Fc" part. The outermost domains of the Fab' arms
contain the antigen binding sites. These have to be spared from modifica-
tion by the labelling chemistry. Major modification of the rest of the
molecule, including enzymatic removal of the Fc part, is possible without
losing the receptor af f in i ty of the (Fab)2 fragment, however. I t is a
general observation, in fact, that one or several labels can he attached to
the antibody molecule, even to the (Fab)2 fragment, with no or l i t t l e
change in the association constant. On the other hand, the solubi l i ty or
transport characteristics of the antibody may be affected, by fragmentation
or chemical modification.

Being produced in the specialized lymphocytes called B-cells, antibo-
dies f u l f i l their natural roles in the immune defence of al l vertebrates.
Antibodies obtained in the conventional way, by fractionation of "antisera"
from immunized animals, are "polyclonal" and directed towards many di f fe-
rent determinants on the used antigen. "Monoclonal" antibodies, with a f f i -
nity for a single determinant only, represent a homogeneous gene product
from a single clone of B-cells. Monoclonal antibodies, "Mabs", for experi-
ments or clinical applications are usually obtained in the form of murine
IgG, from carefully selected clones of hybridoma cells. Spontaneous or
induced hypersensitivity to murine immunoglobulin is thus a l imit ing factor
in clinical applications of cell-seeking antibodies. The production of
human monoclonal antibodies has not yet reached the desired efficiency.

2. Choice of label
Since our theme is quantitative analysis, only labels are treated that

permit direct stoichiometric determination. So, however useful they may be
in histochemistry and sometimes for observations in vivo, ligands loaded
with fluorophors, enzymes or enzyme substrates, heavy metal colloids or
microspheres are not considered here.

With these restrictions, we are le f t with radiometric approaches based
on the observation of nuclear (or atomic) events in nuclides (or elements).
The methods to be considered are thus based on parenteral injection of
receptor ligands tagged with spontaneously radioactive nuclides, or with
stable nuclides (or elemer ) that could be studied by radiation-induced
nuclear (or atomic) reactions (Table 1). In the case of non-radioactive
tags, no distinction is made, in the following, between nuclidic and ele-
mental labels.

In autoradiography, where prolonged measurements are possible, fa i r ly
long-lived radionuclides (such as S-35 and 1-125, less conveniently H-3)
could be used without excessive saturation of the receptors. As an alter-
native, even non-radioactive labels with large cross-sections for nuclear
neutron capture (B-10), or particle-induced X-ray emission, (elemental Br,
I) can be useful.

In measurements based on exte-nal scintigraphy the observation period
has to be restricted to a few hours, at most. This sets an upper l im i t for
the hal f - l i fe of useful tracers. The success of PET or SPECT, in studies of
receptor act iv i ty, is dependent on whether suff iciently high specific
radioactivity can be obtained. Favourable conditons can be achieved, in
practice, only by using radionuclides with half-l ives shorter than one
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TABLE 1: Radioactive nuclides, more or less useful as labels for large receptor ligandsT The half-
life of the radioactive nuclides and energies (with abundance) of emitted photons (7>X), negatrons
(B ,e~J, positrons (|3+), alpha particles (a), or nuclear fragments (7Lij are given, together with the
theoretical specific activity Smax- This concept may be used also for the stable species

 1 0B, and ele-
mental I and Br, while they are giving off prompt radiation at exposure by a given fluence of "acti-
vating" particles (slow neutrons capture and PIXE, respectively, see text).

Nuclide
(or element) hr

Y,X

MeV MeV
e »e

MeV

a or 7Li

MeV
max

Bq/mol

Boron 10
Iodine
Bromine
Carbon 11
Bromine 75

1 Flourine 18
£ Sulphur 31!
M Indium 109
1 Technetium

Selenium 73
Astatine 21
Iodine 123
Bromine 76
Indium 111
Iodine 131
Iodine 125
Sulphur 35
Hydrogen 3

(stable)
(stable)
(stable)
0.34
1.70
1.83
2.87
4.3

99m 6.0
7.1

1 7.2
13
16
67
193
1440
2112

107748

-
Prompt X., |
Prompt XJ;',

<

<
<
<
<
<
<
<
<
<
<

IN , L

0.62
-
1.88
0.91
0.14
0.36
0.687
0.159
3.57
0.25
0.723
0.035
-
-

-
-
-

0.96(100%)
1.70 (90%)
0.635(97%)

-
0.79 (6%)

-
1.30 (65%)

_
-

3.6 (62%)
_
-
_
-
-

Prompt a + 7Li

3.0
0.201
0.119
0.35

0.127

0.24
0.806
0.030
0.167
0.030

5.87a(41%)**

1020
10]9
1019

4.0-1019

•10 9

'10 ft

• 1 0 1 8
,10 8

•io!c
•10
1016

11.0-1014

From B. Larsson, In Proceedings of the Third Symposium on Medical Application of Cyclotrons,
Turku, Finland, June 13-16, 1983. (In press.)

7.45 MeV a from the Po daughter not included.



month, or preferably much less. This is easy to show theoretically, and is
also directly evident from experience already gained with smaller receptor
ligands containing shortlived radionuclides. PET studies of hormones, drugs
or neurotransraitters, at typical receptor concentrations, require high spe-
c i f i c activity ligands, in any case not less than ca. 101G Bq mol " 1 . For
macromolecular ligands at lower receptor concentrations, the requirements
are more severe, and specific activit ies of at least 1018 Bq mol"1 should
be striven for. This corresponds to half-lives of one week or less, pla-
cing 1-131 at the upper l imi t of the useful interval.

Except the case when receptors are directly exposed to the blood-
stream, there is also a lower l imi t to the ha l f - l i fe of otherwise useful
radionuclides, because macromolecular ligands require considerable time to
reach target receptors at a distance from capillary vessels. I t is \iery
unlikely, for example, that C- l l , with i ts ha l f - l i fe of 20.5 min, in spite
of i ts theoretically excellent specific activity and chemical properties,
would find important uses in PET studies of macromolecular ligands of
parenchymatic or tumour cell receptors.

Prior to the experimental work with B-10, i l lustrated below, in some
detai l , we made a survey of the physical-chemical characteristics of known
(established or potentially useful) nuclidic or elemental labels, applicab-
le to in vivo studies of antibodies. I t resi lted in a l i s t of 15 radioac-
tive and 3 stable species that seem worthy of special consideration. They
^re here presented and discussed br ief ly, with reference to the maximum
theoretical specific activity and other physical characteristics given in
Table 1.

3. P>adioaetive labels for antibodies
First, the radionuciides l isted in Table 1 are presented in some de-

t a i l , with reference to typical conditions of application:
Carbon-11. All available information indicates that many hours, even

a day or two, are required to permit efficient cell-seeking and blood clea-
rance of injected antibodies. The ha l f - l i fe , 20.5 min;. of the commonly used
positron-emitter C-ll seems therefore too short to permit meaningful r tu-
dies of antibody-receptor activity in vivo.

C-ll with i ts well-known merfts i~nP PET .investigations (3), might
nevertheless be useful for studies of antibody behayiour, within the f i r s t
hours after administration. From previous experience, rapid covalent label-
l ing should be possible by attachment or incorporation of suitable C-ll
precursors. The theoretically very high specific activi ty would then permit
studies, at low antibody concentration, of important phenomena, such as the
roles of the l iver and the reticulo-endothelial system in the clearing pro-
cess. Of special interest would also be studies of the effects of "antibody
scavengers" or of structural modification, on the antibody traff ic in the
recipient.

C-ll is the only nuclide mentioned here, which has to be used in pro-
ximity of the production unit, say within a distance covered by 1 hour
transportation.

Bromine-75 and F'iuorine-18. These positron-emitters share the
potential usefulness of C- l l , in PET studies of antibody t ra f f i c . Their
short ha l f - l i fe , 1.7-1.8 hours, permits high specific act ivi ty, but would
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be a limiting factor, in studies of the receptors. However, there is hope
that the process of blood-clearance can be made more ef f ic ient , by modi-
fication of the antibody structure, as well as by ar t i f i c ia l scavenging of
circulating non-bound antibodies. This would, no doubt, make Br-75 and F-18
more interesting as labels. Covalent binding of bromine and fluorine to
protein would be easy, in principle, but ef f ic ient and suff iciently rapid
processes have to be devised.

Sulphur-38, Selenium-73 and Sulphur-35. Although physically
inferior to Se-73, a positron emitter that might be used to great advantage
in studies of antibody behaviour, S-38 would be \/ery useful in the desirab-
le study of differences between S- and Se-labelled antibodies by emission-
tomographic techniques. Comparison of Se-73- and S-38-antibodies would be
invaluable, before implementing the seemingly ideal combination Se-73 +
S-35 in experimental and cl inical practice.

Both S- and Se-labels may be used to substitute natural sulphur in
Mabs, by feeding hybridoma cultures with high specific-activity methionine,
for natural incorporation in newly synthetized immunoglobin. The s t i l l
hypothetical monoclonal antibodies, from hybridoma cells fed simultaneously
with Se-73-L-methionine and S-35-L-methionine, would be a seemingly optimi-
zed combination for concerted studies of Mabs by macroscopic and microsco-
pic techniques. The ha l f - l i fe of Se-73 of 7.1 hours gives a theoretical
maximum specific activity of 1.6xlO19 Bq/mol and is s t i l l long enough to
permit observations for more than 24 hours after injection. S-35 is a soft
beta-emitter that has well proven i ts value in autoradiography,in general.
Its theoretical maximum specific activity of 5.3xlO16 Bq/mol would leave
l i t t l e more to desire.

The proposed biotechnical production of Se-73- and S-35-Mabs would
stimulate the use of labelled antibodies for therapy. Such Mabs could be
further loaded with more eff ic ient ly ce l l -k i l l ing nuclides (cf. B-10 and
At-211), by methods developed for native immunoglobulins.

Indium-109 and Indium-Ill have convenient radiophysical characte-
r is t ics . In-109 is a positron and gamma emitter, with a ha l f - l i fe of 4.3
hours, near-ideal for emission tomography. I n - I l l , with i ts ha l f - l i fe of 67
hours and convenient beta emission, is very useful for autoradiography and
may a.^o be exploited in SPECT based on labelled antibodies.

The labelling chemistry of indium is unfortunately not very favourab-
le, as covalent binding seems impossible. Acceptable labelling efficiency
and stabi l i ty can be achieved by means of bifunctional chelating agents,
however. An increasing use of ln-111 is presently seen in experimental
oncoimmunology. Occasional cl inical applications have also been reported.

Technetium 99m. This nuclide which is so important in nuclear
medicine has di f f icul t ies to find i ts place in diagnostics or experimental
research with labelled antibodies. There is undoubtedly a need for intensi-
fied research on labelling with Tc-99m, before any definite conclusions can
be made as to i ts potential usefulness in the present context.

Astatine-211. This is the only spontaneous alpha-emitter considered
for labelling of Mabs. With a ha l f - l i fe of 7.2 hours, giving a theoretical
maximum specific activi ty of 1.6xlO19 3q mol"1, At-211 appears ideal for
high-resolution autoradiography as well as for therapeutic applications.
Its iodine-like characteristics permit convenient labelling chemistry (4).
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The supplementary use of gamma rays from At-211 for SPECT is in fact also
possible. The challenge for intensified research on this very interesting
nuclide is highly f e l t . A l imit ing factor is that production has to be made
by accelerated ions of rather high energy, by exploitation of the reaction
Bi-209(a,2n)At-211, for example.

Bromine-76. The bromine isotope Br-76 gains i ts merits from i ts che-
mical characteristic permitting convenient halogenation, and also by being
a positron emitter. The hal f - l i fe of 16 hours is very attractive, in our
context, and gives a maximum theoretical specific act iv i ty of 7.5xl018 Bq
mol "1 . Br-75, in combination with 1-125 for autoradiography, appears to be
the most promising alternative, in PET studies, to the combination of Se-73
and S-35 considered above.

Iodine-123, Iodine-131 and Iodine-125. These iodine isotopes are
well-known tools in nuclear biology and medicine. 1-123 with i ts 13-hour
ha l f - l i fe and favourable radiometric properties is in fact an ideal nuc-
l ide for SPECT with labelled Mabs. I t may be favourably combined with 1-125

which permits high-resolution autoradiography. For practical reasons, 1-131
is presently the dominating isotope of iodine, in the l i terature on label-
led antibodies, in spite of i ts low theoretical maximum specific act iv i ty ,
6.1x1017 Bq/mol 1-123, in combination with 1-125 for autoradiography,
appears to be the most obvious choice, in SPECT studies of labelled ant i -
bodies.

Hydrogen-3. Tritium, H-3, wi l l probably keep i ts important place as
a versatile Tabel, also in immunology, and the study of the physiological
fate of antibodies and other macromolecules. Its long hal f - l i fe and corres-
pondingly low specific activity prevents i ts use for the eff icient autora-
diographic study of receptor act iv i ty , however. The main role of t r i t ium
wi l l probably be as a tracer in experimental studies based on l iquid scin-
t i l l a t i on analysis of biopsy materials, specimens of body f lu ids , and
model systems in v i t ro .

4. Pairs of labels
An attractive possibil ity is the concerted use of chosen pairs of

labels, in studies of macromolecules with a f f in i ty for cellular target
receptors. Three pairs of rsdionuclides of great potential usefulness have
been identified (5) and are ''.are given in order of their apparent qua l i f i -
cations:

Se-73 + S-35, for PET + autoradiography

Br-76 + 1-125, for PET + autoradiography

1-123 + 1-125, for SPECT + autoradiography

The use of alpha-emitting At-211 or the nuclear neutron capture reac-
tion B-10(n,a)Li-7 is recommended for further study, also from this point
of view. As alternatives to autoradiography based on S-35 or 1-125 the mea-
surements of stable iodine, or bromine, by particle induced X-rays, in par-
t icular,offer another alternative to the use of radioactive labels (6).

Stable and radioactive labels used together could possibly fac i l i ta te
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double labelling of single populations of antibody molecules. "Neutron cap-
ture radiography" based on the reaction B-10(n,a)l_i-7 may in this way be
combined with radioactive labels to achieve efficient and convenient combi-
nations of PET or SPECT with autoradiography (6). In the following, present
experiences with neutron capture radiography (NCR) based on boron-10 are
illustrated (7).

5. Boron-10 as a stable label for cell-seeking macromolecules
We have studied the prerequisites for use of the stable boron isotope

B-10 as a tag for biomolecules in vivo. The technique used is related to
the radiographic analysis of boron in tissue specimens reported by Mayr et
al. (8). They seem to have been the first to use the well-known neutron
capture reaction in B-10 for the analysis of a biological specimen, already
at a time when only photographic emulsions were available for use as a
detector. With the organic, homogeneous solid state detectors now available
(9,10) for detection of the fragments appearing at neutron capture by
B-10, the signal/background ratio is much more favourable than with the pho-
tographic techniques originally used. Low-background techniques with poten-
tial application in the analysis of B-10-tagged macromolecules have pre-
viously been described (11,12). Neutron capture radiograms of whole-body
histological sections from tumour-bearing mice, given boron compounds used
in neutron capture therapy, have been produced by Matsuoka et al. (13).
Such techniques may be referred to by the term "Neutron Capture Radiog^an-
hy, NCR".

In this paper, NCR based on solid-state "alpha-track detectors" and a
slow neutron beam, practically free from contaminating radiations, is pre-
sented as an alternative to "autoradiography" based on the radioactive nuc-
lides presently used for the tracing of macromolecules in histological
samples. Tracing of macromolecules by neutron capture techniques is now
becoming possible, thanks to the development of boron compounds suitable
for conjugation. ImiriuMoglobulins, for example, have been labelled with
about 5 % (by weight) boron with retained solubility (14). At sufficiently
high concentration of the B-10 label in the tissue, the tracks of alpha and
Li-7 ions that appear upon neutron capture in this nuclide dominate over
parasitic tracks. The latter include those ascribed to naturally present
B-10 and Li-6, or any other nuclide that produces alpha or alpha-like tracks
upon neutron capture, as well as occasional "background" tracks in the
detectors.

With a pure beam of slow neutrons there is also little deterioration
of the detector material, even at the high neutron fluences necessary to
achieve high detection sensitivity for B-10. For a given solid-state detec-
tor material, the limits of sensitivity are set by competing nuclear captu-
re reactions in the specimen (cf. Table 2) and the detector, not by the
nuclear recoils and nuclear reactions produced by contaminating fast neut-
rons. This is an important aspect that has been demonstrated in experiments
aiming at analysis of environmental actinides with solid-state "fission-
track detectors" (15).

The majority of the experiments on which this report is based were
made with a "cold" neutron beam from the high-flux reactor at Institut
Laue-Langevin (ILL). As shown previously, such a beam is the ideal tool for
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Table 2. Neutron capture reactions induced by a thermal capture fluence equivalent of 10 1 2 neutrons
enr2 in 1 ng of (C5H,l00i8N)n containing 0.1 pg g"

1 natural boron and 0.01 ug g"1 natural lithium.
Types and calculated number of capture events and nuclear fragments or recoils (particles) are given
for reactions of significance in studies of 10B-labelled compounds by neutron capture radiography.
Isotopic abundances and microscopic cross-sections are from Table of Isotopes 1978 ed. C M . Lederer
et al. 7th ed. (New York: Wiley). Particle characteristics and total energy carried are inferred
from data found in Kobayashi T. and Kanda K., 1982, Radiat. Re,., 9j_, 77-94. 1 b = l O 2 4 2

From reference (7). Courtesy Physics in Medicine and Biology.
[© The Institute of Physics, London, England]

"24 cm2

Reaction

Isotopic abundance of target nuclide
(atom per cent)

Mass of target element (ng)

Number of target atoms

Microscopic cross-section (b)

Number of eventst

Particle,kinetic energy (MeV)

Total energy carried (MeV)

Particle range in water (nm)

Particlet approximate linear energy
transfer (keV iim"1)

'H(n, y)2H

99.985

0.100

6.0X1013

0.332

20.0
2H,0.0013

0.026

2H,<1

—

14N(n,p)14C

99.63

0.0348

1.5X1012

1.82

2.7

p,0.59
C, 0.04

1.70

p, 10

p,50

I 7O(n,a)1 4C

0.038

0.715

1.02X10'°

0.235

2.5 xlO"5

a, 1.42
14C,0.40

0.0045

a, 8

a, 220

10B(n.a)'Li

19.8

1.00X10"'

1.10x10*

242

2.7X10"1

a, 1.78
'Li, 1.01

U.0008

a, 10
'Li, 6

a, 220
'Li, 340

'°B(n,ay)"Li

19.8

1.00X10"'

1.10X106

3595

4.0X10"3

a, 1.48
'Li, 0.84

0.0093

a, 8
'Li, 5

a, 230
7Li,300

*li(n,a)3H

7.5

l.OOx 10""

6.5/10"

942

6.6x10"'

a, 2.05
3H.2.73

0.0003

a, M
3H,45

o,210
3H,2O

+ In the text, these figures (background) are compared with the figure 2.4, i.e., the number of capture reactions in a 1 ng specimen considered to contain 10 jig '"B g
a typical concentration in a tracer experiment (signal).
t Here only particles of > 1 |im range are given.



studies of nuclear neutron capture rections in thin biological specimens
(16,17). Being defined by a wavelength-selecting beam-guide i t is pract i-
cally free from contaminating fast or epithermal neutrons.

A variation of the NCR technique here described has been used for the
analysis of Li-6 in the brain of rats (18). Also in that case the cold
neutrons gave advantages over conventional thermal rector neutrons, and our
analytical programmes have been coordinated, as far as common technical
problems and instrumentation are concerned (16). Here we r e s t r i c t the
account to aspects of relevance for the use of B-10 as a marker for large
biomolecules, with a special view towards studies of B-10-loaded antibodies
and other immunoreagents in experimental and clinical physiology.

6. Prerequisites for the detection of macromolecules labelled with Br10
Among nuclides with sufficiently large cross-section for nuclear neut-

ron capture to permit demonstration by high-sensitivity NCR, B-10 is uni-
que, in the sense that i t can be covalently bound to organic molecules. In
the chemical combinations considered, e.g. 1,2-dicarbacloso-dodecaborane
derivates, i t seems also relat ively innocuous from the toxicological point
of view (19). Physical prerequisites for the use of the (n,a) - reaction of
B-10 for topographic analysis in cells or tissue specimens are proper
detection techniques and a high and pure fluence of slow neutrons. The
capacity of presently used detector systems has been studied experimental-
ly, as i l lus t ra ted below, in current biological studies (7). In this para-
graph we deduce the prerequisites that determine the signal/background
rat io , and the energy transferred to the detector-specimen sandwich by the
ionic fragments that appear upon neutron capture in the specimen. In these
considerations, we use a theoretical model representative for the experi-
mental s i tuat ion. I t consists of 1 ng of t issue (C5Hlt0018N)n with 0.1 yg
g - 1 natural boron and 0.1 yg g - 1 natural lithium charged with a superim-
posed B-10 of 10 Pg g-1, the "label".

The chosen levels of "contamination" with natural boron and lithium,
respectively, seem representative for human soft tissue specimens (20). The
level of labelling with enriched B-10 corresponds to a tyh -a! experiment
(vide infra) , in which macromolecular ca r r i e r s , such as imunoglobulin,
polylysine or dextran, are being used. With markers such as aminophenylbo-
rate-substituted carboxymethylcellulose (21) or1 decachlorocarborane*local
concentrations of 10 ug boron g"1 were easily obtained in the cel lular or
tissue specimens under study. Also bloodborneboric-acid-containing lipo-
somes prepared from lecithin and cholesterol (22) were used in preliminary
tests at a similar concentration. One ng of t issue corresponds to a typical
mammalian cell (1000 vim3) of density 1 g cm"3 and may also - with generous
approximation - represent a mass element in an organic sol id-s ta te detector
in contact with the specimen. The model object so chosen was supposed to be
irradiated by a thermal capture fluence equivalent of 1012 neutrons cm"2, a
value that is also typical for the experimental situation referred to below
(cf. Fig. 1).

Analysis of boron by NCR is based on the fact that capture of slow
neutrons in B-10 leads to isotropic emission of pairs of Li-7 and alpha
particles in antiparallel directions. Along the near-linear t rajectories of
these pa r t i c l es , less than 10 pm long in the condensed materials conside-
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Figure 1. Examples of track structures produced via etching of cellulose nit-
rate detectors (LR115, Kodak-Pathe, Paris) after exposure to slow neutrons or
to an attenuated, perpendicular flux of alpha particles, (a) From experiments
on tumour spheroids, to demonstrate gradient of 10B after incubation in medium
containing borate (x 50). (b) From experiments on rats given boron-loaded
dextran intravenously, to demonstrate retention of this macromolecular prepa-
ration in the blood-stream. Tracks are confined to areas corresponding to a
small artery (centre) and surrounding capillary vessel. Observe breakdown of
detector at very high track density! (x 300). (c) Tracks similar to those of
(a) and (b) as seen in the scanning electron microscope (SEM). The locations of
capture events in 1 0B are clearly indicated by large hollow-structures, while
smaller deficiencies may indicate neutron capture in lkH or XH (x 5.000).
(d) Tracks representing ca. 1 MeV alpha particles (x 5.000).

[© The Institute of Physics, London, England]
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red, radiochemical changes occur so as to form "latent tracks". In the
detector, these latent tracks can be "developed" into visible signals, i .e .
the "signals" that can be studied in a microscope, visually or by automatic
scanning techniques. The total energy liberated as kinetic energy of the
reaction products (including, in 95 % of the events, a 0.46 MeV capture
gamma ray) is 2.8 MeV. A value of 2.33 MeV for the average energy transfer-
red by the ionic fragments per reaction would be accurate to about 1 %. The
equivalent He-4 energy is 1.48 MeV, the Li-7 energy is 0.85 MeV and the
corresponding ranges in water are ca. 8.9 urn and ca. 4.8 urn, respectively.
In freeze-dried soft tissue the tracks are 5-10 times longer. With a ther-
mal cross-section of the reaction B-10(n,a)Li-7 of 3837 barns, a B-10-con-
jentration of 10 ug cm"3 tissue, and a thermal capture fluence equivalent
corresponding to 10 1? ntutrons per cm2, there would be, on the average, ca.
2.4 events in a volume element of 1000 pm3, the model chosen above for a
mammalian ce l l .

The calculated types and numbers of significant neutron capture events
obtained under the same conditions in H-l, N-14, 0-17, B-10 and Li-6, i .e .
the significant "background" events - in the absence of fast neutrons - are
given in Table 2. In terms of He-4 (alpha) tracks, the signal/background
ratio calculated would be 2.4/0.0068 = 350. Since discrimination would be
possible against al l reactions except neutron capture in natural B-10 (and
probably Li-6), the theoretical possible ratio is higher, 2.4/0.0434 = 550.
In real i ty the ratio would be inversely related to the natural boron con-
tent of the specimen. Useful experimental information would be possible to
obtain, at signal levels one or two orders of magnitude lower than the va-
lues assumed in the above model, i .e. down to ca. 0.1 g B-10 per g tissue.

The only biogenic nuclides in animal tissues that have any thermal
cross-sections of importance, in the present context, are H-l, N-14 and
0-17 (Table 2). The hydrogen capture reaction H-l(n,y)H-2 produces very
short recoils of deuterium ions which are both harmless from the point of
view of absorbed radiation dose and easily discriminated in the etching
procedure. Capture in N-14 contributes a significant amount of parasitic
tracks trough the reaction N-14(n,p)C-14. In natural as well as freeze-
dried soft tissue, N-14 is present at a concentration of ca 1.5xlO12 atoms
per 1000 um3. Its cross-section for thermal neutron capture, 1.82 barns,
permits 2.7 events per 1000 m at a fluence of 1012 nt /cm2. The tracks of
the 0.586 MeV protons and 0.042 MeV C-14 ions can be easily discriminated
thanks to their low linear energy transfer (LET) and short track length,
respectively, but they contribute to the destruction of the detector and
probably set the l imits to the sensitivity of detection.

7. Boron-10 in tumour cell spheroids and experimental animals
7.1 Biological specimens

The problems encountered require supra-cellular, cellular or subcellu-
lar localization of B-10, with correspondingly increasing demands for spa-
t ia l resolution, detection sensit ivity, and high signal-background rat io .
Special attention has been paid to localization of B-10 markers
(1) in cultivated aggregated human tumour cells (spheroids)
(2) in the central nervous system of the rat .

After incubation with or injection of chosen boron conjugates, for
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varying lengths of time in vitro or in vivo, specimens were secured by
deep-freezing of the studied systems and a corresponding control material.
Cell spheroids and whole rats were rapidly frozen in cool propane, freeze-
mounted and freeze-sectioned. Most of the radiographic studies so far have
been made on freeze-dried 5-20 Mm thick sagittal sections prepared from the
skull or the abdomen of adult rats.

7.2 Boron conjugates
Iramunoglobulins, dextran and dextran derivatives, and human serum

albumin have been used in the preparation of conjugates with markers such
as decachloro-o-carborane (14) or amino-phenylborate-substituted carboxy-
methylcellulose (21). For comparison, and in order to further elucidate the
behaviour of borate as an example of a small ligand, boric acid has also
been used. For practical and economical reasons, al l tests have been made
so far with natural boron.

7.3 Solid-state detectors
In preliminary experiments, various detector materials were tested,

including polycarbonate and CR-39. So far,the best results have been obtai-
ned with cellulose nitrate (CN) f i lms, and for the purpose of i l lustrat ing
the technique, al l examples given in this paper are based on the use of 6
or 12 ym CN (Kodak-Pathe LR 115 type I or I I ) . During irradiat ion, the
detectc f i lm and the freeze-dried tissue section were pressed t ightly
togecnr in an evacuated bag of 0.1 mm thick polyethylene.

7.4 Neutron irradiation
Cold (X= 1.1 nm, E ><: 10 meV) neutrons were used at the high-flux

reactor of ILL. The simple instrumentation described previously (16) was
served by a short independent branch of the H 17 beam guide in the reactor
hall. The "capture flux" was measured by gold foil activation to be equiva-
lent to ca. 5x109 thermal neutrons cnf2s~ and uniform within ca. 10 % over
the circular beam cross section, 1.5 cm in diameter. Irradiation times were
from some minutes to several hours.

7.5 Visualization of the tracks
The submicroscopic tracks of radiochemical changes produced by the

He-4 and Li-7 ions in the solid-state detector have to be "developed" into
structures visible in the microscope (Fig. 1) by chemical etching techni-
ques. The procedures chosen have varied with the detector material. Mostly,
for cellulose nitrate as well as for polycarbonate, we have used 2.25-6.25
N NaOH (Merck, p.a.) at 60 C for varying length of time, depending on the
aim of each particular experiment. The developed tracks were easily seen by
light or electron microscopy, depending on the length of the etching
period. To facilitate the comparison of histological structure and track
patterns we have adopted a system of two microscopes (Laborlux 12) integra-
ted by an optical bridge system (Wild-Leitz, Zurich).

8. Results and discussion
A cold neutron beam, defined by a beam guide system, was found to be

an ideal t^ol for studies of nuclear neutron capture in thin cell or tissue
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specimens. Such a beam is practically free from particles that are able to
cause chemical effects through direct transfer of kinetic energy to elect-
rons or whole atoms in the target. Thus the effect of nuclear interaction
can be easily observed, especially reactions in Li-6 , B-10 and actinides,
with large cross-sections for nuclear neutron capture. The use of cold
neutrons also permits topographic analysis of such nuclides, at high sensi-
tivity, by means of solid state track detector materials, a technique re-
ferred to by the term "neutron capture radiography" (NCR). In the case of
B-10, antilinear emission of 1.47 MeV He-4 and 0.84 MeV Li-7 leaves dis-
tinct treck structures in suitable chosen detector films.

The aim has been to optimize the experimental parameters for planned
experiments with B-10-loaded antibodies and other immunoreagents. Various
B-10-carriers have been used in model studies on cultivated cells, cell
spheroids, and rats. NCR for B-10, based on cold neutrons, was found to be
a very sensitive and quantitative method that may be considered an attrac-
tive alternative to corresponding methods that rely on the use of radioac-
tive labels. The natural occurrence of boron and lithium is very low in
animal tissues. The sensitivity of the method is in practice limited by the
detector materials, that may break down at high exposure, i . e . 1013- 1015

thermal neutron equivalents per cm2, depending on the amount of N-14 pre-
sent in the specimen and detector film. The spatial resolution is presently
3 ym but may be improved considerably.

The r i te of nuclear reactions or elastic collisions attributable to
epithermal or fast neutrons, in or near the detector material, could be
neglected since the cold neutrons were brought by a beam guide system to
the targets. Reduction of these contaminating radiations to insignificant
levels turns out to be an important prerequisite in radiographic applica-
tions (18), because the cross-section for fast neutron-induced recoil pro-
duction in tissue nuclide is 1-5 barn. With the detector systems and boron
concentrations used here, contamination by secondary protons or electrons
(including beta decay, Compton or photo electrons) appears also insignifi-
cant,but the absorbed dose should be studied further since radiation damage
to the detector may set the ultimate limits to the sensitivity of the met-
hod (15).

With the exception of a low number of tracks caused by environmental
alpha radiation, parasitic high-LET tracks in the detector could be ascri-
bed to neutron capture in natural or contaminating B-10, Li-6 or 0-17, in
the biological specimen itself or in the solid state detector. The frequen-
cy of such tracks should be low, however, compared to the frequency of
"true signal" tracks, at the typical B-10-label concentration of 10 yg
B-10 g (Table 2).

The present features of the neutron capture radiography (NCR) techni-
que, as i t appears in its present version at ILL, are illustrated by four
examples in Fig. 1. They may be summarized as follows:

(1) From the present study, and by corroborative studies with boron-
doped silicon wafers, i t can be concluded that the single tracks recorded
represent the localization of single B-10 neutron capture events.

(2) The sensitivity of the method is high enough to permit pictorial
representation of macromolecular distribution at ppm concentrations of
B-10.
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(3) The background si tuat ion is such that meaningful s t a t i s t i ca l stu-
dies based on single track B-10 analysis could be made at concentration
levels down to 0.1 yg/g or less, i . e . when the natural boron contents
begins to introduce severe inherent l im i ta t ions .

The present techniques might be improved considerably, aiming at i n -
creased signal to background rat ios and expansion of the useful interval of
measurement ( in terms of the concentration cf 6-10 in histological spe-
cimens) or improved spatial resolut ion. The fol lowing steps are being con-
sidered in par t icu lar :

1. Reduction of background and radiation damage to the detectors by
improved neutron beam character is t ics, as already demonstrated here.

2. Reduction of background and radiation damage to the detector by
choice of detectors without N-14.

3. Reduction of radiation damage to the detector by subst i tu t ion of
H-l by H-2.

4. Reduction of background by use of B-10-starved cells and animals.
5. Decrease of background counts due to parasi t ic alpha tracks by in t -

roduction of mult i layer sandwich techniques and track-source staining (7) .

9. Conclusions
Neutron capture radiography (NCR) of cel l preparations and tissue sec-

tions permits ( i ) single B-10-loaded macromolecules to be revealed, ( i i )
p ic tor ia l representation of macromolecular d is t r ibut ions at ppm levels of
B-10, ( i i i ) macromolecular tracing by s ta t i s t i ca l track analysis near natu-
ral concentrations of B-10, i . e . ca. 0.1 yg/g, and ( iv) spatial resolution
of track sources by ca. 3 pm or less.

The experimental results and theoretical considerations thus outlined
indicate that h igh-sens i t iv i ty , low background B-10 autoradiography w i l l be
part icu lar ly important when human monoclonal antibodies w i l l become avai-
lable for experimental and c l i n i ca l investigations in man. Such antibodies
cannot be demonstrated by use of secondary antibody techniques. This would
make B-10 labe l l ing techniques and neutron capture radiography the only
known practical al ternat ive to presently used radioactive methods.

Provided a suitable source is available, use of neutron capture radio-
graphy is already possible, e.g. in studies of immune-body t r a f f i c in nor-
mal and tumour-bearing animals. With proper modifications to improve sen-
s i t i v i t y and spatial resolution fur ther , there is also a potential for the
study of B-10-loaded macromolecules, in patients, by biopsy, as a subst i tu-
te or supplement to exist ing radioactive methods.

We foresee the routine use of the techniques here summarized - with
modifications introduced to improve sens i t i v i ty and spatial resolution -
par t icu lar ly in studies with monoclonal antibodies and other immune bodies
for studies of immune-body t r a f f i c and targeting in tumour-bearing animals
and in cancer pat ients. A most useful combination in applicationss requi-
r ing both emission tomography and microradiography would probably be sele-
nium-73 + boron-10. Such t3chniques would be generally useful for gaining
information on antibody behaviour in vivo, as well as i r treatment plan-
ning for boron neutron capture therapy.
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Boron-10 Distribution in Rat Brain Tumors
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An ideal therapy for brain tumors would be one whfreby all tumor tissue
is selectively destroyed without causing damage to the functioning brain.
For the boron neutron capture trea+ment to be ''ideal", ±t must meet the mini-
mum requirement that boron-10 be distributee! within a tumor ana only in the
tumor. The distribution of Nap-LOB^pH^SH that has been used foi- human brain
"cumor treatment was established In transplanted brain tumors by tritium-
labeled autoradiogranhy by Hatanaka, or by neutron-induced alpha-autorndio-
graphy by Matsuoka and others or by Amano. But boron-10 distribution in
non-transplanted brain tumors had not yet been studied. The difference bet-
ween transplanted tumor and non-transplanted tumor is quite significant with
respect to the difference in susceptibility to boron penetration. I will
report on boron-10 distribution in primary brain tumors of rats inaucea by
ethylnitrosourea (ENU) as well °.z in transplanted rat brain rumors, and dis-
cuss the mechanism of the boron-10 accumulation in the tumor.

Two types of brain tumors were used for this experiment. One is a
transplanted tumor which developed after intracerebral implantation of rat
glioma cells of clone 6 strain,induced originally with N-nitrosomethylurea,
and the other i^ a carcinogen-induced brain tumor which developed directly
after transplacental injection of ethylnitrosour^a. The term transplacental
means that the mother of these rats had been injected with the carcinogen
while the mother was still carrying them as fetuses in her uterus. The lat-
ter type of tumor may be regarded as mimicking spontaneously arising brain
tumors, different from commonly used transplanted tumors.

Sodium mercaptoundecahydrododecaborate at 50 or 100 jig boron-10/g body
weight was injected intravenously into these tumor-bearing rats, and they
were sacrificed at various time intervals between 1 and U8 hours. Frozen sec-
tions of the rat brains were mounted on cellulose nitrate film, and neutron-
induced alpha-autoradiography, as described by Matsuoka. and then by Amano,
was perforaod.

Standard sections of known boron-10 concentrations were made, an<! the
numbers of tracks were counted after neutron irradiation. The numbers of
tracks were then plotted as a function of boron-10 concentration. The best-
fitted curve was applied. Boron-10 concentration of each compartment in a
tissue section was calculated from this standard curve.

Boron-10 distribution in the normal rat brain

In the coronal section of the brain of the control rat to which
boron-10 was administered, localized cloudiness of the track-etch picture
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corresponds to the choroid plexus and subarachnoid blood vessels, showing
some amount of boron-10 accumulated in these tissues.

In an autoradiography picture in which the alpha-tracks are super-
imposed on the brain slice, many rod-shaped tracks showing boron-10 accumu-
lation are seen in the blood, vessel wall, and meninges. Only a small number
of tracks are seen in the brain parenchyma.

Boron-10 concentration in the normal brain parenchyma was only 1 jig
boron-10/cm3 or less. A slightly higher concentration was seen in the area
postrema and infundibulum, which are the special regions devoid of the normal
blood-brain barrier. Except for these regions, no areas of high concentra-
tion were found in the normal brain parenchyma.

Boron-10 distribution in the transplanted rat
brain tumors

In sections, with etched alpha-trackSi of transplanted brain
tumor 2k hours after injection, cloudiness indicating concentration of
boron-10 is seen in the tumor. Inside the tumor, more boron-10 is found in
the central necrotic focus; outside of the necrosis more boron-10 is found
in the viable tumor tissue of the perimeter of the tumor tha.̂  in the center.

This is one of the features of boron-10 distribution in transplanted
brain tumors.

In a very large transplanted tumor with marked brain edemaj
boron-10 accumulated in the edematous brain as well as in the tumor. When
the brain is in a state of edema such as this, boron-10 may reach brain
tissue that surrounds the tumor.

Boron-10 distribution in the ENU-induced rat
brain tumors

Incidence and classification of the ENU-induced tumors of the nervous
system ware tabulated. Several histologically distinguishable types of tumor
developed and they varied in size. Multiple tumors in the same brain were
not infrequent. Oligodendrogliomas, pleomorphic gliomas, and anaplastic glio-
mas frequently developed in the cerebral hemispheres, and they were usea for
ihis experiment.

In the section,with etched alpha-tracks, of ethylnitrosourea-indu-
ced brain tumors 12 hours after injection, there are four tumors seen in
the brain. High concentration of boron-10 is noted in the large tumor,
whereas its concentration in the small tumors is relatively low.

In sections, with etched alpha tracks, of ENU-induced brain tumors,
one and a half hours after injection, and 18 hours after injection, a high
concentration of boron-iO is noted in the large tumors, whereas its concen-
tration in the smaxJ. tumors is low. Boron-iO distribution in the former
section is considerably localized in the tumor, whereas the distribution
in the latter section extends outside the tumor.

A tabulation of tumor size, tumor histology, and be • \-10 concentration
in ENU-induced brain tumors and brain at different time i .ervals after in-
jection showed that the boron-10 concentration is much higher in the
large glioma than in the small gliomas. The regional difference of concent-
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ration within gliumas varied from tumor to tumor. Ccn^entration in the brain
distant from the tumors was very low.

The factors affecting the boron-10 concentration
in the gliomas

In the histological study of the gliomas, small gliomas induced "by ENU
were usually poorly vascularlized similar to the vasculature of a low malig-
nancy glioma.

Large gliomas h^d capillaries of markedly proliferated endothelial cells
with formation of tufts resembling renal glomeruli, and sinusoidal capilla-
ries, similar to those which are occasionally f.ound in human malignant glio-
mas .

The vascular permeability of gliomas to Fvans-blue
and horseradish peroxidase (HRP)

Evans-blue, one of the typical protein-bound dyes, was administered
intravenously to the tumor-1 earing rats, and they were sacrificed at 2h or U8
hours after injection. Horseradish peroxidase was administered intravenously,
and the rats were killed by perfusion fixation at 15 or 30 minutes after
injection.

Coronal section^ of the rat brain with ENU-induced tumors
showed two gliomas • The large glioma stained strongly with Evans-
bluejwhich rTrmeated through the vessels, whereas the small glioma stained
only faintly

And when horseradish peroxidase is administered intravenouly, almost the
entire contour of the large glioma with a large cyst is stained with reaction
product, whereas the small glioma on the right side is not clearly stained.

In the histochemical study, penetration of horseradish peroxidase was
marked around such abnormal vessels as glomeruloid vessels and sinusoidal
vessels in the large gliomas, and it was negative in the small gliomas.

The results of the study on the vascular permeability to HRP in several
rats with ENU-induced gliomas were tabulated. Degree of permeabili-
ty varied considerably depending on the size and histological type of the
tumors. As a rule, the permeability to HRP is marked in large gliomas and
not clear in small gliomas.

These findings show that the distribution of intravenously injected
boron-10 in gliomas is almost proportional to the vascularity and to th>--
vascular permeability of the glior'.s, as measured by Evans-blue cr HRP.

In the microscorn" c picture of the tumor cells in the
ENU-inducea large glioma, with alpha-track etch,

numerous tracks arc seen in relation to the actual tumor cells.

Listing of the mean boron concentrations in the transplanted brain tumors
arid ENU-induced large gliomas after intravenous injection of 10jigl°B/g a no wed that
concentration gradually decreased With time ana reached 20j;gl°B/cm3 at 10
hours afte1- injection in the case of the transplanted tumors and IT hours
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after injection in the case of the ENU-induced large gliomas.
The tumor-to-blood ratio of boron-10 concentration increased with time

after injection and reached unity at 12 hours after injection in the trans-
planted tumors and 7 hours after injection in the ENU-induced large gliomas.
The tumor concentration at that time was loug boron-10/cm3 in transplanted
tumors and 30ug boron-10/cm3 in ENU-induced large gliomas. The data pre-
sented so far suggest the following: uneven distribution of vasculature and
uneven permeability in a tumor are likely to cause the uneven distribution
of boron-10 in the tumor. Boron-10 concentration will be low if a ±ow malig-
nancy glioma exhibits poor vasculature. And where the brain - edematous
around a tumor, the edematous brain tissue may be penetrated by boron-10 to
some extent. In general, a high T/N ratio and high T/B ratio maj well war-
rant an appreciable specific treatment of a brain tumor

As far as the T/B ratio is concerned, this ratio a secondary imi<" -
tance in comparison to the T/N rat io, because the radiation absorbed by t .
vascular wall is not really all of the radiation emitted within the vascular
lumen, as Kitao had calculated. The absorbed dose by the capillary wall is
said to be only one-third. Therefore, 4 .ie T/B ratio does not have to be
above unity. Clinical experience as reported by Hatanaka also supports this.

The alpha-autoradiographical results reported here on ethylnicrosourea-
induced rat brain tumors which mimic spontaneously arising brain tumors are
based on rodents which should have great species differences from human, and
hence interpretation requires extreme care. Particularly, the results from
the permeability experiment using Evans-blue or horseradish peroxidase were
obtained by using protein-bound dye or protein itself; therefore, the results
may well be different from human clinical practice where the boron compound
is intraarterially infused. The intraarterial infusion probably enables the
penetration of a large amount of boron compouni into tumors in a protein-
free form. The 'delicate maneuvering of the artery will alter a great deal
the degree of blood ver.^el permeability. Unfortunately, animal studies up
to the present cannot fally clarify these delicate differences.

We would like to conclude that this boron compound can penetrate rat
brain tumors which mimic spontaneously arising brain tumors in the same way
i t penetrates transplanted brain tumors.
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Neutron- induced Autoradiography of Human Bra in Tumors

Kazuyoshi Amano, M.I ' . , !>.Sc.
Teikyo U n i v e r s i t y , Tokyo,

The effectiveness of radiation in neutron capture therapy against tumors
is quite different from that of other tyj_as of radiotherapy since neutron cap-
ture therapy is a concentration of micro-radiation in an extremely limited
volume. If boron atoms are located outside the range of tumor cells, damage
to tumor cells cannot be expected even with a favorable concentration of boron
in the tumor tissue. On the other hand, a sufficient amount of boron in the
tumor cells would lead to a favorable result regardless of the gross concen-
tration in the tumor. Obviously» cytocidal effect depends largely on the
location of boron atoms in relation to tumor cells.

Intratumoral localization of boron was studied by autoradiography to see
whether the (n,ii) reaction took place effectively in brain tumor patients who
had been actually treated by neutron capture therapy. Neutron-induced auto-
radiography is more conducive to localization of B-10 atoms than tritium
labelling. In addition, direct observation of the passage in the tumor tissur
of alpha particles released by the (n,a) reaction confirms the actual deposi-
tion of energy in the tumor tissue. The superimposition technique that the
author has developed made it possible to observe alpha particles (tracks)
over the histological image (1,2).

Materials and Methods

The brain tumor patient usually first undergoes craniotomy and
partial removal of the tumor. In the meantime pathological diagnosis is
confirmed. A week or two later, the nuclear re victor treatment is carried out.
On the night before neutror irradiation, an isotonic solution of the boron
compound, sodium mercajrtoundecahydrododecabonte (NanB ,H SIl) is prepared
and, after dilution withAequal volume of physiological saline, it is infused
into the carotid or vertebral artery, depending on the location f̂ the tumor.
Usually about 50 mg B/kg body weight is administered. Then the patient is
taken to the reactor on the following morning. The head is ro-opened to avoid
neutron exposure of the scalp. At this moment, the tumor specimens are
obtained for autoradiographical study and immediately frozen in dry ice and
acetone or iso-pentane and liquid nitrogen. The frozen specimen undergoes
freeze-drying. It is embedded in epoxy resin and sliced into 3-um-thick
sections by an ultramicrotome. The sections are mounted or. the cellulose
nitrate films without use of any liquid. They are taken to the reactor and
exposed to thermal neutrons. After cooling, the samples are brought back to
the laboratory and then the superimposition technique is applied to them.

The tissue sections are stained with toluidine blue. The plastic film
is fivcuy fixed on the stage of a microscope (Nikon AFB). A photomicrograph
of the histological image of the section is taker with the camera attached to
the microscope. Then a drop of sodium hydroxide solution is applied to the
section with a pipette. As the sodium hydroxide permeates the histological
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section, i t is discolored and damaged due to high alkalinity. The section is
wiped off to obtain better sodium hydroxide permeation. Only etched pits
become visible, and they are photographed again without advancing the film,
resulting in a single photograph of double exposure. The result is the
picture of the tracks precisely superimposed on the previous histological
image, permitting one to exactly determine the relation of the alpha tracks
to the tissue structures. Once the film or the glass slide is placed on a
microscopic stage, i t is not moved during the remaining procedures. Although the
result is slightly lackiiTg in good contrast owing to double exposure, there
is l i t t l e difficulty in histological identification.

Autoradiographical studies were carried out on three brain tumor patients
who had been treated by neutron capture therapy.

Results an.: Discussion

Case 1: 11 year-old gir l . Fibrillary astrocytoma with abundant micro-
cysts. U5.9raSB/kg was administered 12 hours prior to tumor excision.
Autoraliographs revealed the tracks in the cells. The tracks were scarcely
seen in tne microcysts. Eosinophilic hyaline granules also contained a
comparable number of the tracks.

Case 2: 52 year-old female. Glioblastoma. 79-^nigB/kg was given 15
hours prior to tumor excision via both right and left carotid arteries, as
the tumor had occupied the bifrontai lobes through the corpus callosum. A
great number of the tracks were found within the cells and a.ppeared to be
accumulated around and in the nuclei adjacent to the nuclear membrane.

Case 3: h2 year-old female. Anaplastic astrocytoma. 15 hours after
administration of 6u.7mgB/kg. Most of the tracks were associated with the
nuclei, situated in the perinuclear space with few tracks in the extracellular
space.

In qualitative study, i t was impressive that most of the tracks were
associated with the nuclear membrane area. Hence, the distribution of these
tracks in a tumor tissue was counted for numerical consideration. A tumor
cell and i ts surrounding tissue was divided into five concentric circles (fig.
1).

S : rJhe central core of the nucleus
which is more than 2 um deep
inside of the nuclear membrane
C'f the tumor cell.

3O: Between 2 ,um and 0 .k um deep
inside the nuclear membrane.

S • B.etween the nuclear membrane
itself and 0.^ um inside.

S, : Eetween the nuclear membrane and
0.U ,um outside of the membrane.

C • Between 0 .k UTH and 2 um outside
of the nuclear membrane.

fig. 1
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Beyond 2 am. outside of the membrane there were fVw t racks . ".'he
tracks in these five sections were counted for a case of KlioblasLuina Stabl
l ) . ri and iJ, sections contained the 3 ar res t number of tracks in the tumor
c e l l (12.6 %f.

Table 1. (fluence: 1.4x10 nvt)

intranuclear

tracks
n=50

%

mean/cell
SD

S,

16

• .0

0.32
±0.99

S2

42

10.4

0.34
±0.90

S3

132

32.8

2.64
±1.87

extranuclear

S<

160

39.8

3.20
±1.80

S5

52

12.9

1.04
±1. i5

total

402

8.04
±3.90

The diameters of the r.umor c e l l nuclei we.e measured on enlarged
photographs, and the average diameter turned uut to be 6.8 jjm. The densi ty
of the t r aces in "_ + S, sect ions was obtained. The t rack density in.,:",, + f,,
was 0.31+/um'" while the t rack density i n A en t i r e photograph war, 0.06/um' . J The""1

r a t i o was r . 7 - This Keans that B-10 concentrat ion arcu.id the tjude-ir
me rib r an e was > • 7 times as hit~h as^the t o t a l tumor t i s s u e .

Table ;' was obtained from t'n:; same flioblasuoma case but, from a
di f fe ren t part of the tumor. Peri-iuclear sections L'̂  and./.', contained 7? %
of a l l t r acks . The tract ' density in ;"• + 7^ was 0.0^- /HT.I and the t rack
density inAentire photograph was 0.007/.uir." . "lie track densi ty in ."._, and ; - ,
was 5.0 times higher than the densi ty in -,he whole tumor t i s s u e . ' [

12
Table 2. ifluence: 1.8x10 nvt)

tracks
n=34

%

mean/cell
SD

intranuclear

S i

1

2.8

0.03
±0.17

S2

s

8.3

0.09
±0.28

S3

11

30.6

0.32
±0.63

extranuciear

S4

16

44.4

0.47
±0.61

Ss

5

13.9

0.15
±0.43

total

36

1.06
±0.95
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Table 3 was obtained from a U2-year-old anaplastic astrocytoma case.
The perinuclear S and S, sections contained 78 % of a l l t r acks , and the
track density in 5_ + Si (0.298/_jim ) was k.3 times higher than for the entire
tumor tissue (0.069/;^ 7-

Table 3. (fluence: 1.

intranuclear

tracks
n =116

%

mean/cell
SD

S i

14

2.3

0.13
±0.40

S2

83

13.3

0.72
±0.87

S3

207

33.3

1.78
±1.42

4xlO13 nvt)

extranuclear

S4

279

44.9

2.44
±1.50

S5

39

6.3

0.34
±0.63

total

622

5.36
±2.43

Another slice of the tumor yielded slightly different values, and yet
S., and Si contained 77-5 % of a l l tracks. The track density here in S, + Si
was U.5 times higher than for the entire Lumor slice (table h).

Table 4. (fluence: 7.

intranuclear

tracks
n=100

%

mean/cell
SD

Si

9

2.8

0.09
±0.28

S2

33

10.3

0.33
±0.53

S3

132

41.1

K32
±1.09

9xlO12 nvt)

extranuclear

S<

117

36.4

1.17
±0.90

S5

30

9.3

0.30
±0.64

total

321

3.21
±1.46

Although the number of cases is s t i l l very limited, the glioblastoma
case showed a higher ratio of perinuclear track density than the astrocytoma
case. A histological feature of glioblastoma, namely, i ts wider extracellular
space than in the highly cellular astror-ytoma, seems to have contributed to the
higher ratio of perinuclear track counts to the track counts for the eniire
tumor tissue though it is premature to draw any conclusion.

An attempt was made to calculate B-10 concentration from the number of
tracks obtained from 3-um-thick gelatin sections which contained a known
amount of B-10 and wMch were irradiated with a known fluence of neutrons.
After delivery of 10 ^ neutrons nvt onto the 3-um gelatin sections, an
average of 0.0022 tracks /}xm" with 10 ug/g B-10 concentration was obtained
(table 5) •
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Table 5. j r a c k counts on 3-jum thick gelatin

sections ( I X 1 0 1 2 nvt)

B-10 concentration number of tracks
(^g/g) (x 10~V^m2)

10 2.22

20 4.42

30 6.92

60 12.84

80 17.28

100 22.01

10 average 2 . 2 0

By applying this calibration method, the calculated concentration for an
entire tissue specimen of a f ibri l lary astrocytoma was 20.6 ug B-10/g of tumor,
16.3 for a glioblastoma (at perinuclear zone 77 JJg 3-10/g) , and cv3.9 for an
anaplastic astrocytoma.

It was observed that the track count in or outside the nuclear membrane
was at least h time?, as hiph as for the entire tumor tissue. This track
counting method may well be applied to calculate the radiation dose rind to
determine the neutron exposure tine for the therapy. As for the exact, [location
of B-10 at the subcellular level, the tentative result is s t i l l insufficient.
The information so far obtained, however, is enough to say that these tumor
cell nuclei are being hit efficiently by these alpha particles in the fours.- '
of the present regimen of boron neutron capture therapy.
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IMPROVED METHODS OF NEUTRON-INDUCED
TRACK ETCH AUTORADIOGRAPHY

John E. Kirsch and Gordon L. Brownell
Massachusetts Institute ot Technology, Cambridge, MA 02139

ABSTRACT

Knowledge of cellular -^B localization is necessary in order
to assess the effectiveness of a compound for Neutron Capture
Therapy. A high resolution neutron-induced track etch autoradio-
graphic technique has been developed for this purpose and is
described. Use of thin non-photographic polycarbonate films and
an impermeable membrane between tissue sample and detector yields
l^B cellular autoradiograms with low background, good cell mor-
phology and staining, and clarity while maintaining tissue and
detector contact throughout processing. Electron microscopic
study of the three-dimensionality of the etched tracks for
their use in subcellular autoradiography is also discussed.

INTRODUCTION

A definitive criterion for the therapeutic success of Neutron Capture
Therapy lies in the development of a compound that has the canabilities of
selectively delivering sufficient amounts of l^B to neonlastic tissue on a
cellular basis while delivering negligibly low amounts to normal tissue.
Furthermore, it has been quite evident that its cell retention and binding
properties play a crucial role in attaining useful tumor-to-blood -*-°B ratios
that would assure minimal -*-"B reaction dose :o the normal vasculature upon
thermal neutron irradiation [1-3].

Because the alpha particle and 7Li ion from the i 0B (.n, a) ̂ Li reaction
have relatively low energies (1.47 MeV and 0.83 MeV respectively), their
ranges in tissue are short and comparable to cellular dimensions. Therefore
macroscopic dosimetric assessment must be replaced by a microscopic analysis
that includes information of l^B localization that is also on a microscopic
and cellular level. Several analytical and Monte Carlo studies have shown
that microscopic differences of even subcellular boron delivery in tumor and
healthy cells heavily influence the microdosir.ietry and subsequent radiobio-
logical response of various cells and cell geometries [4-6]. Therefore, the
demand exists for ways of directly localizing the boron at the highest levels
of resolution in order to assess a compound for its effective use in neutron
capture therapy.

Although they are useful, analytical and conventional autoradiographic
methods are limited and must by complemented by a technique that directly
localizes the 1"B in the tissue down to cellular and subcellular levels.
Analytical methods cannot provide the wealth of spatial information yielded
by autoradiography. However, use of radiolabels such as ^U in conventional
autoradiography also requires prior knowledge of the in vi_vo metabolic fate
of the compound. Early studies.; carried out to directly localize l^B bv ther-
mal neutron irradiation and subsequent detection of its reaction products net
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with limited success because of high background due to the response of the
nuclear or photo-emuLsions to competitive (n,y) and (n,p) reactions [7-10].

In the recent past, nuclear track detection has been introduced as a
means of detecting the alpha and lithium reaction ions. By replacing photo-
graphic emulsions with a non-photographic solid state organic polymer, such
as celJulose nitrate or a polycarbonate, these ions can be detected without
detecting lesser ionizing radiations such as thermal neutron reaction gammas,
betas, and protons. Whole-body [11-13] and high resolution []4-17] boron
localization has been carried out with such detecting mediums. Lithium dis-
tributions have also been studied with similar techniques [18-20].

Nuclear track detection in solid state mediums has been used in numerous
fields of research [21][22]. When a heavy charged particle traverses a di-
electric medium, •'>_ deposits sufficnt energy which alters the molecular struc-
ture îf the solid usually manifested as chain breaks in polymers. Chemical
resistivity in these damage trails is decreased, and when the surface is
etched with an appropriate solution, a microscopic track or i i. ee-dimensional
pit is formed at the weakened region. Coupling this method of detection with
its application in boron or li.thii.-iTi localization is known as neutron-induced
track etch autoradiography (NITEA).

A high resolution light microscopic method of NITEA has been developed
for direct boron localization that allows the preservation of tissue and
stain without separation of tissue and detector throughout•processing and is
presented here. Furthermore, preliminary work has been carried out on the
electron microscopic level to assess the feasibility of utilizing the three-
dimensional etched track profiles for electron microscopic subcellular auto-
radiography.

The autoradi ographic proce*.
schematically in Figure 1.

METHODS

ure for this NITEA technique is shown

FIGURE 1 -

HIGH RESOLUTION

NEUTRON-INDUCED TRACK ETCH AUTORADIOGRAPHY

"th

Hill

LEXAN

, 1st
slide

etch
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The basic principle involves the use of extremely thin detector films.
Upon thermal neutron irradiation, the reaction products have sufficient en-
ergy to traverse completely through the detector so that it can be etched
from the outside. Inevitably, such thin films upon etching will produce
holes at the site of the tracks. In order to prevent passage of caustic
chemical etchant solutions through the etched holes to the tissue, an imper-
meable membrane is interposed between the tissue and detector. Therefore,
high resolution is maintained, tissue morphology and stain is preserved, and
tissue and detector remain intact for permanent documentation.

The solid state detector medium used is Lexan (tradename of General
Electric Co., Pittsburgh, PA) bisphenol-A polycarbonate (Cl6H14°3) that is
primarily insensitive to radiations less ionizing than low energy alpha par-
Licles. In order to produce uniform films of Lexan on the order of less than
one micron in thickness, the polycarbonate is initially dissolved in dichloro-
methane ( C H Q C ^ ) at about 2% by weight. Complete dissolution occurs in about
12 hr. Clean'microscope slides are coated with Lexan by drawing through the solu-
tion at a constant and slow rate according to the method described elsewhere
[16]. Film thicknesses are measured initially by ellipsometry to obtain a
standardization after which interference colors are used for rapid determin-
ation. These detector films are reproducible and uniform to within 10%
variability provided the thickness is less than one micron. Desired thick-
nesses are controlled by both slide withdrawal rates and Lexan solution con-
centration .

Films of this extreme thinness will most assuredly produce holes from
particle tracks that are etched and require an impermeable membrane to pre-
vent passage of the etching solution to the tissue. IXAN-SGA (tradename of
Soivay and Cie, Brussels, Belgium;, a vinylidene chloride/vinyl chloride
copolymer, is resistant to nearly all alkaline solutions (KOH and NaUH are
commonly used etchants for polymers) and can be easily cast into films of
thicknesses on the order of several thousand angstroms.

The recipe for preparing an IXAN solution is based on that of Keyser and
Wijffels [23] originally described by Sawicki and Dazynkiewicz [24]. 9.7 gms
of IXAN resin are slowly dissolved in 30 gms of butyl acetate. Once complete,
which may take 24 hours, 57.9 gms oi trichloroethyle:.e are added. 0.8 gm of
cyclohexanone and 1.6 gms of dibutylrjphthalate are introduced as plasticizers
and can be varied depending on the specific needs.

The impermeable film is cast according to methods described elsewhere
[16] by placing one drop of the solution onto a filtered, degassed, distilled
water bath at room temperature. The drop vill spread to a maximum area and
contract slightly until all of the solvents have evaporated. The Lexan coated
microslides are then covered with this membrane and air dried in horizontal
position overnight in a dust free environment. IXAN membrane thicknesses are
measured first by ellipsometry and then by interference colors and are indi-
vidually uniform to within 5%. Ellipsometry measurements have shown average
thicknesses to be between 1500 and 2500 A depending on the temperature and
solution concentration used when they were cast.

Freeze-dried or conventional histologic tissue sections containing boron
are mounted on the prepared slides and irradiated with thermal neutrons,
after which the sections are stained (glass microslides are activated by
neutron irradiation and normally require an interim prior to rLaining of
several days to decay;, if. paraffin sections are used, hexane is employed to
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remove the paraffin since xylene and other solvents that are normally used

destroy the polymer films.
Once completed, the exposed stained tissue is mounted onto a second

microslide with a glycerol-gelatin mountant (Sigma Chemical Co., St.Louis, MO),
chilled by refrigeration for an hour and separated carefully from the original
microslide. The second slide is then reversed and the exposed Lexan layer is
etched at room temperature with an appropriate etchant solution. Many types
of etchants can be used. However, the optimum was found to be 3 gms KOH dis-
solved in 9 gms H£0 with 8 gms of ethanol added as an accelerator. This has
been called the PEW etchant [25] and has a measured bulk surface etching rate
of 0.52 /iims/hr at 23°C for polycarbonates [16].

Etching is carried out for about 75 minutes yielding tracks on the aver-
age of 0.5 to 1 micron in diameter, easily visible by light microscopy. With
typical thicknesses of the IXAN membrane being about 0.2 ^ms and the Lexan
detector being about 0.8 urns prior to etching, the final combined LX.AN and
Lexan thickness after etching is about 0.3 /ims. Since the depth of field in
light microscopy is about 1 |um, the tracks overlaying the tissue are simul-
taneously focused with the tissue morphology thereby eliminating any need for
double exposures or overlapping of images.

RESULTS

No conclusions concerning boron localization will be attempted with the
following resull.3 due to the fact that the compound studied was water soluble
and the tissues examined were not processed by freeze-drying. Results are
prejented only as a demonstration of the capabilities of this technique.

The tissue samples were obtained from 10-day-old pure bred beagles bear-
ing 9-day-old transplanted tumors grown intracerebrally. The tumor type has
been characterized as a sarcoma and was derived originally from the Rous
sarcoma virus. The animals were intravenously administered the compound
^a2^12^i]SN a t a dose of 30 mgl^B/kg body weight and sacrificed by vascular
perfusion after one hour. Complete coronal brain sections were formalin
fixed, paraffin embedded and microtomed to about 5 ;ims in thickness, mounted on
the Lexan/IXAN membrane-covered slide and prepared for irradiation.

Thermal neutron irradiation was carried out at the MITR-II " MWth re-
search reactor at M.I.T. (Cambridge, MA). Two access ports were used. The
blanket test facility (BTF) provxdes an average 1.2 x 10 9 n/cm2-s flux with
less than 2% variation over a radius at least 30 cms. The medical therapy
beam port yields a higher flux of about 3 x 10^ n/cm2-s but remains uniform
within 5% variation only over a radius about 4 cms. Flux determinations were
accomplished by gold foil activation analysis. Therma] neutron exposure lor
the autoi^diographic samples was typically 10 1 3 n/cm^.

Results are shown in Figures 2 through 4. In all NITEA micrographs, the
average track diameter is 0.5-1.0 urns and the theoretical resolution is
0.6-0.8 fims. Figure 2 shows a typical region of tumor cells with hetero-
geneous boron uptake represented by the tracks overiaying the cells. Note the
clarity and preservation of tissue and stain (Hematoxylin and eosin). The
fact that the tissue was fixed and that the NITEA manifests a lack of tracks
in extracellular spaces, is highly suggestive of at least partial cellular
binding of the boron. Figure 3 is another typical NITEA micrograph of tumor
tissue in the region of a blood vessel showing the expected lack of boron in
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FIGURE 2 - High resolution NITEA micrograph of 10B
localization in tumor cells ( ~1500xJ.

FIGURE 3 - High resolution NITEA micrograph of l0B
localization in the region of tumor
vascnlature ( ~1500x).
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the lumen since the animal was perfused and the blood was eliminated. Again,
note the lack of tracks in extracellular spaces. Finally, the scanning elec-
tron micrograph shown in Figure 4 depicts the resolution capabilities of this
technique. Clusters of tracks are seen around the regions of lighter back-
ground that represent individual tumor cells caused by the raised topology
of the cells when overlayed by such thin detector films.

Figure 4 - Scanning electron micrograph of an NITEA
of I OB etched tracks (holes) overlaying
individual tumnr cells (lighter back-
ground) (2850x).

ELECTRON MICROSCOPY

Accompanying the recent and rapid development of more complex and tumor-
specific mechanisms uf boron delivery such as monoclonal antibodies and
estrogens is the demand for subceilular autoradiographic techniques. In
principle, NITEA can be extended to this level with spatial resolution capa-
bilities comparable to or better than that which is attainable by conventional
radioisotopic methods. Unique to track etch methods is the three-dimensional
information provided by the rtched track [16,26,27]. With light microscopy,
these details cannot be resolved and the use of electron microscopy must be
introduced. Unlike developed sil\er grains where the history of the particle
that sensitized the crystal is lost,a track retains all the characteristics of
the particle that produced it. If this information can be extracted, such as
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the angle of emission and energy of the ion, then in principle the origin of
the reaction can be determined by geometrically extrapolating back along the
path into the tissue where the reaction occurred.

Preliminary electron microscopy studies have been carried out to inves-
tigate the possibility of using etched track contours as a means of determin-
ing the particle's angle of trajectory and its energy when it entered the
detector. Controlled experiments were performed with a well-collimated
alpha source. Particle energies were degraded by 3.1 cms of air to simulate
the low energies of boron reaction alphas. Lexan polycarbonate sheets were
irradiated at various angles of incidence and etched for 12 minutes with the
PEW solution at 60°C (bulk etch rate for these conditions was measured to be
9.2 /nms/hr). Tracks were viewed by scanning electron microscopy and the
results are shown in Figure 5. Note the change in ellipticity of the track
contours. For an angle of 45°, it can be seen that the tracks are different
in size owing not to variations in angle but variations in energy of the
particle.

FiGURE 5 - Etched tracks of low energy alpha particles at
various angles to the detector. Arrow denotes
direction of incidence (.12,900x) .
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It has been shown [16] that energy loss considerations and track etching 
principles can be coupled to formulate etched track evolution relations that 
can predict these shapes given the particle's energy and trajectory. A com
puter code has been implemented that simulates the tracks and an example is 
shown m Figure 6 that compares the simulated track and the experimental 
track of approximately the same particle and etching conditions. Note the 
similarities between the two. 

.,. < ~,s-\ ' ̂ v-?',-,„. 
• ' • " 

-. , 

.̂ " •. * 7 S-r^ 

E = 

<? = 
LD 

H « 

m 

C 9 3 6 

33.9° 

= 2.59 

MeV 

pms 

1.73 fjms 

Wi a 

l^m 

FIGURE 6 - Computer simulated alpha track (upper) and experimental 
alpha track (lower, E<1 MeV, 9= 30-35°, total bulk 
etch length H = 1.73 /ams) . 
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Conversely, another code ^ \rrently being developed to obtain th". particle's
energy and trajectory 0 •• . i ts track shape as the input. If ttu . can be
accurately applied, digitized image processing can be employed to reconstruct
the autoradiographic image by correcting the angular displacement (LD in
Figure 6) of the track thus virtually eliminating geometrical considerations
to within the limit of experimental error. Spatial resolution of this method
should be well within the bounds of determining subcellular localization.

SUMMARY

It has been demonstrated that a thin film NITEA technique can yield high
resolution cellular information to determine direct boron localization in
cells for the evaluation of possible compounds to be used for neutron capture
therapy. Tissue morphology and stain is preserved and documentation accom-
plished without double exposure of tissue and tracks. Furthermore, it has
been shown that with the unique three-dimensionality of the tracks it is
possible to extract information about the radiation that can lead to the
establishment of its reaction origin within the tissue for its use in electron
microscopic subcellular autoradiography. Finally, although this technique
was developed for boron localization, its application can easily be adapted
to localizing any spontaneous or induced charged particle emitting isotope.

This work was supported in part by NIH grant //CA19665.
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A variety of human melanoma associated antigens (MAA) have been 
identified with cell mediated immunity tests and with serological 
assays. In the latter ones, the sourcesof antibodies have been sera from 
patients with melanoma and from animals immunized to MAA and more 
recently monoclonal antibodies (for review, see 1-3). The high degree of 
specificity of these reagents has rekindled interest in the application 
of immunodiagnostic and immunotherapeutic approaches to melanoma. 

By utilizing monoclonal antibodies we have characterized three 
types of membrane bound MAA which have distinct tissue distribution and 
structural properties (4-6). Among them the high molecular weight-MAA 
(HMW-MAA) appears to be a useful marker for radioimaging lesions in 
patients with melanoma and an appropriate target for immunotherapy. In 
this paper we will describe the properties of the HMW-MAA and we will 
summarize the results we have obtained in the imaging of melanoma 
lesions with radiolabelled monoclonal antibodies to the HMW-MAA. 

Structural profile of the HMW-MAA 
The HRW-MAA ^consists oT t̂wo non covalently associated 

glycopolypeptides: one has an apparent molecular weight of 280 K and the 
other one has a molecular weight spanning from 300 K to 700 K. The 
latter heterogeneity appears to reflect different degrees of 
glycosilation of the polypeptide (7). 

Pulse-chase biosynthetic studies of **S-methionine labelled 
melanoma cells and analysis of the HMW-MAA synthesized by melanoma cells 
in presence of tunicamycin indicate a precursor/product biosynthetic 
relationship between the 280 K molecular weight component and the larger 
molecular weight component. This possibility is also supported by the 

- 174 -



similarity of peptides generated from the two components of the HMW-MAA 
by digestion with staphylococcus aureus V-8 protease (7). 

The HMW-MAA is highly susceptible to digestion by proteolytic 
enzymes: treatment of NP40 extracts of cultured melanoma cells with 
trypsin, chymotrypsin, pronase or staphylococcus aureus V-8 protease 
results in the generation of fragments with the molecular weight ranging 
from 70,000 to about 10,000. These fragments maintain their jjî  vitro 
immunological reactivity (4,7,8). 

Antigenic profile of the HMW-MAA 
By utilizing spTenocytes-^ from mice immunized with cultured human 

melanoma cells we have developed (9) hybridomas producing monoclonal 
antibodies to the HMW-MAA. Inhibition binding assays with radiolabelled 
monoclonal antibodies (10) and analysis of the reactivity of fragments 
generated from the HMW-MAA by proteolysis with monoclonal antibodies (8) 
have identified 3 distinct and spatially distant antigenic determinants 
on the HMW-MAA. One is recognized by the monoclonal antibodies (MoAb) 
138.13S, 225.28S, 473.54S and 653.40S, a second one is recognized by the 
MoAb 149.53 and M19.152 and a third one is recognized by the MoAb 
M23.35S, 730.25T and 763.24T. 

The 3 determinants appear to be similar in their immunogenicity in 
xenogeneic combination, since immunization of mice with human melanoma 
cells results in the formation of a similar number of hybridomas 
secreting antibodies to the 3 determinants. Furthermore monoclonal 
antibodies to the 3 determinants have a similar affinity, i.e. higher 
than 1x10-* moles/liter"^ . 

There is no evidence that the 3 determinants are immunogenic in 
autologous combinations, since antibodies reacting with the HMW-MAA have 
not been detected in patients with melanoma. However it cannot be 
excluded that the antibodies are formed but are not detected as they are 
complexed with the HMW-MAA which is in circulation. The three 
determinants recognized by our panel of monoclonal antibodies are 
monomorphic or have a high frequency as they have been detected on 
almost 90% of lesions removed from patients with melanoma. However the 
three determinants have a heterogenous distribution on the pool of HMW-
MAA molecules synthesized by melanoma cells in long-term culture and 
expressed by surgically removed lesions (12-14). Whether this 
heterogeneity reflects the existence of various subpopulations of 
melanoma cells with different antigenic profile or different rate of 
synthesis of subpopulations of the HMW-MAA is not known. 

The three determinants we have identified on the HMW-MAA appear to 
be protein in nature (7), since they are expressed on the HMW-MAA 
synthesized by cultured melanoma cells in presence of tunicamycin, an 
inhibitor of N-1inked glycosilation, and on the HMW-MAA stripped of 
carbohydrates by treatment with endoglycosidases (8). 

Tissue distribution of the HMW-MAA 
Indirect immunofluorescence an^ immunoperoxidase staining of frozen 
sections of surgically removed normal, benign and malignant tissues and 
analysis with a double determinant immunoassay (DDIA) of NP40 extracts 
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of tissues have shown that the HMW-MAA has a restricted tissue
distribution (1'.,12,14). It can be detected in melanomas (96 out of 107
lesions tested), nevi (42 out of 46 lesions tested) and skin carcinomas
(16 out of 37 lesions tested).The HMW-MAA displays some heterogeneity in
its expression among tumor cells within a lesion (Fig. 1), among
autologous lesions removed from different sites from a given patient and
among lesions removed from different patients (14,15). Representative
results are shown in Figure 2, which also presents data about the level
of HMW-MAA in various melanoma cell lines. The heterogeneity of the HMW-
MAA is lower than that of other MAA we have identified with monoclonal
antibodies (15).

The level of the HMW-MAA in surgically removed lesions does not
correlate with their primary or metastatic nature, with their
melanogenic potential and/or with their histopathological
characteristics. On the other hand studies in progress suggest that the
percentage of tumor cells stained by anti HMW-MAA and anti HLA mono-
clonai antibodies in metastatic lesions displays ome relationship to
the degree of malignancy of melanoma.

The density of each antigenic determinant recognized by the MoAb
149.55, 225.28S and 763.74T on cultured melanoma cells Colo 38 is higher
than 2X106 antigenic sites per cell, as determined by the amount of
radiolabelleo monoclonal antibody bound by the cultured melanoma cells
under saturating conditions (Fig. 3). The incubation of melanoma cells
Colo 38 with more than one monoclonal antibody to the HMW-MAA has an
additive effect suggesting that the the number of antigen-antibody
interactions on melanoma cell memoranes in vivo may be increased by
injecting mixtures of monoclonal antibodies" to distinct determinants on
the HMW-MAA.

The HMW-MAA is found in sera from patients with melanoma (14). Its
level is not different from that in healthy donors and in patients with
other types of malignancies. The ranges of the levels of the HMW-MAA in
patients with melanoma are broader than in controls. The level of the
HMW-MAA does not appear to correlate with the presence and level of
circulating immunocomplexes, but tends to correlate with the extent of
the disease. Treatment of patients with hyperthermia can change the
serum level of the HMW-MAA, but without any characteristic pattern (14).

Modulation of the HMW-MAA
The R W - M A is not susceptible to antibody mediated modulation,

since cultured melanoma cells incubated with varying amounts of
monoclonal antibodies to a determinant of the HMW-MAA do not change in
their ability to bind monoclonal antibodies to other determinants of the
HMW-MAA. Modulation of the HMW-MAA does not occur even when cultured
melanoma cells are incubated with monoclonal antibodies to the HMW-MAA
and with antimouse Ig antibodies. Furthermore incubation of cultured
melanoma cells with monoclonal antibodies to the HMW-MAA does not affect
its shedding.
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Figure 1. Phase contrast microscopy (panel A) and indirect
immunofluorescence stair.ing (panel B) with the anti HMW-MAA MoAb
225.28S of a metastatic melanoma lesion. The staining is heterogeneous
in spite of the homogeneous histological features of melanoma cells.
(A,B x640).
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On the other hand components used for treatment of melanoma may
modulate the expression and shedding of the HMW-MAA. Among them are
interferons. Recombinant DNA T interferon reduces the expression of the
HMW-MAA in a dose related manner, while interferons a and B do not
affect it. The three types of interferon increase the shedding of the
HMW-MAA (Fig. 4 ) .

Imaging of lesions in patients with melanoma injected with
radiolabelled monoclonal antTEbdies to the_ HMW-MAA

A total of 22 patients with melanoma have been thus far
investigated utilizing the whole MoAb 225.28S or its Fab2 fragments,
which have been radiolabelled with either131 1,123 1,111 In o r " m Tc.Repre-
sentative scans are shown in Figure 5 which presents the imaging of
metastatic lesions in a foot and in a leg of two patients injected
with" mTc and ̂ In-labelled Fab2 fragments of the anti HMW-MAA MoAb 225.
28S, respectively. The results obtained thus far are summarized in Table
1. Immunoscintigraphy yielded positive results in 12 of the 22 patients
investigated. It is noteworthy that scanning could detect lesions with a
diameter of at least 2 cm and that Fab2 fragments gave significantly
less nonspecific accumulation of radioactivity in the reticuloendothe-
lium than the intact MoA 225.28S.

Conclusions
The results we have presented indicate that through the use of

monoclonal antibodies we have identified a MAA which appears to meet the
criteria to be a useful marker for radioimaging and an appropriate
target for immunotherapy. The HMW-MAA has a restricted tissue
distribution, has a high density, displays a limited heterogeneity in
its expression, and is not susceptible to antibody mediated modulation.
Furthermore the monoclonal antibodies to the HMW-MAA we have developed
have a high affinity. The positive results we have obtained by
radioimaging lesions in patients with melanoma corroborate the in vitro
findings. The latter studies.have shown that even Faba fragments of the
anti HMW-MAA monoclonal antibodies do not eliminate completely non
specific uptake by liver and spleen although they markedly reduce it.
This non specific background may cause side effects when anti HMW-MAA
monoclonal antibodies are used as carriers of toxic agents for selective
destruction of lesions in patients with melanoma. To overcome this
limitation experiments dre in progress in collaboration with Drs. D.C.
Borg and R.G. Fairchild and their associates at the Brookhaven National
Laboratory, Upton, New York, to evaluate the usefulness of boronated
anti HMW-MAA monoclonal antibodies to apply neutron capture therapy to
melanoma.
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Figure 4. Effect of interferons (panels A and C) and of coating of
melanoma cells with monoclonal antibodies (panels B and D) on the
expression (panels A and B) and shedding (panels C and D) of the HMW-
MAA.

A culture of melanoma cells Colo 38 was added with recombinant DNA a
( 0 ) , B (•) and i ( • ) interferons. At the indicated times cells 125
and spent media were harvested and tested for their reactivity with I
labelled anti HMW-MAA MoAb 225.28S in a binding assay and for their
content of HMW-MAA in a double determinant immunoassay (DDIA) (12),
respectively. Results are expressed as percentages of the values
obtained with a eel! culture incubated without interferon.

Melanoma cells Colo 38 were incubated with the anti HMW-MAA MoAb
225.28S for 2 hours at room temperature. These cells were washed and
incubated at 37°C for up to 7? hours. At the indicated times cells and
spent media were harvested and tested for the binding of 125I-labelled
anti HMW-MAA MoAb 149.53, 225.28S and 763.74T and for their content of
HMW-MAA in a DDIA, respectively. Results are expressed as percentages
of the values obtained with melanoma cells Colo 38 coated with the
MoAb 465.12S to an untelated melanoma associated antigen.
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Figure 5. Imaging of metastatic lesions in two patients with melanoma
injected with " nnTc (panel A ) and m In (panel B ) labelled Fab0
fragments from the anti HMW-MAA MoAb 225.28S. d
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Table 1. Summary of the immunoscintigraphy studies performed in patients
with melanoma with radiolabelled anti HMW-MAA MoAb 225.28S or its Fab2
fragments.

Reagent
Patient no.

Antibody Injected
jig CI

Specific
activity*
mCi/mg

Lesion
size

Imaging

131I-MoAb
PM 1
VB 2
CP 3
CM 4**

I-Fab-,
SP 5
DL 6
GF 7
GG 8

123T _ .I-Fab-,
SR 9 *
DV 10
DG 11
PG 12
99m

Tc-Fabo
BG 13
PM 14
SW 15
VG 16
VL 17

11' In-Fab-,
BE 18 c

MC 19
PE 20
CV 21
TM 12

28
14
640
710

30
20
22
18

200
290
210
170

110
125
200
180
180

32
37
40
32
38

1.
0.
0.
0.

,42
.75
.70
.80

0.93

1!
1.

2.
4,
3.
2

4
8
8
7
8

1
1
2
1
1

.02

.04

.03

.40

.00

.37

.96

.48

.00

.00

.76

.50

.61

.85

.00

.76

.90

50.7
53.6
1.1
1.1

31.0
51.0
47.3
57.2

12.0
13.8
16.0
17.4

40.7
64.0
40.0
43.1
47.2

50.3
50.0
50.0
55.0
50.0

3.0
0.7
1.2
1.2

3.0
6.0
2.0
8.0

4.0
5.0
6.0
0.8

5.0
5.0
6.0
4.0
2.0

4.0
5.0
2.0
3.0
2.0

*At the time of injection
**Histopathological analysis found t.,e lesion to be benigr.
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Monoclonal Antibodies for the Localisation of Human Neoplasms
in vitro and in v i vo

Agamemnon A. Epenetos
Royal Postgraduate Medica I School, Hammeic^ith Hospital, London,
and The Imperial Cancer Research Fund Laboratories, London, UK.

Abstract

Combinations of tumour associated monoclonal antibodies were used for the
dissection of the phenotypic heterogeneity of neoplasms in an attempt to
understand the neoplastic process at cellular level. Furthermore, combina-
tions of tumour associated monoclonal antibodies proved helpful in problems of
differential diagnosis in histopathologicaI and cytological tissue samples.
Also, immunoperoxidase screening on tissue sections was found to be an
important step in the seled ion of appropriate antibodies for in vivo use.

Antibodies were radioiodinated ( I and 1 Z 3 I ) and given parenterally to
iffimunodeficient animals bearing human epithelial tumours such as colon xeno-
grafts. External body'Vsc int igraphy showed tumour localisation in all the
animals (smallest detectable tumour being I mm in diameter).

Based on the encouraging experimental data, clinical studies were com-
menced to study tumour targeting of 1 2 3I and 1 3 1I labelled monoclonal anti-
bodies in ovarian cancer. The majority of tumour s M e s were rad ioloca I ised
(II out of 15) and good tumour to non-tumour ratios were obtained (10:1 at 5
days). The absolute amounts of radiolabe' targeted in tumour masses, however,
were small, i.e. in the region of l-8xlO~3 per cent of the injected amount per
gram of tissue.

These results indicate that although tumour associated monoclonal anti-
bodies are potentially useful for in vivo diagnosis and therapy of neoplasia,
significant improvements are required before these goals can be achieved.

I ntrod'ict ion

Antibody guided radiolocaI isat ion of tumours- is not a new field (I) but
this area received a great impetus with the advent of monoclonal antibodies
(2). As it is well known, monoclonal antibodies have the advantage of speci-
ficity and repruducibi Iity. No truly tumour specific antigens have been
detected so far but several antigens have shown relative tumour specificity
and appropriate monoclonal antibodies have been raised. A panel of monoclonal
antibodies hs hereby Ascribed which was found useful in the in v i t ro and
in vivo localisation of human neoplasms. "

Methods

Monoclonal a n t i b o d i e s

AUAI T h i s a n t i b o d y is s p e c i f i c for an epithelial p r o l i f e r a t i n g antigen and
has a h i g h e r reactivity with neoplastic than normal epithelial c e l l s as founJ
(3) by t e s t i n g in binding a s s a y s against cell lines and in s e c t i o n s using
i m m u n o f I u o r e s c e n t and i m m u n o p e r o x i d a s e t e c h n i q u e s .
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HMFG2 This antibody is directed against a differentiation antigen found in
delipidated human milk fat globule m e m b r a n e s as well as a wide range of
c a r c i n o m a s , particularly those cf breast and ovary ( 4 ) . They cross react with
some normal epithelial structures such as sebaceous g l a n d s , sweat g l a n d s ,
exocrine pancreatic ducts and bile d u c t s .

HI7E2 This antibody is directed against placental a l k a l i n e phosphatase ( 5 ) .
Placental alkaline phosphatase is found in normal term placenta as well as
being expressed by some cancers such as t e s H s , breast, ovary, stomach,
pancreas. Using an immunoperoxidase technique, this antibody was found to bu
unreactive with normaI tissues (other than term placenta) ( 5 ) .

Immunoperoxidase technique

Fresh-frozen or formalin-fixed and paraffin-embedded seciinns of t u m o u r s
and other organs were first dewaxed and !~hen fixed in a l c o h o l . Sections were
tested against a panel of antibodies including negative control antibodies
and without antibody to assess the non-specific background staining ( 3 ) .

RadiolabeI 1 ing of antibodies

Pure Iodine-!Z3 (the Atomic Energy Research EsiabI ishment, HarwelI) was
supplied as "dry" sodium ioaide. lodine-125 and lodine-131 were supplied by
Amersham International, UK, in the usual fashion.

Antibodies were labelled with radioiodines using the iodogen t e c h n i q u e as
previously described (6) to a specific activity of 3-8 mCi/mg. Their immuno-
reactivity was tested in an Enzyme Linked I mrnunosorbent Assay (ELISA) system
(6) and in a direct radioimmunoassay ( R I A ) , including a competitive assay with
unlabelied anTibodies. Samples of radiolabeI led antibodies were gel-filtered
through a Sephadex G I 5 0 column (60 cm x 2.5 cm) to c h e c k tor antibody a g g r e -
g a t e s . RadiolabeI led antibodies were mi 1 I ipore-fi liered and diluted in \%
human serum albumin (HSA) prior to patient administration.

Autorad iography

The selective localisation of injected antibodies in tumours was d e m o n -
strated by autoradiography (ARG). T i s s u e sections were fixed in alcohol and
then ARGs were prepared using I I ford K 5 fluid emulsion. After drying in air,
the sections were exposed for 7-30 day^ at 4°C. The sections were then
developed, fixed and stained with haematoxyIin for light microscopy.

An ima I s

Twenty nude (nu/nu) mice were tested. The mice w e r e previously injected
subcutaneously with I O 6 - I O 7 HT29 cells ( 7 ) .

Quant iration

Resected normal and neoplastic t i s s u e sections ware washed three t i m e s in
phospnate buffered saline (PRS), dried and weighed prior to counting. A gamma
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counter was used for simultaneous counting for 1 I and I.

Patients

Ten women aged 35-82 years were studied. All patients had .xtensive
disease, eight had both primary and metastatic disease and twelve had only
metas'.atic disease at the time of scanning.

Scanning

D a t i e n t s gave wr!':ten informed consent to enter the study. Thyroid
uptake of free and released 1 2 3 I or 1 3 1 I was blocked by potassium iodide
120 mg/day orally starting 24h before the injection and continuing for a week.
Patients'skin was tested for hypersensitivity to mouse immunoglobuI ins. No
reactions were recorded, fatients received 0.2-0.5 mg of antibody labelled
with 1.0-2.0 mCi of 123\ or 1 3 1 I as an intravenous bolus in 2-3 ml PBS con-
taining \% HSA. Scans of total body and selected areas were taken from
immediately up to 4-Jh after injection when 12i\ W a s used and up to 5 days
when 1 3 1 I was used. Where indicated, patients had single photon emission com-
puted tomography (SPECT).

Kinetic studies

Blood and urine samples were taken regularly to calculate the half-life
of label in the vascular compartment and their rate of excretion.

Results

Immunoperoxidase data

The hign reactivity cf antibodies A U A I , HMFG2 and HI7L2 with neoplastic
t.ssues and the low reactivity with normal tissues
was established Dy screening human tissues that
were tested either yresh frozen or formalin fixed. An example is seen in
Figure I where an ovarian cancer (top part of Figure) shows strong staining
with HMFG2. Note, however, also weak but definite positive staining with
normal ovarian glandular structures (bottom part of F i g u r e ) . Similar staining
was seen with antibody AUAI but antibody HI7E2 produced negative reactions
when tested against all types of normal tissues except the placenta ( 5 ) .

Animal studies

Antibody AUAI labelled with 1 2 3 I or 1 2 5 I was used in the animal experi-
ments fogether with a control antibody ( 8 ) . Tumour localisation was achieved
in all the animals and a typical scan is seen in Figure 2. A mouse with an
HT29 tumour on its left leg was scanned at 20 min (view 4 ) , 2h (view 1 3 ) , I8h
(view 50) and 48h (view 49) after an I.V. injection of AUAI labelled with 1 2 3 I .
A=> can be seen efter I8h the tumour is clearly visible e id this is not seen
when a negaTive control antibody is used.

Specific antibody uptake in tumours ranged from 0.5$ to 25$ of the injec-
ted dobe (mean 6* per gram of tumour). This level was reached between 4 and
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Fig

A tissue section of ovarian cancer stained with antibody HMi-G?. Mote
strongly positive reaction with cancer cells (ton part of Ficj.) but
also weak positive reaction with normal ovarian tissues (bottom part
of Fig.).

2 Radioscans of a mouse with an IM. HT29 tumour on its left
at 20 min (view 4 ) , 2h (view 13), 18h (view 50) and 48h (v
a-ffer injection of specific antibody AUAI labelled with
ciear'y visible tumour at I8h and 48h.

12 3

leg taken
ew 49)

Note
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I8h after injection and remained relatively high for a long time, i.e. up to
65 days after injection.

Autoradiography performed on tumour masses (Figure 3) confirmed the pre-
sence of antibody and as can be noted dark grains are associated with the
stroma of the tumours rather than the tumour cells. This may explain the
remarkably long retention of radiolabel in the tumour masses. As will be
seen, however, in the later human studies, the distribution of radiolabel is
different with different antibodies.

Patient studies

Based on the encouraging anirml studies, preliminary human studies were
-.ommenced and antibodies HMFG2 and HI7E2 were studied in ovarian cancer. As
^an be seen from Figure 4 the majority of sites were detected by antibody
guided scanning. The time of radiolocaI isation by external scanning ranged
from 10 mins to I3h. Successful radiolocal isation was not achieved in the
first two patients because of technical difficulties such as poor iodination
efficiency. However, in the following eight patients radiolocaIisat ion was
positive and in the last four patients it was confirmed by autoradiography of
excised tumours (Figure 5 ) .

Unlike antibody AUAI, antibody HMFG2 appeared to predominate in the
luminal aspects of adenocarcinomas, which is consistent with previous
experience of immunoperoxidase staining of tumours with these antibodies (4).

Figure 6 is a typical scan obtained I8h after injection of antibody
HMFG2 labelled with I. As can be seen a large ovarian tumour is imaged
(mid field of scan) but it is difficult to interpret uptake in the central
part of the abdomen.

In view of the limitations of imaging the upper abdomen with antibody
HMFG2, other antibodies were tested and HI7E2, against placental alkaline
phosphatase, was tried.

Figure 7 shows the early (8 min) I9h and 44h scan of patient after
receiving HI7E2 labelled with 1 2 3 I . At 44h an area of uptake is seen in the
left para-aortic region. A CT scan was then performed and this confirmed the
presence of an abnormal lymph node 2 cm in diameter in the left para-aortic
region (Figure 8 ) .

Whenever possible, resected surgical normal and neoplastic tissues were
counted for radioactivity.

Although good tumour to non-tumour ratios were obtained, i.e. approxi-
mately 10:1 at 5d after injection, the absolute amounts of radiolabel in
tumour were disappointingly small, i.e. in the region of 5-9xl0~3 per cent of
the injected amount per gram of tumour and 1-4x10""* per cent per gram of
normal tissue.

Discussion

Our data show that successful imaging of ~t~umour masses by external body
scintigraphy using radioiodinafed antibodies can be achieved. However, this
technique needs considerable improvement before it can be widely used as a
routine method in the investigations for malignant disease.

The absolute amount of radiolabel reaching the tumours is disappointingly
small and this may be due to the instability of the label, i.e. dehalogenation
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Fig. 3

125,

ARG of HT29 tumour after administration of specific antibody M'JAI
labelled with 1 2 5 I . Note dark outline of tumour islands at the outer
"proliferating" edge of tumour.

'I- RAD10IMM0N0SCINTIGRAFHY OP OVARIAN CANCER

Patient No. Sito Result
Imaging Autoradiography

of excised tumour

1
3

7

8

11
12
13

16
17
18

Abdomen
Chest

Abdomen
Lumbar spine

Chest
Abdomen
Chest

Abdomen
Abdomen
Abdomen
Abdomen
Pelvis
Pelvis
Sacrum
Pelvis

Fig. 4 Data on
ant i body gu i dcd
scanning in the
T i rst I 0 pat i ents
with ovarian cancer.

11/15 sites positive
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Fig. 5 ARG of an ovarian cancer after administration of specific antibody
HMFG2 showing localisation of grains in the lumen of malignant
tissues.

Fig. 6 This shows the antibody.guided scan of a patient with ovarian cancer.
Note uptake in tumour area (mid field of scan) but also uptake in the
upper abdomen.
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7 A n t i b o d y
w i t h 1 2 ^

s c a n s (? r ; i n , I 9 h , 4 4 h ) o f a p a t i e n t g i v e n HI7F2 l a b e l l e d
A r r o w snows a b n o r m a l :>pot in l e f t p a r a a o r t i r . r e g i o n .

F i y . 8 CT scan o f same
p a t i e n t c o n f i r m i n q
a b n o r m a l l e f t s i d e d p a r a
a o r t i c a d e n o p a t h y .
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invivo may be a significant problem. Also, mouse immunoglobulins may be
catabolised by humans efficiently and thus restricting the amounts reaching
the tumours.

A great deal of knowledge is required on antigen-antibody interactions
in vi vo before the technique of radioimmunolocalisat ion can be advanced
further. Nevertheless, uhe fact that antibodies can selectively localise to
tumours has been a spur to therapeutic studies. If such an approach were T O
succeed it would, ironically, extinguish the imaging problem and the need for
tumour localisation.
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ABSTRACT

Animal models have certain advantages over human experimentation when
developing novel diagnostic and therapeutic procedures since experiments can be
done more cheaply, are easier to control, and do not subject human beings to un-
necessary risks. However, in order to be useful the animal models must resemble
the situation in man as closely as possible. We have developed such a model, using
rat antibodies to cell surface antigens that are most strongly expressed on
chemically induced bladder carcinomas of mice.

INTRODUCTION

A large variety of tumor-associated antigens has been identified by using
monoclonal antibodies. Some of the most interesting antigens are those that are
expressed more strongly by tumor cells of a particular histological type than by
tumors of other types or by normal adult tissues (1-5). Although none of these
antigens appear to be entirely tumor specific, several of them have sufficient
degree of tumor specificity to be potentially useful as diagnostic markers and
probably also as therapeutic targets. Another presentation from our group
discusses three such antigens which are most strongly expressed in melanomas, and
with which clinical trials are now performed (6),

Animal models can be of great use to work out the best diagnostic and
therapeutic procedures with monoclonal antibodies, as long as the models closely
reflect the situation in man. Chemically induced transitional cell carcinomas of
the urinary bladder of mice and rats appear to meet the criteria of a good such
model (7). We have recently prepared monoclonal rat antibodies to cell surface
antigens that are most strongly expressed by mouse bladder carcinoma cells and
shall discuss these antibodies and their potential usefulness for evaluating the
targeting of tumors.

THE MODEL

Tumors were induced by the insertion of 3-methylcholanthrene pellets into
subcutaneously transplanted bladders of BALB/c mice, using a technique which has
been described (8). Most of these tumors are transitional cell carcinomas but a few

*This work has been supported by grants CA 14135 and 19148 from the National
Institutes of Health. The work described in this article was performed when the
authors were members of Fred Hutchinson Cancer Research Center, Seattle,
Washington.
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have an undifferentiated histology, resembling sarcomas (9). For the present study,
we have used the transitional cell carcinomas except for a few cases when the
undifferentiated, sarcoma-like tumors were studied for comparison. All tumors
were maintained by serial transplantation in BALB/c mice and also cultured in
vitro (9,10). They were regularly checked to make sure that their original
morphology was being maintained.

Wistar Furth and Sprague-Dawley rats were immunized with bladder car-
cinomas, using a mixture of cultured transitional cell carcinomas and such tumors
harvested directly from mice, and spleen cells from the immunized rats were
hybridized with NS-1 mouse myeloma cells as described (9). Hybridoma super -
natants were screened for production of antibodies binding preferentially to
bladder carcinoma cells, using binding assays with cultured cells and immuno-
histological testing against frozen sections of tumor and normal tissues (10). The
latter were carried out by a peroxidase anti-peroxidase technique as previously
described (11).

Six hybridomas were selected, cloned and further tested (10). Tables 1 and 2
summarize the results on the three most interesting of the hybridomas, as assessed
by immunohistological studies on frozen sections. As shown in the tables, one
antibody, 6.10, reacted with mouse bladder carcinomas, induced by either 3-
methylcholanthrene or (Cf-5-nitro-furyl)-2- thiaozolyl formamide] (FANFT), and
with epithelial cells from mouse embryos, but did not stain any of the other mouse
tumors studied, nor a variety of adult mouse tissues. The two other antibodies,
3B12 and 8.3,bound most strongly to bladder carcinoma cells but also reacted with
some normal epithelial cells, particularly the surface endothelial layer of normal
bladder. In addition, they both bound to a transplanted mammary carcinoma.

DISCUSSION

The antigens defined by the three antibodies we have described exemplify
two types of antigens commonly detected in human neoplasms by using monoclonal
antibodies, one that has a high degree of tumor specificity (as has antibody 6.10)
and another that is tissue-type, rather than tumor-type, specific (antibodies 3B12
and 8.3). Since the antigens defined by the three antibodies are expressed in vivo,
it should be possible to use the antibodies both for diagnostic studies by tumor
imaging techniques and for targeting of anti-neoplastic agents to the tumor site. It
may be an advantage that the three antibodies are of rat origin and hence foreign
to the tumor-bearing host since the commonly used mouse antibodies are foreign to
human patients. This characteristic should also make it possible to test the merits
of a protocol which would use one optimal reagent for tumor targeting rather than
the coupling of a tumor-targeting agent, boron, for example, to every single
antibody preparation. According to this protocol, one would initially inject anti-
tumor antibody (or a combination of several such antibodies). When the first
antibody has attached to the tumor cells, we would then inject an antibody to the
immunoglobulin first given (which should recognize the first antibody at the tumor
cell surface). The second antibody would be the one that is coupled to the agent
one wants to target to tumor, for example, to boron.
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Table I. Expression of antigens defined by antibodies 3B12, 8.3 and 6.10 in
frozen sections of tumor, as detected by immunohistology.*

Tissue No. of
samples

3B12 8.3 6.10

Bladder carcinoma
Primary (MCA)
Transplanted (MCA)
Transplanted (FANFT)
Mammary carcinoma
Transplanted
Melanoma
B16
Sarcoma
Transplanted
Lymphosarcoma
Transplanted

2

1

1

1

3

1

++ to ++++
+++ to ++++

+++

++

*~

-

+ to ++ ++
++ to +++ +++

+

-

* A peroxidase-antiperoxidase technique was used to demonstrate antigen ex-
pression in frozen sections of various tissues, as described under Materials and
Methods. The degree of staining detected was graded from - (negative), through +
(weakly positive) to ++++ (very strongly positive).

Table n. Expression of antigens defined by antibodies 3B12, S.3 and 6.10 in frozen
sections oi normal tissues, as detected by imnriunohistology.

(See footnote to Table D

Tissue 3B12 8.3 6.10 Remarks

Normal adult mouse tissues
Bladder

Kidney
Heart
Lung
Liver
Spleen
Testicle
Intestine

Mouse embryos
UOd, 16d, 19d)

Surface layer
of epithelial cells

Epithelial cells of villi

Skin epithelium,
periosteum stained +++
for antibody 6.10)
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This presentation is a theoretical discussion of the possibility that
"appropriate" steroid-carborane derivatives might be used to selectively de-
liver boron-10 ( B) to tumor cells with sex-hormone receptors in sufficient
concentration for effective neutron capture therapy (NCT) of hormone-dependent
mammary and prostatic cancer. This possibility arises and merits serious dis-
cussion because of the important independent contributions of Sweet (1) and
Hadd (2) which served to demonstrate that estradiol coupled via the
170t-position to a single carborane cage (ten B atoms) retains the ability to
interact with uterine estrogen receptor (ER) to produce the characteristic
estrogenic uterotrophic effect. This borated-estradiol analog, which retains
hormonal activity, is stable, is non-toxic (at least in short-term toxicity
experiments), and is expected to accumulate selectively in cells with ER
(whether malignant or normal), predominantly in the nucleus. Given these
properties, 170t-carboranyl-estradiol has been proposed as a candidate for NCT
of estrogen-dependent breast cancer. In principle, DHT (5<*-dihydrotestos-
terone), the active intracellular androgen of the prostate (cf. 3), if coupled
(via 17a) to a carborane cage, should likewise selectively accumulate in the
nuclei of tumor and normal cells containing androgen receptor (AR); thus,
carboranyl-DHT might be useful in NCT of androgen-dependent prostate cancer.

Granted that selective nuclear accumulation of ^ B would indeed be
achieved by administration of 1701-aarboranyl derivatives of sex hormones, two
basic questions arise. The first is: are the levels of ER and AR in malig-
nant breast or prostatic epithelial cells sufficiently high to achieve the rel-
atively high nuclear concentrations of -"-"B required for theoretically effec-
tive thermal neutron activation of the ^^B(n,a)7i,i reaction? For successful
NCT of tumors, it is generally considered that 15 to ?3 yg •"•"]$ per g tissue is
required, with *"B ratios in tumor/normal tissue (and blood) of >̂ 10:l. With
a monochromatic beam of 2-keV neutrons, concentrations as low as 1 to 2 yg ^
per g tumor might be adequate (Fairchild and Bond, this Symposium).
Geometrical considerations also will influence necessary boron content. The
above numbers assume uniform boron content within the nucleus and cytoplasm
and outside the cell. Restricted boron localization is discussed in detail by
Kobayashi and Kanda and by Gabel, Fairchild, and Larsson (this Symposium).

The second question arises only if it should prove to be possible to de-
fine conditions such that a non-toxic borated steroid would deliver sufficient
^B to malignant cells with ER or AR so that irradiation with appropriate neu-
tron beams would kill these cells. Would such successful NCT of hormone-
dependent mammary or prostatic cancer be curative or merely another form of

*Work supported in part by the Emma Gale Harris-Barlett Memorial Fund and the
Life Sciences Foundation.
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pallative treatment? If the latter, what potential benefits over other forms
of pallative treatment are to be expected? Let us address the second question
first.

SOME BASIC FACTS ABOUT MAMMARY AND PROSTATIC CANCER

Both these neoplasms, when first detected, are found to be comprised of
heterogeneous clones of malignant cells which differ in growth rate and
invasiveness, and in their dependence on circulating sex hormones (and their
receptors) for growth and proliferation (cf. 4). One subset of these clones
retains the specific sex hormone requirement exhibited by the parent normal
cell; when these types of clones predominate, the tumor is termed "hormone-
dependent." The sex steroid required for hormone-dependent prostatic neo-
plasms is DHT (derived predominantly from circulating testosterone); estradiol
is the steroid required by hormone-dependent breast tumors. In addition to
sex hormone-dependent clones, a second subset of malignant clones is found in
both mammary and prostate cancer whose maintenance and proliferation does not
depend on sex hormone support; when these clones predominate, the tumor is
"hormone-independent."

Clonal heterogeneity is the underlying basis for success or failure of
"endocrine therapy," in which a variety of ablative procedures and/or drugs
are used to withdraw sex hormone support from hormone-dependent tumors. In
advanced stages of breast and prostate cancer (with metastasis to distant
sites, usually to bone), endocrine therapy produces objective remission in
some but not all patients. Anti-androgen therapy in advanced prostate cancer
results in objective remission in some 60 to 80% of treated patients (5) for
a very variable duration (which may range from J*6 months to 10 to 15 yr but is
usually about 2 to 3 yr); thereafter "relapse" occurs. In advanced breast can-
cer, anti-estrogen therapy unfortunately results in remission in only about
25% of the treated patients (4), again for a variable duration (ranging from
•ff> months to many years but usually about 2 yr), after which relapse occurs.
Relapse after endocrine therapy is due to the outgrowth of hormone-independent
clones, initially few in number, which proliferate and cannot effectively be
controlled by present chemotherapeutic procedures.

It is not known whether hormone-independent malignant cells arise from
hormone-dependent clones which have mutated (whether in the primary tumor or
in metastases, before or during endocrine therapy) or develop directly from
normal epithelial 'ells which mutate. The question here relates to the issue
of a unicellular vs multicellular origin of cancer (6). In either case, it is
clear that in a large majority of patients with advanced prostatic cancer
(perhaps as high as 80%), the tumor consists nredominantly of androgen-
dependent clones with AR, whereas a minority of patients with advanced breast
cancer have tumors in which estrogen-dependent clones (with ER) predominate.

The relationship between the steroid receptor level in primary tumors and
the response to subsequent endocrine therapy has been extensively investi-
gated, particularly in breast cancer, to select the small fraction of patients
likely to benefit from estrogen withdrawal (4). The results obtained clearly
demonstrate that objective remission following anti-estrogen therapy is ob-
tained in ̂ 70% of patients with "ER-rich" primary tumors, but only in ̂ 10% with
"ER-poor" tumors. In prostate cancer, the evidence for a similar type of rela-
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tionship between AR levels and a positive response to anti-androgen therapy is
only suggestive (cf. 7,8).

Given these features, it may be predicted with some confidence that if an
appropriate borated-steroid ligand for AR or ER (which may not necessarily be
a 170t-carboranyl sex hormone) could in fact deliver sufficient *-"B (1 to 2 V-g
per g nucleus) selectively to malignant cells, neutron irradiation of advanced
breast or prostatic tumors would not remove all malignant cells. Such NCT
would markedly and rapidly reduce tumor burden in a large majority of patients
with advanced prostatic cancer, and a smaller fraction of pati'ents with
advanced breast cancer. Thus, for advanced cancer, this form of therapy would
be "pallative," not "curative," since malignant ceils which ?.-£ "Ct. -poor" c
"AR-poor" would survive, proliferate, and eventually kill the patient.
However, significant benefits are to be expected in advanced disease with NCT.
The major reduction in tumor burden, as well as the reduced heterogenity of
surviving malignant clones, might well be critical for increasing the effec-
tiveness of other therapeutic modalities (e.g. immunotoxins, chemotherapy,
etc.). There is PISO the possibility, in early stages of these cancers, that
NCT might be curative. If all (or most) of the hormone-independent clones
(HI-C) arise from hormone-dependent clones (HD-C), as in

Normal Cell -»• HD-C ->• HI-C ,

then, depending on the dynamics of these cellular transformations, interven-
tion with our hypothetical l^B-steroid at appropriate early stages opens the
possibility of providing cancer "cure."

RECEPTOR CONCENTRATIONS IN TUMOR CELLS

Having pointed to possible benefits and limitations of NCT in prostatic
and breast cancer, let us return to the original question:

Using a steroid ligand coupled to a single carborane cage, are the ER or
AR concentrations in hormone-dependent tumor cells sufficient to provide
B concentrations of 1 to 2 Vg per g nucleus which we shall assume are

adequate for successful NCT?
Tie quantitative data required concerning receptor densities in prostate and
breast tumors in vivo (or in cancer cell lines) are not available, for several
reasons which will be briefly dif-:ussed: these relate to (i) general problems
of methodology for steroid receptor assay, and (ii) special problems relating
to receptor assay in malignant cells.

Some General Problems of Receptor Assay

The introduction of synthetic non-metabolizable steroid ligands f'j.g.
R-1881 for AR; R-2858 for ER; R-5020 for PR (progestin receptor)) liave removed
certain problems associated with receptor assay (cf. 7-9); however, other gen-
eral problems remain. One relates to the absence of a standardized procedure
for collection and workup of surgical tissue samples; unoccupied receptors,
which are very labile, may be destroyed during the (sometimes considerable)
interval in tissue transit between surgery and subsequent workup (even when
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the tissue is kept at low temperature). Receptors occupied with endogenous
hormone are more stable, but other difficulties relate to their measurement.
All of the published methods for assay of occupied recaptors underestimate re-
ceptor number (9). The values reported for occupied AR, ER, or GR (glucocor-
ticoid receptors) as measured by exchange assays thus represent only a frac-
tion of the occupied receptor initially present in the tissue. Underestima-
tion of receptor number is due to: loss of receptor binding sites during ex-
change incubation (due to proteases and other endogenous factors present in
crude homogenate fractions, which inactivate binding sites) even at 0°C, and
(ii) incomplete exchange of exogenous radioligand for endogenous hormone, this
because of the very slow dissociation rate of hormone-receptor complexes at
low temperature. In a collaborative study with Paul Robel and his associates
(Lab Hormones, Bicetre, France), we have recently described a combinatorial
procedure which provided maximal stabilization of occupied AR in rat ventral
prostate from mature animals (10); this involved "washout" of extracellular
proteases and secretory products from tissue prior to homogenization; inclu-
sion of a protease inhibitor (PMSF) and molybdate (a receptor stabilizing
agent) in the exchange medium; and long-term incubation of homogenates at 0°C
(96 hr). Using this "optimal" procedure, we were able to measure only »r50% of
the AR sites initially present by -^H-R-1881 exchange (10). Other assay
procedures, in which exchange was carried out for only 16 to 24 hr and ro spe-
cial attention was given to receptor stabilization, underestimated occupied re-
ceptors to an even greater extent. Thus, the receptor values reported for can-
cer samples obtained at surgery (as well as for cell lines) must be regarded
with caution, and at best represent low approximations of the true receptor
numbers.

Special Problems in Estimating Receptor Content in Malignant Cells

Surgical samples of primary tumors not only contain heterogenous clones
of malignant cells but are contaminated to a variable degree with normal
(epithelial and stromal) cells; since receptor content per unit cell may be
variable, true receptor densities in heterogenous tumor cells are difficult to
assess. Malignant cell lines grown in culture eliminate this particular diffi-
culty but introduce another; the number and types of receptors in a cancer
cell line may change dramatically during successive passages in culture, so
that there may be little relationship to the situation which obtained in vivo.
As a further problem, it is difficult to estimate receptor number per cell
from the available receptor data, generally reported in units of fmol/g tissue
or fmol/mg cytosolic protein. When data are expressed in units of fmol/mg
DNA, and the DNA content of the cell is not reported (as is most often the
case), accurate estimates of receptor content per cell are not possible. This
is a serious problem with malignant cells, in which the DNA content is gener-
ally greater than in normal diploid somatic cells but varies in a broad band
from less than diploid to tetraploid and beyond. Even if receptor concen-
trations per cell were known, morphometric measurements of nuclear volume are
necessary to estimate receptor content per g nucleus.

Some of the difficulties described above are illustrated in the receptor
data reported (11) for nine breast cancer lines grown in culture (Table 1);
of the various receptors measured, only the values for nuclear ER are expressed
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on a DNA basis, but the DNA content per unit cell was not reported. Occupied
ER and potential * B concentrations in the nucleus in these cell lines can be
estimated only by introducing reasonable assumptions about nuclear volume and
ploidy in these cell lines. Incidentally, it may be pointed out that in Table
1 the MCF-7 (SA) cells, which have the highest ER content it? the series tested,
were derived from MCF-7 (MRI) cells, which have about 1/5 the ER content
of the (SA) ceils.

Given the difficulties listed (as well as others not discussed), it is
possible to give only a first-order approximation of the receptor concentra-
tions, and the expected nuclear ltJB concentrations, to be achieved in tumor
cells using steroid ligands coupled to a single carborane cage.

Table 1. Receptor Content in Nine Breast Cancer Cell Lines (11)

Cell line

BT-20
SW 163
HBL-100
MDA MB 231
MDA MB 175
MDA MB 361
T 47 D
MCF-7 (MRI)
MCF-7 (SA)

Nuclear ER
(fmol/mg DNA)

Unfilled Filled

0
0
0
0
0

298
125
483
2500

0
0
0
0

125
11

268
58
0

Total

0
0
0
0

125
309
393
541
2500

ER

2
2
4
56
0
3
3
3
93

Cytosol
(fmo 1 /mg

PR

63
61
96
0
39
175

1221
72

300

receptors
protein)

GR

167
220
920
386
96
82
19

528
770

AR

24
4
0
0
0

140
31
101
24

NUCLEAR CONCENTRATIONS OF OCCUPIED RECEPTORS AND EXPECTED 10B LEVELS

Three cases will be examined to determine whether normal or malignant
cells treated with a steroid-ligand coupled to a single carborane cage have
sufficient receptor density to provide 1 ug/^B per g n u cl eus. In all cases,
the number of receptors per cell will be estimated from receptor number per
unit DNA. We assume that when receptors are occupied, 80% of these receptor-
complexes will be localized in the nucleus (12). There are reasonable
morphometric measurements of nuclear volume in normal epithelial cells from
the ventral prostate of mature rats (13); nuclear volume was 400 ]im^. We
shall assume that the nuclear volume in the malignant cells to be analyzed is
either similar to or somewhat greater (50%) than this value. With these
assumptions, it becomes possible to approximate ^"B concentrations per g
nucleus.
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a. Rat Ventral Prostate Epithelial Cells

Table 2 details how nuclear receptor content was estimated in rat pros-
tate, which is comprised predominately of epithelial cells (stromal cells rep-
resent only 10 to 20% of the cells in rat ventral prostate). In Table 2, data
are clearly differentiated from assumptions. The only assumption introduced
in this calculation is that the density of a nucleus is about 1.0, equivalent
to that of water; all other values are derived from experimental data. It
will be seen that the corrected AR value of 13.4 pmol/mg DNA is equivalent to
an intracellular AR concentration of 32 nM, with 173 psol AR per g nucleus.
The B expected in such a cell, where all AR is filled with a carboranyl-
steroid ligand, would be 17 ng per g nucleus. A 60-fold increase in ̂ B would
be required to achieve 1 yg per g nucleus.

Table 2. Estimation of AR Concentrations in Normal Epithelial Cells of
Ventral Prostate (Mature Rats)

Total AR detected by exchange (10) 6.7 pmol/mg DNA
Total AR (corrected) (10) 13.4 pmol/mg DNA
DNA content per cell (14) 6.4 pg
AR content per cell 8.6x10"^ fmol
AR content per nucleus 6.9xlO~-> fmol

Morphometric volumes (13) Cell = 3400 Jim3 = 3.4x10"^ yl
Nucleus = 400 ym3 = 0.4xl0"6 yl

Total aqueous volume in cell (80% of total vol) = 2.7xlO"6 yl
Concentration of AR in cell

(8.6xl0~5 fmol/2.7xlO~6 yl) = 32 fmol AR/yl = 32 pmol AR/ml
Concentration of AR in nucleus

(6.9xl0~5 fmol/0.4xlO-6 yl) = 173 fmol/yl = 173 pmol/ml (or g)
10B expected in nucleus 1.73 nmol/g = 17.3 ng/g

b. MCF-7 (SA) Breast Cancer Cell

This cell line, a widely used model for study of estrogen action at the
cellular level, has the highest ER concentration per unit DNA among the nine
breast cancer lines shown in Table 1. Table 3 shows the specific assumptions
used to calculate ER content per nucleus. Despite the assumption that the ER
is twice that actually reported, this calculation reveals that a 67-fold in-
crease in ER would be necessary to achieve a value of 1 yg ̂ B/g nucleus.

c. Primary Prostatic Cancer

The available evidence indicates that most (85 to 100%) primary carcinoma
samples contain occupied AR with mean receptor number per unit DNA roughly

- 202 -



Table 3. Estimation of ^ B Nuclear Concentrations Expected in MCF-7 (SA)
Breast Cancer Cells Loaded with 17a-Carboranyl-estradiol

Total nuclear ER (11) 2.5 pmol/mg DNA
Total nuclear ER (arbitrarily "corrected") 5.0 pmol/mg DNA
DNA content per nucleus (ploidy assumed) 15 pg
ER content per cell 7.5xl0~5 fmol
ER content per nucleus 6.0x10"^ fmol
Assume nuclear volume 400 ]i^ - 0.4x10"^ Ul
ER concentration in nucleus

(60xl0"6 fmol/0.4xlO"6 yl) = 150 fmol/yl = 150 pmol/ml (or g)
10B expected in nucleus 1.5 nmol/g = 15 ng/g

equivalent to the AR values with normal or hyperplastic human prostate samples
(8,15,16). In addition, PR has been detected in cytosol fractions of many
prostatic cancer samples as well as in normal and hyperplastic prostate tissue
(17). As expected, PR in prostate is unoccupied and found exclusively in the
cytosol fraction. There is not sufficient data to compare PR levels in normal
vs cancer tissue. GR has not been detected in cytosol fractions of either pri-
mary prostatic cancer or non-malignant prostate tissue (8); however, occupied
nuclear GR was not examined. Moreover, GR occupied with cortisol (expected to
be localized in the nucleus) would probably not be detected with the technics
used. ER is present irregularly in prostatic cancer samples in low concentra-
tions relative to either AR or PR (cf. 18,19).

In a collaborative study with Robel and associates (20), we have examined
the receptor content of normal human prostate tissue, dissected from aged pa-
tients undergoing cystectomy for bladder cancer, relative to hyperplastic
prostatic tissue, using the procedures previously described to maximize irecep-
tor stability. Although we did not measure prostatic cancer samples, we will
assume for the sake of this discussion that the receptor values obtained in
normal human prostate are similar to those found in primary prostatic cancer.
The results obtained in normal human prostate are shown in Table 4, with and
without correction for AR and ER degradation during incubation and for incom-
plete exchange.

If we assume thai. AR ana PR are both present in the same malignant cell
(which may not necessarily be so) and that all of these sites were filled by a

carboranyl-steroid ligand with high affinity for both AR and PR, (of which
R-1881 is only one of many examples (cf. 21)), then it is possible to obtain
an approximate value for expected nuclear 1 0B, making reasonable assumptions
about ploidy and nuclear volumes, as shown in Table 5.

d. Summary

The result of this analysis indicates that the concentrations of AR and
PR in malignant prostatic cells or of ER in malignant mammary cells are too
low to achieve nuclear 10B concentrations of 1 yg per g of tumor by using a
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Table 4. Steroid

Zone

Periurethral
(inner)

Peripheral
(outer)

Mean (frequency)

Receptors

Found

1.7±0.4
(5/5)
1.5±0.5
(7/7)
(12/12)

in Normal Prostate (pmol/mg DNA,

AR
"Corr"*

3.4

3.0

3.2

PR
Found

2.4+0.7
(5/5)
1.7±0.5
(5/7)
(10/12)

"Corr"

2.4

1.7

1.9

mean ± SEM)

ER
Found

0.110.1
(2/5)
0.1+0.1
(4/6)
(6/11)

(20)

"Corr"

0.2

0.2

0.2

*Based on assumption that exchange procedure measured only -7*50% of receptor

present.
AR: Incubation 72 h at 0 to 4° with 3H-R-1881 in presence of 5 ]M triamcino-

lone acetonide (±100-fold excess radioinert R-1881).
PR: Incubation 16 h at 0 to 4° with 3H-R-5020 in presence of DHT (20 nM)

and cortisol (500 nM) (±100-fold excess R-5020).
ER: Incubation 72 h at 0 to 4° with 3H-estradiol in presence of DHT (20 nM)

(±100-fold e;tcess DES).

Table 5. Estimate of Nuclear Concentrations of B in Prostatic Cancer Cells,
Using a Carboranyl-steroid which Occupies Both AR and PR

Assume:

Assume:

Cancer cells have AR and PR concentrations present in normal prostate
tissue: AR + PR = 5.1 pmol/mg DNA.
DNA in cancer cells is 2x that in normal diploid cells:

20 pg DNA/nucleus.
Then AR + PR = 102xl0"6 fmol/cell

82xlO~6 fmol/nucleus.
Assume:
Nuclear concentration of AR + PR = 133 to 200 fmol/yl

= 133 to 200 pmol/ml (or g).
l̂ B nuclear concentration:

1.3 to 2.0 nmol/ml (or g) = 13 to 20 ng 10B/g nucleus.

Nuclear volume 400 to 600 lim3, equivalent to 0.4 to 0.6X10"13 yl.

steroid ligand coupled to a single carborane cage. In the case of ventral
prostate of mature rats, where minimal assumptions were introduced to estimate
nuclear 1UB content, a 60-fold increase in ^ B is required to achieve the nu-
claar levels required for therapeutically meaningful thermal neutron activa-
tion of the B(n,a) Li reaction in epithelial cells. Using generous assump-
tions about receptor levels in prostatic cancer samples (containing AR plus
PR) or in the HCF-7 breast cancer line (containing ER), it was estimated that
a 50- to 80-fold increase in nuclear 10B would be required to achieve levels
of 1 yg per g.
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THE PROBLEM: HOW TO INCREASE 10B ACCUMULATION IN MALIGNANT PROPTATIC CELLS
BY ABOUT TWO ORDERS OF MAGNITUDE?

Whether this is possible is problematic, but it is unlikely to be
achieved solely by procedures which increase receptor content per cell or the
boron content of a steroid ligand. However, a combinatorial strategy may be
successful. Since NCT, if successful, would be expected to benefit a greater
fraction of patients with prostate cancer than with breast cancer, let us con-
sider some of the possibilities for increasing B in malignant prostatic
cells with AR and PR, using a combinatorial approach.

1. It may be possible to couple two carborane cages to a single steroid
ligand, retaining affinity for AR and PR, with translocation and nuclear accu-
mulation of the occupied receptors. If it is possible, *"B would be increased
2-fold with this hypothetical borated steroid.

2. Our estimate of AR and PR in human prostate is based on data from
aged men (>60 yr old). It is known that prostate AR levels in rats decrease
with age and can be restored to levels found in young adults by administration
of testosterone (22). Since the hypothetical ^B-steroid to be used should be
an active androgen, AR levels might be increased 2- to 4-fold, with an addi-
tional 2- to 4-fold increase in ̂ ^B.

3. Finally, all steroid ligands bind to non-receptor proteins, as well
as receptor proteins. Indeed, this is a major problem in steroid receptor
assay. These low-affinity binding sites are present in great number relative
to high-affinity receptors (Kp «/* 1 nM). Therefore it is possible that by
using pharmacological concentrations of our hypothetical B-steroid, binding
to non-receptor proteins present in cancer cells may increase ^"B concentra-
tions another 10-fold (perhaps greater), to a total of 80-fold, so that 103
levels of 1 yg per g nucleus may be approached. If NCT can be successfully ef-
fective with the 10- to 20-fold reduction in ^ B by the procedures suggested
by Fairchild (this Symposium), namely, using fractionated doses of
monoenergetic 2-keV neutrons, then the prospect of success of NCT for
prostatic cancer becomes even more promising.

Based on these admittedly speculative considerations, a collaborative pro-
ject has been established to study the potential of *"B-steroids for NCT of
prostatic cancer, in which a majority of the afflicted patients have hormone-
dependent tumors. In addition to Hechter and Schwartz, the group consists of
P. Robel and E.E. Baulieu (Lab Hormones, Bicetre, France) and R.G. Fairchild
and V.F. Bond (Brookhaven National Laboratory). Roussel, Uclaf (Romainville,
France) has agreed to synthesize the borated steroids for this project.

All members of our group recognize that the specific strategy suggested
can be evaluated only by experimental analysis. However, we believe that an
approach of this type merits serious investigation, since there is a reason-
able possibility that ^ B neutron capture may kill prostatic cancer clones
containing AR and PR not only in early but also in advanced stages of
prostatic cancer. At present it is not possible to predict whether or not our
ideas about 10B neutron capture in prostatic cancer will be validated by hard
experimental evidence. However, should this approach prove to be successful,
radiotherapy for early stages of prostatic cancer in the future might well in-
volve irradiation with epithermal neutron beams as well as with conventional
megavoltage photons (with a corresponding reduction of radiation "side-
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effects"). Beams of epithermal neutrons directed at pelvic lymph nodes or
bones with metastases may markedly (and rapidly) reduce tumor volume with mini-
mal toxic side-effects. Reduction in tumor volume as well as a reduced number
of malignant clones, together with the new possibilities of immunological ther-
apy, raise the prospect that curative procedures for prostatic cancer may be-
come available during the next decade.
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CHEMICAL OVERVIEW OF BORON NEUTRON CAPTURE THERAPY

Albert H. Soloway, Rolf F. Barth, Faz lu l Alam and Waiter E. Carey

College of Pharmacy and Departments of Pathology and Nuclear Engineering
The Ohio S t a t e Univers i ty , Columbus, Ohio 43210

The t h e o r e t i c a l a t t r a c t i v e n e s s of Neutron Capture Therapy (NCT) versus
other r a d i o - and chemotherapeutic approaches for the t rea tment of cancer i s
as appeal ing now as when f i r s t proposed by Locher ( 1 ) . The concept of u s i n g
two components, each r e l a t i v e l y innocuous, whose i n t e r a c t i o n produces
intense, ionizing radiation that is confined to single or adjacent cancer
cells has obvious advantages. First and foremost, selective destruction may
be achieved without adversely affecting nearby normal tissues. Second, and
of equal importance, is the short mean free path of the heavy particles
generated by NCT, and the limiting of ionizing radiation to a short distance
from the point of neutron capture. Third, is the ability to vary each of
the two components of the reaction independently from one another in order
to achieve a cytocidal effect. Compared to conventional cancer
chemotherapy, where toxic drugs are administered with l i t t l e ability to
control their distribution or deleterious effects on normal cells, one can
readily appreciate the selectivity of NCT. Similarly, when ionizing
radiation, such as externally directed, high energy particles» is used, the
irradiated area usually has been predetermined. Consequently, there is
l i t t l e opportunity to limit the destructive events in normal tissues, once
the process has been initiated.

Various nuclides that have a relatively high capture cross section for
thermal neutrons are listed in Table 1. Some have been considered as poten-
t ial candidates for NCT, and a few are normally radioactive, which would
diminish their attractiveness. Others give rise to gamma rays as a product
of the capture reaction, and therefore the ionizing radiation is not
discretely confined to individual target cells. For s t i l l others, the
ability to incorporate the particular nuclide into compounds that would be
stable under physiological conditions is problematic. For these reasons,
much of the chemical effort in NCT has focused on the fission reaction of
boron-10:

10B + n , + [nB] + 7Li (0.87 MeV) + a (1.52 MeV) .tn

Table 1.

Nuclide
b I i
1 0 B
113Cd
13 5 X e *
149Sm
ISlEu
45SGd

* Nuclides

Thermal Neutron Capture
Po ten t i a l Nuclides for

Cross Section (a)
(barns)

953
3,837

20,000
2,720,000

41,500
5,900

58,000
are radioactive

Cross Section Values in Barns of
Neutron Capture Therapy

Nuclide
l$ ^Gd
17-4 Hf
1 9 9 H g

235y*
24lpu*
2 4 2 ^ *

Cross Section (a)
(barns)
240,000

400
2,000

678
1,375
8,000
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In this overview, we will touch on historical events, but more impor-
tantly we will focus on present work and future possibilities. In the early
1950's, chemists were, for the most part, not involved in NCT, and it was
rhe physicists and clinicians who led the way. For this reason, boric acid
and various borates, which were readily available, initially were screened
in animals and ultimately were used clinically. Due to the interest of Dr.
Sweet at the Massachusetts General Hospital and Dr. Farr at the Brookhaven
National Laboratory, therapy largely was oriented towards patients with
malignant brain tumors. These infiltrating neoplasms did not metastasize,
were very lethal despite extensive surgery, and were unresponsive to conven-
tional chemo- and radiotherapy. Concern,then, centered on determining which
compounds would be excluded from normal brain tissue due to the blood-brain
barrier, and which would achieve reasonable concentrations in brain tumors
for specific time periods. A summary of tumor:brain boron ratios of various
boronic acids and their physiochemical parameters are presented in Table 2.
At that time significant progress in both the synthesis and structural
determination of polyhedral boranes and carboranes was being made by
Muetterties, Knoth and their collaborators at DuPont, by Heying and *
Schroeder at Olin, by Lipscomb at Harvard, by Kaczmarczyk at Tufts, by
Hawthorne at U.C.L.A., and by Shore at Ohio State. Many compounds were
extremely stable both chemically and physiologically. During the 1950's and
early 60's some of these compounds, boronic/borinic acids and their deriva-
tives and boron/nitrogen isosteres of various organic structures wete
screened in animals and ultimately evaluated in man. Of these, two com-
pounds, p-carboxybenzene-boronic acid and sodium decahydrodecaborate, showed
tumor localizing properties in mouse ependymoblastomas (Figure 1) and human
glioblastomas (Figure 2).

Fig. 1. Tumor/Bcain Boron Ratios
in Mice

Fig. 2.' Boron Concentrations
in Human Brain Tumors

— P-Carboiybenztflaboroflic Acid-

- O — Sodium Parhydrodtcotioralt

i

J _ J_ I I I

0

8

6

4

2

• =

o =

T "

-1

|

Normal brain (27)

GlioblattOiia multiforme (20)

Men%i{:oma, Acoustic neuroma
end Neuroiibroma (10)

AV_

! 1 1 1 1 1 1 1

T

n

1
JO 60 SO 120 ISO

TIME IN UINUTES

20 40 60 60 100

TIME IN MINUTES

- 208 -



Table 2. Tumor/Brain Ratios of Various Boronic Acids

Substituted
Benzeneboronic Acid

X—Ph—B(OH)n

4-Si(CH3)3
2,4,6-tri-CH3

3-CF3
2-CH20H (anhydride)
4-SCH?

4-OC2H5
4-C1
2-CH3
3-GH3
4-CH3
4-OCH3
4-F
4-H
2-N02

3-N02

3-NHCOOC2H5
4-CHO
3-GO2-4-CH2
3-NO2-4-COOH
3-NH2-4-CH3
4-COOH
3-N02-5-NH2

4-B(0H) 2

3-NH3
4-N(CH3)2

3-NHCOC6H5-5-COOH
2-N02-4-NH2

3-COOH
4-CH2CHCOO

3-OH
4-OH
2-NO2-4-C00H
3-NH2-4-COOH
3-NHCOCH2CH2COOH
3-NHCONH2
3 ,5 -d i -NH 2

2-CH 3 -3 ,5-d i -NH 2

2-CH2-4-COOH

Aqueous/Benzene
Partition Coefficients

0.03
0.4
0 . 4
0 .6
0.7
0 .8
1
1
2
2
2
3
3
6
7
12
14
29
29
51
67
67
170
200
200
200
200
200
200
200

200
200
200
200
200
200
200
200
200

Tumor/Brain
Boron Ratios

0.1*
0.2*
0.2*

*
0.2*
0.2*
0.6
0.4
0 .4
0 .3
0 .3
0.7
0 .3
0.7
0.6
0 .4
0 .6
0.6
0 .5
2.5
0 .9
4 .8
1.8
2 .3
1.2
1.4
4 .0
2.6
5.7
8.5

1.5
1.6
7.7
6.4
6.9
7.5
7.5
4 .8
7.3

*Animals died at low doses of the compound
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Boron-10 enriched compounds were prepared and a clinical trial was
initiated in patients at the Massachusetts General Hospital. The failure to
obtain a significant therapeutic effect in this study could be attributed to
non-uniform distribution of the compounds in the tumor and uptake by
surrounding normal brain tissue. Furthermore, blood levels were high and
this resulted in exposure of the vessel walls to cytocidal doses of
radiation, thereby producing necrosis of the vascular endothelium. Normal
brain and tumor destruction, therefore, were directly attributable not only
to the alpha irradiation but also to ischemic necrosis.

For this reason, studies were initia!-ad to screen compounds that would
leave the vascular compartment and become more selectively localized in
malignant cells. Even prior to this, boron compounds were being synthesized
with the objective that they might selectively be incorporated into more
rapidly dividing neoplastic cells. The clinical failures provided
additional impetus for these studies. Boron-containing anti-metabolites and
other tumoristatic compounds were synthesized, including amino acids,
purines, pyrimidines and various alkylating agents. A few examples of the
types of compounds that were synthesized by one of us (A.H.S.) and evaluated
biologically are presented in Figure 3.

Figure 3. Examples of Boron Compounds Evaluated Biologically

HC--I?—^ ;^N(CH 2CH 2C1^

Bi0H10

CH3SO2OCH2C CCH2OSO2CH3

B10H10

At the same time a number of polyhedral boranes, synthesized at DuPont, were
evaluated in tumor-bearing mice for their ability to leave the vascular com-
partment and localize in tumors. Two compounds that displayed these proper-
ties were Na2B12H11SH and Na2BloCl8(SH)2 (2). These promising initial
results in animals, summarized in Table 3, led Hatanaka (3) to use 10B-
enriched Na2B12H11SH for NCT in patients. Although this compound per se did
not demonstrate a high degree of specificity for malignant cells, the basis
for its selectivity is of significant interest and may aid in the design of
new compounds that are more specific.
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Table 3. Tumor and Blood Distribution of Bl2H11SH2-
Micrograms of Boron/g
Tumor

17.2
21.8

6 .5
4 . 4

33.0
6.0

37.6
19.9

4 .2
5 .0

13.3
7.5

23.4
18.7

Blood
4 . 4
5 .0
1.7
2 . 1
6 .2
2 .2
2 . 1
3 .9
1.1
1.8
2 . 0
0 . 9
3.4
3 . 3

Tumor:Blood Ratio
3~9
4.4

83
2
5
2

17
5
3
2
6
8
6
5

Average: 5.7
Dose: 35 tig Boron/g mouse/day
Total Dose: 175 pg Boron/g

With the development of hybridoma technology and the production, isola-
tion and purification of monoclonal antibodies directed against tumor-
associated antigens, there has been resurgent interest in the potential use
of antibodies for the specific delivery of tumoricidal agents. Antedating
the era of monoclonal antibodies, i n i t i a l studies by one of us (A.H.S.)
focused on the question of whether polyclonal antibodies could be boronated
with a sufficient amount cf boron and yet retain their water solubili ty.
Some of these compounds and the early results on their covalent attachment
to antibody molecules are shown in Figure 4 and Table 4.

Fig. 4. Structures of the
Frotein-Bindng Polyhedral
Borane Derivatives

I,IO-(CH3)2SB,OHBSCHS

CH2

H(CHOH)5C(O)NH

Table 4. Molar Concentrations of Boron and
Protein and Their Mole Ratios in the
Coupling Reaction Mixtures and in the
Purified Conjugate

l a , X = NH2
b, X = NCS
c, X = CO2H

Compd
l a

l b

l c

Reaction mixture

[Boron]"
(M X 103)

3.96
5.28
7.92
3.90
5.20
7.80
3.7 5
5.00
7.50

[Protein]
(M X 106)

6.50
6.50
6.50
6.50
6.50
6.50
6.70
6.70
6.70

r Boron!

LprotL-inJ
(molar
ratio)

610
810

1200
600
800

1200
500
750

1100

Conjugate
P boron"!

(_proteinj
(molar
ratio)

26
82
99

410
590

1100
85

120
260

° Calculated as gram-formula weights of the element per
liter of solution.
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High levels of binding are a necessary requirement, but clearly not
the only one. WeHum, Zamenhof and Tolpin (4) have focused on two critical
factocs: 1) Antigen-antibody association constants (K ), and 2) antigen
site densities. A high K is essential, if there is to be any potential for
NCT using boronated antibodies. That in and of itself will not be
sufficient if the antigen site density is low. Since the amount of bo*:jn
delivered to the tumor cell will be proportional to the antigen site
density, the most favorable conditions for NCT involve a high antigen site
density. Calculations show that approximately 109 boron atoms per tumor
cell will be required for a lethal n,a reaction (5). Thus, with an antigen
site density of 106 recepto" sites per cell, 1,000 boron atoms will be
needed per antibody molecule.

A fundamental question that must be answered is whether the boronated
antibodies would retain their tumor-localizing properties, and whether all
malignant cells express the relevant tumor-associated antigens. The more
highly boronated the antibody, the greater its potential to deliver destruc-
tive alpha particles to target cells. At the same time, adding additional
boron moieties increases the probability that the altered antibodies may
show reduced K 's, by either directly or indirectly affecting the combining
sites, furthermore, boronation may be variable, and, for the following
reasons, there may be a need to separate non-or lightly boronated molecules
from heavily boronated ones. First, the boron groups are relatively low in
molecular weight, perhaps less than 1,000. An increase of that order of
magnit'ide to an antibody with a molecular weight in the range of 150,000
would be inconsequential. Thus, separation of the monoclonal antibodies
from the non-boronated or lightly boronated antibodies might be difficult.
Furthermore, the non-boronated antibodies might have higher K 's and
preferentially bind to the tumor cells. On the other hand, tne more highly
boronated the species, the fewer the number of molecules that would be required
to sustain a lethal n,a reaction. Ideally, then, we would like to maximize
the degree of boronation without reducing the affinity, avidity or tumor
localizing properties of the antibodies. Since the non-boronated antibodies
may be more effective in competing for antigen binding sites than their
boronated counterparts, it may be desirable to separate out the boronated
from the non-boronated antibodies. These problems might be obviated by
linking a heavily boronated macromolecule to the antibody. For example,
attachment of a boron polymer with a molecular weight of 30,000 to an
antibody with a molecular weight of 150,000 would increase its weight by 20%
with the addition of the first unit. Such an increase in molecular weight
might considerably simplify the separation of non-boronated from boronated
molecules. This also would fulfill the requirement of delivery of a
critical number of boron atoms to each target cell. The synthesis of such a
polymeric species containing protein-binding functional groups should be
well within our capabilities. Our own preliminary data have shown that is is
possible to link polyhedral boranes to antibody molecules, and to deliver a
critical amount of boron-10 to sustain a lethal n,a reaction (6). In
concluding this section relative to boronated antibodies, it is fair to say
that although monoclonal antibodies appear to offer great potential as the
so-called "magic bullet", translating that potential into a practical thera-
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peutic method for NCT still remains a challenge. On the other hand,
significant problems have been encountered in the jln vivo use of
immunotoxins (7), but this has not detracted from their fundamental
attractiveness as tumoricidal agents. Taken in its proper perspective,
extraordinary advances have been made in the area of hybridoma technology
over the past five years, and the potential for using monoclonal antibodies
for targeting still remains great.

Not all of the recent work has focused solely on the incorporation of
boron into antibodies and other macromolecules. Significant effort also has
been directed towards the synthesis of boron analogues of amino acids,
purines, pyrimidines and other nucleic acid precursors. The rationale for
this is clear, namely, that rapidly dividing tumor cells might incorporate
these analogues into cellular organelles or constituents. In addition,
investigators have been concerned with the synthesis of boronated steroids,
e°7Ẑ -.<illy estrogens, for incorporation of boron into tumor cells that
express these receptors. Such compounds ultimately might localize in the
cell nucleus, thereby increasing their potential to sustain a lethal n,a
reaction. The key problem again is to achieve critical boron levels.
Syn hesis of borcn; ted derivaties of compounds that have shown a clear
predilection for tuiror cells also is a very active research area. Among
these are boron-labeled porphyrins, tetracyclines and the very interesting
work using boronated chlorpromazine for targeting to melanoma cells (8).
There are many alternatives, therefore, to develop boron compounds that
might selectively localize in neoplastic cells. These compounds could be
used together with antibodies to deliver the requisite amount of 10B to
tumor target cells.

The stage, which we presently are at, is analogous to the state of
cancer chemotherapy in the early 1950's. At that time single agents, many
of which were relatively ineffective and are no longer used, were employed.
Contrast this to the situation today, where combinations of more selectively
tumoricidal drugs are used together with surgery and radiation to
effectively treat cancer patients. Seen in this context, it would be most
appropriate to ask the question "why shouldn't NCT be used in combination
with other therapeutic modalities?" The key problems have been outlined in
the preceding discussion. If they can be circumvented, then NCT may have an
important role to play in cancer therapy in the next decade, and it might
contribute to a further improvement in the survival rates for those tumors
that currently are associated with high mortality. NCT can destroy tumor
cells. The limitation has been the requirement to destroy every single
tumor cell, but if NCT is combined with other therapeutic modalities it may
well provide the basis for total eradication of the malignant cell
population.
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ABSTRACT

2ie specif ic objectives of t h i s study are t o develop boron labeling
methods which maximize the boron-10 content of antibodies against car-
cinoembryonic antigen (CEA) while minimizing antibody protein prec ip i ta -
t ion and to measure the select ive tumor accretion of boron-10 by these
boron-10-labeled, tumor local iz ing antibodies. The boron labeling of
antiCEA IgG with p-[l,2-dicarba-clQsa-[l-3H]dodecaboran(12)-2-yl]-
benzenediazonium ion ([3H]DBD) has been investigated and in vivo
studies using hamsters bearing GW-39 tumors show that boron-10-labelad
anti-CEA IgG re ta ins selective local izat ion in tumors. To further in-
vestigate the boron labeling of anti-CEA IgG, new boron containing com-
pounds which can be used to conjugate antibodies have been synthesized,
including those expected to have enhanced water so lub i l i t i e s .

RESULTS AND DISCUSSION

More than 3 decades have passed since Bale suggested that boron con-
jugated to antitumor antibodies might provide a select ive and effect ive
method of cancer therapy. (1) Recent c l in ica l studies have affirmed that
a number of antitumor antibodies can accrete select ively in tumors con-
taining the appropriate antigen target , and when these antibodies are
labeled with a suitable radionuclide, tumor imaging (radioimmunodetection
of cancer) i s achieved (2-8). I t thus became apparent to us tha t the
conditions were favorable for a reexamination of the potential use; of
antitumor antibodies as a vehicle for delivering boron-10 to tumors as
neutron-capture agents.

Radioactivity was used as the method of choice for the determination
of the conjugation efficiency of [3H]DBD with purified anti-CEA IgG. (9)
Consequently, l-phenyl-l ,2-dicarba closo-dodecaborane(12) was t r i t i a t e d
and converted to [l-3H]dodecaborane(12) as described in Figure 1. Two
preparations of the t r i t i a t e d aminophenyl der ivat ive were carr ied out
with 3H2O biological grade, having specific a c t i v i t i e s of 0.1 and 5.0
Ci/ml. Diazotization of these samplesf followed by quant i ta t ive
azo-coupling t o 2-naphthol, provided solutions of the highly colored azo
derivative (£435 = 1.98 x 104 M-lcnT1), which were simultaneously
examined by absorbance measurements and 3H radioassay.
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x

m

3 I
I

5 10 15
WOLE TRITIATED CARBORANE « 10"*

Figure 2. Determination of cpn per mol for two
tritiated carborane preparations.

Because one carborane group is present in each molecule of the azo-coupling
product, i t was possible to determine the cpn of 3H per mol of PH]DBD from
least-squares plots of absorbance vs. cpm corrected for the background
value (Fig. 2). Valuss of 3.81 x 1011 and 2.45 x iO1^ cpm of 3R per
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mol of t r i t ia ted carborane substituent were obtained. The tritium assayed by
this procedure was shown to be associated with only the [3H]DBD by comparative
thin-layer chromatography of the 2-naphthol azo-coupling product against a l l
possible contaminants. As expected, specific activity was found to be
independent of [3H]DBD concentration. Therefore, i t is only necessary to
determine the specific activity of each 2-(p-aminophenyl)-l,2-dicarba
-£lQEJ2-[l-3H]dodecaborane(12) preparation once from a plot similar to that
shown in Figure 2.

Table

Molar
ratio

10:1

20:1

50:1

100:1

antt

1. Effect of [3H]DBD-to-antibody protein
on carborane labeling at pH 6.5 and 7

pa

6.5
7 .5
6.5
7.5
6.5
7.5
6.5
7.5

carborane/irM

Carborane
cage/antibody molecule

1.6
2.6
4.4
5.9
5.8

13.7
10.8
12.4

antibody protein.

molar ratio
.5

Recovery of
antibody protein, %

100
77
82
71
42
33
10

6

The results obtained with conjugation procedures using different
molar ratios of [3H]DBD to anti-CEA igG at different pH are given in
Table 1. As many as fourteen ccirborane cages or 140 boron atoms can be
covalently attached to each antibody molecule; however, as the number of
carborane cages that are bound per antibody molecule increases, so does
denaturation of antibody protein. Coupling conditions were also observed
to affect the degree of antibody precipitation. Although the number of
bonded carborane cages per antibody molecule was greater at pH 7.5 than
at pH 6.5, the loss of antibody protein had also increased. Whether the
loss of antibody protein was due to denaturation during the labeling
procedure or to a decrease in the solubility of the carborane antibody
conjugates is unknown.

Anti-CEA IgG was labeled with the [3H]DED of higher specific
activity in order to measure the recovery of immunoreactive antibody
protein. The anti-CEA IgG was conjugated at pH 6.5 with molar ratios of
[3H]DBD to antibody of 5:1, 10:1, 20:1, and 30:1. The conjugates
obtained had 1.4, 3.6, 5.5, and 7.8 carborane cages per antibody
molecule, respectively. There was no significant loss of antibody
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protein with a molar ratio of 20:1 or less. The percentage of
immunoreactivity with a CEA immunoadsorbent of the four carborane
anti-CEA IgG conjugates was similar to that of the control radioiodinated
antibody preparation.

Table 2. Immunoreactivity of carborane-conjugated and
non-conjugated goat anti-CEA antibody

Percent of Radioactivity Bound

Kynar anti-goat IoGa CEA immunoc

[3H]DBD-goat anti-CEA 79 80
[3H]DBD-normal goat IgG 79 8
131I-goat anti-CEA- [3H]DBD 84 71
125I-normal goat IgG-[3H]DBD 86 4
131i-goat anti-CEA 87 69
125I-normal ,goat IgG 81 5

Values given for the Kynar assay reflect subtraction of non-
specific binding of the samples to Kynar goat anti-rabbit IgG.

Since the in vivo distribution of [3H]DBD-anti-CEA conjugates
could not be monitored by 3H-activity due to the low specific activity,
the [3H]DBD-IgG conjugates were radioiodinated. As shown in Table 2,
antibody activity as determined by the binding of either the tritium or
the iodine isotope to a CEA immunoadsorbent or Kynar donkey anti-goat IgG
was similar, indicating that neither the [3H]DBD coupling nor the sub-
sequent radioiodination of the conjugates influenced antibody activity.

Hamsters were injected intra musculature in both hind legs with 0.5 id.
of a 20% suspension of freshly excised GW-39, a CEA-producing human colonic
cancer xenograft (10). After allowing 6 days for tumor growth, the
animals were injected inter peritoneal with either a mixture of 1311-
anti-CEA/125i-nonnal I9G o r 13ll-anti-CEA antibody- [3H]DBD/ 125I -
normal IgG[3H]EBD. Animals were sacrificed 1, 3 and 7 days post-injection.
The tumors and "r~.an^ were removed and counted for both 131i and 125i i n a
Eackard Auto-Game Scintillation Spectrometer. Tissue distributions were
calculated according to the following formulae: % injected dose per gram
tissue = 100 (cpm per gram tissue/total cpm injected); tumor/non-tumor ratio =
cpm per gram tumor/cpm per gram non-tumor tissue; localization ratio = (cpm
anti-CEA antibody per gram/cpm normal IgG per gram)/(cpm antibody injected/cpm
normal TgG injected); localization index = localization ratio tumor/localiza-
tion ratio blood.
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Figure 3. Graphical representation of carborane conjugated
and non-oonjugated IgG tumor/non-tumor ratios.

Figure 3 shows representative tissue distribution data from 1 of 2
separate in Vivo localization experiments comparing non-conjugated
anti-CEA antibody to carborane-conjugated antibody (carborane:IgG ratio =
3). The data il lustrate that conjugation of carborane to che anti-CEA
antibody did not appreciably alter the specific tumor localization
properties of the antibody, nor was there any significant difference in
the antibody distribution in the non-tumor tissues.

The conjugated and non-conjugated antibody as well ?s the normal IgG
were a l l cleared from the circulation at the same rate (Fig. 4a), but the
average percent of the conjugated antibody remaining in the circulation
was generally observed to be slightly lower than the non-conjugated
antibody. Maximum accretion of the antibody in the tumor was observed at
day 3 for both samples (Fig. 4b). The average percent injected dose per
gram tumor for the non-conjugated antibody was higher than for the conjugated
antibody on day 3, but the difference was not statist ically significant
(p > 0.10). Differences were evident in the amount of normal IgG in the
blood and the tumor (Fig. 4a and 4b). Calculation of the localisation
index, a value that corrects for radioactivity differences in the blood
(11), revealed that there was no significant difference between the
conjugated and non-conjugated samples (5.4 + 0.48 and 4.9 + 0.17
respectively). This suggests that the major factor contributing to the
lower localization ratio of the non-conjugated sample was ie
slower clearance from the blood of the non-conjugated normal IgG.
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s 4. Blood clearance (a) and twor localization (b) of
radioiodinated, carborane-oonjugated and non-conju-
gated goat anti-CEA antibody or normal goat IgG in
GW-39 tumor-bearing hamsters. Values represent the
means +, S.E.; n = 5 animals, 2 tumors per animal.

Table 3 .

3H-f!arhni

In xi

ranp- anl-

tiQ stability

i-TRA

of 3H-carborane-antibody conjugates

Affinity Chromatography
Percent 3fi-Bound

Untreated
24hr/37o C hamster plasma

"H-carborane-normal goat IqG

Untreated
24hr/37o c hamster plasma

80.1
74.6

8.1
6.2

3H-carborane-IgG(100 yl) was incubated for "24 hr/37° C in 1 ml of 0.01 H
PO4 buffered saline, pH = 7.2 (untreated) or 1 ml of normal hamster plasma.
Trie samples were then passed over a CEA immunoadsorbent and
the amount of 3u-activity was determined.
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The plasma stability of the [3H]DBD-anti-CEA antibody was determined
by affinity chronatography after incubation of the conjugated antibody in
normal hamster plasma for 24 hr at 37° C. Table 3 shows the percentage
of [3H]EBD-anti-CEA antibody bound to a CEA immunoadsorbent remained the
same after incubation in plasma, indicating no loss in the amount of
[3H]EBD from the coupled antibody.

From the foregoing results, it is apparent that the carborane-
conjugated anti-CEA antibodies retained insnunoreactivity as well as their
efficacy for selective accretion in the CEA-containing human colonic
tumors, thus supporting the view that boron-10 can be transported to
neoplasms selectively by being conjugated to antitumor antibodies.
Indeed, the localization ratios and tumor/non-tumor ratios achieved with
the boron labeled antibodies were not inferior to those obtained with
non-conjugated antibodies to CEA. Nevertheless, it is as yet premature
to conclude that the quantity of boron delivered to the tumors is
sufficient to achieve their destruction by neutron-capture therapy,
despite the fact that up to 30 boron-10 atoms can be conjugated to each
antibody IgG molecule. Direct measurements of boron-10 content in the
tissues as well as the cytotoxic effects of thermal neutrons are the
objectives of current experiments.

B,OH IO
 s

S
3HC—CHfoVNCS ., „ A.bNHA . • H C - r . C ^ V ' ^

\o / Xzy Na.COj/NaHCOj Duffer \ y \ - i /
B,oHio (pH=9 15) B I O H I C

note Ab«ar»ibody Figure 5.

To further investigate the boron labeling of anti-CEA, new boron
containing compounds that can be used to conjugate antibodies have been
synthesized, including those expected to have enhanced water solubilit ies.
Two compounds that employ different antibody conjugating procedures are
the phenylisothiocyanate and N-succinimidyl ester derivatives of 1,2-
dicarba-cJLQSfi-dodecaborane (12). The phenylisothiocyanate derivative
reacts with glycine methyl ester hydrochloride in sodium carbonate/bi-
carbonate buffer (pH=9.15) and in the same manner can react with antibody
primary amino groups to give the corresponding theioureas. (Fig. 5).
The N-succinimidyl ester derivative can react with antibody primary amino
groups in 0.1M IBS (pfl=7.5) (Fig. 6). Boron labeling of antibody using
these two reagents i s presently being evaluated using anti-human serum
albumin (anti-HSA) and HSA immunoadsorbent.
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The loss of antibody protein during boron-10 labeling may be due to
the nature of the coupling procedure or nay simply oe a direct result of
a decrease in solubility. In an effort to maximize boron content of
antibody without precipitation, we have attempted to utilize the inherent
solubility of carbohydrates to increase the overall solubility of
boron-labeled antibody. We envisioned that the attachment of polyhy-
droxylic appendages to our antibody labeling reagents would allow us
to better compromise unfavorable interactions between a relatively hydro-
phobic carborane cage and the aqueous environment which surrounds the car-
carborane-labeled antibody.
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Along these lines, several routes to glycosyl carboranes have been
investigated, resulting in the development of two effective methods for
the attachment of a carbohydrate molecule to the carborane cage. A BF3*
0Et2 - catalyzed synthesis of O-glycosyl carboranes has proven to be a
fast and efficient means to introduce a carborane moiety to the anomeric
center of cyclic carbohydrates. Yields in the range of 60-98% have been
routinely recorded in these reactions (Fig.7).
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The cage-forming reactions of acetylenic sugars with bis-ligand ad-
ducts of decaborane have also afforded glycosyl carboranes but the yields
in these reactions were disappointingly low. Direct hydroxyalkylations
of metallated o-carboranes with aldehydic sugars were therefore studied
and subsequently shown to afford the same products but in substantially
better yields. Both cyclic and acyclic aldehydic carbohydrates
were converted to glycosyl carboranes in yields of 60-85% (Fig. 8).

HC—

2. AbNH,, corbonat* buffer

1 PPT5, EtOH

2 *c / ) , WoOAe

Figure 9.

In an illustrative reaction, the alkylation product shown in Figure
9 was converted to its pentaacetate by an acid hydrolysis of the ketals
followed by acetylation with acetic anhydride. By invoking an iodoiso-
cyanation reaction, developed some two decades ago by Hassner and co-
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workers (12), this olefin was converted to an isomeric pair of iodoiso-
cyanates,- suitable for coupling to IgG through free amino groups on the
peptide backbone. With the use of elemental iodine-125, radiolabeled
carborane can be covalently attached to antibody and the efficiency of
coupling, as well as its distribution in tissue, can be accurately
assayed. The results of this study as well as the synthesis of other
carbohydrate-modified reagents will be described in detail at a later date.
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B-Decachloro-o-carborane Derivatives as Suitable Boron
Carriers for the Preparation of Water-Soluble

Boron-Conjugated Macromolecules

Detlef Gabel, Rita Walczyna,* Folkert Wellmann,
Horst Riesenberg, and Ingrid Hocke

Department of Chemistry, University of Bremen,
Postfach 330 440, D-2800 Bremen 33

The preparation of boron-containing macromolecules, es-
pecially immunoglobulins, for boron neutron capture therapy,
has so far been rather unsuccessful, because of the increased
water insolubility of heavily substituted proteins. For
successful use in NCT, proteins would have to be substituted
with 5% by weight of boron-10, in order to achieve therapeuti-
cally significant dose increases in the target organ.

By using polar boron compounds, some of the difficulties
previously encountered (2-4) in the preparation of boron-conju-
gated immunoglobu1 ins might be overcome. To this end, we have
investigated the use of B-decachloro-o-carborane (B^QC110^2^2)
for the preparation of water-soluble macromolecules.

This compound was first described by Zakharkin et al. (7).
It is a strong CH-acid with a pK value of about 6.5. Its
anionic form is easily soluble in water. It has been reported
to react as a nucleophile under alkaline conditions. By reac-
tion of the sodium salt of decachlorocarborane in ethanol under
reflux, mono- and disubstituted a 1ky1, allyl, and benzyl deriv-
atives have been obtained after reaction with the appropriate
halide (5).

We found that decachlorocarborane reacts in ethanol with
alkyl halides other than methyl or ethyl halides only under
more extreme conditions. Then, a variety of side reactions
might take place, including hydrogen halide elimination, which
would lower the yield and complicate the work-up procedure.

The previously described reaction with benzyl bromide
could easily be applied to other ring-substituted benzyl
bromides (several of which have never been described before).
Unless a great excess of the benzyl halide is reacted, only
mono-substituted products are formed. The products are in both
cases isolated from the reaction mixture after addition of
water and acidification.

Interestingly, decachlorocarborane can undergo Michael
addition to activated olefins. Under the strongly alkaline
conditions used for reaction with alkyl halides, this reaction

*Present Address: Institute of Chemistry, Gdansk University,
ul. Sobieskiego, Gdansk, Poland
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might occur to some extent or even be the predominant reaction.
Decachlorocarborane reacts very smoothly with epoxides.

The products (obtained by nucleophilic attack on the most
accessible carbon atom) are formed in good yield and with
little contamination by side products. In contrast to the
alkyl and benzyl substituted decachlorocarboranes, they can be
recovered from the alkaline solution by filtration, as they
have a tendency to precipitate without acidification. This
might be due to an internal charge de loca1ization between the
non-substituted carbon of the cage and the OH-group on the side
chain.

An undesirable reaction apparently occurs between deca-
chlorocarborane and sulfochlorides , leading to the correspond-
ing sulfones. These seem to be hydrolytica1ly unstable, so
that during the work-up procedure the sulfone is converted to
sulfoaic acid and decachlorocarborane.

A summary of the compounds prepared is given in Table 1.
In some cases, protecting groups had to be used to arrive at
the described products. Some of these compounds would have to
be activated prior to conjugation.

Problems are encountered in the purification and the
characterization of decachlorocarborane-containing compounds.

The decachloTocarborane moiety gives rise to a pronour i
tailing of the compounds in normal and reversed-phase chroma^
graphy. In reversed-phase chromatography, the adsorption
coefficient increased with increasing concentration. It was
therefore in general rather difficult to remove unreacted
starting material from the desired product.

The weight fractions of decachlorocarborane compounds in
boron and chlorine make NMR and elemental analyses difficult*
Also, for NMK spectroscopy only a few solvents could be em-
ployed, as strong hydrogen bonding might be observed (6) with,
e.g., dimethyl sulfoxide.

Mass spectroscopy of the compounds y'.elded an M+ peak only
under very mild ionization conditions. With electron impact
ionization, any side chain of the decachlorocarborane cage is
split off, and the spectrum is dominated by the fragmentation
products of the cage. Because of the natural isotope mixture
of both boron and chlorine, characteristic fragmentation
products of the side chains cannot be found.

The dec.achlorocarborane cage is stable in strong acidic
solutions and moderately stable in strong alkaline solutions.
It is not attacked by hydrogen on palladium or complex
hydrides. These properties allow a relatively unrestricted
use of protecting groups during synthesis.

The strong electron withdrawing character of the
decachlorocarborane cage influences the reactivity of side
chains attached to the cage carbon atoms. Thus,
a 1ly1-decachlorocarborane was not amenable for hydroboration,
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Table 1. Decachloro-o-carborane (Becloc) Derivatives for
Conjugation with Macromolecules

I DECL0C-CH,CH2C02H

II DECL0C~CH2CH2CN

III DECL0C-CH2CH2CH2NH2

IV DECL0C-CH-^ y-C

V 2^_

VI DECLOC-CH2CHOHCl
;i-^:H2

VII DECLOC-CH2CHOHCH2-O-^_y-NH2

II11 DECLOC-CH2CHOHCH2-O-^_VNCS

IX DECLOC-CH2CHOHCH2OH

X DECL0C-CH2CH0HCH2Cl

epoxidation, or halogen hydrin formation. The chlorohydrln
(X in Table 1) could not be epoxidized in strongly alkaline
solutions. The pKa-value of the acid (I) is lowered to about
3.5.

The anionic form of the decachlorocarboranyl moiety of
several of the compounds in Table 1 was found to interact
strongly with positively charged compounds. Thus, an aqueous
solution of compound I yielded a precipitate when added to a
solution of 1 -(3-die thylaminopropy1)-3-ethy 1 carbodiimide at
pH 8.0. Compound X co-precipitated with poly-DL-lysine when
mixed at pH 10.0.

Some of the compounds of Table 1 were conjugated to
proteins and other macromolecules. When using high protein
concentrations (10 mg/ml and higher), incorporation of
compounds VI, VII, and VIII led to water soluble protein conju.
gates with up to ?% boron by weight. With lower protein con-
centrations, we usually obtained a lower boron content. With
increasing amounts of boron compounds added, protein yields
decreased, probably because of adsorption on the solid bcron
c ompound.
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Anti -(human-IgM) antibodies from goat were borated with
compound VI and subjected to affinity chromatography on IgM-
Sepharose. Inactive protein (already present in the commercial
starting preparation) was eluted first, whereas active material
was retained and could subsequently be eluted with ammonium
thiocyanate. The active protein was found to contain 2.5%
boron by weight, corresponding to ~400 boron atoms per IgG
molecule.
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ABSTRACT

This study describes the synthesis of some derivatives of the closo-
dodecahydrododecaborate anion (Bi2Hi2

2~) that contain protein-binding groups
and the linkage of such compounds to polyclonal antibodies directed against
human thymocytes and monoclonal antibodies reactive with tumor-associated
antigens. The protein-binding functions incorporated into these boron-con-
taining compounds include the isocyanate, sulfhydryl, carboxyl and N-hydro-
xysuccinimide ester groups. Using compounds containing single dodecaborate
cages, more than 103 boron atoms have been incorporated per antibody molecule
without causing antibody precipitation. However, antibodies boronated by
this method exhibited marked decrease in their ability to bind to target
cells. More than 80 sites on each antibody molecule had to be modified to
incorporate 103 boron atoms by this method. To address this problem, and yet
attain a high degree of boronation required to make this approach practical
for BNCT, water-soluble macromolecules containing approximately 28% by weight
boron, and up to 1500 boron atoms per molecule, were prepared by covalently
linking B12 cages to E-NH2 groups on poly-DL-lysine, but attempts to link
these boronated macromolecules to the polyclonally derived antithymocyte
globulin (ATG, The Upjohn Company) resulted in the precipitation of the anti-
body.

As an alternate approach, ATG boronated with B^HnNCO 2", containing >103

boron atoms per antibody molecule (and found to be drastically reduced in
activity), was crosslinked to fresh ATG with glutaraldehyde.

As a next step, we decided to boronate a secondary protein with a protein-
binding polyhedral borane instead of boronating the antibody directly, and
then to link the boronated secondary protein to the antibody. For this pur-
pose, BSA was exhaustively boronated with Bi2HnNC0

2~ and the boronated BSA
then crosslinked with the photosensitive heterobifunctional reagent N-hydro-
xysuccinimidyl-4-azidobenzoate (HSAB); preliminary results indicate that
roughly 1400 boron atoms were conjugated per antibody molecule. Use of this
heterobifunctional reagent enabled greater control over the crosslinking
procedure than possible with glutaraldehyde, and simplified subsequent
separation steps.

Biological studies with these boronated antibodies are being reported
separately. Our current efforts are being focused on the preparation of
macromolecules with higher boron content and optimizing the urosslinking of
the boronated macromolecule to the antibody so as to achieve the highest
number of boron atoms conjugated per antibody molecule with minimal loss of
antibody affinity.
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Boron neutron capture therapy (BNCT) for the treatment of cancer depends
on the selective localization of boron-10 atoms on tumor cells. We are
investigating the use of boron-loaded antibodies to tumor-associated
antigens as the means for achieving that selective localization. The most
attractive feature of this approach for BNCT is the possibility of attaining
a high ratio of boron concentration in tumor (T) to that in blood (B) . It
has been shown by Zamenhof, Brownell and Tolpin (1) that the advantage
depth and the selective radiation damage to neoplastic tissue by BNCT are
very dependent on the T/B ratio. Calculations by Wellum, Zamenhof and
Tolpin (2) indicate that boronated antibodies having a high antibody-
antigen association constant would nearly saturate available antigen sites
while yielding an optimally low blood boron concentration of 0.1 to 0.5 yg
10B/g blood. At useful tumor boron concentrations (T>10 yg10B/g tumor),
a T/B ratio of up to 100 or more is theoretically achievable.

However, there are serious difficulties with this approach to BNCT,
as outlined by Wellum, Zamenhof and Tolpin (2). A critical factor is the
sheer number of boron atoms that must be delivered by antibody molecules
to limited receptor sites on target cells (3). At a thermal neutron fluence
of 2.7 X 1012 neutrons/cm2, which may be higher than the actual f luence
deliverable at tumor sites, 108 boron-10 atoms will be required statisti-
cally in order to produce a single capture event. Therefore, for therapy
to be effective, it is necessary that of the order of 109 boron-10 atoms be
delivered to each tumor cell (which would be approximately 20 yg10B/g tumor)
for its destruction. With antigen site densities between 10s and 106 per tumor
cell surface, roughly lO^lO1* 10B atoms per antibody molecule is necessary
if this approach is to be practicable.

To determine if the use of boron-loaded antibody for BNCT would be at
all feasible, our first goal is to demonstrate that adequate numbers of
boron atoms could be delivered to target cells. For this purpose, in vitro
studies with boronated antibodies were carried out in an attempt to produce
a cytotoxic effect by neutron capture irradiation. We used two antibodies
for these in vitro experiments. One is the polyclonally derived anti-
thymocyte globulin (ATG) from the Upjohn Company, Kalamazoo, MI, and the
other is the monoclonal antibody 17-1A directed against colorectal carcinoma
(4) provided kindly by Dr. Zenon Steplewski of the Wistar Institute,
Philadelphia, PA.

We have primarily used three protein-binding derivatives of the closo-
dodecahydrododecaborate anion (Bi2Hi22~) as boronating agents. Dicesium
irsrcaptoundecahydro-closo-dodecaborate (5) (Cs2Bi2H11SH) was provided by
Dr. G.R. Wellum of New England Nuclear Corporation, Billerica, MA, and
radiolabeled with tritium at New England Nuclear by the Wilzbach method (6).
This compound is of particular interest because it has been used in BNCT
as the boron-10 enriched sodium salt, to treat cerebral glioma patients by
Hatanaka with encouraging results (7). Dr. Hatanaka has recently provided
us with a quantity of the boron-10 enriched material. The mechanism by
which this particular anionic polyhedral borane localizes in tumor long
enough to permit neutron irradiation is not yet clear. Nevertheless, it
is distinctly different from the unsubstituted Bi2Hi2

2~, which does not
exhibit such tumor localization. An early study by Soloway, Hatanaka and
Davis (8) found that both Bi2HnSH

2~ and the unsubstituted B12H12
2~ are

strongly bound to bovine serum albumin and remained bound even after exten-
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sive dialysis. Only B12Hi2
Z~ was totally removed from the protein by passage

through anion exhange resin. They suggested that BX2HnSH
2~ was probably

covalently bound to the protein by the disulfide linkage. A later, more
elaborate study by Nakagawa and Nagai (9) determined that the binding of
Bi2Hi22~ was solely ionic, while B12HxiSH

z~ was in part bound covalently.
A disulfide linkage between the boron cage and BSA was proposed as suggested
earlier (8). However, Nakagawa and Nagai stated in their report (9) that
much of the data reported obtained were at best semiquantitative due in part
to the boron analysis. In our experiments, we found that the reaction of
ATG with a 100 to 300-fold molar excess of tritium-labeled B^HuSH 2"
resulted in the incorporation of between 8 and 13 boron cages (96 to 156
boron atoms) per molecule of ATG. The boronated ATG was purified by sequen-
tial passage through Sephadex G-25 columns and the level of boron incorpora-
tion calculated from tritium activity and protein concentration assay
(Bio-Rad Laboratories, Richmond, CA). Even after 1 month storage at 4°C,
there was negligible loss (<2%) of Bi2HnSH

2" from the protein on gel filtra-
tion or (NHi^SOi* precipitation, indicating the stability of the conjugation.

For comparison, a sample of Na?Bi2Hi2 was labeled with tritium under
identical conditions. Surprisingly, a 150-fold higher specific tritium
activity was obtained compared to the Cs2Bi2H11SH sample. The reaction of
the tritiated Bi2Hi22~ with ATG resulted in the incorporation of only appro-
ximately 1.5 cage per ATG molecule, probably as a result of 'ionic binding',

It does appear that Bi2HnSH
2~ may indeed bind to proteins in the vascu-

lar supply or on the surface of the tumor cells. Such boronated proteins
may be incorporated into the neoplasm via a pinocytotic mechanism and thereby
a more selective localization is achieved.

These results are in agreement with the earlier reports (8,9) regarding
the difference in protein-binding characteristics of Bi2H12

2~ and B12H11SH
2~.

The next step has been to provide conf irmatioi.al evidence of a disulfide
linkage in the binding of B^HuSH 2- to the gamma globulin. ATG boronated
with B 1 2H USH

2" was treated with excess dithiothreitol (DTT) , a bis-
sulfhydryl compound used to reduce disulfide bonds. Within 24 hours at 4°C,
roughly 80% of Bi2HnSH

2~ was lost from the ATG, indicating that* indeed, most
of the B12HxxSH

2~ binds to the protein by disulfide links.
The tritium-labeled B^fruSH2 was recrystallized to constant specific

activity before reacting with ATG. However, there are high-activity impu-
rities, probably produced during tritiation, that co-crystallize with this
salt; some of these are of sufficient size so that they appear in the void
volume on gel filtration through Sephadex G-25 columns. A blank correction
must be used in measuring the 3H activity of purified protein fractions in
order to determine the number of B12H11SH2 cages conjugated per molecule of
antibody.

From reports that B12Hi:LSH
2~ appears to undergo change in the presence

of oxygen, it is conceivable that oxidation products of Bx^HuSH2" may be
partially responsible for the incorporation of these anions into proteins
(9). A likely oxidation product of Iii2HnSH

2" is y-d: sulf ido-bis (undeca-
hydro-closo-dodecaborate), B^H^S - SB^Hxx4-. The tritium-labeled cesium
salt of this anion was prepared by the oxidation of tritiated Cs2Bi2H1:LSH
with sodium iodosobenzoate (10). However, this anion did not significantly
boronate ATG under conditions similar to those used for the boronation with
B12H11SH ~. It is possible that when it is present as an impurity in
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B12HnSH
2~, it may contribute substantially to the boronation as shown in

the equations below. Other oxidation products of B12HnSH
2- are indeed

possible boronating species which should be considered, including

B12H11SOS B 1 2Hn ~. „„ „ 2-
S—S HS S"

S B l 2 H l 1 HS SH
T I I I pmnr, I 1

Bi2HnSH
2 + | protein~| * | protein"! » | protein"]

B 1 2HnS - SB12H11
'1-

2-B12H11S-

BX2H11SH2_

SB12H1X 2-
s s
I 1

Bi2HnSH
2~ + 1 protein")

While the interaction of Bi2HnSH2~ with ATG provided some more insight
into the nature of its binding with proteins and the mechanism by which it
may localize in tumor ;ells, the level of boron incorporation (8-13 cages)
into the antibody wt-o not sufficient to pursue this method for the boronation
of antibodies for BNCT.

The next derivative of Bi2H12
2~ that we studied for boronating anti-

bodies is a novel heterobifunctional boronating agent that was prepared
by the reaction of N-succinimidyl-3-(2-pyridyldithio)propionate (SPDP;
Pharmacia Fine Chemicals, Piscataway, NJ) with CS2B12H11SH in dry acetoni-
trile (11). This reagent, N-succinimidyl-3-(undecahydro-closo-dodeca-
boranyldithio)propionate (SBDP in short) contains an active ester end group,
which reacts rapidly with amino groups on proteins in aqueous buffers under
very mild conditions, producing cotalent linkage of the B12 cage to the
protein.

Cs2B12H11SH +(O/-S-SCH 2CH 2C00N/ 1

SPDP
acetonitrile^ C s 2 B l 2 H l l S_ S C H C H 2 C 0 0 N

N SPDP 0* o«

.3 ' ~—N̂ __

SBDP

SBDP
PBS buffer^ ,2_T+ (H2N)j—I protein | — ^ ^ > ( Bi2HnS-SCH2CHCONHV4 protein

The hydrolysis half-life of SBDP is 2-3 hours at room temperature and pH 7.
Up to 20mM concentration of this reagent at 1300:1 molar ratio has been used
with antibodies without causing antibody precipitation. The reaction of SBDP
with ATG at 200:1 molar ratio for one hour at room temperature followed by con-
tinued reaction overnight at 4°C resulted in the incorporation of 4.8 x 102

boron atoms per antibody molecule. A similar reaction of 10B-enriched SBDP
with monoclonal antibody 17-1A at a mol ratio of 1300:1 resulted in the incor-
poration of 1.3 x 103 boron-10 atoms per antibody molecule. Rather surprising-
ly, these heavily boronated antibodies still exhibited considerable, though
reduced, binding to target cells. While this boronating agent appears to be a
very convenient and suitable reagent for boronating antibodies for in vitro
experiments, a disulfide linkage to the B12 cage makes such boronated anti-
bodies susceptible to deboronation by in vivo disulfide cleavage. This could
arise from the reaction of sulfhydryl groups in blood proteins or other
sulfhydryl- containing biochemicals.
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With these non-tritiated boron compounds, the boron contents of boronated
antibodies were determined by prompt-y method (12). These analyses were
carried out at the Brookhaven National Laboratory by Dr. R. G. Fairchild.

The third protein-binding polyhedral borane used in our studies, isocy-
anatoundecahydro-closo-dodecaborate (B12HnNC0

2~)(13), was prepared by the
action of NaN3 on monocarbony.lundecahydro-closo-dodecaborate (Bi2HnCO~) in
acetonitrile (14). This reagent reacts readily with primary amines resulting
in spontaneous urea linkage.

E12H11NCO2" + '2-T(H2N)X—protein-* (
z"Bi2HnNHC0NH)x—protein

The reaction of Bi2HnNCO
2~ with ATG at more than 2000:1 mol ratio for one

hour at room temperature followed by 3 days at 4°C, in PBS buffer at pH ~ 7.5,
resulted in the incorporation of approximately 40 cages or 480 boron atoms per
ATG molecule. Reaction at pH = 9 for a longer period increased the level of
boron incorporation to 1.1 x 103 boron atoms per ATG molecule. However, the
antibody lost its activity in the process. In a similar experiment, the lectin
Con-A was boronated to roughly 7% by weight boron with Bi2HnNC0

2~, but the
lectin also lost its ability to bind to target cells. The levels of boron in-
corporated into antibody molecules with the three protein-binding polyhedral
boranes, Bi2HnSH

2~, SBDP and B12H11NCO2 , are listed in table I.

TABLE I.

Antibody
(A)

ATG

ATG

ATG

Monoclonal
17-1A

Summary of Boron-incorporation Into

Boronating
Agent (B)

B12H11SH2"

SBDP

B12HnNC0
2~

SBDP

Reaction
mol ratio

A:B

1:300

1:200

1:2000

1:1300

Analysis

Protein
concen-
tration
(mg/ml)

5.3

3.3

3.0

2.2

Antibodies

of purified

Boron
concen-
tration
(ugB/ml)

55

105

218

202

boronated antibody

Number of boron
atoms per anti-
body molecule

1.5 x 102

4.8 x 102

1.1 x 103

1.3 x 103

Both SBDP and Bi2linNC0
2 appear to fulfill one of our objectives, namely,

the incorporation of lO^lO1* boron atoms per antibody molecule. However, with
this method, many single Bi2 cages are attached to each antibody resulting in
a considerable loss in the affinity of the antibody. In order to incorporate
10 boron atoms into an antibody molecule by this method, modification of more
than 80 sites on the protein was necessary. Such an extensive number of sites
prompted our efforts to prepare macromolecules containing -103 boron atoms,
which could then be linked at one or several points on the antibody. The
rationale is that, by chemically altering only a few sites on the antibody,
there may be a minimum loss of antibody activity . There are other very
significant advantages of this method. The number of boron atoms that may be
linked by this method could easily reach lO4 or higher. Since only a few dis-
crete units, say with a 50,000 Dalton molecular weight, would be linked by
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this method, inhomogeneity introduced into a monoclonal antibody (MCA) by the
boronation process would be considerably reduced. Importantly as well, separ-
ation of non-boronated antibody molecules from the product mixture should be
possible by gel filtration. The nresence of non-boronated antibody or anti-
body containing few boron atoms in the boronated antibody preparation, may
considerably reduce the effectiveness of this approach to BNCT, since these
same molecules may bind to antigen sites on tumor cells preferentially over
the heavily boronated antibody molecules.

For this purpose, water-soluble macromolecules containing 28% by weight
boron and up to 1500 boron atoms were prepared by reacting Bi2HnNC0

2~ with
poly-DL-lysine. But in attaching s"ch macromolecules to ATG, immediate pre-
cipitation occurred. However, boronation of ATG with B12H11NCO ~ had already
been accomplished yielding 1.1 x 103 boron atoms per molecule. To this inac-
tive boronated species, fresh ATG was added and both proteins were then cross-
linked with glutaraldehyde. Support for this approach stems from the work of
Poznansky and Bhardwaj (15) who were able to crosslink an albumin-a-1,4-
glucosidase polymer to antibody molecules raised against isolated rat hepa-
tocytes via glutaraldehyde as the crosslinking agent. They found that the
antibody conjugated with the albumin-enzyme polymer of roughly 300,000 Daltons
achieved the same differential localization on hepatocytes as the uncoirjugated
antibody. If a similar polymer containing 10% by weight boron were linked to
an antibody, the result would be incorporation of 3000 boron atoms per anti-
body molecule. However, in our experiment, glutaraldehyde caused extensive
precipitation of ATG. This crosslinking procedure is being modified to
prevent such antibody precipitation.

As a logical extension, we decided to boronate a secondary protein with
the protein-binding poly' idral boranes instead of directly boronating the
antibody itself. Crosslinking the boronated secondary protein to the antibody
is the next step. We chose the readily available BSA as the secondary protein
and boronated it with a large excess of B12H11NCO2"". Approximately 4.2% by
weight of boron was incorporated into BSA. To crosslink the boronated BSA to
ATG, we decided on a more selective reagent than glutaraldehyde, namely,
N-hydroxysuccinimidyl-4-azidobenzoate (HSAB), a photosensitive heterobifunc-
tional reagent (16) (obtained from Pierce Chemical Company, Rockford, IL). It
contains an N-hydroxysuccinimide active ester group at one end and an aromatic
azide group at the other end. The product can be photoactivated to give a
nltrene capable of reacting with NH, OH and CH bonds on proteins.

Conjugation of boronated BSA to antithymocyte globulin was achieved step-
wise. The antibody was first reacted with HSAB at 1:50 molar ratio for 30
minutes in a dark room with only a dim red light on, and then gel filtered
through a Sephadex PD-10 column (Pharmacia Fine Chemicals, Piscataway, NJ).
Excess HSAB was thereby removed. The boronated BSA was then added to the ATG
solution and the light turned on for 30 minutes. After that period, the
solution was stored for 5 hours at 4°C. This mixture was gel filtered through
a Sephadex G-150 column to remove unbound BSA. Preliminary indications are
that approximately 1.4 x 103 boron atoms were incorporated per molecule of ATG.
There was no significant loss of the ability of conjugated ATG to bind the
target cell as determined by immunofluoresc>nt assay. These preliminary
results need to be confirmed by further purification and analysis of the con-
jugated antibody.

- 234 -



( i )

(ill)

0 %

N3-/0)-C-O-N

Dark; amb.
PBS, pH= 7.5

gel filtration
Sephadex PD-10 column

Boronated BSA
PBS, pH= 7 . 4 ; hu

+ small molecules

BSA

The advantages of using a heterobifunctional reagent to crosslink a boro-
nated macromolecule to an antibody in a stepwise reaction are rather obvious.
The particular scheme outlined above was designed to prevent crosslink of
boronated BSA to another boronated BSA molecule; s^ch a crosslink would occur
if glutaraldehyde were used as the crosslinking reagent, and that would make it
very difficult to separate unbound BSA from the antibody. Crosslinking of one
antibody molecule to another is minimized by having an excess of the boronated
BSA in the actual crosslinking step. Since excess of the crosslinking reagent
was removed prior to that step by gel filtration, the possibility of forming
extensive crosslinks to give aggregates (resulting in the precipitation of the
antibody that was observed when glutaraldehyde was used as the crosslinking
reagent) was avoided.

Work is currently underway to prepare secondary macromolecules of higher
boron content that can be crosslinked to antibody molecules without causing
antibody precipitation. The goal is to optimize the crosslinking procedure
and subsequent purification of the conjugated antibody.

In conclusion, we have demonstrated that >103 boron atoms can be incor-
porated per antibody molecule, in both polyclonal ATG as well as monoclonal
17-1A without a loss in aqueous solubility. Our results indicate that borona-
tion of antibodies to that level using compounds containing single B12 cages
can lead to a drastic reduction in antibody activity. Preliminary results
suggest that it may be possible to overcome this problem by boronating a
secondary macromolecule first and then crosslinking the boronated secondary
macromolecule at a few points on the antibody molecule. In vitro biological
studies have been carried out with these boronated antibody preparations and
will be reported separately (17). Further in vitro and in vivo studies are
clearly warranted in order to demonstrate the potential of these compounds for
NCT.
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Coupling of Dextrans Conjugated with Boron to Gamma Globulin: A Model for NCT*

J.J. Elmore, Jr., D.C. Borg, P. Micca and D. Gabel+

Medical Department, Brookhaven National Laboratory, Upton, N.Y. 11973 and
+Department of Chemistry, University of Bremen, Bremen, F.R.G.

This is a report on the progress of our research grant entitled "Boron-
ated Dextran-Antibody Conjugates for Neutron Capture Therapy", on which we
have been working since this past May. The rationale for our project is to
meet more effectively the well-known primary requirement for treatment with
boron-10 neutron capture therapy (NCT): namely, the selective localization
of a sufficient amount of boron in or on cancer cells or other target cells.
As is evident from earlier presentations, this is needed to ensure that the
boron-10-enhanced radiation damage in the target tissue exceeds by a suffi-
cient amount the combined effect on normal tissues of residual boron-10-de-
pendent irradiation plus contaminating background radiation.

Monoclonal antibodies (MCA) to tumor-associated antigens are attractive
targeting carriers for boron-10 in terms of the needed selective localiza-
tion, as several previous papers have emphasized. However, to m.-tny investi-
gators in this field, the densities of surface receptors on tumor cells have
seemed marginal or deficient to achieve successful NCT. If one seeks the
necessary radiotherapeutic ratios by increasing the numbers of boron atoms
or carborane cages bound per MCA, then inactivation of the antibody can oc-
cur through loss of receptor specificity or avidity and/or by precipitation
of the protein, as Hawthorne has pointed out (1) .

Fairchild has calculated that for effective tumor therapy by boron neu-
tron capture, the therapeutic gain or "advantage factor" should be at least
1.2 (2). Assuming a uniform distribution of boron-10 within the target and
access to an epithermal neutron beam, such as we have at Brookhaven, a range
of 14-17 micrograms of boron-10 per gram of target tissue (i.e., ppm) will
be required, depending upon the relative uptake of boron by target and norm-
al tissues and upon whether tissue repair is included or not (Table 1). If
a scandium-filtered neutron beam is used, only about 1-3 ppm of boron-10
wi 11 be needed (Table 1) .

On the other hand, most monoclonal antibodies bind to antigenic determ-
inants on the cell surface, and in the absence of information to the con-
trary, it would be conservative to assume that there is no subsequent inter-
nalization by cells. Kobayashi and Kanda (3) and a preliminary evaluation
by Gabel have shown that _if_ boron remains on the cell surface, geometric
factors reduce its efficacy by approximately three times over that expected
from homogeneous distribution. Accounting for this leaves us the goal of
reaching about 30-45 ppm of boron-10 for epithermal NCT or only 2-8 ppm if a
scandium-filtered beam is available (Table 1).

To achieve the goals calculated by Fairchild while overcoming the limi-
tations of antibody binding capacity, we have elected to use water-soluble
dextrans as intermediate carriers. This permits each MCA molecule to target
many atoms of boron-10 to the specified antigenic receptors while only 5 to
10 of the amino acid residues of the protein are conjugated by dextrans car-
rying boron-10. As a result, there should be little of the loss of receptor

*This work was supported by PHS Grant No. CA32920, awarded by the
National Cancer Institute, DHHS.
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Table 1. Concentrations of Boron-10 Required in Target Tissues for Neutron
Capture Therapy Compared with Concentrations Delivered by Boronated Dextran-
Monoclonal Antibody Conjugates

Therapeutic
Gam

1 .2

1 .2

1 .2

1 .2

Dext.:
to:MCA
ratio

5

5
5

3+

10?

10?

CCMDITIONS

Quality of
neutron beam

Epithermal

Scandium
filtered

Epithermal

Scandium
filtered

M.W.of
Dext.

4x1 0 4

4x104

4x104

4x1 0 4

1x105?

1x105?

1°B:to
:Dext.
ratio

w/w;no.

5%;200

5%;200
5%;200

5%;200

5%;500

Distribution
of 1QB in
target

Uniform

Uniform

Cell surface

Cell surface

Cell size
diam. vol.

(Hm); (jj.m3)

12.4;1000

12.4;1000
12.4;1000

12.4;1000

12.4;1000

Sites
per
cell

106
106

>=107

>=107

>=107

MIN.
PPM
NEEDED

14-17

1-3

30-45

2-8

PPM
PRE-
DICTED

170

109

850

COMMENTS

From Bond & Fairchild:
1.Minimum advantage factor=1.2
2.Calculated for 4-cm depth
3.Range due to cone. ratios= 3

to infinite; repair = + or -
From Bond & Fairchild

From Koybayashi & Kanda; Gabel:
4.Geometry may reduce efficacy
by 2-3 times

1 .IgG average M.W. = 1.53x1O5

2.Often achieved in this work
3.Used in this work
4.Achieved by Gabel
5.Representative value (V-79)
6.Representative value

7.Sites/cell are for 3-5 of
Ferrone's antiirielanoma MCA's

8.Bes t value of dextran:to:MCA
for activated dextran so far

y.probably achievable
10.Probably not too bulky or

unstable in vivo

specificity or affinity discussed by Soloway (4). Hurwitz and Arnon and
their coworkers from Sela's group at the Weizmann Institute have bound many
molecules of cytotoxic antibiotics to each molecule of antibody by way of
dextran bridges with excellent retention of antibody specificity (5).

In the preceding presentation from the Ohio State group, Alam described
the attachment of many boron atoms to polymers or to albumin (6) . That ap-
proach is conceptually akin to our project, which utilizes well character-
ized, hydrophilic dextrans as intermediate carriers.

A secondary gain from the use of boronated dextran-antibody conjugates
may be more efficient uptake of MCA's or their F(ab')2 fragments. Several
enzymes and other proteins are stabilized against metabolic degradation when
conjugated by dextrans (7,8). Hence, slowed clearance of antibody-dextran
complexes from the blood may be expected.

As a first step in preparing MCA's or F(ab')2 fragments each carrying a
thousand or more boron-10 atoms via dextran bridges, we have developed our
chemical methodology by studying the reactions of chemically activated dex-
trans with human IgG, provided by Sigma as Cohn fraction II of gamma globu-
lin. We shall report on the expermental progress only of the work employing
periodate activation (9) to form reactive dialdehydes from some of the
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glucose moieties of the dextran polymers.
On the one hand, these will form Schiff base complexes with the epsilon

amino nitrogens of a few of the lysyl residues of antibodies under the right
incubation conditions. On the other hand, Schiff base linkages can also
form between aldehydes of the activated dextrans and appropriately boronated
synthetic amines, which will thereby be bridged to the antibodies. As Det-
lef Cabel reported (10), his laboratory has already prepared an aliphatic
amine and an aromatic amine each of v/hich carries a decachlorocarborane
cage, so the stage is set to complete our first synthesis of a boronated
dextran-antibody complex. The alternative cyanogen bromide activation of
dextrans noted by our abstract is still in preliminary form, although it is
already clear that dextrans can also be conjugated to proteins in this vay
(7). Hence, we cannot tell yet which type of activation will be preferable
in the long run.

METHODS:
We now describe briefly our methods and results utilizing periodate

activation of dextrans for conjugation to IgG. Because Schiff base forma-
tion is optimized at pH's below 6, we departed from the method employed hy
the Weizmann Institute group (5,11) and others (12) of coupling periodate-
activated dextrans with antibodies at a pH of 8.5 or above. Hydrolysis of
the Schiff b?"e linkages and fragmention of the dextrans probably occurred
at those alkaline pH's, and this, in turn, may have given rxse to some ag-
gregated products (12). Our incubations were carried out at pH 6.0 or at pH
4.5.

First we activated with sodium periodate an aqueous solution of dextran
of molecular weight about 40 kilodaltons. The periodate was present at a
ratio one half that of the glucose residues of the dextran polymer, whose
concentration was determined by an anthrone colorimetric reaction (13).
Isolating the partially oxidized dextran by dialysis and lyophilization and
then using the Prussian blue method of assaying aldehydes (14), about 16% of
the glucose residues were found to contain dialdehyde. A second periodate
oxidation afforded an additional 5% conversion of glucose residues to "free"
aldehyde for a final yield of 21%.

At slightly acid pH cyanoborohydride has been reported to reduce labile
Schiff bases to more stable secondary and tertiary amines without reducing
aliphatic aldehydes (15), so on some runs sodium cyanoborohydride was added.
Most reactions were terminated by reduction of the remaining free aldehyde
groups with sodium borohydride at a pH of 9.0-9.5. Following anion exchange
chromatography, the fractions were analyzed for dextran and for protein.

RESULTS:
Table 2 summarizes some typical reactions. The extent of conjugation

of IgG by dextran is given on a weight-per-weight basis in the Last column.
The values shown represent averages of the fractions in the protein-contain-
ing peaks, unweighted for their protein contents, along with their standard
deviations. We sha]l return to the significance of these values after exam-
ining briefly two representative chromatograms.

Figure 1 shows a chromatogram of a reaction carried out at pH 4.5. The
elution profile contains two unreacted dextran peaks. The first , probably
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Table 2. Coupling of periodate-oxidized dextrans with IgG

Reactions1

Exp't

1
2

3
4a
b

5

PH

4.5
4.5

6.0
6.0

6.0

Schiff's
Bases Re-
duced by
NaCNBH3?

No
Yes

No
Yes
Yes

Yes

"Free"
Aldehydes
Reduced?

Yes
Yes

Yes
Yes
Yes

No

Product Analyses2

Protein
Recovery
(percent)

80
73

41
81
87

22

mg Dextran
mg IgG

1.26 + 0d8
1.29 + 0.20 (low I)
1.03 + 0.07 (high I)
1-01 + 0.14
1.37 + 0.11
1 .21 _+ 0.06 (major)
1.17 + 0.23 (minor)

0.8 - 0.9

1 Reaction conditions: IgG (4 mg/ml, Cohn Fraction II, human) was reacted
with 21% oxidized dextran (20 mg/ml) in 0.1 M sodium acetate buffer, pH 4.5,
or 0,1 M sodium phosphate buffer, pH 6.0. 1 M sodium cyanoborohydride was
added to a final concentration of 0.06 M, when used (Yes in column 3); reac-
tion time: 24-26 hours. Reactions with final reduction of aldehyde groups
were terminated by addition of solid sodium carbonate to pH 9-9.5 followed by
5 M sodium borohydride to a final concentration of 0.15 M (Yes in column 4).

2 Analyses: Reaction mixtures were desalted on G25 Sephadex equilibrated
with 0.01 M tris base prior to anion exchange chromatography. Stepwise
increases in ionic strength (I) to 1 .0 M sodium chloride were used to elute
unreacted dextran followed by dextran-IgG complexes. Ion exchangers were
DEAE cellulose or DEAE BioGel A. Protein was determined by UV spectra and
optical absorbance at 278 nm, using an optical density of 1.3 for one mg/ml
ah 1 cm pathlength. Total recovery (column 5) was obtained by integrating
values from all fractions. Dextran was quantified by the anthrone reaction
using as a standard 21% oxidized dextran with its "free" aldehyde groups
reduced by sodium borohydride. The extent of conjugation of dextran with IgG
is given on a weight-per-weight basis (Column 6). The values shown represent
averages of the fractions in the protein-containing peaks, unweighted for
their protein contents, along With their standard deviations.

uncharged, elutes at the lowest ionic strength, while the second appears at
low ionic strength and presumably contains some charged groups at pH 8-9.
However, neither peak has been further characterized.

Although the IgG of Cohn fraction II is not homogeneous, under the con-
ditions used for this run essentially all the protein is eluted in one peak.
Quantification of the dextran-to-protein weight ratio was ascertained for
each fraction in the peak and is shown at the upper right. The important
point to remember from Figure 1 is that there is _no evidence for significant
variation of the dextran binding ratio in different fractions, and the aver-
age value of 1.26 corresponds to 4 or 5 molecules of dextran per globulin.

Under the conditions of the reaction represented by Figure 2 the uncon-
jugated, heterogeneous IgG elutes as three peaks in essentially the same
locations as shown here for the gamma globulin conjugated with dextran. Be-
cause one of the unreacted dextran peaks overlaps the first protein peak
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to
FRACTION NU«ER

Figure 1. Anion exchange chromatography of a reaction of IgG with 21% oxid-
ized dextran at pH 4.5 in the absence of sodium borohydride. Refer to Table
2 (experiment 1) for reaction conditions. Exchanger: DEAE cellulose; 1 .5 x
10.4 cm (diameter x length); 1.8 ml per fraction. Dextran determinations
are given by the upper trace with its ordinate at the right in units of
mg/ml'. Protein elutioh is represented by the lower trace with its ordinate
on the left, in units of optical density at 278 nm,

that is eluted, no meaningful dextran-to-protein coefficients can be calcu-
lated for the corresponding fractions. However, the conclusion to be empha-
sized by this figure is that even for the minor, late-eluting protein frac-
tion, the dextran-to-IgG ratios are not significantly different from those
of the main peak, which correspond to about five molecules of dextran per
immunoglobulin. In other words, all the IgG molecules appear to be conju-
gated with dextran to about the same extent. This is consistent with Figure
1 and with other runs not shown.

In experiment 5 (Table 2) IgG was conjugated with dextran and chroma to-
graphed with its "free" aldehyde groups still oxidized. Although these are
recent data, and it is clear from the poor protein recovery noted in column
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10.50

l.Or

0.0

0.01 M TRIS 0.01 M TRIS 7.5 0.02 PI TRIS 7.5

0.01 PI NACL 0.04 PI NACL

0,0

20 10
FRACTION NUMBER

60 80

Figure 2. Anion exchange chromatography of a reaction of IgG with 21% oxid-
ized dextran at pH 6.0 in the presence of sodium cyanoborohydride. Refer to
Table 2 (experiment 4b) for reaction conditions. Exchanger: DEAE BioGel A;
1.5 x 11.4 cm (diameter x bed height); 1.8 ml per fraction. Dextran determ-
inatir^s are given by the upper trace with its ordinate at the right in
units of mg/ml. Protein elution is represented by the lower trace with its
ordinate on the left, in units of optical density at 278 nm.

five that we have yet to optimize chromatographic conditions, this prelimin-
ary experiment introduces an important extension of our work. It represents
the case wherein dextran is conjugated to IgG but still carries many alde-
hyde moieties which are capable of further reaction to form bridging Schiff
base linkages with boronated synthetic amines, such as the aliphatic and
aromatic amines complexed to carborane cages that Detlef Gabel and his
colleagues have already synthesized (10). Successful achievement of this
step may afford boronated dextran-antibody globulin conjugates of the kind
needed for NCT.

DISCUSSION:
We return now to the significance of the coefficients in the last col-

umn of Table 2. Assuming that the dextrans of 40-kilodalton molecular
weight have not been fractionated significantly and that the mean weight of
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the somewhat heterogeneous IgG is 153 kilodaltons, a dextran-to-IgG weight
coefficient of one corresponds to an average of about 3.8 dextrans complexed
to each gamma globulin. Thus a combining ratio of 5 requires a coefficient
of 1.31, which is surpassed or nearly equaled by half of the runs terminated
by reduction of the "free" aldehydes, as shown by experiments 1-4 in Table
2. Preliminary experiment 5 with IgG conjugated by dextran that is s t i l l
highly activated for combination with amines carrying carborane cages clear-
ly reflects suboptimal conditions, as noted before. But -*ven so, the frac-
tion of globulin that was recovered in that experiment was attached to more
than 3 oxidized dextrans, on the average.

In summary, Table 2 indicates that about five dextrans of 40-kilodalton
molecular weight can be bound per antibody. Gabel has already complexed
dextrans with decachlorocarboranes to the extent of 5% boron by weight (16),
so a projection of at least 1000 boron-10 atoms per lightly conjugated ant i -
body is reasonable. If a characteristic cell volume is taken as 1000 cubic
microns, which is typical of a V-79 Chinese hamster cell for example, then
the boron-10 content per million antigenie sites per cell will be 17 ppm
(Table 1). However, for the antimelanoma MCA's we plan to use, Ferrone has
reported 3 million antig^nic determinants per cell for each of the f i r s t
three MCA's whose binding he has quantified (17), and two additional highly
specific antibodies have been characterized recently. Hence a "therapeutic
cocktail" of boronated dextran-conjugated derivatives of all five of his
antimelanoma antibodies might be able to carry as much as 170 ppm of boron-
10 to the target if, among the five antibodies, as many as 10 million bind-
ing sites are available (Table 1)c This compares favorably with the 30 to
45 ppm of boron required for successful antibody-targeted NCT with epitherm-
al neutrons and the 2 to 8 ppm required for scandium-filtered neutrons, and
there is a comfortable margin for error.

In short, only the f irst stage of our project has yet been approached
experimentally. Nevertheless, pessimistic projections regarding successful
NCT with boronated MCA's appear unwarranted. The use of intermediate car-
riers to link a thousand or more boron-10 atoms to each antibody with only a
handful of amino acid residues on the globulin being conjugated appears very
promising for NCT in cases where there are a million or more antigenic s i tes
per cell for the monocloral antibodies that are available.

In closing, we emphasize that the concept of NCT is not limited to po-
tential cancer treatment, despite the emphasis given to the goal by this
symposium and even by this presentation. Extension of the principles devel-
oped here should permit NCT to achieve highly specific radiation inactiva-
tion of other cellular targets toward which appropriately selective antibod-
ies can be developed, such as clones of cells involved in autoimmune dis-
eases, transplant rejection, etc.

REFERENCES:
1. E. Mizusawa, A . J . S e r i n o , M.F. Hawthorne, R.M. Sharkey and D.M. Golden-

berg (1984) . This symposium, p a p e r V . 2 .
2 . V .P . Bond and R.G. F a i r c h i l d ( 1 9 8 4 ) . This symposium, paper 1 . 1 .
3 . T . Kobayashi and K. Kanda ( 1 9 8 4 ) . This symposium, p a p e r I I I . 1 .
4 . A.H. Soloway ( 1 9 8 4 ) . This symposium, paper V.1 .

- 243 -



5. E. Hurwitz, R. Maron, A. Bernstein, M. Wilchek,- M. Sela and R. Arnon
(1978). Int. J. Cancer 21: 747-755.

6. F. Alam, A.H. Soloway, R.F. Barth, C.W. Johnson and W.E. Carey (1984).
This symposium, paper V.4.

7. H.K. Blomhoff and T.B. Christensen (1983). Biochim. Biophys. Acta 743:
401-407.

8. J.J. Marshall (1978). Trends in Biochem. Sci. 3: 79-83.
9. I. Parikh, S. March, P. Cuatrecasas (1974). Methods in Enzymology 34:

77-102.
10. D. Gabel, R. Walczyna, F. Wellman, H. Riesenberg and I. Hocke (1984).

This symposium, paper V.4.
11. A. Bernstein, E. Hurwitz, R. Maron, R. Arnon, M. Sela and M. Wilchek

(1978). J. Natl. Cancer Inst. 60: 379-384.
12. T.P. King, L. Kochoumian, K. Ishizaka, L.M. Lichtenstein and P.S. Norm-

an (1975). Arch. Biochem. Biophys. 169: 464-473.
13. T.A. Scott, Jr., and E.H. Melvin (1953). Anal. Chem. 25: 1656-1661.
14. J.T. Park and M.J. Johnson (1949). J. Biol. Chem. 181: 149-151.
15. R.F. Borch, M.D. Bernstein and H.D. Durst (1971). J. Amer. Chem. Soc.

93: 2897-2904.
16. D. Gabel and R. Walczyra (1982). Naturforsch. 37c: 1038-1039.
17. S. Ferrone, P. Giacomini, P.G. Natali, G. Buraggi, Z. Callegaro and U.

Rosa (1984). This symposium, paper IV.c,

- 244 -



Boron Analogs of a-Amino Acids

Bernard F. Spielvogel and Andrew T. McPhail
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Ralph G. Fairchild and Peggy L. Micca
Brookhaven National Laboratory, Upton, NY 11973

We have been concerned with the synthesis, characterization, and
definition of a class of novel isoelectronic and isostructural boron
analogs of the a-amino acids as shown in Table 1.

Table 1. Boron Analogs of a-Aaiino Acids

Ami no Acid Boron Analog (Amine-carboxyborane)
_

Glyc ine , H-jNCHgCOO" H3N-BH2COOH

Alan ine , H.NCH(CH ')C00~ H,N-BH(CH?)COOH
O , *2 0 0

Betaine,

We are generally interested in these boron ami no acid analogs, their pre-
cursors and derivatives because of their potential biological activity in
view of the enormous biological activities of the a-amino acids.

Of specific interest is the use of these ami no acid analogs in boron
neutron capture therapy with a potential two-fold attack on tumors as sug-
gested by Soloway (1). Thus, the boron ami no acid analogs could serve as
antimetabolites and inhibit tumor growth as well as possibly being selec-
tively incorporated into the proteins of the neoplasm. This approach
stimulated the synthesis of ami no acid analogs of the boronic acid type by
a number of investigators as described by Soloway. This paper presents a
brief review of the preparation and characterization of some of the first
examples of the analogs (shown in Table I) and related compounds and
describes their antitumor activity. Brief mention is also made to other
potent biological activity found for these compounds. Finally, the results
of preliminary testing at Brookhaven as to the suitability of these analogs
for use in BNCT will be presented. It should be noted that two of the
boron ami no acid analogs described herein have been used on a solid experi-
mental tumor using BNCT as reported by Dr. W. Porshen in these Proceedings.
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Amine-Carboxyboranes, Boron Analogs of Amino Acids

The representative boron analogs shown in Tsble 1 are essent ia l ly subst i -
tuted amine-boranes. At the s ta r t of th is work the major questions concerning
these analogs were the hydrolyt ic and oxidative s t a b i l i t y of the B-H bonds, H?
loss (and aminoborane formation) from those containing NH bonds such as
H-jN'BHpCOJl and l a s t l y possible reduction of carbonyl by hydride t ransfer from

boron to the carbonyl carbon.
As a general preparative route, we elected to focus our attention on the

hydrolysis of the cyano group in amine-cyanoboranes.

2H20

Adequate amounts of the precursor amine-cyanoboranes can be obtained by
use of a general and convenient high-yield synthetic route developed by
Spielvogel et a\_. for this class of compound (2, 3)..

THF
amine.HCl + NaBH3CN * amine.BH2CN + H2 + NaCl ^

Boron Analog of Betaine

To ascertain i f the hydrolysis of the cyano group in amine-cyanoboranes
would provide a feasible entry to amine-carboxyboranes, Me-N«BH2CN was

selected as the i n i t i a l substrate in order to avoid complications which might
arise with amines containing N-H bonds. In i t ia l attempts to hydrolyse
Me3N«BH2CN directly with strong acid or base even under reflux conditions were

found to give either unreacted Me-N«BH9CN or hydrolysis products of the B-H

bond. However, alkylation of the cyano nitrogen with Et-0 BF." enhanced the

susceptibility of the CN group to hydrolysis. Thus, reaction of the alkylated
intermediate with 1.0N NaOH led to the N-ethylamide derivative (60% yield)
which could then be converted into the desired carboxyborane by reaction with
dil.HCKaq.) (4). Alternatively, the alkylated intermediate could be reacted
directly with water to form the carboxyborane in yields of up to 55% (5).

0 0
Et-OBF. NaOH || HC1 ||

Me3NBH?CN — 3 Me,NBH?CNEt BF .~ > Me,NBH9CNHEt » Me,NBHoC0H 3
J C J ^ 4 32 3 2 -

Trimethylamine-carboxyborane, Me3N«BH2C00H, the boron analog of betaine,

is a white crystal l ine solid (m.p. 147 °C, dec) . I t exhibits considerable
hydrolytic stabi l i ty with no detectable hydrolysis of aqueous solutions for a
period of one month. About 25% hydrolysis occurs in IN HC1 in one week at
room temperature. The compound exists in trie solid state as discrete hydrogen
bonded dimers (4).
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Boron Analog of Glycine and V'-Methy1 Glycines

Attempts to prepare H3N«BH2CN, the precursor to H3N«BH2C00H, the boron

analog of glycine, according to eqn 2^were not successful. Our attempts to
repeat a l i te ra ture report (6) on the preparation of H ĥl'DHLCN from Me^N-BhLI

with NaCN in liq-NFL resulted instead in the novel complex,

[Na(H,N*BHoCN),-]+I~. whose structure was determined by single-crystal x-ray
5 d o

analysis (7 ) . Pure H-N-BHpCN could be obtained however by extraction with
ether on an aqueous solution of the above Nal complex or by NFL displacement
on aniline-cyanoborane (8) .

With the ava i lab i l i ty of H,N'BH«CN, attempts were made to convert i t in to

H3N«BH2C00H by alkylat ion and hydrolysis but these were unsuccessful. An

amine exchange reaction involving Me3N'BH,,C00H and l i q . NH3 (c£. 1:10 w/w) in
an evacuated stainless steel cylinder at room temperature for three weeks
yielded 50-55% of crude hLN-BI-LCOOH (9) . Recrystal l izat ion from cold water

gave pure product, m.p. 116 °C ( d e c ) . The structure was established by a
single-crystal x-ray analysis. In the sol id state, H3N«BH2C00H exists as

hydrogen bonded dimers which are associated further via interdimer N-H...0
hydrogen bonds. Hydrolysis of l-LN'BhLCOOH occurs very slowly in pure FLO with

only trace decomposition in 3 h and several percent af ter several weeks. Only
trace decomposition occurs in IN NaOH af ter several days, but rapid hydrolysis
takes place in IN HC1.

By use of similar base-displacement reactions invok ing Me3N«B'rLC00H w i t h ,

in tu rn , Me2NH and MeNH2 in a steel cy l inder, Me2NH«BH2C00H and MeNHg-BHgCOOH

(the boron analog of sarcosine) were obtained in yields of up to 80% (10).
These two derivatives exhibited hydrolytic s tab i l i t y s imi lar to H^N'BhLCOOH.

As found for H-,N«BH9CN, the carboxyboranes of Me9NH and MeNH9 could not be
O Cm C C

prepared from the corresponding cyanoborane by the method of eqn 3_.
The amine carboxyboranes Me, H N«BHoC00H (n = 0-3) have pK, values in the

o-n n i. 1
range 8.14 - 8.38 and appear to be the weakest known simple carboxylic acids
of zero net charge (11). The corresponding pK. values for the methyl glycines
are around 2. Thus, replacement of the carbon with boron results in a s i x -
fo ld change in pK. There is no evidence for amine nitrogen deprotonation at
pH<ll for the amine-carboxyboranes.

Other Amine-Carboxyboranes, -Cyanoboranes, and -Carbamylboranes

Using the general methods described above, a variety of cyanoboranes have
been prepared including bi£ adducts of TMED and en (3) . Likewise, carboxy-
boranes of pyridine, N-methyl morpholine and TMED have been synthesized and
characterized (3). Carbamylboranes of formula (CH,) NH, BH9C(O)NHEt

(x = 0-3) have been synthesized and characterized (12). The la t te r serve as
simple models of a boron ami no acid peptide linkage. A number of dipeptides
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containing a boron amino acid and a normal amino acid have been prepared in
work yet to be published from our laboratories.

The derivative chemistry of amine-carboxyboranes appears to be vast. The
only I m i t a t i o n we can foresee is possible i ns tab i l i t y of derivatives con-
taining functional groups such as -BH?C(O)C1 (hydride transfer to carbonyl-
carbon). There may well be a variat ion in the s tab i l i t y of such species
[R-,NBHoC(0)X] similar to that which we have proposed for H,BC(O)X~ (13).

Metal C^olexes

In contrast to glycine and i t s mono- and di-N-methylated der ivat ives, no
evidence up to pH 11 could be found for amine nitrogen deprotonation and

chelation with Zn or Cu41 with the amine-carboxyboranes (11). The amine-
carboxyboranes were found to bind only through the carboxylate group.

2+ 2+
Stabi l i ty constants for Zn binding are comparable to that of Zn with NH_.

We have recently prepared a binuclear Cu(II) complex of formula
Cu2(pMe3NBHpC02).«2Me3NBH2C02H. The structure of the complex reveals that the
Cu. . .Cu intradimer distance is the shortest yet encountered in such cop-
per(I I) carboxylate bridged dimers and is the f i r s t recorded instance for th is
class of compound where i t is less than that of 2 .56A in copper metal (14h

Antitumor and Other Pharmacological Act iv i ty

The boron substituted a-amino acids and related compounds described above
have been found to possess antineoplastic, anti-inflammatory, an t i a r th r i t i c
and analgesic ac t iv i ty (5, 15). The antineoplastic act iv i ty was evident
against the growth of Ehrlich and Lewis lung carcinoma, Walker 256 carcinosar-
roma, and marginal act iv i ty was observed against B-16 melanoma and P-388
lymphocytic leukemia cel ls growth by dosages of from 2.5 to 20 mg/kg/day (5) .
The analogs were observed to suppress S-adenosyl methionine methyl transferase
act iv i ty thus blocking methyl transfer to nucleic acids, nucleoproteins and
the thymidylate synthetase enzyme.

Further studies with a binuclear copper ( I I ) complex demonstrated that DNA
polymerase p ac t iv i ty was inhib i ted as well as purine synthesis speci f ical ly
at the sites of PRPP amidotransferase and dihydrofolate reductase (16). The
boron analogs reduced the enzyme act iv i ty by a magnitude which would account
for the DNA synthesis i nh ib i t i on .

Sur (17) has reported that trimethylamine-carboxyborane encapsulated in
positive liposomes gave an increase in l i f e span of 89% at a much reduced
dosage than the free drug in the Ehrlich ascites tumor model.

Several boron analogs of a-amino acids produced hypolipidemic act iv i ty at
5-20 mg/kg/day reducing s ign i f icant ly both serum cholesterol and t r ig lycer ide
levels (18). The regulatory enzyme of cholesterol synthesis, p-hydroxy-
p-methyl glutaryl CoA reductase, was suppressed by the boron analogs as well
as early enzyme, acetyl CoA synthetase and ATP dependent c i t r a te lyase a c t i v i -
t ies in the synthetic pathway. Regulatory enzymes of fa t ty acid synthesis
pathway also were inhibited by the agents.

The anti-inflammatory and an t ia r th r i t i c ac t i v i t i es of the boron deriva-
tives are at t r ibuted to inh ib i t ion of hydrolytic enzyme ac t i v i t y of PMN's and
l i ve r c e l l s , prostaglandin synthetase ac t i v i t y and oxidative phosphorylation
processes. The boron derivatives proved to be more potent than commercial agents,
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Tissue Distribution of Radiolabeled Glycine

Since amino acids comprise J*15% of tissue, and turnover is rapid, one
would hope this physiological pathway would be adequate for delivery of thera-
peutic amounts of boron. Numerous studies indicate increased metabolism in
various tumors, so that differential concentrations of amino acids between
tumor and supporting normal tissues should be available. In particular- the
work of Oldendorf has shown that, of the various amino acids, glycine has the
slowest transport across the blood-brain barrier (19). Consequently glycine
(and, therefore, perhaps boronated glycine) might demonstrate preferential
uptake in brain tumors. In order to evaluate this possibility, ^C-glycine
was administered in trace, medium, and high doses to BALB/c mice carrying
Harding-Passey melanoma. Medium and high doses were obtained by using doses
of 0.6 and 6.0 mg glycine per mouse, tagged with 20 uCi of ^^-glycine (0.16 Ug
of radiolabeled glycine) . The results of these studies are represented by the
curves in Fig. 1, showing uptake of glycine in tumor, blood, and brain, at 1,
6, and 24 hr post-i.v. injection. Preferential uptake in tumor is observed;
since the results were essentially the same for trace, medium, and high doses,
i t can be assumed that the physiological pathway was not saturated. At the
high dose administered (6 mg/mouse) tumor uptake was <̂5% dose per g; if the
boronated analog behaved in the same way, tumor content would be ^40 pg B/g
tuner—a boron concentration clearly adequate for therapy (20) .

Tumor Uptake of Boronated Analogs of Glycine and Betaine

Studies with ^C-labeled glycine in our murine melanoma revealed a
tumor/brain ratio of ^10 and a tumor/blood ratio of «/*5, as well as usable con

03
S 12 1 8

HOURS POST INJECTION
24

Fig. 1. Tissue distribution of
1^C-glycine in BALB/c mice carrying
Harding-Passey melanoma. These data
are representative of concentrations
measured following i .v. administra-
tion of trace, medium, and high doses
of glycine (0.16 yg, 0.6 mg, and 6.0
mg glycine per dose, respectively;
20 UCi 14C glycine per dose).
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centra t ions in tumor. Providing the boronated analog behaves s im i l a r l y , the l a t -
t e r compound would be a s i gn i f i can t improvement r e l a t i v e to Na2B£2^11^H
current ly in c l i n i c a l use ( tumor/brain r a t i o ^ 5 ; tumor/blood r a t i o between 1
and 2 ) . Following a synthesis s imi lar to that described above, a boronated ana-
log of glycine (H3NBH2COOH) has been produced by the Callery Chemical Co.,
Callery, PA. Boron d i s t r i b u t i o n s tudies in our murine melanoma with th i s com-
pound, as well as with samples of the same compound synthesized by Spielvogel ,
have shown however that the boronated analog no longer behaves as an amino ac id ;
usable concentrat ions and/or concentrat ion r a t i o s were not obtained (see Table
2 ) . Boron contents of the var ious t i s sues shown in Table 2 were obtained fo l -
lowing a s ingle in ject ion of compound suf f ic ien t to provide 40 yg B per gram
body weight.

The difference in behavior between glycine and the boronated analog is
further i l l u s t r a t e d by the th in - l aye r chromatogram shown in F ig . 2 . The

Glueinfc CaHert,

2 . Thin-layer chromatogram: black spots are g lycine; oval spots are
from ammonia carboxyborane.

- 250 -



Table 2 .

Compound
S-l
(glycine
analog)

i i

11

i t

I I

I I

i t

i t

11

i r

I I

II

I I

I I

S-6
(betaine
analog)

19

I I

• >

S-3

»

Tissue Distribution o£ Various

Hr post
injection

2

I I

I I

f t

6

II

I I

II

I I

12

i t

24

II

1

6

12

24

1

12

Exp.
No.**

1

2

4

3

5

1

2

4

3

5

2

3

1

3

Blood

4

4
8.1

10.5
6.2

8.6
8.8

12.1
10.5

0
0

0
0

0
0

3.5
3.75

1.8
2.25

0
0

0
0

0
0

0
0

44.5
45.2

12.2
12.4

0
0

0

54.8
54.4

0
0

Brain

4 .8

9.4
6.9

10.2
6.8

8.0
7.6

9.8
9.3

2.8
2.0

0
0

2.8
2.5

6.0
6.1

4.9
2.9

0
0

0
0

0
0

0
0

39.4
38.2

12.2
12.5

3.7
4.0

0

45.3
39.8

0
0

Compounds

Boron

in BALB/c Mice

uptake,
Tumor Pancreas

6 .3

12.4
5.8

16.9
11.7

11.2
16.2

15.8
12.6

5.7
1.9

0
0

3.7
1.5

7.0
8.0

5.3
4.5

0
0

0
0

0
0

0
0

45.7
50.9

17.5
14.2

3.6
0

0

51.3
48.7

3.8
2.8

rrm—n—

10.5
4.5

7.3
6.6

16.8
14.9

0
0

0
0

7.0
4.4

0
0

UK "B
Muscle

8.1
7.2

9.3
12.2

19.9
13.4

5
0

0
0

10.0
6.1

0
0

Carrying Harding Passey Melanoma*

per gram
Gut

13.6
6.3

11.6
8.7

11.1
11.9

0
0

0
0

7.0
7.0

0
0

tissue
Spleen

10.3
3.1

9.7
8.5

16.3
11.9

0
0

0
0

4.7
6.4

0
0

Kidney

16.
8.

18.
13.

18.
18.

3.
3.

2,
3,

9.
11

0
0

0
2

0
7

,9
2

,q

,9

.7

.4

.7

.7

Lung

9 . 6
3 . 4

9 . 3
7.5

13.5
9.2

0
0

0
0

6.1
5.7

0
0

Liver

10.6
4.2

8.6
8.6

11.4
9.3

0
0

0
0

5.4
6.2

0
0

»-•—• - >"-M6.«= j . . ^ . IUJCOLIUII u . v , rar cxpc. no. i oniy; or compound dissolved in
saline, sufficient to provide 40 Ug boron per gram body weight. Boron analysia done by
colorimetric techniques.

**Compound S-l, for Expts. I , 2, 4, and 5 was obtained from Gallery Chamieal Co.; for Expt. 3, from
— • B ' sP l e lvogel- All experiments were done with i .p . injection except for No. 1 which was i .v .
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Table 3 . Boronated Compounds Screened for Uptake in Harding-Passey Melanoma
in BALB/c Mice

Compound Fonuula Solubility Toxicity

S-l* ammonia-
carboxyb orane
(glycine analog)

S-6 trimethylamine
carboxyborane
(betaine analog)

S-3

S-2

S-4*

S-5*

NH BH CO H

0
•t

good

good

good

good

good

poor

not toxic

not toxic

not toxic

toxic

toxic

toxic

*Available commercially.

glycinc standard and two samples of the ammonia carboxyborane were
chromatographed on Eastman cellulose media and developed in n-butanol:acetic
acid:water = 60:15:25 (proportions by volume). The compounds were visualized
with ninhydrin. The Rf of the two carboxyboranes are equal and differ from
that of glycine, indicating differing solubili t ies.

In addition, a number of other carboxyboranes, amino boranes, and
cyanoboranes, including a betaine analog, were evaluated, as indicated in
Table 3. As with the boronated analog of glycine, there was no evidence of in-
corporation of these compounds in tumor (Table 2) .

Discussion

In view of the selective accumulation in tumor demonstrated by glycine,
the failure of the boronated analogs of glycine and betaine to be incorporated
in tissue as amino acid analogs was disappointing. These findings are consis-
tent with the data presented by Dr. Porschen, who tested these two compounds
in the neutron capture therapy procedure in C57 mice carrying an adenocarcinoma
(21). The tissue distribution of the boronated analogs of glycine and betaine
was less specific for tumor than that of the compound Na2Bi2HuSH in use cl ini-
cally by Dr. Hatanaka (22,23). Thus i t would not appear useful to pursue the
testing of these compounds.
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It is possible that the failure to show biological activity is a conse-
quence of the presence of boron in the Cl-carbon position, and that better ana-
logs of amino acids will result when boron is lcoated further from this bio-
chemically active position. Additional studies are underway to evaluate this
possibility. Available evidence indicates that p-borono-phenylalanine demon-
strates useful biological activity (24,25).
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p-Borono-L-phenylalanine

John Glass
Mount Sinai School of Medicine, Fifth Ave. at 100th St., New York, NY 10029

and
Brookhaven National Laboratory, Upton, NY 11973

INTRODUCTION

The synthesis of p-boronophenylalanine was reported by Snyder et al. (1)
in 1957 with the suggestion that it might be useful in what is now called neu-
tron capture therapy. The compound is of continuing interest in this context
(2,3), and biological studies have so far been reported using the racemic
amino acid (4,5). In preliminary studies on the selective uptake of p-
boronophenyl~alanine into a transplantable melanoma of mics we found that fa-
vorable distributions ol boron between tumor tissue and other tissues was
obtained at relatively short times after i.p. injection of the amino
acid derivative. Under these circumstances it seemed worthwhile to obtain the
pure L isomer of the phenylalanine derivative and avoid excess boron back-
grounds in the blood which might logically result from injection of the D
isomer, which is unlikely to be metabolically active.

An enzymatic resolution of the stereoisomers of p-boronophenylalanine
based on the selective hydrolysis of the L form of the ethyl esters by
chymotrypsin has beeu reported (6). We preferred to develop a resolution
based on the differential deacylation of N-acetyl-p-boronophenylalanine
isomers for two reasons. (i) The acetyl derivative is an intermediate in the
synthesis of the racemic amino acid (Figure 1), and its enzymatic hydrolysis
shortens the synthetic route to the L amino acid by two steps (Figure 2).
(ii) We plan to use the N-acetyl-p-boronc-D-phenylalanine in further studies
where the ethyl ester of the D amino acid would be a less satisfactory
starting material.

With the proper ratios of substrate to enzyme, renal acylase smoothly
converted N-acetyl-p-borono-d,l-phenylalanine to a mixture of p-borono-L-
phenylalanine and N-acetyl-p-borono-D-phenylalanine. The L amino acid was
isolated by an ion-exchange step followed by adsorption to a cross-linked
dextran at pH 8.5 and desorption in 0.2 M acetic acid. The final adsorption
to, and desorbtion from, cross-linked dextran serves as a convenient desalting
procedure as well as a method for removing traces of ^yrosine and phenylal-
anine from the product.

EXPERIMENTAL

Preliminary Animal Experiments with Racemic p-Boronophenylalanine

To determine whether p-boronophenylalanine is concentrated by a represen-
tative experimental melanoma and to determine the time course of tumor concen-
tration, mice (BALB/c) with Harding-Passey melanomas were each injected
with 1.0 sL of a solution of p-borono-d,l-
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Br Nig H-0 B(OH)

CH3
f
BIOBu).

C-(CO-OEt)2

NH-Ac

Diethylacetamidomalonate/
Sodium Ethoxide

I Aqueous NaOH

I Aqueous HCI

I
N-Acetyl-p_-borono-<!. l-phenylalanine

Figure 1. Synthetic route to
N-acetyl-p-borono-d,l-phenylalanine
by the method of Snyder et al. (1).

Renal Acylase

N-Acetyl-p -borono-d, l-phenylalanine

Aqueou:.'JaOH

p-Borono-d, l-phenylalanine

EthanolicHCI

p-Borono-d. l-phenylalanine Ethyl Ester

Chymotrypsin

p-Borono-L-phenylalanine
+

p-Borono-D-phenylalanine Ethyl Ester

N-Acetyl-p-borono-D-phenylalanine

Figure 2. Alternative methods
for enzymatic resolution of
p-boronophenylalanine. The
method involving ch/motryptic
action on ethyl esters was
reported by Roberts et al. (6):
the route using renal acylase
treatment of N-acetyl deriva-
tives is described here.

phenylalanine at 12.2 mg/mL in 0.1 M tris/HCl, pH 8.1. At 6 hr, 12 hr, and 24
hr (Expt. 1) or at ] hr, 3 hr, and 6 hr (Expt. 2) animals (one animal for
each time point in Expt. 1 and 3 animals for each time point in Expt. 2)
were sacrificed, and selected tissues were analyzed for boron content. Boron
analyses in Expt. 1 were done by a chemical/spectrophotometric method
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and boron analyses in Expt. 2 were done by a prompt-gamma neutron activation
method (8) . Results of both Expts. 1 and 2 are recorded in Table I ,

Table I.

Blood
Brain
Tumor
Muscle
Liver

Distributions of Boron in Mouse Tissues at Stated Intervals
Injection of Racemic p-Boronophenylalanine: Micrograms
Gram Tissue

Experiment 1
6 hr 12 hr 24

4.1 <1 <
7.7
16.9
5.6
4.1

hr

1
II

ti

15
6
25
15
21

1 hr

.5+8,

.3+1,

.8±7,

.3+4,

.9+4

.3

.9
,6
.2
.4

Experiment
3

21.
13,
41,
12,
8,

hr

.5±4,

.6+3,

.2+8,

.214

.5+1

2

.3

.5

.4

.4

.0

after
Boron/

7
9
30
6
3

6 hr

.4±1,

.7±3,

.318,

.611,

.3+1

.6

.4

.3

.7

.9

Stereoselective Enzymatic Cleavage of N-Acetyl-p-borono-L-phenylalanine and
Isolation of p-Borono-L-phenylalanine

The preliminary animal experiments with racemic p-boronojphenylalanine
indicated that the amino acid was concentrated by tumor tissue and that the
highest differential concentrations of boron were obtained at relatively short
time intervals after injection of the amino acid. Under these conditions it
was considered advantageous to resolve the stereoisomers and work with the
pure p-borono-L-phenylalanine without background interference from the D
isomer. For reasons outlined in the introduction of this paper, a resolution
based on enzymatic hydrolysis of N-acetyl-p-borono-L-phenylalanine was chosen
and developed.

N-Acetyl-p-borono-d,l-phenylalanine was dissolved at 0.01 M in 0.1 M
sodium phosphate buffer fpH 7.5) containing 0.1 M ethylene glycol. Renal
acylase I (Sigma.#A 8376, 1200 U/mg) was added at a ratio of 1.6 g crude en-
zyme for each gram of substrate. At time intervals aliquots of the reaction
mixture were withdrawn and diluted with 0.2 M sodium citrate buffer (pH 2.2).
These samples were analyzed for ninhydrin-reactive materials by application to
the short column of a Beckman-Spinco 120 amino acid analyzer (Figure 3). The
analyzer system was calibrated with p-borono-d,l-phenylalanine. Enzyme pro-
tein in the enzymatic digest was precipitated by heating at 100° (boiling
water bath) for about 10 minutes. Precipitated protein was removed by
centrifugation.

The centrifugal supernatant solution was examined by thin-layer chroma-
tography on silica gel G layers in 4:1:1 n-butanol: acetic acid: water with
ninhydrin development. There was one ninhydrin-reactive spot which comigrated
with racemic p-boronophenylalanine. The product also comigrated with racemic
p-boronophenylalanine in a high voltage electrophoretogram at pH 3.5 and in
ion-exchange chromatography on the Beckman 120C amino acid analyzer (long
column) in 0.2 M sodium citrate buffer, pH 4.25. In the latter chromato-

an
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Figure 3. Time course of the action of renal acylase I on N-acetyl-p-borono-
d,l-phenylalanine as measured by the release of ninhydrin-reactive material.
Note that the reaction proceeds to about 50% hydrolysis of the acetyl amino
acid derivative, as would be expected for a stereospecific hydrolysis of only
the L isomer.

graphic system the product eluted at approximately the position which cystine
occupies in the same chromatographic system. The product peak is well
separated from those corresponding to tyrosine and phenylalanine, which are
expected by-products in the synthesis of p~boronophenylalanine. With heavy
sample loading it appeared that there were traces of tyrosine, phenylalanine,
and perhaps other amino acids in the crude enzymatic digest.

The centrifuged solution had its pH adjusted to about 2.5 with HCl, and
it was passed through a column of Dowex 50Wx4 in the protonated form. The col-
umn was washed with 0.2 M sodium citrate fpH 2.2) and with water. The column
eluate and wash solutions were checked by amino acid analysis in the long col-
umn system described above to be sure that the product was completely retained
on the ion exchanger. The column was eluted with 0.2 M sodium phosphate (pH
8.0), and fractions of about 10 ml were collected. The pH of each elutpd frac-
tion was checked with a pH meter: the first few fractions were acidic, then
the pH of the eluate rose to 8. The product began to elute from the column
shortly after this pH change. The fractions containing the product were
located by amino acid analysis in the long column system described above.
These fractions were pooled and applied to a column of Sephadex G-25 (2 cm in
diameter by 74 cm long) which had been equilibrated with 0.1 M disodium phos-
phate. The column was washed with 0.1 M disodium phosphate followed by 0.01
M disodium phosphate. The eluate and wash were free of boronophenylalanine
but contained small amounts of phenylalanine, tyrosine, and other ninhydrin-
reactive materials, as determined by ion-exchange chromatography in 0.2 M
sodium citrate buffer (pH 4.25), as described above. The p-borono-L-phenyl-
alanine was stripped from the Sephadex G-25 column with 0.2 M acetic acid.
The product was crystallized from water and was then lyophilized from a dilute
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acetic acid solution to obtain a fine powder which was convenient for
redissolution.

When the column purification procedure described above was carried out
starting with 100 to 200 mg of N-acetyl-p-borono-d,l-phenylalanine, the purifi-
cation went smoothly with the product remaining in solution throughout. When
a larger lot was processed (beginning with 1 g of racemic N-acetyl araino
acid), product crystallized from solutions in the fraction collector after
both the ion-exchange step and the desorption from Sephadex G-25. Since the
solubility limit of the free amino acid is easily exceeded during the purifica-
tion process, it is necessary to be careful that material is not lost by
crystallization on the columns.

Animal experiments with p-borono-L-phenylalanine are now underway to de-
termine proper dose levels and time courses for optimal loading of experimen-
tal mouse melanomas with boron for neutron capture therapy. Studies with
other types of tumors which might be expected to concentrate the boron-
containing amino acid derivative are also in progress.
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The potential of purine and pyrimidine nucleoside analogs for the
chemotherapy of viruses and cancers has been well recognized (1,2). These
compounds behave as substitutes of natural components of nucleic acids and
co-enzymes, and they have been extensively reviewed. Various boron
heterocycles which resemble the bases of DNA have been tested for anti-
cancer activity, but most of these have been found to be either hydro-
lytically and biologically unstable or too toxic. Others were inactive,
probably because of deboronation or high polarity or, more likely, because
these bases in contrast to the corresponding 2'-deoxyribonucl eosides are
poorly utilized for the biosynthesis of DNA. Soloway (3), Matteson et al
(4), and Maitra (5) have discussed the difficulties involved in making
purines and pyrimidines containing boron. Our approach was to synthesize
a boron-containing r.^cleoside which closely resembles one of the naturally
occurring pyrimidine nucleosides. This compound could (a) be taken up
selectively by tumors and be preferentially trapped in the cell as the 5'-
monophosphate—selectivity would be achieved if this drug is a better
substrate for cancer cell thymidine kinase (TK) than normal cell TK; (b)
act as an inhibitor of several enzymes known to be involved in pyrimidine
nccleoside biosynthesis; (c) incorporate into the tumor cell DNA as
counterfeit pyrimidine nucleotide; and (d) undergo a combination of a, b,
and/or c. In addition, neutron irridiation of the cells containing this
boron nucleoside could result in cell destruction at any of the steps
described above (Figure 1).

At this Symposium, Kobayashi and Kanda as well as Gabel, Fairchild,
and Larsson (papers III-l and III-2) have presented data demonstrating
that geometrical considerations dictate that the biological effectiveness
of the ^B(n,a)'Li reaction is at least twice as great when the
site of interaction occurs in the cell nucleus rather than in the cyto-
plasm. We have estimated that if 5% of thymine bases in DNA are substi-
tuted by a pyrimidine nucleoside, the nuclear boron concentration would be
25 yg B/g, which should be adequate for NCT. If this compound is to be
used for the treatment of brain gliomas, further selectivity may be
achieved, since—unlike brain tumors—tissues of the CNS do not synthesize
significant amounts of DNA.
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ENZYME
NEUTRONS

NEUTRONS Boron subs t i tu ted
DNA ( instead of
thymi ne)

CELL DESTRUCTION

R - OH ENZYME - THYMDIHE KINASE
R • OPO3 ENZYME • THYMIDYLATE KINASE
R • OPjOg ENZYME - NUCLEOSIDE DIPHO5PHATE KINASE
R • OP3O9 ENZYME = ONA POLYHERASE Figure 1

The synthesis of the f i rs t 5-boron-substituted pyrimidine nucleoside,
5-dihydroxyboryl-2'-deoxyuridine, 5-B(0H)2~dUrd or DBDU, was reported
by us in 1978 (6). The syntheses of 5- and 6-dihydroxyboryluracil, which
are isoelectronic and isostructural with orotic and iso-orotic acid,
respectively, were also reported in that note. DBDU was synthesized via a
metal-halogen exchange at -50°C in tetrahydrofuran on 5-bromo-3',5'-bis-
£-trimethylsilyl-2'-deoxyuridine using jn-butyl lithium followed by boron-
ation at -65°C with tr i-n-butyl borate. Hydrolysis of the product
followed by column chromatography and repeated recrystallization from
methanol afforded the analytically pure compound in an overall 18% yield
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d e c ) . XH-NMR [(CD3)2)SO] 6 2.12 (m, 2, 2'-H),
'-CH2), 3.80 (m, 1, 4'-H), 4.22 (bs, 1, 3'-H), 4.95 (t, J_

( 3 ' 0 ) 614 ( J 6 6 H

(mp 226-227°C
3.54 (m, 2 , 5 ' 2 ) , ( , ) , ( ) , ( _
= 5.3 Hz, 1 , 5'-0H), 5.28 (d, J. = 3.5 Hz, 1, 3'-0H), 6.14 ( t , J. = 6.6 Hz,
1, l ' - H ) , 8.12 [ s , 2 , B(0H)2], 8.13 ( s , 1, 6-H), 11.65 ( s , 1, NH);
^B-NMR [DMSO; external standard BF 3-etherate] 5 - 41.84 (bs ) ; UV
0.01 M HC1 Amax 268 nm (e 12,500) , Amin 236 ( e 2,310); 0.01 M NaOH Amax
265 nm (e 10,200), xmin 236 (e 4,350); Anal. Calc. for C9H13BN0O7:
C, 39.75; H, 4.78; B, 3.98; N, 10.30. Found: C, 40.04; R, 5.03; B, 4.01;
N, 10.64. For 13c-NMR of DBDU relative to related pyrimidine nucleo-
sides, see Table 1. Note that the peak for C-5 in DBDU is broad and is
probably caused by the boron quadrupolar relaxation effect.

Table 1 . of boron nucleoside and related pyrimidine nucleosides.

p p n i t

Carbon atom
C-4
C-2
C-6
C-5

C-41

C-l1

C-31

C-51

C-21

5-B(H0]2-dUrd(DBQUl
167.14
152.24
150.06
102.08 (broad)

88.26
86.87
71.70
62.49
40,55

dThd
165.07
151.76
137.50
110.68

88.60
85.23
71.83
62.53
40.60

dUrd
162.98
150.28
140.31
101.54

87.30
84.16
70.30
61.22
39.59

BrdUrd
158.53
149.13
139.68
95.05

86.98
84.28
69.38
60.25
37.66

Other 13.42(Me)

aIn DMSO or DMS0/D2OAdioxane relative to TMS at 308°K.Measured on
360 MHz Brucker 270 HX spectrometer.

An important advantage of the route described above is that it can
easily be modified to prepare 10B-enriched compound (starting material
10B-boric acid).

DBDU was tested against murine S-180 cells in vitro and was found to
be inactive at a concentration of 200 yM. However, this compound was not
cytotoxic to Vero cells even at a concentration of 1600 yM.

The drug inhibited herpes simplex virus replication in Vero cells
(Figure 2) and this inhibition was prevented by thymidine but not by 2 1-
deoxyuridine, -cytidine, -guanosine, or -adenosine or by the corresponding
ribonucleosides (Table 2).

DBDU is a competitive inhibitor of the phosphorylation of thymidine by
the herpes thymidine kinase, with an inhibition constant of 63 yM. The
compound did not inhibit thymidylate synthetase, i.e. it did not interfere
with the conversion of dUMP to dTMP (Dr. T. Kalman, private communication).
These results suggest that DBDU is a good analog of thymidine and can
affect the synthesis of certain viruses in cell culture. This antiviral
effect is not secondary to cytotoxic effects of the drug.
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Figure 2 Table 2. Effect of various natural
nucleosides on the inhibition of
HSV-1 by 5-dihydroxyboryl-2'-deoxy-
uridine (800 yM).

700 400 600 800 1000 1200 UOO

CONCN pM

1600

Nucleoside
None
dThd (5 yM)
dThd (25 yM)
dThd (50 yM)
dUrd (25 yM)
dCyd (25 yM)
dAdo (25 yM)
dluo (25 yM)
Cyd (25 yM)
Urd (25 yM)
Ado (25 yM)
Guo (25 yM)

% Inhibi t ion
91
69
35
21
91
91
91
91
91

91
91

Because of these encouraging resul ts , the compound was tested for i t s
a b i l i t y to sensitize V79 Chinese hamster e l l s to neutrons (Figure 3).
Cells maintained in the presence of 1 yM aminopterin, to block de novo
pyrimidine biosynthesis, were pulsed for 12 hr with 50 yM DBDU. The cel ls
were harvested and washed 3 times with phosphate-buffered saline (pH 7.4).
The cel ls (3x10^ per ml) were then resuspended in growth medium and
irradiated at the patient port of the Medical Research Reactor at Brook-
haven National Laboratory for 2, 4, 6, 8, and 12 min. Control cel ls were
maintained in the same pulsing medium but were provided dThd and no boron-
ated nucleoside. Radiation damage was measured by a cloning assay (7) .

The preliminary results showed that the surviving fractions were
clearly reduced compared with those of control cel ls treated at the same
neutron fluence. The re la t ive biological effect (RBE) under these assay
conditions was calculated to be 2 (Figure 3) . We are currently repeating
th is experiment using di f ferent concentrations of DBDU and thymidine in the
medium. In addition we are determining the amount of boronated nucleoside
incorporated into the DNA of the hamster ce l l s .

Obviously, th is is merely a beginning. Large quantit ies of this com-
pound w i l l be needed for test ing in animal models. Pharmacological, t o x i -
cological , and tissue d is t r ibut ion studies in animals w i l l also be
necessary. The results of these phase 1 studies w i l l permit a toxico-
logical evaluation of DBDU in humans pr ior to testing i t s potential for the
treatment of various tumors by BNCT. The findings described above have
stimulated us to synthesize—as candidates for BNCT--other nucleosides
containing an endo- or exocyclic carbon-boron bond.
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ABSTRACT

Endogenous porphyrins (HpD) are already in clinical use for phototherapy,
in which red light is used to stimulate a cytotoxic response in tumors. The
evident success, at least with superficial cancers, gives biological evidence
of selective concentrations of porphyrins in tumors adequate for therapy. We
have investigated, in addition, the biodistribution of a synthetic porphyrin
(tetraphenylporphinesulfonate, or TPPS) in seven different animal tumor
models. Our data, as well as those of others, indicate abundant accumulations
of TPPS in tumor. If boronated analogs behave in the same way, boron concen-
trations would be up to 10 times that needed for therapy. Thus,available data
indicate that boronated porphyrins may provide the most direct route to ade-
quate boron localization in neoplastic growth. Utilization of such porphyrin
analogs in the neutron capture therapy (NCT) procedure is similar in concept
to phototherapy currently being used clinically, with the distinct advantage
of deeper tissue penetration produced by the activating neutrons. In addi-
tion, we would propose initial clinical testing of NCT in brain cancer, where
the blood-brain barrier excludes porphyrins from normal brain.

INTRODUCTION

Systemic application of appropriate radiolabeled and/or cytotoxic tumor-
seeking agents should in principle allow targeting to primary and metastatic
neoplasms on a cellular level. However, drug uptake in non-target but
competing cell pools often exceeds toxic levels before sufficient amounts are
delivered to tumor. In addition, specific metabolic pathways often used in di-
agnosis generally have a low capacity so that at the large concentration of
molecules necesary for therapy OnO to 10" times that needed for diagnosis),
effects of saturation are often found. Application of NCT can circumvent prob-
lems associated with high uptake in competing non-target cell pools, as the
l°B(n,a)7Li reaction is activated only within the radiation field. A compari-
son of this technique with other modes of particle therapy had indicated that
NCT provides significant advantages (1). A major problem still remains in
that it is difficult to obtain vehicles for boron transport which demonstrate
both the tumor specificity and concentration requisite for NCT. The v. ̂ ous
compounds which have besn used in NCT are shown in Table 1.

Initial clinical trials between 1951 and 1961 used the first-generation
compounds, which showed no selective binding to tumor. These efforts failed
to extend the life of patients. Clinical trials of NCT have been in progress
since 1968 using the second-generation compound Na2Bj2HnSH. With this mole-
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Table 1
Compounds Used in Neutron Capture Therapy

First generation Second generation Third generation

Sodium pentaborate Sodium Mercaptoundeca- Steroids
^a2^10^16 hydrododecaborate Antibodies

Na2B12HllSH Nucleosides
Paracarboxybenzene boroaic acid Chlorpromazine
C7H7BO4 Thicuracil

Sodium perhydrodecaborate Amino acids
^a2^10^10 ^orphyrins

Hydrated sodium borate (borax)

cule, the ratio of 10B in tumor to that in blood (*"B ratio) is Ji to 2, vs
0.5 to 0.8 obtained with first-generation compounds (2-4). As of December
1983, 65 patients have been treated by Dr. Hatanaka, using a thermal neutron
beam; the median survival time of these patients has been extended
significantly (5).

While clinical results in Japan are encouraging with Na2B12H1iSH, it is
our belief that the full potential of NCT lies in the development of boronated
analogs of compounds such as those lifted as third-generation compounds in
Table 1; these biomolecules should allow localizaton of boron in tumors with
a concomitant clearance from blood and other normal tissues within the treat-
ment volume. Further, the long biological half-life of the newer compounds
will allow a protracted or fractionated irradiation schedule, thus permitting
selective repair in normal tissue and the use of lower intensity neutron beams
with improved dosimetric characteristics, as indicated in the first paper of
thi3 Symposium (6).

Following the evaluation of these new compounds based on their potential
to deliver the minimum necessary boron content (̂ 15 and 30 jig ̂ B/g tumor, for
epithennal and thermal neutron beams currently available), it is evident that
such boron concentrations will not be easily achieved; attainment of suffi-
cient levels may require multiple-dosing procedures, or the use of a combina-
tion of boronated biomolecules (6). Consequently, those moieties having
greater potential carrying capacity for boron may become increasingly impor-
tant.

The early work by Winkleman (7,8) showed that, following a single injec-
tion of the synthetic porphyrin tetraphenylporphinesulfonate (TPPS) into rats
carrying Walker carcinosarcoma (dose = 40 mg TPPS/kg body weight), robust
amounts of TPPS were selectively concentrated in tumor with a biological
half-life of the order of days (>100 yg TPPS/g tumor). Other studies (7,9)
indicated that the concentration of porphyrins administered in a single dose
can be increased by a factor of -̂ 10 with proportionately higher amounts going
to tumor. Various boronated analogs of such porphyrins have been described by
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Haushalter, with boron contents approaching 50Z by weight (10-12). If these
analogs behave similarly to TPPS, boron concentration adequate for therapy
will be easily obtained, with an "excess" carrying capacity of ^1 order of mag-
nitude .

The porphyrin ring is shown in Fig. 1. Natural porphyrins are water in-
soluble, with substitutions on the ring positions (beta-substituted
porphyrins). Synthetic porphyrins with substitutions on the bridge carbon
atoms constitute the meso-substituted porphyrins, and are water soluble. TPPS
is one of the synthetic porphyrins, as indicated in Fig. 1, and was
investigated following the work of Winkelman which indicated that TPPS showed
better accumulation in tumor than did natural porphyrins (7-9).

The clinical use of hematoporphyrin derivatives (HpD) for phototherapy
gives further evidence that porphyrin distributions in tumor and normal t i s -
sues may be adequate for NCT. (In phototherapy, red light is used to stimu-
late cytotoxic reactions in tissue sensitized with HpD.) Phototherapy has
been shown to be effective for superficial tumors (<1 cm in depth) (13,14).
Utilization of the NCT procedure would extend the treatment depth
significantly because of the greater penetration in tissue of neutrons than of
red light. As with phototherapy, care must be exercised to prefect against
damage from tissue photosensitization to ambient light.

Thus i t is evident that porphyrins are unique among the biomolecules
being studied for use as vehicles for boron transport to tumor; thare is ex-
cess carrying capacity, and, in principle, they should be useful for any type
of tumor. The data described in this paper were obtained to demonstrate these
principles; the biodistribution of TPPS in seven different small animal tumor
models was measured. In addition, preliminary work on the synthesis and
testing of boronated analogs •"'s briefly discussed.

R

Porphyrim

TPPS -O-S03H

-CAP9 ~\—/ Fig- 1- The porphyrin ring, with
j substituents (R) in the meso-position,
NHCOCH2c2B,nH10 as described in the text.
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TISSUE ANALYSIS OF TPPS

Previous work has indicated that for 3H-TPPS and TPP35S, 3H and 35S are
labile under conditions existing in vivo, and the presence of various metal
ions chelated to the tetrapyrrole ring (57Co, 99mTc, 109Pd) changes the appar-
ent tissue distribution (7,15). Carbon-14 incorporated into the ring struc-
ture of TPPS is known to be a valid tag, but the synthesis is complex. Thus
the spectrophotometric method of analysis described by Winkelman (7) was used,
in which the absorbance was measured at pH 2 in order to separate the response
of exogenous (synthetic) porphyrin (TPPS) from that of endogenous (natural)
porphyrins. Typical spectra are shown in Fig. 2 (obtained with a Cary Model
15 spectrometer); at basic pH, the Jbsorbance spectrum from TPPS is
superimposed on that from natural porphyrins (413 nm), whereas in acidic media
the separation at 440 nm is good, Absorbance measurements used to evaluate
TPPS content in these experiments were made with a Carl Zeiss PMQ II S
spectrophotometer, at 440 nm. The background from endogenous porphyrins was
subtracted by using standard curves constructed for each tissue by adding
known amounts of TPPS to "control" tissues as described below (see Fig. 3).

TPPS was obtained commercially; 50 mg was dissolved in 1 cc of bacterio-
static saline, and administered intravenously (1.0 mg for mice, 10 mg for rats?
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Fig. 2. Optical absorption measurements of hamster spleen tissue without
TPPS (curve A) and with TPPS (curve B) . For the la t ter , samples of spi°en
were obtained from a 140-g hamster that had received 10 mg of TPPS.
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Fig. 3. Calibration curves
for various tissues, used to
subtract background due to en-
dogenous porphyrins. Curve A
was produced by adding known
amounts of TPPS to 4.5 ml of
MeOH:NH4 (10:1) and 0.5 ml of
6 N HC1 (no tissue). Curve B
is representative of those ob-
tained for muscle, liver, kid-
ney, spleen, pancreas, heart,
and lung. Curve C shows the
higher background obtained for
blood.

or >r40 mg/kg) . Winkelman had found t h a t tumor uptake was g r e a t e r (and more
uniform) with i . v . a d m i n i s t r a t i o n than wi th i . v . i n j e c t i o n ( 7 ) . For a n a l y s i s ,
t i s s u e samples were taken (0 .3 to 0 .6 mg) and homogenized in 7.0 ml of 0.25 M
g l u c o s e . One-ml a l i q u o t s of the homogenate were d i l u t e d with 2 ml H20 and 2
ml of 10% t r i c h l o r o a c e t i c ac id , mixed, and cen t r i fuged a t 10,000 rpm for 10
min. The superna tan t was removed, and 4 . 5 ml of MeOH:NH4 (10:1) was added to
each percipitate; the mixture was then filtered through pipets containing a
glass-wool plug, and 0.5 ml 6 N HC1 was added to each f i l t ra te to bring the pH
to 2. The acidified fi l trates were spun at 3000 rpm for 5 min. For
"urikiiowns" this clear solution was read at 440 nm, and then checked to ensure
separation from endogenous porphyrins in a general absorption spectrum.

Calibration curves were obtained for each tissue by adding known amounts
of TPPS (in steps of 3 yg TPPS, from a freshly mixed stock solution of 100 jig
TPPS/cc) to the acidified (pH 2) f i l t r a te obtained with tissues from an
uninjected "control" animal. Standard curves were also made using clear
solutions of 4.5 ml of MeOH:NH4 (10:1) and 0.5 ml of 6 N HC1. The la t ter
were used for the various tumors, as i t was found that, except for blood, the
background optical densities were low (see Fig. 3) and showed l i t t l e variation
batween sample sizes varying from 0.3 to 0.6 mg. Calibration curves were
found to be linear for TPPS concentrations up to >200 yg/g. For blood, back-
ground was dependent upon tissue volume; therefore, calibration curves were
obtained for various samples from 0.3 to 0.6 ml. The amount of TPPS per gram
tissue (wet weight) was obtained by correcting for the dilution factor of
seven and for sample weight. The backgrounds obtained for various tissues
0-"0.5-g samples, no added TPPS) are summarized in Table 2.

RESULTS

The tissue distribution of TPPS was measured in seven different tumor
models in small animals; the results are given in Table 3. Both mice and rats
were given doses of J"40 wt> TTPS per kg bodv weight. As in the work of
Winkelman with Walker carcinosarcoma (8)s Lgh uptak- was found in tumor, and
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Table 2
Backgrounds from ^0.5 g of Various Tissues (no added TPPS) at 440 nra

Tissue Optical Density Tissue Optical Density

Blood
Brain
Lung
Kidney
Heart

0.34
0.04
0.05
0.03
0.05

Skin
Muscle
Liver
Pancreas
Spleen

0.02
0.07
0.03
0.02
0.06

significant uptake was observed also in liver, kidney, and spleen. Of primary
importance is the finding that tumor uptake was high in a l l tumors studied,
with TPPS concentration remaining high for periods of 1 day post injection
(the longest time investigated here) . Concentrations of TPPS in blood were
dif f icul t to measure reproducibly because of the high background from
endogenous prophyrins (see Fig. 3) but v»ere similar to those in tumor.

Because of the unique potential of TPPJj as a car r ie r for boron
(concentratad in a l l tumors, with excess carrying capacity), preliminary ef-
forts were made to synthesize boronated analogs. Tetraphenylporphine-p-
boronic acid was prepared (TPPB), but proved to be insoluble. Dr. Haushalter
kindly supplied us wi.":h a sample of one of his boronated porphyrins, t e t r a ( l -
carboranylacetamido-o-phenyDporphyrin (TCAPP; see Fig. 1) . This carboranyl
porphyrin is not soluble in water, and so was degraded to the nido-
hendecacarborane by reaction with KOH (see Fig. 4 ) . The water-soluble com-
pound was tested in BALB/c mice carrying Harding-Passey melanoma, at 12 hr
post injection. No uptake was observed in tumors, but i t was found that TCAPP
was concentrated almost exclusively in the pancreas. Efforts are now under
way to repeat these experiments.

DISCUSSION

The dati summarized in Table 3 ver.ify the high uptake -d long biological
ha l f - l i f e of TPPS in tumor reported by Winkelman. Further, the large variety
of tumors investigated here would suggest that TPPS would be generally applica-

Fig. 4. Diagram of tetra(l-carboranyl-
acetamido-o-phenyl)porphyrin (TCAPP)
degraded to the nido-hendecacarborane
by reaction with KOH.
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Table 3

Tetraphenylporphine Sulfonate Content in Various Tissues

Tumor
Kidney
Pancreas
Liver
Spleen
Lung
Hearu
Muscle
Skin
Brain

Tumor
Kidney
Pancreas
Liver
Spleen
Lung
Heart
Muscle
Skin
Brain

#1

131
103
19
56
228
91
87
85
140
17

Melanotic
Hard ing-
Passey
melanoma,
BALB

12

184
324
71
78
80
135
96
17
99

mice*

hr

136
309
93
81
91
260
61
25
148
18

Amelanotic melanoma

1 hr
#2

62
167
18
79
115
132
25
95
76
21

T-9 glioma,
CDF rats,**
subcutaneous

74 hr

45
81
54
32
73
59
0
0
0
0

12 hr
#1

152
325
93
81
124
70
133
37
46
24

T-9 glioma,
CDF rats,**
intracranial

24 hr

83
125
42
56
64
22
17
0

2.2
2.5

, BALB mice

#2

126
265
23
70
143
165
90
5
67
19

Walker
carcinoma,
Sprague-
Dawley
rats

24 hr

100
88
0.9
44
42
73
20
1.4
1.6
0.4

*

27 hr
#1

135
335
45
109
85
69
68
11

EMT
Sarcoma,
BALB
mice

12 hr

111
174
32
55
83
106
12
0

2.2
0

#2

146
266
46
108

72
75
27

Adeno-
carcinoma
C57 mouse

12 hr

80
47
0
11
76
0
0
0
19
0

*1 mg TPPS per mouse.
**10 mg TPPS per r a t .
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ble (as a vehicle for boron transport) to al l types of tumors. Competing
uptake in such organs as spleen, liver and kidney would preclude use of
radiolabeled TPPS for therapy, but would not hinder its application for NCT in
situations where tissues with high uptake can be excluded from the treatment
volume. In particular, the negligible amount of TPPS found in brain tissue
would suggest that boronated analogs of TPPS would be ideal for the treatment
of brain tumors such as glioblastoma. Levels of TPPS in blood were evidently
similar to that in tumor in these experiments (data not presented here because
of large errors introductJ by the presence of endogenous porphyrins), but the
work of Zanelli (15) indicates that tumor/blood ratios of 2 to 5 may be
obtained at ^2 days post injection. Alternatively, exchange blood transfu-
sions may be used to lower blood levels.

A major attribute of TPPS is the robust accumulation in tumor (Ĵ lOO Ug/g
following a single dose of ^40 mg TPPS/kg body weight). In view of the possi-
bi l i ty of making analogs with boron contents approaching 50% by weight (MW of
TPP = 614), a single injection could deliver ^50 Ug 10B/g tumor. As noted
above, minimuir boron concentrations of from 15 yg/g (epithermal neutrons) to
30 Pg/g (thermal neutrons) are needed for NCT. Indications are that higher
TPPS concentrations would be available via larger in i t ia l doses or through mul-
tiple injections (7).

The potential advantages provided by TPPS may be i l lus t ra te 1 by comparing
the data in Table 3 for TPPS uptake in amelanotic and melanotic melanoma in
BALB/c mice with boron concentration in the same tumor model from f i rs t - and
second-generation compounds. Table 4 shows the time course of some f i r s t - and
second-generation boron compounds, indicating the lack of specificity and
binding. Some binding is seen for Na2Bj2HnSH at 12 to 24 hr, although abso-
lute boron concentration is small and not adequate for successful therapy as
defined above. Injected doses used to obtain the data in Table 4 were similar
to those employed with humans, on the basis of mg/kg body weight (4,5).

Boron content for the f i rs t - and second-generation compounds shows rapid
wash-out at times ^6 hr. The remaining concentrations are well below the
"equilibrium" value of 40 yg/g (the "equilibrium" value of the total injected
dose assuming uniform distribution throughout the body). Conversely, TPPS con-
centrations in tumor are well above the equilibrium value of 40 yg TPPS/g,
indicating physiological targeting and accumulation in tumor with a biological
half-life of the order of days—ideal characteristics for a vehicle for boron
transport to tumor.

Li t t le is known about the mechanism which causes porphyrins to accumulats
in tumors (14), although at least one investigator has concluded that
porphyrins penetrate the cell membrane and are associated wi'-h cytoplasmic
macromolecules (16). There appears to be a consensus that Ti"PS accumulates in
tumor better than endogenous porphyrins and at least as well as any of the syn-
thetic porphyrins (7-9,15,17).

The apparent abundance of chemical routes for the boronation of various
porphyrins should enhance the chance of eventual succeso. For example, in ad-
dition to the various aralogs described by Haushalter, analogs can be
synthesized with borazins rings in place of the phenyl groups, and these might
be better (18). In view of the relatively high level of carrying capacity and
applicability of porphyrins, i t is hoped that more effort will be devoted to
this avenue of research.
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Table 4

Comparison of Temporal Distribution of Boron Compounds in BALB/c Mice
Carrying Harding-Passey Melanoma

Compound

Na2B ;0O16

(Sodium
pentaborate)

Na2B4O7'10H2O
(Sodium borate)

Na2B12HuSH
(Sulfhydryl
boron hydride)

Tissue

tumor
brain
blood

tumor
brain
blood

tumor
brain
blood

Boron concentration (pg/g
times post infection

1 hr 2

33
21
31

19
0

32

h r

27
27
15

6 hr

4
2
2

7
6
6

6
0
5

tissue)
of 40 yg

12 hr

0
0
0

0
0
0

4
0
0

at various
B/K*

24 hr

0
0
0

0
0
0

3
0
0

*No significant difference has been found between i.p. or i.-v. injection.
^a2B10^16 an<* Na 2

B12%l S H w e r e given i.p., and Na2B^Oy«10H2O was admini-
stered i.v. Each value is the average from 2 or more animals.
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Boronated Anti-Estrogens for Boron Neutron Capture Therapy
and Boron Neutron Capture Radiography

Folkert Wellmann and Detlef Gabel

Department of Chemistry, University of Bremen
Postfach 330 440, D-2800 Bremen 33, F.R.G.

One of the main obstacles so far to a successful general
means of boron-10 neutron capture therapy is the difficulty of
fiuding suitable vehicles for boron which allow selective and
quantitatively sufficient accumulation of boron in the tumor
tissue.

In estrogen sensitive cells, estrogens bind to receptor
proteins via van der Waals, electrostatic, and hydrogen bond
interactions. The cytoplasmic estrogen-receptor complex is
translocated to the cell nucleus, where it initiates a series
of events eventually leading to cell growth and division.
Estrogen receptors might therefore be suitable vehicles for
transporting boron-containing estrogens to the cell nucleus, if
it were possible to synthesize such compounds with retention of
biological activity and physiological properties. The ^He and
^Li particles produced in the ^^B(n,ct)'Li neutron capture
reaction could in this case have a high probability of hitting
the DNA and damaging it irreversibly (4,9).

To reduce radiation damage in surrounding tissue, suffi-
cient clearance of administered boron compounds, especially
from the blood, has to be achieved. The tumor-to-surroundings
ratio, and especially the tumor-to-blood ratio, would therefore
have to stay above a certain minimal level. In addition,
irradiation with thermal neutrons leads to ^H(n,Y)^H and
l^N(n,p) 1*C capture reactions. There is, therefore, an upper
limit for the total neutron dose delivered, demanding a certain
minimal uptake of "B in the cell. (It should be kept In mind
that, although there are, as yet, no definite numerical esti-
mates for the parameters mentioned, the existence of such
limitations is undisputed.)

Jungblut et al. (8) have measured the time course of the
concentrations of estrogens and estrogen receptors in the cell
nucleus, following an estradiol pulse. A rapid and parallel
increase of estradiol and receptor concentrations in the
nucleus was found, followed by a decrease of both with a half-
time of ~90 min. Whereas the nuclear receptor contents
levelled off at about 10 000 receptors per nucleus, estradiol
was eliminated exhaustively.

Similar results have been obtained by Horwitz and McGuire
(6), using MCF-7 cells in culture. The nuclear receptor con-
centration increased rapidly, and then decreased with half-
times similar to those observed by Jungblut et al. (8).
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The short retention time in the nucleus seems
characteristic for estrogens in general. It casts doubt on
the usefulness of boronated estrogens in neutron capture
therapy. In particular, sufficient blood clearance seems un-
obtainable, and this leads to high radiation r'-mage in the
surrounding tissue and vessels.

Anti-estrogens are capable of being taken up in the cell
nucleus by the same receptors as estrogens. They do not seem,
however, to trigger the same chain of events, thus being antag-
onists to estrogens ( 5 ) .

Horwitz and McGuire (6) have investigated the nuclear
receptor concentrations in MCF-7 cells also after administra-
tion of the anti-estrogens tamoxifen and nafoxidin. Tamoxifen
led to slower receptor release from the nucleus, and nafoxidin
caused all of the translocated receptors to stay in the nucleus
for several hours. Such prolonged uptake in the nucleus would
make sufficient blood clearance more likely.

We have therefore attempted the synthesis of boron-
containing anti-estrogens, especially derivatives of the
biologically active compound 6-hydroxy-2-pheny1 -1 - ( p-2 ' ,3" -
dihydroxypropyloxy)phenyl-1,2,3,4 -te tiahydronaphtha1 in,
(U-23,469-M) (5 , 1 2 ) , which is formed in vivo from the ori-
ginally described 6-methoxy compound (11) (Fig. 1 ) .

U-23.369-M

Fig. 1 Formulas of the anti-estrogens U-23,46. and U-23.469-M.

The phenol 6-methoxy-2-pheny1-1 -(p-hydroxy)pheny1 -1,2,3 , 4 •
tetrahydronaphthalin described in the literature (11) (Fig. 2)
was reacted with epichlorohydrin to the 2' ,3 ' -epoxypropy1
ether. The base-catalyzed addition of B-decach1 oro-o-car -
borane (3) yielded U-23 ,469-Decloc.* Selective cleavage with
BBr^ of the ether at position 6 of the tetrahydronaphthalin
system yielded the desired derivative U-23,469-M-Decloc.

The homologous compound U-23,469-M-CHOH-Dec loc , with an
additional hydroxymethy 1ene group in the side chain, ran be
obtained by reaction of the above phenol with 1-decachlorocar -
borany1-2-hydroxy-3,4-epoxybutane and subsequent selective
demethy lation with BBr3.

*Decloc = decachloro-o-carborane.
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U-23.469-CHOH-D«tloc U - 23.469 • Decloc

U- 23.469- M - CHOHDecloc U- 23.469- M- Decloc

Fig. 2. Reaction scheme for the synthesis of U-2 \i, 469-M-Decloc.

By choosing more suitable protecting groups, these
complications can be circumvented. In addition, as shown in
Fig. 3, the number of necessary steps in the synthesis can be
decreased. Thus, generation of the p-hydroxy function in the
butanone derivative can be done at the same time as hydro-
genation of the butane isomers, if benzyl or benzyloxycarbonyl
groups are used as protecting groups. Masking of the 6-hydroxy
group is better achieved with the ethoxycarbony1 group, which
is resistant to acidic or hydrogenolytic cleavage. The masking
group can be eliminated, after the introduction of decachloro-
carborane, by treatment with strong alkali, and this yields the
desired products nearly quantitatively.

In the course of the synthesis we found that the selective
demethy lation steps to 1 -(p-hydroxy)pheny1-2-pheny1-4 -
(m-methoxy)phenylbutanone-1 and especially to U-23,469-M-
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B 53

E l /

U 23.469 - M - CHOH - Decloc U 23.4'j9 - M Decloc

Fig. 3. Improved synthesis of U -23,469-M-Decloc and
U-2 3, 469-M-CHOH-Dec loc.

Decloc and U-23,469 -M -CHOH-Dec1oc, caused difficulties. In the
latter two cases, the reaction mixtures contained, besides
unreacted starting material, all three possible cleavage pro-
ducts. Their chromatographic separation was greatly hindered
by the pronounced tailing of the decachlorocarboranyl com-
pound s .

We found that the compound U -23,469-M-Decloc was taken up
by ZR75-1 cells (1) in culture. Cells grown in RPMI medium
supplemented with 10% fetal bovine serum were exposed to 10~^M
of the anti-estrogen. After 30 min at 3 7 ° , the cells were
washed three times with cold phosphate buffered saline, tryp-
sinized, and centrifuged. An aliquot was taken for boron
analysis ( 2 ) . ZR75-30 cells (1) were treated correspondingly
to serve as a control.

In the ZR75-1 cells, which contained estrogen receptor,
the anti-estrogen accumulated to an amount of about 1 0 5 m o l e -
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cules per cell, whereas in the ZR75-30 cells, which served as
control, the boron content was not above the background level,
which is about the same as the number of estrogen receptors
found for these cells (7).

In view of the low receptor concentrations found in cells
containing estrogen receptors, it might be doubtful that
steroids and their antagonists will be applicable in boron
neutron capture therapy (see also Hechter and Schwartz, in this
Symposium). The compounds described hera might, however, be
useful in the in vivo measurement of receptor densities of
material obtained, e.g., through needle biopsies, or in neutron
capture radiography (10).
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Synthes is , Physical Proper t ies ,and Biological Activi ty of Estrogen Carboranes

Harry E. Hadd
Northwest Center for Medical Education, Gary, Indiana

ABSTRACT*

Herein is reported the synthesis and physical characterization of the
first 17a-carborane-estradiol-17B-acetate: (17f3)-17-[1,2-dicarba-
dodecaboran(12)-l-yl] estra-l,3,5(10)-triene-3,17-diol monoacetate (III), for
evaluation in boron neutron capture modalities (Pat. Appl., Harry E. Hadd
for Indiana University Foundation, Jan. 12, 1983, no. 457,384).

A V.̂ nzene solution of ethynylestradiol-3,176-diacetate was refluxed
with acetonitrile and decaborane for 72 hrs, with TLC monitoring to de-
termine the qualitative nature of the reaction mixture. It was observed
that as EE2Ac? disappeared from the mixture, two areas of less polar
steroidal derivatives presented themselves. The least polar appeared to
be E2~Ac-CBN (I); the compound of intermediate polarity was E2-AC2-CBN (II).
Following the reaction semi-preparative HPLC on silica gel with the solvent
methylene chloride/isooctane (7:3) was employed to separate and purify the
two compounds. Physical Properties'. (I) mp 182-5, crystallized from
ethanol. MS: M+ 439+3; 398±4; 282, 254, 228. Calc. C22H3lf02B]0 +
(438.622)-C2H50H (484.69); C 59.47, H 8.32, B 22.31; found C 59.87,
H 8.44, B 22.40.

(II)mp 223-5, crystallized from methylene chloride/isooctane. MS:
M+ &9B±3, (M+-42) 456 (boron complex 453-458), M+-42-59) 397 (boron complex
398-401),228,213,159 (boron complex 157-161). Calc. C ^ H ^ B ^ O ^ (498.624);
C 57.77, H 7.65, B 21.65; found C 57.59, H 7.68, B 21.42.

(II) was heated under reflux with IN HC1 in ethanol to yield (III) the
17-monoacetate, mp 259-261 UV x280nm (MeOH) 2.82 x 10

3. Crystallized
from MeOH. Calc. C22H3603B10™

aB 23.68;found B 23.56. Other physico-chem-
ical data: -̂Hnmr, laCnmr, 1JB nmr, IR, UV. X-ray crystallography of
(II) confirmed the structural assignments. Uterotropic bioassay using
infantile mice showed that(III) maintained about 10-20% of the activity of
estrone. The mp and ir of (II) purportedly synthesized by Sweet and Samant
(Synth. & Applic. Isotop. Label. Cpds, Duncan & Susan, eds, pp 175-180,
Elsevier, 1983) does not conform to Eo-3,17Ae2-17CBN herein described.

Supported by a grant by the LCMCDA and NIH grant RR 01077.

Compound II

•Paper withdrawn after volume went to press.
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RECENT ADVANCES IN THE SYNTHESIS OF BORQN-CG.TAINING
STEROIDS AND PORPHYRINS

Stephen B. Kahl
Department of Pharmaceutical Chemistry

University of California, San Francisco, CA 94143

Introduction

We are pleased to present recent work from UCSF on the synthesis of
carboranyl steroid and carboranyl porphyrins. The steroidal compounds
represent the most recent efforts in our six year old program in this area,
while the porphyrins represent our tnitiai. synthetic attempts to attach
carborane cages to porphyrins. Since this Symposium has also heard a number
of stimulating papers presented in the area of boron analysis, some of our
recently published work describing the development of a highly sensitive gas
chron;atogr*phic-microwave induced plasma (GC-MIP) boron analysis is also
presented

Materials and Methods

Ortho-carborane was purchased from Dexsll Chemical Corp., steroids from
Steraloids, Inc., and all other reagents from Aldrich. Carborane was
sublimed prior to use and all reaction solvents were dried and distilled
using accepted methods. Infrared spectra were obtained as KBr mulls on
Perkin-Elmer 727B or 1310 infrared spectrophotoraetsrs. Ultraviolet-visible
spectra of the porphyrins were recorded in acetone solution at approximately
0.1 mM concentration using a Cary 118C. Proton nmr spectra were obtained on
either a Varian FT-80 or a home built 240 MHz specLrometer at the University
of California, San Francisco. Low resolution electron impact mass spectra
were obtained through the generosity of the NIH Regional Resource for Mass
Spectrometry directed by Dr. A.L. Burlingame at UC"F. Elemental analyses
were perforiu"id by either Galbraith Labs or the microanalytical laboratory at
UC, Berkeley.

17a-Carboranylmethyl-3-Methoxy-Estradlol (I)

Ten iiillimoles of lithiocarborane were prepared by adding 6.25 ml of 1.6 M n-
BuLi in hexane to a solution of 1.44-g orthocarborane in 10 ml dry
benzene. The mixture was stirred at room temperature for 1 V2 hours. The
white precipitate was dissolved by the addition of a few ml of THF followed
immediately by the dropwise addition of a solution of 0.598g (2 mraoles) of
the oxirane, prepared by the method of Wall and coworkers, in 30 ml of
THF. The mixture was stirred at room temperature for 48 hours at which time
TLC indicated no remaining oxirane. The mixture was acidified to pH 1 with
Ik HC1 and 50 ml of ether added. The organic layer was separated, washed
with saturated aqueous NH^Cl (2X) and water (2X), and dried over MgSO^,
Solvents were stripped to give an oil which was triturated with hexane to
yield a gummy solid. This solid was recrystallized to yield 0.060g of a
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fluffy white solid, ra.p. 198-199°C (uncorrected). Anal. Calcd. for
C22H38°2B1O" G' 5 9 - 7 ° ; H» 8'65! J' 7'23* Found: C, 59.4; H. 8.88; 0,
7.15. Pmr (CDC13): 6 1,00 (C-18 methyl), 3.65 (-CH2-carborane), 3.79 (3-
OCF 4.60 (carborane CH). IR (KBr): 3300 cm""1 (OH), 3060 (carborany] CH)5

2910 vCH), 2870 (0CH3), 2580) (BH). Low resolution electron impact mass
spectrum consisted of a parent ion peak at 442 with a base peak at tn/e = 227.

16a-Carboranyl-3-Methoxy-Estradio1 (II)

Ten millimoles of lithiocarborane, prepared by the method described above,
were dissolved by the addition of a few ml dry ether. TT this solution was
added a solution of 2 mmoles of the 16B, 170-epoxide prepared by the method
of Ponsold. Mixture was heated at reflux for 30 hours to produce an orange
solution and a significant amount of light colored precipitate. TLC showed
little cr no starting steroidal material. The reaction wns quenched by
pouring into 100 ml of saturated aqueous NH^Cl. Organic layer was
separated, washed twice with water and dried over KgSO^. Removal of
solvents gave a dark colored semi-solid which, when triturated twice with
hexane, yielded 0.82 g off-white powder. This material was purified by flash
cbromatography to give 0.80 g white solids, m.p. 165-169°C (uncorrected).
Anal. Calc. for C ^ ^ O n B ^ : C, 5G.85; H, 8.47; 0, 7.47. Found: C, 59.1; H,
8.57; 0, 7.30. "Pmr (CDCI3): 5 0.85 (C-18 methyl), 3.79 U-OCH3), 3.96
(carborane CH). IR (KBr): 3280 cm"1 (OH), 3060 (carborane CH), 2920 (CH),
2870 (OCH3), 2580 (BH). LREI mass spectrum showed a parent ion peak at m/e
= 428 with a base peak at ra/e = 160.

Meso-ar-Tetra (c-Carboranylaraidophenyl) Porphyrin (III)

Meso-tetra(o-aminophenyl) porphyrin (1.43g, 2.12 mmoles), produced by the
method of Collman and coworkers, was dissolved in 120 ml of dry C^Clj with
2 ml dry pyridlne added. To this was added a CH2CI2 solution of 12.7 mmoles
(50% excess) of carborane carboxylic acid chloride, prepared from 2.39 gof
acid and 2.64 g PClc by the method of Zakharkin. The mixture was refluxed
for 2 hours, then cooled to room temperature. Twenty ml each of water and
dilute NH3 were leied and the mixture stirred for 2 hour? • To this was
added 100 ml dilute NaOH. The organic layer was separated and washed with
dil. NH3 (2X), H2O (2X) and saturated aqueous NaCl. Following drying over
MgSO^ the solvents were removed to give a crude product which was
chromatographed on silica with 1:1 CH2Cl2~Et2O as the eluting solvent. The
residue was recrystallized from ethanol to give 0.300 g dark purple
crystals. Visible spectrum (acetone): 656 nm (log e = 3.36); 591 (3.62);
550 (3.61); 517 (4.11), 420 (5.18). IR (KBr): 3375 cm"1: (porphyrin NH),
3060 (carboranyl CH), 2580 (BH), 1700 (amide carbonyl). Pmr (CDCI3): 6 4.15
(carborane CH), 7.5 - 8.1 (phenyl rings); 5.50 - 8.58 (amide NH), 8.72 -
8.87 (B-pyrole).

Meso-ar-H? [P(CAHZlNHG0BQHinC9.pipa)A1 (IV)

The closed cage amide (III) was degraded by refluxing a solution of .100 gin
16 ml dry pyridine and 8 ml dry piperidine for 4 hours. The amines were
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removed at reduced pressure to produce an iridescent purple solid which was
washed with Et^O to remove any remaining amines. The residue was dissolved
in acetone and filtered. The filtrate was evaporated, redissolved in
acetone, filtered and then evaporated. This product was stirred with Et2O,
filtered, air dried, and finally heated at 100°C under vacuum overnight to
yield 0.117g of an iridescent purple raicrocrystalline solid. Visible
spectrum (acetone): 660 nm (log e = 3.57), 599 (3.61), 561 (3.79), 524
(4.08), 430 (5.28). IR (KBr): 3380 era"1 (porphyrin NH), 2530 (BH), 1620
(amide carbonyl). Pmr (DMSO-d6): 1.4-1.7, 3.0 (pip+), 3.4 (carborane CH),
7.6, 7.9, 8.3 (phenyl rings), 8.15 (amide), 8.69 (0-pyrole).

22-0x0-22[Cl')C2'-dicarbaclosododecaboranyl]-23,24-bisnor-5-cholene-3-ol-
acetate (V)

Compound V was prepared from the acid chloride and lithiocarborane as noted
in reference 6.

Instrumentation

The GG-MIP instrumentation is shown schematically in Figure 5. The gas
chromatograph was a Tracor model 550 modified by removal of the electron
capture detector and replacement of all exposed metal parts with silanized
glass or glass-lined metal parts. A 3 ft x 2 mm i.d. packed glass column
of Perraabond methyl silicone was utilized for the steroidal carborane
analysis. Addition of a glass-lined metal splitting "tee" permitted a fixed
ratio of the column effluent to be transferred to the FID-M1P interface.
MlP-bound column effluent was solvent-vented and then mixed with inert
carrier gas for transport into the Beenakker TMQJQ cavity. Within this
cavity the boron-containing compounds were excited by the microwave
discharge. An optical bench, containing a focusing lens, an optical beam
splitter and two monochromators, was placed at right angles to the microwave
beam such that the emissions of both carbon and boron could be monitored. A
more complete description of the instrumental details may be found in
reference 5 and references cited therein.

RESULTS AND DISCUSSION

Steroids

Successful synthetic methodologies designed to form carbon-carbon bonds
between steroids and carboranes through nucleophilic attack of C-
metallocarboranes on electron-deficient carbon centers in steroids have been
relatively difficult to achieve.6 This has resulted in part from the rather
weak nucleophilicity of the carborane anion and also in part because the
tertiary alcoholate salt formed upon reaction of a C-metallocarborane and a
ketone, an obvious synthetic pathway for steroids, is suspected of being
unstable. Recently we have attempted to circumvent this problem by two
methods, one of which has been successful, the other not.

Conversion of a steroidal ketone to a spiro oxirane with a sulfur ylide by
the method of Wall followed by reaction with monolithiocarborane yielded
the alcohol as shown in Figure 1.
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CHjO

CHjO Figure 1

The yield in this process was quite JW but no attempt was made to seek
optimum reaction and work-up conditions. Thin layer chromatograms taken
during the reaction suggested that the reaction was essentially complete.
As a result of separating the electron-withdrawing cage from the alcoholic
carbon by a methylene, the 17a-caruoranyln:ethyl compound I seems to be much
more stable tc base than the 17a-carboranyl alcohol3 described previously by
Sweet and by Hadd . The spectral properties of this compound are not
particularly noteworthy except for two features. The position of the
carborane CH at 4.60 is rather more deshielded than expected, since this
resonance usually occurs in the 4.2-3.9 ppm range. This deshielding nay be
indicative of intra-molecular hydrogen bonding with the 17 3-OH. The 18-
methyl group also appears downfield of its expected position relative to
both other estrogen derivatives aad to other carboranyl steroids. Since the
chemical shift of this group is quite sensitive to electronic effects, its
position in I is possibly a reflection of the strong electron-withdrawing
ability of the carborane cage.

Since we had shown that spiro-oxiranes could be opened with lithiocarborane,
attempts were made to react more hindered oxiranes. Such a reaction is
shown in Figure 2.

CHjO

CHjO Figure 2
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The 160, 17g epoxide shown could be cleaved by prolonged reflux with excess
nucleophile, but similar attempts to open its 16a, 17a isomer failed. This
failure reflects the steric influence of the carborane cage since it must
approach from the upper or g-face of the steroid and thus must be influenced
by the 18-methyl group.

We have tried for years to find conditions suitable for successful reaction
of steroidal 17-ketones with metallocarboranes, but no avail. Our latest
attempt was prompted by recent reports that crown ethers significantly
enhance the nucleophilicity of some nucleophiles by tight complexation of
the metal counter ion. When estrone-3-methyl ether was reacted with
lithiocarborane in the presence of 18-crown-6, a lithium-specific crown
ether, no alcoholic product could be isolated nor was there any indication
of 3° alcoholate salt formation. Thus it appears that such reactions are
not feasible.

Compound 1 is currently being examined by tha Brookhaven group for binding
to two lines of cultured breast cancer cells, one known to possess cytosolic
estradiol binding protein, the other known to lack such receptors. We are
also attempting to determine the receptor binding constants for both I and
II and hope to report on these studies in the near future.

Porphyrins

The rationale for the synthesis of boron-containing porphyrins is that both
natural and synthetic porphyrins are known to be selectively taken up by a
very wide variety of tumor tissues. Dougherty and others have pioneered the
clinical examination of derivatives of hematoporphyrin in a form of photo-
radiation therapy in which a solution of about 2.5 mg/kg of hematoporphyrin
derivative is injected intravenously followed several hours later by
irradiation of the tumor region by 630 nm light. Significant clinical
success has been observed with this treatment in raelanotic and amelanotic
melanoma, Kaposi's sarcoma, recurrent breast cancer, and cancers of the
lung, brain, colon and rectum, to note but a few. Fairchild has noted that
the synthetic porptr-rin tetr sphenylporphinesulfonate, TPPS, localizes in
various mouse tumors at levels in the range of 150 ug/g tumor with
tumor/tissue ratios ranging from 3 to 9 depending on the organ examined.

Our carboranyl porphyrin syntheses were based on similar work reported
recently by the late Ralph Rudolph and coworkers.12 The synthesis of the
closed cage carboranyl porphyrit III proceeded as shown in Figure 3. The
starting aminophenyl porphyrin was prepared by the method of Collman.

This material consists of a mixture of four atropisomers and no attempt was
made to separate them further before reaction with carborane carbonyl
chloride. However, the column chromatographic purification method utilized
almost certainly did affect such separation of the resultant amides. Normal
yields for a reaction such as this would have been expected to be upwards of
80-85% yet we obtained only about a 10% yield. The afktS atropisomer is the
least polar and should move most rapidly using CH2Cl2~Et2O (1:1) as the
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eluent. Moreover, it should represent only about 12% of the total amide
product. We now believe that only this atropisomer was Isolated before
halting the separation. Work is currently underway to isolate and
characterize all four atropisomers.

coci

Figure 3

The spectral characteristics of porphyrin III are noteworthy. In the proton
nmr the carboranyl CH appears as a broad singlet at 4.15 ppm in CDCI3, the
region predicted for a carboranyl amide. This differs significantly from
the 4.5 ppm cited by Haushalter ^t_ al. for their analogous compound.
Theirs differs from III in that a methylene group is interspersed between
the amide and the carborane cage, whereas in III no such separation
exists. The nmr solvent for their compound was not reported, but if it was
also CDCI3, the carborane CH would have been expected to be in the 4.1 - 3.8
region or perhaps even more upfield. The visible spectrum of III shows four
peaks plus the Soret band expected of a free-base porphyrin and In the etio
pattern anticipated. The peaks are somewhat red-shifted (4-10 nm) from
those of similar compounds, but small anomalies such as these have been
reported previously for o-substituted tetraphenyl porphyrlns.^ The peak
positions of para-substituted tetraphenyl porphyrins are known to show
increasing bathochromic shifts relative to TPP with increasing electron-

donating power of substituents.14 Since the carborane cage is strongly
electron-withdrawing, the carboranyl amido-function is expected to cause
either a very small bathochromic shift or perhaps a hypsochromlc shift.

The nido-carboranylamidophenyl porphyrin IV was prepared in essentially
quantitative yield as the piperidinium salt by refluxing III in a solution
of piperidine in pyridine. This treatment removes one of the two equivalent
cage boron atoms directly adjacent to both carbons and leaves an open faced,
five membered ring, as shown In Figure 4. The visible and proton nmr
spectra of this compound show some potentially very significaat values. The
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carboranyl CH peak in the pmr appears centered
ppm upfleld of its close parent. This shift
for similar nido-carboranes , but is in eiarp
such shift observed by Rudolph and coworkers
noted no change in the spectrum "except
piperidinium resonances at S 3.38 and 1.64".
reproduced we can only surmise that the broad
assigned and actually represents the carborane
observable shifts at 240 MH in the phenyl ring
of IV as compared to III.

at 3.44 ppm, a shift of 0.71
has been observed previously
contrast to the lack of any
for their compound. They
for the addition of broad
Since their spectra are not
peak at 3.38 was incorrectly
CH. We also noted small but
, amide, and 0-pyrole protons

-4

IV
Figure 4

The visible spectrum of IV in acetone shows the expected etio-porphyrin
pattern but is very significantly red-shifted from the spectrum of the closo
compound III. The Soret band is found at 430 nm, one of the longest wave-
lengths yet reported for a free-base porphyrin and more representative of an
acid dicationic porphyrin, although the spectral pattern clearly distin-
guishes it from such a dication. The four other peaks are red-shifted by 4-
11 nm from those of the closo compound. Taken together, the visible spectra
of III and IV are more typical of porphyrlns with electron-donating
substituents, such as alkyl groups, placed directly on the bridge carbons of
the porphyrin framework. It should also be noted that the visible spectrum
of IV differs significantly from that reported for the analogous open cage
compound by Haushalter et al. who noted no differences between their closo
and nido carboranyl porphyrins 12

It is Interesting to speculate on the source of such a strong red shift.
The phenyl ring planes in tetraphenyl porphyrins are oriented about 40* from
the porphyrin plane in TPP, and in our compounds, with yet another bulky
substituent located ortho to the porphyrin ring, these angles might be
expected to be even greater. Such large dihedral angles would be expected
to preclude conveyance of n resonance effects. Nevertheless, Meot-Ner and
Adler have noted that substituent effects in para-substituted tetraphenyl
porphines correlate best for a predominantly resonance contribution. The
closed cage compound III should exhibit spectral effects dominated by a
strongly electron-withdrawing substituent, while those of the open cage
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compound IV would be expected to exhibit a more substantial resonance
contribution. Meot-Ner and Adler and others have noted a distinct blue
shift when a direct steric interaction is present as in the case of simple
ortho-subatituted tetraphenylporphines. This observation suggests thsr era
red shifts observed in our ortho-carboranyl amide compounds may actually be
underestimating the extent of interaction of the cage with the n system,
particularly in the case of the open cage compound. We are currently
preparing the para-substituted isomers in order to explore further these
intriguing observations.

Examination of the toxicological and tumor-seeking characteristics of the
open cage degraded compound is currently underway in collaboration with Dr.
Ralph Fairchild's group at Brookhaven. Compound IV as the piperidinium salt
is not water soluble but can be made so by passing a solution in aqueous
alcohol through a K cation exchange column. Results are not complete but
to date two significant observations may be made. Firstly,, the compound is
not toxic at doses of ~ 2.5 mg/kg in mice. This is significant because
administration of the simple nido cage compound BQC2H,O~ IS toxic under
these conditions. Secondly, as noted earlier by Dr. Fairchild, a Brookhaven
prepared sample of the potassium salt of compound IV appeared to localize in
the pancreas. This result, however preliminary, has clear implications,
since the treatment of pancreatic cancer is currently one of the more
intractable problems of cancer oncology. Further and more controlled
studies in this area are underway.

Boron Analysis

In collaboration with Dr. Ira Krull of Northeastern University, we have
developed and recently reported on a gas chromatographic microwave induced
plasma boron analysis. The instrumentation is shown in Figure 5 and
described in more detail in reference . Because the column effluent from
the GC was split with a fixed ratio splitter within the GC oven, both an FID
and MIP chromatogram is recorded for each substance leaving the column.
Furthermore, the optical beam splitting arrangement after the MIP discharge
tube permitted recording of both carbon and boron emission chromatograms for
each peak containing these elements. These arrangements allow us to make
reasonable estimations as to the molecular structures detected. This is a
clear advantage over colorimetric and prompt gamma methods of boron analysis
which simply provide total boron content.

Figure 6 indicates the FID and MIP chromatograms one of our earliest
steroidal carboranes (V). We have found that the boron MIP peak heights
are linearly related to the amounts of carboranyl steroid injected with very
high correlation coefficients. Calibration plots using boron peak height,
boron peak area, carbon peak height, and carbon peak area are all linear
over at least three orders of magnitude, from the low ng/injection of boron
entering the plasma to the low ug/injection of boron into the MIP, with
linear correlation coefficients of R > 0.99.
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Figure 7 shows both the boron and carbon MIP chromatograms for compound V.
We estimate the average minimum limits of detection for steroidal carboranes
to be about 9 pg/sec of compound entering the plasma for the hot on response
and about 80 pg/sec for the carbon. These calculations take into account
splitting ratios, transfer efficiencies, and the known ratio of boron
content to total molecular weight of the injected carboranyl steroids.

Since the MIP responses to boron and carbon differ, boron/carbon ratios
calculated simply on the basis of peak height or area are not expected to
reflect the "known" values for a compound. We have found, however, that
within a given class of compounds, they are reflective of the "known"
values. That is, we can discriminate between steroidal carboranes having
"known" C/B ratios of 2.4 and 2.2, for example. It is hoped that such
elemental ratioing will be of benefit at such time as boron-containing
compounds are utilized in humans. Overall methods for recovering such
compounds from biological matrices or preparing such extracts for GC/MIP
determinations are under development.
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ABSTRACT

Pre-clinical neutron capture therapy (NCT) trials wLth neonate beagles
bearing transplanted cerebral tumors were carried out at the MITR-II research
reactor medical therapy facility and are presented with a preliminary discus-
sion of earlier studies conducted to determine the NCT dose tolerance to the
normal canine brain. The boron compound administered, Na2Bi2HllSH (92% 10B
enriched), was incorporated in the tumor as a result of the breakdown of the
physiological blood-brain barrier. Pre- and post-irradiation tumor growth
was monitored by computerized axial tomography scanning aided with contrast
enhancement. Clinical, radiological, and pathological assessments were per-
formed, revealing positive, though episodic, results of therapy^ and are
described.

INTRODUCTION

The concept of neutron capture therapy (NCT) is unique to therapy. The
characteristically infiltrating and highly invasive nature of high grade
astrocytomas was an impetus to its early development. Unlike conventional
treatment modalities, NCT exploits the short ranges and high energy losses
from the 10B(n,a)7Li reaction ions so that radiation dose is differentially
delivered on a cellular level. In principle, such properties will lead to
adequate insult for cell death of even isolated tumor cells while rendering
surrounding healthy tissue intact, provided the boron selectivity is appro-
priate and the thermal neutron exposure is sufficient.

NCT remains a promising technique particularly in view of the fact that
presently accepted treatments of certain tumors, especially high grade astro-
cytomas, continue to yield a poor prognosis. However, its clinical usefulness
remains to be proven. Preliminary clinical results in Japan with cerebral
neoplasms have been encouraging [1] as are pre-clinical trials for the treat-
ment of malignant melanomas [2]. Furthermore, renewed interest in this ther-
apeutic modality has led to investigations of new boron compounds and methods
of boron delivery [3-5].
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PREVIOUS STUDIES ON NORMAL BRAIN TOLERANCE

Pre-clinical NCT trials have been conducted at the Massachusetts Institute
of Technology (MIT) in order to gain further insight as to its therapeutic
effectiveness. Early studies were aimed at determining maximum dose toler-
ance limits of NCT in the normal canine brain and vasculature [6]. It was
evident from neuropathological findings of therapeutic trials conducted in
1959- 1961 that the primary cause of death resulted from unexpectedly large
radiation doses to the endothelial lining of the vasculature due to high le-
vels of boron in the blood [7]. Therefore with the presently accepted com-
pound Na2Bi2HnSH a n attempt was made to determine the total dose level to the
blood at the surface of the brain at which no acute or delayed radiation ef-
fects or other neuropathologic abnormalities would be found in canines.

These results showed that of all dogs receiving less than 3000 rads to
the blood (10B, fast neutron, induced proton, and gamma combined dose) no
neuropathologic difference from a normal non-irradiated animal was found even
after 9 months. One dog having received a total dose of 3620 rads exhibited
a small number of vacuolated neurons, particularly the perkinje cells, but no
major neuropathologic abnormalities. It was further found that, an equivalent
x-ray dose produced significant neurological damage.

These results demonstrated that radiation dose levels to blood in normal
brain could be tolerated at the desired fluence and boron level for NCT.
This was attributed to the fact that radiation doses to the brain tissue adja-
cent to the blood were significantly less due to low boron levels since the
physiological blood-brain barrier prevents passage of the boron from the blood
to the tissue. Furthermore, analytical and Monte Carlo calculations have
shown that the NCT dose to the vasculature lining is considerably less than
the dose delivered to the blood [8-10] . These preliminary trials seemed to
have substantiated this fact.

The initial assessment of radiation effects to the normal brain by NCT led
to our most recent investigations of the treatment of a transplanted cerebral
tumor in neonate beagle dogs.

PRE-CLINICAL NCT TRIALS

A transplanted cerebral tumor model was chosen for the NCT trials that
was developed initially by the A.D. Little Co., Inc. [11] and later improved
by us for our purposes. The original neoplasm was initiated by the intra-
cerebral inoculation of a suspension of live Rous sarcoma virus (.Schmidt-Ruppin
strain) into a neonate beagle and was continued by cerebral transplantation of
the tumor cells in subsequent neonates. Originally tound to be a gliosarcoma,
it has been most recently characterized as a sarcoma.

In order to obtain consistent and reproducible results for each specific
trial, a single litter of 6 to 8 neonate pure-bred beagles were inoculated
with the tumor cells by the use of a modified stereotaxic instrument. In this
manner, consistent positioning of the transplanted cells was assured. The
animals were anesthetized within 24 hours after birth and injectd intracere-
brally, laterally and anteriorly within the frontal lobe in order to avoid
ventricular invasion of the tumor, and along a cranial suture line to prevent
plugging of the injection needle. Successful tumor growth was nearly 100% and
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the mean survival was found to be about 13 days post injection [11].
Tumor growth was periodically monitored beginning at about one week after

injection of the cells by computerized axial tomography (CAT) scanning aided
with Renografin-60 contrast enhancement medium. Animals with positively ident-
ified cerebral tumors were then randomly separated into a control and exper-
imental group.

At 7 to 10 days post inoculation, the experimental group of neonates were
subjected to NCT. The irradiation facility used was a well-collimated (1.8-cm-
diameter,, highly thermalized (Cd/Au ratio ^ 300) vertical neutron beam located
in the medical therapy room directly beneath the MITR-II research reactor core
(4.9 MWth maximum operating power). Exposures were performed by remotely
controlling a series of beam shutters shown in Figure 1. The three shutters -
boral plate, lead plate, and H2O tank - can be opened simultaneously and closed

ty> HCfUCTOH TANK

UO SHUTTER TANK

HjO SHUTTER TANK

-^£&

DENSE CONCRETE

•ORAL SHUTTER

MTENT COLLIMATOft—"~"
FIGURE 1 - MITR-II research reactor medical ther-
apy facility and neutron beam shutter arrangement.
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rapidly to allow immediate access to the room which was originally designed
for NCT treatments. A fourth shutter is located ir the reflector region and
is composed of D2O. The optional evacuation of this tank shifts the neutron
spectrum to higher energies (beam hardening) allowing increased penetration
for deep-seated tumors decreasing the Cd/Au ratio to about 50 and increasing
the gamma dose by nearly a factor of two. Effects of energy modifications are
discussed in detail elsewhere [12,13]. Thermal neutron flux with the D2O tank
full was measured by gold foil activation to be about 2.5 x 10s n/cm2-s and
with the D2O tank empty, about 8 x 10^ n/cm

2-s, both with the collimator in
place and determined at full reactor power. In the majority of the animal
trials performed, the D20 tank shutter was evaluated to assure sufficient neu-
tron irradiation of the tumor.

The medical therapy room thermal neutron beam imparts a background multi-
component radiation dose both directly to tissue, and indirectly due to neutron
activation of elemental constituents present in tissue. These components have
been measured in tissue-equivalent and polyethylene phantoms at varying depths
by the use of thermoluminescence dosimeters (TLD), gold.foil activation, and
ionization chambers [12]. The results are shown in Figure 2 for the therapy
conditions and a targeted surface neutron fluence of 1013 n/cm2. Note that
theoretical augmented dose components for the 10B reaction have been added
assuming 10, 30, and 60 yg10B/g concentrations.

• TOTAL BACKGROUND ANO IOS OOSE
o TOTAL BACKGROUND DOSE
a TOTAL INCIDENT PLUS INOUCEO y-OOSE
0 NEUTRON DOSE FROM l 4 N(n,P) '«C REACTION

• - 5 " DIAMETER
partENr
COLLIMATOR

VOIAMETER
PATIENT
COLLIMATOR

"POLYETHYLENE
HEAO PHANTOM

10
6 8

DEPTH (cm)
12 14

FIGURE 2 - Absorbed radiation dose vs. depth in a
polyethylene head phantom with the DoO tank shut-
ter open and a surface fluence of 10*3 n/cm2.
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Typically one hour prior to therapy, the neonates were injected intra-
venously with the boron compound, Na2Bi2KnSH, enriched to 92% i0B. All dogs
were administered doses of 30 ng10B/g body weight. This compound is currently
being used clinically in Japan [13 and selectively delivers ^ B to cerebral
tumors by means of the blood-brain barrier breakdown at the site of the tumor.
Figure 3 demonstrates the typically large differential uptake of 10B by the
tumor in the neonate beagle tumor model presently used. At left is a coronal
brain section with a clearly visible tumor located in the upper right hemi-
sphere. At right is the corresponding neutron-induced track etch autoradio-
gram of 10B localization [14].

FIGURE 3 - Selective 10B uptake in intracerebral tumor.
Coronal brain section (left) and corresponding
neutron-induced track etch autoradiogram (right).

The compound was obtained commercially (Callery Chemical Co., Gallery,
PA) in the more stable form of a cesium salt. After testing for purity by thin
layer chromatography [15], appropriate weights of the crystalline compound were
dissolved in distilled water and applied to a cation exchange column to convert
the solution to the sodium form. After dilution, the volume was adjusted to
give an isotonic solution, the pH was adjusted as necessary to 7.4 and the
solution was sterilized by 0.2 micron Millipore filtration.

In order to obtain experimental dosimetry measurements for each individ-
ual therapy trial, TLDs and gold foils were placed at various positions on the
animal's body. Total surface dose to blood was determined by measuring the
thermal neutron flux at the site of the tumor and. calculating the 10B dose at
this point. This was accomplished by sampling the blood just prior to and
after irradiation and measuring the 10B concentrations by track etch detection
methods [14]. It was found that boron levels in the blood did not change sig-
nificantly over the course of irradi.ation. Therefore, an average concentra-
tion was taken as a representative value. The tumor dose was estimated from
previous tumor/blood boron ratios.

The neonates were anesthetized and placed in formed styrofoam boats used
as holders. The detectors were mounted and the animal then shielded by 1/8"
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thick 25% boron rubber sheets everywhere except the site of irradiation.
Additional shielding of 6LiCO3 powder packets was applied to the eyes. The
irradiation was carried out to a targeted fluence of 1013 n/cm2 at the tumor
surface which corresponded to roughly 20 to 30 minutes with the D20 tank
shutter emptied and the reactor at or near full power.

Immediately following treatment, blood was drawn and the animals returned
to the litter. Tumor growth of both the control group and the treated group
was monitored periodically thereafter by CAT scanning enhanced with contrast
medium. Clinical observations were also documented. At the point of death
or sacrifice, a dog from the other group would be sacrificed simultaneously
so that comparative pathological evaluations could be carried out. Several
neonates were kept alive for a long period of time (̂  9 months) to determine
any delayed radiation effects due to NCT treatment.

DOSIMETRY

Radiation dose components were measured at the surface of the tumor site,
neck, jaw, and back of each animal receiving treatment. Table 1 lists these
for the three treated pups in one litter of neonates. Note the significantly
lower doses delivered to parts nf the body other than the tumor due to shield-
ing. The relatively large gamma component was due to the fact that this par-
ticular series of dogs received exposures from the hardened neutron beam re-
sulting from the evacuation of the D2O shutter tank.

TABLE 1 - Radiation dose components of therapy to
various body regions for litter F81-63.
Thermal neutron exposure was conducted
with beam hardening.

I'up ID
FB1-63/1

FB1-63/3

F81-63/5

Average''!)
Concentration
in ilood at
the Time of
Therapy
(ugm/gen)

56.6

54

58.5

in
Time
(mill)

35

35

35

Location
of the
Detector
Tumor

Neck

Jaw

Back

Tumor

Neck

Jaw

Back

Tumor

Heck

Jaw

Back

Neutron
Fluence
(h/cml)

1.10 x 1 0 "

1.19 x 1 0 "

5.21 x 1 0 "

1.06 x 1 0 "

1.10 x 10' '

1.14 x 1 0 "

6.11 x 1 0 "

1.06 x 1 0 "

1.09 x 10' •

8.04 x 1 0 "

6.22 x 1 0 "

1.17 x 1 0 "

Surface
Neutron
Dose to
Blood
(rads)
163.9

1.773

.776

.158

163.9

1.69

.910

.158

162.41

1.19

.927

. 1 3

Surface
y-Dose
(rads)

1414.47

239.21

166.37

77.64

1503.53

253.13

200.26

71.76

1625.72

205.32

165.83

86.74

Surface
1 'll-Doac
to Ulooil
.(rads)
5568.64

60.24

26.36

7.37

5322.24

55.16

29.56

5.13

5713.34

4 2 .

32.60

6.13

Total
Surface
Dose to
Dlood
(rads)
7147.Ot

301.22

193.51

83.17

69B9.67

309.98

230.73

77.05

750J.47

248.51

199.36

9 3 .

- 309 -



RESULTS

The effectiveness of neutron capture therapy in this limited study of
neonate tumors was not statistically demonstrated. However, dramatic results
were observed in every case although long-term survival was achieved only
episodically. The most consistent result of therapy was demonstrated by the
contrast enhanced CAT scans monitoring the tumor growth. Figure 4 presents
the scans of two treated and two untreated neonates several weeks after ther-
apy treatment. Notice the significantly enhanced intracranial regions ident-
ifying the presence of viable tumor in the untreated animals located in the
upper right hemisphere and the virtual absence of enhancement in the treated
animals.(Note that the right appears on the left in these scans because of the
orientation of the dogs.) Furthermore, the lateral ventricles indicated by
the darker, lower density regions appear symmetrical in the treated and asym-
metrical due to tumor presence in the untreated neonates. Enlargement of the
ventricles was characteristic of all animals regardless of the therapy and was
attributed to the presence or former presence of tumor growth. All four dogs
were scanned with contrast medium on the same day and therefore at the same age.

Time sequential CAT scans showing the course of tumor growth after therapy
also demonstrated a positive effect of NCT. Figure 5 depicts three sets of
four scans taken progressing posteriorly in a control animal at three different
times after the point of therapy: 2 days, 6 days, and 13 days. Tumor presence
is quite evident. Figure 6 demonstrates the effect of treatment on tumor
growth. Ihree sets of four scans are shown at the same times after therapy as
for the animal in Figure 5. Note the initial presence of tumor at 2 days post-
irradiation, and its gradual regression by 13 days. This contrasts sharply the
tumor progression in the untreated aninal shown in Figure 5.

Clinical differences between treated and control groups were less con-
clusive. Although the majority of the untreated" animals followed a clinical
course of weight loss, fluctuating growth rates, general weakness, and trem-
bling, a significant number of treated, animals had similar symptoms. 62.5%
(10/16) controls and 46.7% (7/15) treated animals died or were sacrificed near

FIGURE 4 - Contrast enhanced coronal brain scans of two neonate
beagle controls (left) and two treated by NCT (right).
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FIGURE 5 - Time sequential CAT scans of tumor growth in an untreated neonate
beagle (Top row: 2 days, Middle: 6 days, Bottom: 13 days after therapy date).

FIGURE 6 - Time sequential CAT scans of tumor growth in a treated neonate
beagle (Top row: 2 days, Middle: 6 days, Bottom: 13 days after therapy).
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the point of death. No conclusions or correlations could be drawn concerning
any adverse effects of treatment on these clinical findings.

Firm conclusions from the pathological results were equally difficult to
draw. Nevertheless, upon microscopic examination, 62.5% (10/16) of the un-
treated controls showed presence of viable tumor, whereas only 20% (3/15) of
the treated dogs revealed the same result. Furthermore, 12.5% (2/16) showed
no residual tumor without therapy versus 33.3% (5/15) with therapy. Long-term
radiation effects could not be evaluated to any degree of certainty. Table 2
gives a summarized compilation of the results for untreated and treated dogs.

TABLE 2 - SUMMARY OF NCT TRIALS WITH
NEONATE BEAGLES BEARING INTRACEREBRAL TUMORS

PUP ID

wm
F80-30/2
F80-30/5
F81-13/3
F81-13/4
F81-27/2
F81-27/3
F81-27/4
F81-27/6
F81-35/2
F81-38/4
F81-38/6
F81-38/8
F81-63/2
F81-63/6

- UNTREATED -

LIFE-
SPAN
(days)

MODli OF

[ RESIDUAL TUMOR

50
44
16
51
9
13
15
14
15
15
15
1 8
xo
14
37

SAC-H*
SAC-H
SAC-I*
SAC-H
DIED
DIED
DIED
DIED
SAC-I
SAC-I
SAC-I
QAP—T
aAL. 1
SAC-I
SAC-H

WITHOUT RESIDUAL TUMOR

F81-13/5
F81-63/4

250
32

SAC-H
SAC-H

TUMOR
HIS-
TOLOGY

NECRO*
NECRO
NECRO
N/A
VIABLE
VIABLE
VIABLE
VIABLE
VIABLE
VIABLE
VIABLE

VIABLE
VIABLE

___

PUP ID
<

F80-30/4
F80-30/9
F81-13/1
F81-13/6
F81-27/1
F81-27/5
F81-38/3
F81-38/5
F81-63/1
F81-63/3

TOTAL
DOSE
rads)

- TREATED -

LIFE-
SPAN
(days)

WITH RESIDUAL

3750t
3370
2400
2300
2900
3200
3559
3627
7147
6989

WITHOUT

F80-30/6
F81-13/2
F81-38/1
F81-38/7
F81-63/5

3690
2190
3577

7501

50
44
51
29
22
20
20
16
38
38

4ODE OF
T1T7ATU

TUMOR

SAC-H
SAC-H
SAC-H
SAC-H
DIED
DIED
DIED
DIED
SAC-H
SAC-H

RESIDUAL TUMOR

>1 yr
250
20
33
23

SAC-H
SAC-H
DIED
DIED
SAC-I

TUMOR
HIS-
TOLOGY

NECRO
NECRO
NECRO
NECRO
NECRO
VIABLE
VIABLE
VIABLE
NECRO
NECRO

* SAC-H = Sacrificed/clinically healthy
SAC-I = Sacrificed/clinically ill
NECRO = Necrotic and/or calcified tumor tissue

t NOTE: Total dose was determined as the combined 10B, fast neutron,
incident and induced gamma radiation dose deliver-ed to the blood
at the surface of the tumor. Since past studies have shown that
at the time of treatment tumor/blood boron ratios were nearly
unity, this dose was also assumed to be the dose to the tumor.
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DISCUSSION

The effectiveness of NCT in treating transplanted intracerebral tumors in
neonaLe beagles with Na2Bi2

HllSH w a s n o t proven in this study. Positive ther-
apeutic results were observed in episodic cases. One of the primary causes
for the inconsistent results in these trials was the use of neonates. It was
found that survival beyond s. certain age ( <\< 2 weeks) without treatment would
increase the probability of tumor regression due to the immunological response
of the animals. Such occurrence of spontaneous regression made it difficult
to assess the actual effect of therapy except in the very qualitative manner
that was presented.

We have concluded that continuation of these pre-clinical studies with
this animal model would not provide further insight into our understanding of
the efficacy of NCT. The reasons for this are several-fold. The characterized
tumor type, a sarcoma, is not representative of the tumors to be eventually
treated in humans. Also, the invasiveness of the transplanted tumor is mini-
mal and typically develops into a solid, well-delineated mass in contrast to
the highly infiltrating, diffuse nature that is characteristic of high grade
astrocytomas in humans. Therefore, refining the treatment and improving the
results in this animal model would serve little purpose in contributing towards
the ultimate aim of mounting preliminary clinical trials here in the United
States.

However, the clear results of therapy in all dogs from CAT scans and the
episodic results based on survival and pathology are encouraging. We believe
that these results add to the body of biological results leading towards a
resumption of clinical trials at the MITR-II. In our opinion, the successful
demonstration of therapeutic effectiveness in any animal model, although highly
desirable, does not guarantee clinical success. Such studies are required,
however, to understand the problems encountered in clinical trials. For this
purpose, limited studies using naturally occurring dog brain tumors may be
essential.

The continuing efforts to pursue the research and development of funda-
mental chemical, biological, and physical aspects of NCT is vital. Efforts to
develop new compounds, investigate more sophisticated mechanisms of boron
delivery, expand the applications to other types of malignancies, and develop
improved neutron beams will all contribute to the ultimate success of neutron
capture therapy.
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Introduction

While the basic concept if Neutron Capture Therapy (NCT) is quite simple,
the large number of variables which must be specified for a given course of
therapy makes its practical application one of the more complex procedures of
medicine. These variables include choice of the specific boron-carrying com-
pound; the schedule and dosage of the compound; composition, spectrum and
geometry of the beam; radiation dosages and schedule; and options of use of
chemical radiation protectors, blood exchange and many possible adjuvant
therapies. The difficulty of the task of finding an optimum regimen in the
midst of this overabundance of options is perhaps one of the reasons for the
agonizingly slow pace of the process of bringing NCT from the laboratory to
the patients in need. Clearly, it will be necessary to resort to mathematical
modelling, where applicable, and animal modelling to explore the range and
quality of the effects of the many variables in order to reduce the scope of
random human trials to reasonable proportions. However, there is no way to
avoid extensive human experimentation if NCT is ever to become clinically
available.

This paper is a progress report on a broad-scale attack on many (certain-
ly not all) of the above problems being conducted at the Frank H. Neely
Nuclear Research Center at Georgia Institute of Technology. Much of this
International Conference on NCT is devoted to the problem of choice of boron
compound so that subject will not be addressed in this paper. Considerations
in this paper will be arbitrarily limited to the use of Na B H SH.

Work to date has included design and preparation of an epitnermal neutron
beam that is remarkably free of fast neutrons, yet has adequate intensity for
therapy. Parameters addressed are beam composxtion, spectrum and geometry as
they relate to penetration, skin sparing, dose schedule (fractionation) and
possibility of repeat therapy. Physical and biological dosimetry provide the
information to mathematically model radiation-dose schedule.

A rat model has been developed for exploring the distribution of boron,
the many possible combinations of boron-dose-schedule and radiation-dose-
schedule, and such supplementary procedures as blood exchange and the use of
chemical radiation protectors.

Behind the immediate objectives of the current research is the general
goal of helping to bring to fruition the great, pr.omises of NCT: 1) Certainly
one of the first is the promise of treatment of brain cancer without surgery.
The epithermal beam with its skin-sparing property may avoid the need for sur-
gical reflection of the skin of the scalp during irradiation. The deep pene-
tration of the epithermal beam is also important. Another consideration is
the effect of suddenly killing a large tumor mass in the brain. In particu-
lar, the vasculature of the suddenly necrotic tumor may hemorrhage before the
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body has time to dissolve the tumor mass and re-route the blood supply. Con-
ventional wisdom suggests that fractionation of dose (perhaps once or twice
per week for two to four weeks) would give the body time to accommodate a more
slowly dying tumor. 2) A second great promise would be the possibility of a
second or even a third course of treatment in the event that a first remission
did not prove to be permanent. The significance of this can only be appreci-
ated when compared with the conventional approaches of radiation therapy. In
these, the radiation dose is chosen to be the maximum which can be tolerated
by the patient. If this is sufficient to kill the cancer, fine. However, if
it is not, there is no recourse.

The possibility of very high B concentrations in the tumor ( - 100 ppm)
results in a relatively small neutron dose required for tumor lethality. Com-
bined with a high boron ratio of tumor to surrounding tissue, this leads to
the concept of delivering only enough radiation to kill the tumor, since more
radiation would only further damage normal tissue. Calculations based on
favorable assumptions suggest that an optimum treatment would leave the pa-
tient with the reserve to be able to withstand one or more further courses of
treatment if required. This possibility could be further enhanced by the use
of chemical radiation protectors such as SOB and eorticosteroids, and inclu-
sion of plasma replacement in the protocol as discussed in the animal model
below. 3) Finally, the greatest promise is the generalization of NCT to
treat other types of cancer, especially lung cancer. Multiple lobe involve-
ment precludes lung surgery and the poor tolerance of lung tissue for radia-
tion usually precludes more than palliative radiation therapy. The deeply
penetrating epithermal neutron beam, combined with the above approaches
maximizing the tumor-tq-normal tissue radiation-dose ratio, suggest that NCT
may someday provide an effective treatment for this scourge which kills some
120,000 people per year in the U.S. alone.

Physical Considerations
An epitheraal neutron beam approach to BNCT has been taken at Georgia

Tech. These intermediate energy neutrons have long been advocated for NCT,
not only for their added penetration, but also for the lower fluence-to-kerma
factors than both thermal and fast neutrons, and the potential for skin-
sparing (1) .

An epithermal neutron beam has been built at the 5 MW Georgia Tech Re-
search Reactor using aluminum and sulfur filters (2). These two elements
share the unusual property of total cross sections which are greater for fast
than for intermediate or thermal neutrons, allowing the preferential transmis-
sion of lower energy radiation in a mixed radiation field.

20 cm of aluminum and 25 cm of sulfur were placed in a tangential beam
port in the reactor (Figure 1). A 60 cm graphite plug scatters mixed energy
neutrons from the core down the port to a 0.63 cm thick Boral cup which fil-
ters out the thermal neutrons, minimizing activation in the subsequent filters.
The aluminum and sulfur filter out the fast neutrons, allowing the thermal and
epithermal neutrons to pass down the tube to an 0.08 cm thick cadmium sheet.
The cadmium removes any neutrons thermalized within the filters or scattered
into the beam from the sides. An additional 25 cm of lead rings block the
gammas streaming between the filters and beam tube.
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Figure 1: Filter configuration for the epithermal neutron beam

Spectral measurements of the transmitted flux indicate that the beam is
strongly epithermal, spanning over four energy decades, with less than 4% of
the total flux due to fast neutrons (3) (Figure 2). The peaks at 20 and 70
keV originate from deep minima in the cross sections of aluminum and sulfur,
respectively. At the lower end of the spectrum, the thermal flux drops off
sharply below 10 eV.

10*
10-S 10" 3 10-2 1 0 - 1 1 0O

ENERGY (MeV)

10'

Figure 2: Neutron transmission spectrum of the fi l tered beam
at 5 MW
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Beam penetration and skin-sparing have been demonstrated in a 15 cm dia-
meter polyethylene head phantom placed in the center of the beam, 47 cm from
the face of the reactor (Figure 3). The thermal neutron flux peaks at
3 x 10 n/cm /s at 5 MW, several centimeters within the phantom for a peak-to-
incident thermal flux ratio of 4.5. The thermal flux drops off thereafters
yet remains above the incident flux to a depth of seven centimeters. For this
flux, delivery of 2000 rads via the B(n,a) Li reaction^to a tumor located
three centimeters within the head and containing 100 ppm
in 2.5 hours.

10B would be complete

10

10=

Thermal
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DEPTH (cm)
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Gamma
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^Nitrogen
Particle

0 2 4 B 8 10 12 14

DEPTH (cm)

Figure 3: Thermal & epicadmium fluxes
generated in a 15 cm diameter
polyethylene head phantom, 50 cm
from the beam port at 5 MW.

Figure 4: Depth dose distribu-
tions in a head phan-
tom 47 cm from the
epithermal port.

For comparison with other facilities, the absorbed dose delivered by the
various radiations in the beam was plotted against depth in the head for the
2.5 hour irradiation (Figure 4). The nitrogen particle dose was calculated
for 1.9% by weight ^ N content in the brain (4), for a fluence-to-kerma factor
of 1.58 x 10 rads/n/cm . The fast neutrons were neglected as they repre-
ent only 8% of the neutron dose and less than 3% of the total dose at a three
centimeter depth.

The plot demonstrates the excellent skin-sparing potential of the beam if
the incident photon contamination can be reduced. As the facility is the
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first of its kind, built only for a feasibility study, several options remain
for reducing this contamination by at least i factor of three. Thus, in terru.s
of the physical parameters of beam penetration, skin-sparing, and absorbed
dose, the epithermal neutron beam provides a viable approach to BNCT.

Biological Investigations
The advantages and parameters described above are physical considerations

only, dealing with the amount and location of energy deposition in the head.
Very little information is available on the biological effects of epithermal
neutrons. Biological investigations were therefore directed in three areas:
1) determining whether the overall biologically equivalent dose delivered
during a 2.5 hour patient irradiation remains below the 1400 R tolerance limit
of the brain beyond which radiation necrosis begins to appear (5), 2) whether
the skin-sparing predicted by physical considerations is retained in the bio-
logical realm, and 3) the establishment of an animal tumor model to test the
combined effects of the boron and the beam.

A. RBE, ^Co-Equivalent Dose_, and Skin-Sparing. The RBE and equivalent
dose were evaluated using radiation-induced chromosome aberration frequencies
in the pollen nuclei of the plant, Tradescantia paludosa (spiderwort) as the
biological endpoint (6) . Dicentries and centric rings were scored; both are
the result of lesions in two chromosome arms within the pollen nucleus and
their subsequent rearrangement. Individual inflorescences from these plants
were irradiated in the pre-DNA duplication stage of interphase of the first
post-meiotic division. Aberration production was scored four days later dur-
ing metaphase when the six large chromosomes were in their most constricted
phase, facilitating spotting of the aberrations.

The dosimeter was calibrated in a ^Co field up to 300 rads, at approxi-
mately the same intensity (12.5 rads/min) as the photons present in the epi-
thermal beam. At this intensity, the aberration yield was found to increase
as the 1.53 power of the dose. Tradescantia inflorescences were then irradi-
ated at three positions in the filtered beam: directly in the beam 50 cm from
the biological shielding, and on the front face and several centimeters within
a head phantom placed in a corresponding position to evaluate skin-sparing.

The irradiations were run at low doses (200-300 rads) tc avoid saturation
of the dosimeter (6). The individual contributions to the aberration fre-
quency from the gammas, thermal neutrons, and epithermal neutrons were separa-
ted, based on photon dose and thermal flux measurements. The values were then
extrapolated to the higher doses incurred during a 2.5 hour treatment,
linearly for the neutrons and to the 1.53 power for Lhe photons.

The photon intensity in the beam fell slightly short of that in the cali-
bration curve. At low intensities, the yield of photon-induced dicentrics and
centric rings becomes more linear (6). Therefore, a 'worst possible case' was
designed in which the photon contribution to the aberration frequency was
extrapolated to the 1.2 power of the dose.

The EBEs and ""Co-equivalent doses calculated for the three positions in
the filtered beam are listed in Table 1 for both the 1.53 and the 1.2 expo-
nents. Thus, the mixed radiation field at the peak of the thermal flux in the
phantom delivers a dose which is biologically equivalent to 1368 rads
(x = 1.53) or a maximum dose of 1895 rads (x = 1.2). The front fice receives
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a biologically equivalent dose between 1091 and 1578 rads.
skin-sparing is retained in the epithermal beam.

Hence, 20-25%

Table 1.

Phantom
Face
Beam

Biological

RBE

1.2
1.3
1.2

Effectiveness of the

x = 1.53

Co-equiv(r^ds)

1368
1091
1135

Filtered

RBE

1.6
1.8
1.7

Beam

X

60
= 1.2

Co-equiv(rads)

1895
1578
1610

The Co-equivalent dose in the phantom approaches, and in the worst
case exceeds, the 1400 R tolerance limit for the brain. However, over 800
rads of this 1368-1895 rads stems directly from photon contamination in the
beam. If only 500 of this 800 rads were eliminated by refining the beam, the
equivalent dose at all three positions would drop below the cutoff point.

Similarly, the k3E values of 1.2-1.7 listed in the table are low pri-
marily because of the large photon contribution to the dose. Thus, not only
is skin-sparing retained in the biological context, but the overall equiva-
lent dose is potentially low enough for clinical applications of the epi-
thermal beam.

B. The Animal Tumor Model. The remaining test of the epithermal beam
involves the combined effects of the radiation and the Na.B. ̂H.... SH compound.
T' evaluate this effect and the efficacy of various dose-moaifyzng factors in
the treatment regimen, an animal tumor model was established. Small pieces
of an adenocarcinoma tumor line are transplanted into the hind feet of
150-160 gram female F344 Fisher rats. The tumors are allowed to grow to
approximately one cubic centimeter before thf> animal is anesthetized and
placed in a shielded restrainer for the Irradiation (Figure 5).

6 L iF-coa ted
Lead Pig

Phantom with
Removable

Leg Plug

Figure 5: Shielding configuration for the rat irradiations
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To demonstrate the penetrating power of the epithermal neutrons, the
rat is placed in a ^LiF-coated lead pig with its tumor-bearing leg splinted
and extending out of the cylinder into a polyethylene head phantom. The leg
is positioned so that it lies three centimeters from the front face of the
phantom, simulating treatment of a brain tumor at the peak thermal flux.

The epithermal beam presents a unique shielding problem in that the neu-
trons are moderated to thermal energies within several centimeters. There-
fore a rat injected with boron and placed in the lead pig will receive a
prohibitively large dose to its midline, i.e., the radiation-sensitive
intestinal tract, if large amounts of boron are retained in the intestinal
epithelium. To alleviate this problem, graphite blocks were placed between
the rat restrainer and the reactor face to moderate and capture the epi-
thermal neu rons before reaching the animal. An additional lead brick with
an extension for the rat's leg was added to shield the rat from the large
photon contamination in the beam.

The shielding configuration reduces the peak thermal flux in the phantom
and hence at the tumor to 2 x 10^ n/cm2/s at 5 MW. The thermal intensity at
the midline of the rat is a factor of ten lower. To deliver 2000 rads to a
t-_^r containing 100 ppm B, nearly four hours of irradiation is required.
The total gamma dose delivered to the leg and intestines during this time are
420 and 175 rads, respectively.

Two rats have been irradiated in the beam without the boron injection to
sst the shielding. The irradiation was divided into three fractions of 80

minutes each, 3-* days apart,further reducing the effective photon dose to
the leg fc 250 rads, according to the Ellis equation ( 7 ) . The tumor re-
gressed si.'ghtly after the first two treatments, but continued to grow there-
after until the animal was sacrificed. Both rats tolerated the procedure
T7ell, wich no gross observable changes in their health.

It remains yet to irradiate a rat injected with Na_B.._H SH in the epi-
thermal beam. Whereas fractionation reduces the effectxve photon dose, it
will have little effect on the large neutron dose delivered to the intestinal
area by the capture of thermalized neutrons in the boron residing therein.
Further moderacion and shielding of the epithermal neutrons would reduce the
thermal flux in the rat, but would also cut the intensity at the tumor.
Therefore a plasma exchange is being explored as a potential route for reduc-
ing the free boron in the rat's system while maintaining a therapeutically
significant amount in the tumor.

Studies by Tolpin-, et al (8) indicate that nearly 85% of the boron in-
jected as Na.B^H SH ard residing in the bloodstream is associated with the
plasma. If a S6% exchange of plasma is performed, nearly half of the boron in
the blood should be eliminated. At the same time, the poorer circulation,
large extracellular space, and binding of the compound in the tumor may retain
the boron for a long enough period for a significant differential to be built
up between the tumor and the blood.

To test the idea, catheters have been implanted in the left common caro-
tid artery and the right internal jugular vein of the rats. The catheters
remain open up to a month if flushed daily with diluted heparin (0.5 ml in
30 ml saline). Prior to the exchange, the rat is injected with an antin-
flammatory coriticosteroid, methylprednisolone sodium succinate. One milli-
liter fractions of blood are withdrawn from the carotid and spun down. The
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b^ronated plasma is then replaced with fresh plasma and the blood reinjected
into the vein while withdrawing the next milliliter fraction from the artery.
Up to three exchanges have been performed on one rat, following the same
schedule as the irradiation fractionafon experiments described earlier. The
rats tolerate the procedure well and are up and eating within several hours.

Boron distribution studies are currently being run to test the efficacy
of the plasma exchange. Six rats bearing tumors were catheterized and injec-
ted with 200 ppm 10B in the form of Na2B H..SH at the rate of 0.1 ml/min.
One hour was allowed to pass for uptake of trie compound in the rat's system.
Two rats were then given plasma exchanges, taking one hour each, and sacri-
ficed immediately thereafter. Tissue samples of the blood, tumor, liver,
kidneys, skin, intestine and muscle were taken and frozen for analysis.

Two other rats served as controls and were sacrificed two hours after re-
ceiving the boron injection. Plasma exchanges were ~un on the final two rats,
followed by a two-hour interval before sacrifice to test the retention of the
compound in the organs. Based on the amount and retention of boron in the
tumor, the time of the final irradiation in the epithermal beam will be cal-
culated.

Several aspects of the problem of bringing the use of epithermal beam NCT
from the laboratory to clinical trials are being investigated at the Frank H.
Neely Nuclear Research Center at the Georgia Institute of Technology. An epi-
thermal beam has been prepared based on sulfur, aluminum and boron filtration.
This approach reduces the fast neutron dose to acceptable levels while main-
taining adequate intensity for therapy. Using Tradescantia as a biological
dosimeter the skin-sparing effect of the beam has been verified and it has
been shown that it is possible to hold the total effective dose to normal
tissue below the tolerance limit for the brain. A rat tumor has been deve-
loped to test various dose modifying or protective factors such as plasma
exchange, fractionation of radiation delivery! chemoprotectors and other
variables.
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ABSTKACT

Of the several boron-containing estrogen derivatives synthesized by us,
we found that 17a-carboranyestradiol [Carbestrol) had estrogenic potency equal
to natural estradioi both in female rats and also in human breast cancer cells
(cell line MCF-7, estrogen sensitive). The therapy neutron beam from the
MITR II nuclear reactor was trained on the MCF-7 ceils which had been pre- in-
cubated with various concentrations of Carbestrol. Control cells contained cor-
respondingly equal concentrations of estradioi, or o-carborane plus estradioi.
The neutron fluence measured by the gold foil method was 4 x 1012 n/cm2. The
background y-i*adiation was 300 rads. Both the test cells and also the control
cells were markedly damaged by the irradiation, under similar experimental con-
ditions, 300 rads of y~radiation from a calibrated cesium source were found to
produce about half of the cell damage observed in the neutron irradiation exper-
iments. Experiments involving the treatment of estrogen-sensitive cancer cells
with a boron-containing estrogen may be more productive when the non-select-
ively destructive y-radiation is removed from the neutron beam and also by en-
riching Carbestrol with 1 0 B.

INTRODUCTION

In 1964, Soloway was f i rst to suggest that the carbon-containing, boron-

cage structured group called carborane be considered for attachment to biologic-

ally active compounds intended for BNCT (1). Compared with other boron-con-

taining substances, carborane was exceptionally stable in aqueous media which

approximated biological fluids. Also, derivatives of carborane were practically

non-toxic in contrast with analogous compounds containing other boron groups.
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By 1980, ours and Kahl's group had successfully attached the carborane

group to estradiol (2 ,3 ,5) . Working independently, we prepared appropriate

acetylenic derivatives of estradiol,then reacted these compounds with decaborane

to directly form th carborane moiety on the estrogen. Kahl's approach was to

activate a suitable carborane derivative and attach it to a modified form of estr-

adiol (5,6). Testing the ^ rs t generation of our carborane-containing estrogens

[3-0-carboranylmethylestradiol) in female rats showed that it was stable and non-

toxic. However,it also had greatly reduced biological potency (2,3).

The exact location of a substituent group added to estradiol is known to be

critical for both estrogenic potency and also the estrogen receptor-bind ing affin-

ity of estradiol analogs (Table 1 ) . This is true for the effects of the hormone

analog on estrogen-sensitive normal and cancerous tissues. Therefore,to im-

prove the boron-containing estrogen for BNCT it had to contain the carborane

group at the 17a position of estradiol. Accordingly, we synthesized 17a-carb-

TABLE I. Location of substituents versus biological activities of estradiol
derivatives [from the dataofD.J. Ellis, ref. SjL

XQ
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Binding Activity Activity
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CH3
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oranylestradiol [Carbestrol) by methods similar to those used for preparing our

first-generation compounds (4) . Kahl and coworkers also concentrated their ef-

forts on making 17-position and D-ring# carborane-substituted estradiol analogs

(5,6). Later, Hadd's group reported a synthesis of 17crcarboranylestradiol 17-

acetate by using our approach (7,12). This compound was probably produced

as an intermediate or an impurity during our earlier synthesis of Carbestrol.

Carbestrol was tested in female rats and shown to be equal in estrogenic po-

tency to the natural hormone, estradiol (4) . Hence this compound appeared sui t-

able for experiments with human estrogen-sensitive cancer cells in culture. The

present report describes the results from our experiments with the estrogen-sen-

sitive cells from an human breast adenocarcinoma. Carbestrol was tested in the

cells for growth stimulation. This system was irradiated with a thermal neu-

tron beam to examine its potential for boron neutron capture therapy.

MATERIALS AND METHODS

Carbestrol was synthesized, puri f ied, and characterized according to our

previously reported method (4). The human breast MCF-7 cancer cells were the

kind gif t of Dr. E.M. Jensen of the Mason Research Institute in Rockville. MD.

We cultured and characterized the MCF-7 cells according to established methods

(9,10). Incubation of the cancer cells was carried out in steri le, 5% CO /air , in

a water saturated atmosphere at 37 °C.

Neutron Irradiation Experiments. The MCF-7 were passaged and then plated

at a density of 5 x 105 cells/flask (25 mL culture flasks) in 4 mL of DMEM-calf

serum [CS). After 5 hr of cell attachment, the medium was aspirated and the

cells were rinsed with an additional 4 mL of DMEM-CS. Then the cells were fed

with either 4 mL of medium alone [control) or with one of these substances added:

Carbestrol (10-8 M); estradiol (10"8 M); o-carborane (10~8 M) plus estradi-
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ol (NT6 M). For each substance tested and the control, 24 flasks were prepar-

ed. The MCF-7 cells were incubated for 15 h and then divided into two groups

for either neutron irradiation or to serve as the non-irradiated controls. The

flasks containing MCF-7 cells for neutron irradiation had gold foils attached to

them and then they "/ere arranged doubly stacked, in a circular array on a 3-m-

diameter circular plywood platform which was mounted on a Rototorque rotating

apparatus ( by Cole-Parmer Instrument Co.). The flasks thus arranged were

placed in the center of the vertical beam port (therapy neutron beam) of the

MITR II reactor, such that the center of a flask coincided with the center of the

beam port^ Rotating the platform at 15 cpm, and with the reactor operating at

a level of 4.68 megawatts, the cells were irradiated for 5.7 h. These conditions

provided a total average neutron dose of 4.8 x 1012 n/cm2, calculated from the

gold foil measurements by an established method (11). Immediately after i r radi-

ation, the medium in each flask was exchanged with 4 mL of the appropriate

medium2 and the flasks were replaced in an incubator. The cells were harvested

in triplicate on the days indicated in Fig. 2 (day of plating was taken as Day 0)

Gamma-Irradiation Experiments: The measured dose of background y-radia-

tion during the neutron irradiation experiment was 300 rads/5.7 h. Therefore,

flasks of MCF-7 cells under conditions exactly corresponding to those described

above were subjected to irradiation from a calibrated cesium y-source in the

Mallinckrodt institute of Radiology at Washington University School of Medicine.

The measured rate of y-ray emission was 9.3 rads/min. The MCF-7 cells were

variously exposed to doses of 50, 100, 150, or 300 rads of y-radiation. The cells

exhibited a +ypicp! radiation dose-response to irradiation. The effects of 300 rads

Clearance between flask and beam port was 1 cm. Containing Carbestrol, etc.

- 326 -



of y-radiation on two groups of MCF-7 cells are compared with the effects on these

cells of 1.8 x 1012 n/cm2 thermal neutrons plus 300 rads of y-radiation [Panel

B, Fig. 2 ) .

RESULTS AND DISCUSSION

Human breast adenocarcinoma cells of the established cell line MCF-7 were

tested for growth stimulation by the natural estrogen estradiol, Carbestrol, and

3-carboranylmethyl estradiol. The MCF-7 cells exhibited dose-dependent growth

stimulation as represented in Fig. 1. Earlier, we found that in experiments with

female rats treated by a classical protocol designed to measure hormone activity

(by stimulation of uterine growth) 3-O-carboranylestradiol had 1/60 the potency

of estradiol (2) but Carbestrol was practically equal to estradiol in potency (4).

Thus the consistency in this pattern of biological activity observed in the present

in vitro experiments is both interesting and also reassuring. Because the sub-

cellular mechanism of estrogen growth stimulation of both rat uterine and also

human breast cancerous tissues is now known to be str ik ingly similar we can be

assured that,like estradiol, the boron-containing estradiol analogs are transport-

ed into the cell nuclei. This is encouraging because for BNCT to do the most

good the 1 0B(n,a)7Li reaction must occur where it can do the most damage to the

cancer cells: inside the cell nucleus.

o

t 6
to

I
LU

4
O

4
DAY

Fig. 1. Growth stimulation of MCF-7 cells by Carbestrol(•, 10"BM), estradiol (• ,
10~8M), and 3-O-carboranylestradiol(*, 10~*M) compared to the control group(*)
At concentrations of 10~ 9M growth stimulation due to Carbestrol and estradiol
was about half of that shown, while at 10-10M it was near the control level.
3-O-Carboranylestradiol at 10"8M [&) had no effect on cell growth. However,
10 6M of either Carbestrol (n ) or estradiol (o ) caused inhibition of cell growth.
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Neutron and y-Radiation Experiments. Following a 15 h preincubation of the

MCF-7 cells with Carbestrol. estradiol, or o-carborane plus estradiol, the cells

were irradiated for 5.7 h in the therapy neutron beam of the MITR II reactor.

The conditions of these experiments are described under MATERIALS AND

METHODS. The results of these experiments are represented by the tracings in

Fig. 2. At the same time, control groups of MCF-7 cells were subjected to simil-

ar conditions of transportation and temperature but kept shielded from radiation

(Panel A, Fig. 2). All of the MCF-7 cells which were irradiated with the thermal

neutrons were markedly damaged as evidenced by their substantial growth mhib-

ition at Day 8.5 {Panel B, Fig. 2). No selectivity in the growth inhibition was

evident among the various groups of cells which had been irradiated. The control

25
A: ESTRADIOL
_: CARBESTROL
O o-CARBORANE
D: CONTROL

^ ® l A ' 0 -300 RADS OF V-RADIATION

85 8.5

Fig. 2. Neutron irradiation of MCF-7 cancer cells pretreated with Carbestrol.
Panel A. The non-irradiated control groups of cells were pretreated w i th :
A, estradiol(10~8M, • ) ; B, Carbestrol(10~8M, * ) ; C, o-carborane(10-8M) plus
estradiol (10~8M), e ; D, control with medium alone, • . Panel B. The neutron
irradiated MCF-7 ceils were preincubated with the same media containing the
substances detailed in Panel A. Note that C, o in Panel A,corresponds to C, «
in Panel B. The results from the cesium y-irradiation experiments are represent-
ed as A1, Q/ and D1, • , which correspond to cells under conditions A and D, res-
pectively. Details of these experiments are discussed under MATERIALS AND
METHODS.
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cells were seemingly more damaged than the boron containing cells. However,

the presence of the growth stimulators in the media during the days following

neutron irradiation accounts for these differences.

The results from the cesium source y-irradiation experiments are interesting.

As shown in Panel B, Fig. 2, both the estrogen-stimulated cancer cells (Af) and

the unstimulated control cells [tf) had their growths inhibited by over 50% as a

result of receiving 300 rads of y-irradiation. The background y-radiation which

accompanied the thermal neutrons during irradiation of the MCF-7 cells was at

the same dose during 5.7 h of irradiation. Ws surmise that at least 50% of the

cell damage observed as cell growth inhibition was due to this background rad-

iation.

The present results have shown that to make further progress with the tech-

niques described here the backgound y-radiation must be more efficiently filter-

ed. Then the biological effects of thermal neutron irradiation of MCF-7 cells in

culture can be reliably assessed. Furthermore, to provide the possibilty of ob-

serving a selective BNCT effect on the cancer cells which have been treated with

Carbestrol, the boron-containing estrogen must be enriched with 10B. The car-

borane group on Carbestrol contains ten boron atoms. Therefore, enriching this

group with 10B to about 99% can potentially enhance the molecular neutron cap-

ture cross-section of Carbestrol by an approximate factor of five. When all of

this has been accomplished we hope to observe the successful and selective des-

truction of these cancer cells.
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ABSTRACT

10
If a tumor can be preferentially loaded with a suitable B-

compound and irradiated with thermal neutrons, malignant cells
can be selectively destroyed via the reaction 10B(n,a) Li; both
the a particle and the Li nucleus have a high LET and an OER of
about one; the combined range of the two particles amounts to
about 14 \im in water.

Two boron-amino acid analogs were synthesized with enriched
boron (90% * 0 B ) : (a) The compound Trimethylamine-carboxyborane
(Mol weight: 116.2) contains 8.7% boron, and (b) Amine-carboxy-
borane (Mol weight: 74.1} contains 13.6% boron and shows a good
solubility in water. The solid Adenocarcinoma EO 771 on C57 B1/6J
mice was used as test object.

The tumor-bearing animals were irradiated in a thermal
column of the swimming-pool type reactor FRJ-1 (MERLIN); the
bodies were shielded against thermal neutrons by a boron carbide-
plastic mixture. The thermal neutron flux was 2.3•lO^°n/cm sec.
at the tumor.

Boron concentrations in tumor, liver, muscle and in blood
were ana-lysed by emission spectroscopy. The effects of the tumor
treatment were evaluated by tumor volume measurements. Cell cycle
changes were analysed by means of flow cytometry using the ICP-22
from Phywe.

INTRODUCTION

Clinical experience with neutron capture therapy since 1968
in Japan has fcpsr. partially successful (1). But the full benefits
of this unique therapy scheme can only be gained with better com-
pounds of the third generation (2) characterized by selective
binding to the tumor and biological half-lives in the order of
days. Aminoacids are of interest since protein constitutes about
15% of tissue and turnover is rapid. Different boron-amino acid
analogs ha/e been reported; Trimethylamine-carboxyborane (A3) and
Amine-carboxyborane (A7) were of specific interest (3).
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MATERIAL AND METHODS

B-Compunds

The organic B-compound Trimethylamine-carboxyborane
(CH3)3 NBH2 COOH

(Molecular weight: 116.9) (A3) was synthesized either with
natural boron (20% 1 0 B ) or with enriched boron (90% 1 0 B ) . This
betain analog contains 9.24% boron or 8.7% boron in the enriched
compound. A3 shows a very low toxicity with a LD50 l.p. of
about 1700 mg/kg in healthy mice. 0.5 mg/g were injected i.p.
(3). Later, Amine-carboxyborane (A7) (Molecular weight: 74.8)
was synthesized with natural boron or with 90% enriched boron-10.
This boron analog of glycine contains 14.4% boron or 13.6% boron
in tl,e enriched compound and shows a good solubility in water.
1.0 mg A7/g were injected i.p. 30 min. before irradiation.

Mice and tumors

The adenocarcinoma EO 771 was used as transplantable tumor
in mice. It originated in a mammary gland of a C57 B1/6J mouse
in 1940 and now appears as an undifferentiated, monomorphic
neoplasm. The TD50 is about 24 cells*(4). Autoradiographic
experiments with a seven-day-old tumor yielded a growth fraction
of about 9O percent and a cell cycle time of 19 hours witn G^:
8.5 hrs, S: 8.2 hrs, G2+M: 2.3 hrs. The tumor is serially pas-
saged every week by injecting approximately 1.75-10 viable
cells in physiological saline (0.1 ml) into the right hind leg
of male C57 B1/6J mice, 8 to 12 weeks old, weighing 25 to 30 g
(Zentralinstitut fur Versuchstierzucht, Hannover-Linden, F.R.
Germany). The tumor cell suspension was obtained by dissecting
seven—day-old tumors with scissors and gently grinding the
tumor pieces in a mortar, followed by sieving; the resulting
cell suspension was diluted to the required cell number (4) .
Tumor growth was assayed by measuring diameters with a caliper
and the tumor volume is read off from a calibration curve.

It is important to normalize the experimental conditions
and the standard tumor is characterized by the following para-
meters: Tumor diameter: about 9-10 mm; Tumor volume: about 400-
500 mm3,- Growth fraction: 70%; Percentage of necrotic cells: 0% ;
Tumor doubling time: 48 hrs.; Number of Passages: 900; Sponta-
neous Regression: 0%.

Influence of tumor treatment

Tumor growth was studied after giving thermal neutron
irradiation and/or A3 or A7 respectively. Tumor growth delay
represents the time delay between the treated and non-treated
tumors with respect to volume doubling. This tumor is very radi-
ation resistant and 40 Gy gamma rays result in a growth delay of
-i: jut 5 days.

*TD5Q ceil no. = av. no. of cells per tumour implant that give 50% take probability.
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Irradiation facility FRJ-1 (MERLIN)

The tumor-bearing animals were irradiated at the research
reactor FRJ-1 (MERLIN) in Jiilich. MERLIN is a swimming-pool type
reactor with 1O MW power and a maximum thermal neutron flux of
2-10^n/cm2. The reactor has two thermal columns BE-14 and BE-15.
BE-15 was equipped with a facility for neutron capture therapy
of mice in 1965 (5) but it is no longer in use now as a result
of interference with other nuclear physics experiments. The
central channel in BE-14 covers a wide range of thermal neutron
fluxes (lO9-lo"n/cni sec) . The neutron flux density and the
neutron spectrum depends on the i-radiation position. In the
standard position (60 cm from the reactor bound face) the fol-
lowing values were measured: thermal neutron flux density at the
tumor: 2•lOlon/cm^sec.; thermal neutron flux density inside the
shielding: 7 • 108n/cm2sec. ; fast neutron flux density (E >1 MeV) :
2 • 107n/cm2sec. ; cadmium ratio: 80(gold foils),- gamma dose rate:
30 Gy/h. During irradiation the tu_ior-bearing animals are
shielded by a small container made of boron carbide plastic mix-
ture with a wall thickness of 2 cm so that only the tumor is
axposed. The animals are loaded and unloaded with the reactor in
operation with minimal stress.

Flow cytometry

Cell cycle changes were analysed using flow cytometry with
a flow cytometer ICP 22 from Phywe, Gottingen. A cell suspension
of the tumor cells from the adenocarcinoma EO 771 was prepared
in PBS (phosphate buffer solution) with a concentration of about
10 cells per ml, fixed in alcohol and kept at 4 - 6°C until
further use. For the analysis the cell suspension was stained
with a mixture of ethidium bromide (Serva No. 21238) and mithra-
mycin (Serva No. 34803) 1:1 and measured 10-30 minutes later.
The distribution of the fluorescence intensity of the nuclear
DNA was displayed as analog-print-out from the multichannel
(Canberra 8100-MCA). The percentage of cells in the different
phases: Gj, S and (G2+M) was evaluated from the area under the
DNA histogram using background and aggregates correction (6, 7).

RESULTS

Boron analysis

Following intraperitoneal injection into tumor-bearing mice,
boron concentration in tumor, liver, muscle and blood were ana-
lysed by emission spectroscopy (ICP) in the Institute for Chemi-
cal Analysis (Prof. Sansoni) . The results are indicated in Fig.
1 and 2.

- 333 -



A3

TRIMETHYLAMINE-CARBOXYBORANE
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Fig. 1: Boron concentration (yg/g) in blood, tumor, liver a.id
muscle analysed at different times (15 min., 30 min.,2,4,
6 and 10 hrs) following intraperitoneal injection of
0.5 mg/g Trimethylamine-carboxyborane (A3) into tumor-
bearing animals (9 mm Adenocarcinoma EO 771 on C57 B1/6J
mice ) .

F i g

AMINECARBOXYBORANE

C57BL/6J MICE ; E0 771

0.5mg A7 /g MOUSE i.p.

•—•BLOOD

o—oTUMOUR

n — • LIVER

L—L MUSCLE

1 2 3 L 5 6 7 8 9 10 11 12

TIME AFTER INJECTION / HOURS

Boron concentration (yg/g) in blood, tumor, liver and
muscle analysed at different times (15 min., 30 min.,2,4
and 8 hours) following intraperitoneal injection of
0.5 mg/g Amine-carboxyborane (A7) into tumor-bearing
animals (9 mm Adenocarcinoma EO 771 on C57 B1/6J mice).
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A 3 Trimethylamine-carboxyborane (Pig. 1)

6 hours after intraperitontal injection of 0.5 mg/g A 3 a
tumor to blood ratio of 1.3 was registered. The boron concen-
tration in the tumor diminished with an effective half-life of
about 6 hours.

A 7 Amine-carboxyborane (Fig. 2)

A 7 shows a different time pattern of concentration. 30 min.
after intraperitoneal injection of 1 mg/g A 7 a very high concen-
tration of boron in the liver is registered (about 80 yg/g). The
bo^on concentration in the tumor diminishes with an effective
half-life of about 2 hours.

Growth Delay - Flow Cytometry(A3)

A3 was injected intraperitoneally at a concentration of
0.5 mg/g mouse. The analysis of the toxicity with normal mice
without irradiation had demonstrated that A 7 shows a lower
toxicity (LD50 : 2500 mg/kg) than A3 (LD5o : 17OO mg/kg). There-
fore only a limited number of experiments with A3 was arranged
and the main experimental effort was conce itrated - n the reaction
from A7 injected at a concentration of 1 mg/g for tumor bearing
mice .

A3 (90% 1°B) was injected 6 hours before neutron irradi-
ation: A3 injection alone or irradiation with thermal
neutrons in the fluence range from 4.3-10** - 1.3•lO12n/cm2

produced a growth delay for tumor doubling of only 1 day to
2 days, but 0.5 ig A,/g and 8.6-10 n/ci resulted in a growth
delay of 3.5 days (Fig. 3 ) . Flow cytometry demonstrated a pro-
nounced G2 arrest after the combination, namely 24% cells in
G2 + M, whereas the neutrons alone or A3 alone showed smaller
effects, between 10% and 15%.

Growth Delay (A?)

a) The boron-glyeine analog alone has no significant effect on
tumor volume growth (Fig. 4) of the system EO 771 on C57 black
mice.
b) Thermal neutron irradiation alone results in minimal growth
delay in the range of 0.5 up to 1 day (Fig. 4.1 - 4.4) dpp^nding
on neutron fluence.
c) The alpha particles from the boron-10 reaction produce growth
delay depending on neutron fluence and boron—1O concentration.

In Fig. 4.1 and Fig. 4.2 the effects are comparatively small for
a neutron fluence of 1.9-1O*2 or 3 . 1 - 10 1 2n/cm 2 and no difference
is seen for A 7 with 20% or 90% *°B.

In Fig. 4.3 and Fig. 4.4 the effect of boron 10 concentration is
clearly demonstrated and a growth delay of 6 to 7 days is demon-
strated for fluence values of 4.5 up to 6'lO12n/cm2 in the cade
of A 7 with 90% B. In contrast, the same fluence values after
i.p. injection of A 7 (20%) results in growth delay of only 1-2 days
(.Table I).

- 335 -



B!

2 4 6 8
TIME AFTER TREATMENT/[WS

Fly. 3: Relative tumor volume of the Adenocarcinoma EO 771 follow-
ing neutron capture therapy with A3 (90% 1OB) 0.5 mg
6 hrs before i r r a d i a t i o n . Thermal neutron fluence:

1 1 1 2 26 h r s
4 . 3 - 1 O 1 1 - 1 . 3 - l O 1 2 n / cm

I I I 1 i I I I 1 1 M I 1 I 1 I I I I I I I I M l I 1 M I

15 0

°—° CONTROL
•—• A7
*--* n

. . ^ . A7 3 0 m i n . n

_ A7* ?0min. n

C57BL/6N MICE. EO771
A7/A7' = 1mg/gM0USEip
n= THERMAL NEUTRONS

TIME AFTER TREATMENT / DAYS

Fig. 4: Relative tumor volume of the Adenocarcinoma EO 771 follow-
ing neutron capture therapy with A7 (2o%

 l0B) '.1̂ 7(90% 10B)
1 mg/g, 30 minutes before irradiation- thermal neutron
fluence: 1.9 - 3.1 - 4.5 - 6-lO12n/cm2
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Table I. Growth Delay (days)

A7(2O%
1OB) A7(9O%

1OB)

1.9-10 n/cm2sec 0.7 1.5 2.O
3.1•1012n/cm2sec l.O 2.5 2.6
4.5-1012n/cm2sec 0.5 1.0 7.0
6.0"1012n/cm2sec 1.0 2.0 6.5

Flow Cytometry (A7)

Changes in the cell cycle distribution were analyzed using
flow cytometry as described above under material and methods.

The experiments focussed on the treatment with A? (Amine-
carboxyborane) alone or in combination with thermal neutrons.
The compound A7 was synthesized either with natural boron (20%
• B) or enriched B (90%). The results are shown in Fig.5.
The percentage figures are the corrected values.(7). Different
experimental conditions were analysed 6 hrs or 24 hrs after
treatment: Untreated control animals; intraperitoneal injection
of 1 mg A7/g mice; irradiation with 1 . 9 • 10

12n/cm2, 3.1•lol2n/cm
2

and 6 • lo1 •in/cmz thermal neutrons.
Treatment with 1 mg A7/g and 1.9-1O

12, 3.1-1O12 and 6-lO^n/cm2

thermal neutrons.
From the analysis of the diagram certain conclusions can

be deduced taking into account the great difficulties in ana-
lysing the heterogeneous cell population of a solid tumor. After
treatment with neutrons and in combination with a glycine-
analogue, the biochemical pathways are influenced in multiple
ways, resulting in a severe disturbance of cell cycle kinetics.

From Table II the following trends may be observed with
respect to the percentage of tumor cells in (G2 + M) phase-
al Amine-carboxyborane (A7) alone, or irradiation with
thermal neutrons alone, produces only minor accumulation in
(G2 + M ) . b) The alpha particles from the boron-lo reaction
result in a stronger accumulation most pronounced in the case
of 90, enriched boron-lo and 6-lOi2n/cm2. 52% of all tumor cell
are found in (G2 + M) 24 hours after treatment. These results
are m good agreement with the experimental findings of Liicke-

s
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L y . TREATMENT
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50%
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TREATMENT
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CONTROL 1mgA7/g 6 101'
MOUSE

Fig. 5: Cell kinetic analysis of the cell cycle distribution of
the Adenocarcinoraa EO 771 (diameter about 9-lomm) using
flow cytometry (ICP-22) .
Cell cycle kinetics were analysed at 6 hrs or 24 hrs
respectively after treatment with different schemes:
Control animals; A7 alone; neutrons alone, and the
combination of A7 and thermal neutron irradiation with
different fluence values in the range from 1.9'lO^^ up
to 6-lO12n/cm2.
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Table II. Cells

Treatment

Contro

1 mg A

1 .
3.
6.

1 mg A

+ 1 .
+ 3.
+ 6 .

1

7

9
1
0

7

9
1
0

1 m g A *

+ 1 .
+ 3.
+ 6.

9
1
0

/g mouse

•10 1 2

• 101 2

• l o * 2

n/cm
n/cm
n/cm

/g (2O%10

1 0

• 1O 1 2

•lO1^

/g (
1 0

. ̂  Q 1 2

-1012

n/cm
n/cm
n/cm

in

2

2

B

2

90%10

n/cm
n/cm
n/cm

2
2
2

)

B)

(G2+M)

Hours

Phase (S.E. ^ 5%)

after
treatment

6

3 1%

27%

43%
28%
-

2 6%
34%
-

-

24%
19%
-

24

22%

3 5%

3 5%
2 2%
35%

3 5%
42%
41%

43%
53%
5 2%

DISCUSSION

In contrast to glycine revealing a tumor/normal tissue ratio
of 5 to 1O (9) the borated analogs of glycine A3 (n-Trimethy1-
amine-carboxyborane and A7 (Amine-carboxyborane) surprisingly do
not show increased uptake in tumor analogues over that of glycine.
Therefore our experiments have the interesting result, that only
such amino acid analogs may have beneficial effects in neutron
capture therapy, which possess a low to;:Lcity and a high percen-
tage of B. Of the so far described amine-carboxyLoranes and
derivatives only A3 and A7 with highly enriched boron-10 (90% 1OB
or more) fulfil these conditions.

The analysis of the observed effect is difficult. The cell
damage in the tumor after combined treatment results from the
following components.-

Cytotoxic effects under the influence of either amine-carboxy-
borane or trimethylamine-carboxybcrane as a resu!t of the de-
pression of DNA synthesis, protein synthesis, RNA synthesis (3).

Cell damage as a result of the neutron flux and gamma irradi-
ation in the thermal column and from the garma component from the
B(n,o)7Li reaction.

Cell damage as a result of the internal irradiation with
alpha particles from the l0B(n,a)7Li reaction. The additional
effect from the alpha particle is most clearly demonstrated after
i.p. injection of enriched boron-10 (see Fig. 4.3 and 4.4) and
this alpha component produces an additional growth delay of about
5 days if one compares the two curves in Fig. 4.3 and 4.4 either
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with natural boron (20% 10B) or enriched boron (90% l0B) .
The increment in growth delay of about 5 days (7 days -

2 days) may b-; attributed to the increment in the dose resulting
from the increase in the alpha-particle dose as a result of the
higher number of alpha particles from A7 (90%) in comparison to
A7" (20%) .

The additional alpha-particle dose may be estimated froir
the formula:

D = VS (10B) . _*_ . 0. 0 9 G y (5)

g loi2

resulting in D = 38 Gray (F — neutron fluence, n/cm~).

SUMMARY

a) Either Trimethylamine-carboxyborane (A3) injection alone or
thermal neutron irradiation alone produced a growth delay of only
1 day to 2 days, b) 0.5 mg A3/g plus 8.6'10

1ln/cm2 resulted in a
growth delay of 4 - 5 days, c) Flow cytometry demonstrated a pro-
nounced G2 arres*- ifter the combination (24%) whereas the
neutrons alone or A3 alone showed smaller effects, d) Similar
results were observed with Amine-carboxyborane (A7) , both for the
volume effect and for the cell cycle changes. The percentage of
cells in (G2 + M) 24 hours after treatment were: Normal tumor:
22%; following Ay-treatment: 35.%; following neutrons: 35%; com-
bination: 43--53%. e) The most pronounced effect was clearly
demonstrated after A* (90% l0B) and 6-lOI2n/cm2 thermal neutrons
(growth delay 6 - 7 days). f) The additional alpha-particle dose
after A* (90% 1OB) compared with A7 (20% 1O3) and 6•1012n/cm2 was
3 8 Gy.
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In Vitro and In Vivo Studies in Boron Neutron
Capture Therapy of Malignant Melanoma

B.J. Allen
Australian Atomic Energy Commission Research Establishment

Lucas Heights Research Laboratories
Private Mail Bag, Sutherland, NSW 2232, Australia

ABSTRACT

A multidisciplinary research project in boron neutron capture therapy of
malignant melanoma is under consideration by the Australian Atomic Energy Com-
mission. This paper reviews the biochemistry of melanoma and the properties
of some melanoma-affined radiopharmaceuticals and their boron analogues. Human
cell lines are being used for in vitro tests of uptake and incorporation of
some of these compounds, and selected lines will then be implanted in nude mice
for in vivo distribution studies. The fidelity of human melanoma xenografts
in nude mice has been well studied, and results are reviewed in this paper.
Boron concentration will be measured directly by plasma arc emission spectro-
scopy or liquid scintillation counting with C-labelled boron analogues.
Track-etch techniques will be used for the microscopic detenr.ination of boron
in tumour sections. Neutron irradiation and radiobiology experiments are
outlined.

1. INTRODUCTION

Melanoma is a cancer associated with the melanocyte Cmelano = black, cyte
= cell), which produces the suntan that shields skin against strong sunlight.
Often, melanocytes form moles, one in a million of which may produce a cancer.
If the cancer is malignant, it has the potential to spread to other parts of
the bocy.

The likelihood of spreading is dependent on the depth to which the
melanoma has grown under the skiii. For deep melanomas, metastases will often
ocrur in the lymph glands, situated in the groin, armpit, and neck. These
glands act as filters against infection or cancer. It is not possible to de-
tect the early presence of metastases in the lymph glands.

The three main types of melanoma, in order of superior prognosis, are
Hutchinson's melanotic freckle (HMF), superficial spreading melanoma (SSM),
and nodular melanoma (NM). Lymph node metastases occur earliest with NM and
are rare with HMF. The thickness of the lesion ("i.e. penetration through the
skin) is a reliable and most important determinant of prognosis and therapy,
invasion of the subcutaneous tissues being highly lethal.

Australia has a high incidence of malignant melanoma, the state of
Queensland having the highest incidence in the world at 34 cases per 100 000;
the lowest incidence is 0.05 per 100 000 in Uganda. Most cases occur in the
coastal districts, and it is apparent that solar exposure and race are impor-
tant causal factors. New South Wales has about half the incidence rate of
Queensland, with about 230 deaths ascribed to malignant melanoma each year.
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The New South Wales mortality rate is 19% for women and 38% for men, and 30%
of deaths result from multiple node metastases to the brain. Early detection
is a major factor in survival. During the last two decades, the incidence of
melanoma has doubled in New South Wales and Queensland and increased markedly
all over the world.

Meticulous surgical management of primary melanoma is advocated, with pro-
phylactic (preventative)•lymph node dissection for tumours of thickness greater
than 2 mm. Disseminated melanoma is, in general, resistant to radiotherapy
and chemotherapy. Inniunothe..-apy is in the experimental stage and so far has
yielded disappointing results.

It is therefore appropriate and timely for the Australian Atomic Energy
Commission to investigate a research program in boron neutron capture therapy
of malignant melanoma. The program consists of the following:
(a) Production of appropriate boron compounds for uptake by melanomas.
(b) Maintenance of human melanoma cell line cultures.
(c) Demonstration of uptake and incorporation of boron compounds in human

melanoma cell cultures.
(d) In vitro neutron irradiation of boron-loaded cell cultures for determina-

tion of relative biological effectiveness (RBE).
(e) Xenografting human melanomas in nude mice and studies of the uptake of

boron compounds.
(f) Design and construction of a nude mouse boron neutron capture therapy fa-

cility on the AAEC's 100-kW reactor Moata.
(g) Radiobiology and pathology of irradiated tumours and growth delay studies.

Once this program has been accomplished and satisfactory results ob-
tained, clinical oncologists would be expected to take advantage of the
facilities. It is envisaged that topics (b), (c), and (d) will be undertr'cen
in collaboration with the Queensland Institute of Medical Research.

2. MELANIN CONTENT IN MELANOTIC AND AMELANOTIC MELANOMA
IN .iICE, HAMSTERS, AND HUMANS

Melanoma is one of a number of cancers having cellular functional differ-
entiation, synthesizing a specific protein, melanin. As malignant transforma-
tion occurs, these tumours usually acquire increased mitotic activity and often
retain their melanin synthesizing ability.

Melanin content has been determined by Watts et al. (1) for pigmented and
nonpigmented tissues of Syrian golden hamsters bearing Greene melanoma, B-16
tralanoma in C57 mice, Harding-Passey (VV) in BALB/C mice, KHDD in C3H mice,
and nine human melanomas, as well as selected normal tissues.

Well-pigmented animal melanomas contained 0.3 to 0.8 wt% melanin, whereas
human melanomas varied from 0.1 to 0.9 wt% (average 0.35 wt%). With the excep-
tion of skin, other tissues were lower in content by a factor of 30 or more.

Clinically, melanin content is described by the terms "deeply,"
"heavily," or "lightly" pigmented, or amelanotic (no visible pigmentation).
Well-pigmented human melanomas have an average concentration of 0.35 wt%, very
similar to the average for the Greene and HP models. This result is un-
expected, for the rapid doubling time of the Greene (.^2 d) and HP (̂ 4 d)
melanomas suggests a lower content relative to the slower growth period (6 to
7 weeks^ for human melanoma (2). Human melanomas often show large areas of

- 342 -



necrosis (up to 90%), but no correlation has been found between gross pigment
content and viable tumour fraction.

Amelanotic animal models had concentrations from 0.003 to 0.02 wt%, i.e.
about 10 to 80 times less than the well-pigmented melanomas. These results
are generally in agreement with those of earlier workers, other than
Borovansky (3), who found about half the melanin content of melanotic lines
for amelanotic melanomas.

Of the tissues showing a high incidence of metastatic melanoma, heart
(41%) and liver (77%) have been reported at 0.05 wt% of melanin in tissue,
about five times as high as that observed by Watts et al. (1). The difference
in melanin concentration bstween most tissues and melanotic melanoma (30 to 50
times) indicates a high efficacy for preformed melanin-affined compounds such
as chlorpromazine (CPZ).

A significant variation in the melanin content of several metastases was
found within the same patient; this variation is well known in human and ani-
mal melanoma models. However, pigmentation may be regained or stimulated
through the introduction of such chemicals as 1-8-D-arabinofuranosylcytosine
(4), theophyllin (5), or cytarabine (6).

Most primary malignant melanomas have a dark colour because of melanin,
which is formed as the result of a long chain of chemical changes, beginning
with phenylalanine (see Figure 1). Blois and Kallman (7) investigated the pre-
cursors of melanin by incorporating * C-labelled 3,4-dihydroxyphenylalanine
into the melanin of a mouse melanoma. The precursor chain includes a side
branch, which is also shown in Figure 1.

phenylalanine

tyrosine

3,1-di hyroxyphenylalan ine
(dopa)

[ 1
3-hyroxytyramine (dopamine) dopaquinone

T
epinephrine 5,6-dihyroxyindole

I
i ndole-5,6-qu i none

melanin

Figure 1. Biosynthetic pathway of melanin and epinephrin (7)
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Melanin is an irregular, three-dimensional, heteropolymer composed of
dopaquinone, 5,6-dihydroxyindole, and 5,6-dihydroxyindole 2-carboxylic acid
units with free radicals trapped in segments) of the structure (8), as shown in
Figure 2. Brown to black melanins are of high molecular weight, relatively in-
soluble, of polymer nature, and resistant to chemicals (9). Melanin is rich
in such metals as Zn, Cu, Fe, and Mn (10).

Melanin can act as a free electron acceptor, but within cells it is bound
to protein, which blocks the free radical (sites. The proportion of free radi-
cal sites may be critical to radiopharmaceutical uptake, especially where
trace metal binding is involved.

Melanin-bearing tissues are found in the skin, mucous membranes, eye,
inner ear, meninges (membranes of the brain and cord), and the neuro-melanin
of the brain stem. The origin of the melanin of the central nervous system is

HOOC Dopaquinone

Dopaquinone

Indole-5,6 -quinone
2- carboxylic

acid

Indole -5,6 - quinone

Figure 2 . H y p o t h e t i c a l s t r u c t u r e for melanin i n Hard ing-Passey melanoma ( 8 ) ,
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thought to be correlated with a tyroainase-independent biochemical pathway.
The skin and melanoma melanins are svnthesised through the tyrosinase-
dependent pathway.

Melanin content and tyrosinase activity may vary markedly between human
and murine melanomas. Furthermore, there may be histological and pathological
differences which could further influence uptake of the boron compounds needed
for neutron capture therapy. The B-16 melanoma has not only a very low mela-
nin content but also a poor record for predicting the sensitivity of human cell
lines to cytotoxic chemotherapy (A. Coates, priv. comm.1. Consequently, suc-
cessful experiments with murine melanomas must be reproduced on human melanomas
before clinical application is authorised. Moreover, antibodies are specific
only to human melanomas. It is therefore not only cost effective but in some
cases essential to use human melanoma for in vitro and in vivo experiments.

3. MELANOMA-AFFINED COMPOUNDS

The potential use of most melanoma-affined agents for tumour scanning and
therapy is based on the specific function of the tumour to produce melanin.
Following the systemic injection, the agent arrives at the site of the
melanoma and, depending on blood flow and microcirculation within the tumour,
accumulates at the melanoma cell membrane. There the agent must affix to the
cell and either remain attached to the membrane or be transported inLo the
cell. The receptor sites may be immunologically specific or chemically selec-
tive. The cell surface is usually negatively charged; positively charged
agents accumulate at the surface, and the electrical charge increases with ma-
lignancy (11). Once in the cell, the agent may be incorporated into the
melanin synthesis or it may react with melanin or melanoproteins. The interac-
tions may be biochemical, physiological, or immunological.

The uptake of many agents in the melanoma can be classified as follows:
(a) Interaction with preformed melanin.
(b) Physiological precursors in melanin polymerization.
(c) False precursors.
(d) Interaction with membrane antigens.
A brief description of the outstanding melanoma-affined compounds, chlor-

proinazine, iodo-a-methyltyrosine , boronophenylalanine, and thiouracilj follows .

A. Chlorpromazine (CPZ)

CPZ gives tumour/blood ratios of 150 for a single dose and 630 for a se-
quence of doses (12). The worst ratio, for the liver, is in the range 12 to
16. Compared with a non-specific compound, a boron analogue synthesized and
tested in cell culture (13) yielded a concentration factor of only 4.5 for
cell killing and 9 for a-track counting. In vivo studies in hamsters showed
tumour growth suppression for 18 days after irradiation, but complete eradica-
tion could not be achieved. A * B content of 45 to 62 Ug ^B/g tumour is pos-
sible if iUBj2~CPZ has the same uptake in melanoma as CPZ alone. Further in

vivo research is needed on both 10Bi2-CPZ uptake and the derivative 7-OH CPZ
(14).
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B. Iodo-Ct-methyltyrosine (IMT)

In the L-optical isomer configuration, the uptake ratio of iodo-a-
methvltyrosine accumulation per gram for melanoma/kidney is 7; for melanoma/
liver, 69; and for melanoma/blood, 46, at 24 h after administration (15). How-
ever, this compound was not taken up by the hamster melanoma, and the iodine-
labelled version reduced-the precursor role of the compound. Other labelled
versions should therefore be investigated.

C. Boronophenvlalanine (BPA)

Whereas dopa borate has no effect for in vitro survival, BPA gives an
elevenfold enhanced incorporation and a Do of ^1O

1Z neutrons cm (down by x3
from that for thermal neutrons alone) for 4.3 Vg B/g wet cells (16). No
data are yet available on the in vivo uptake of this boron compound.

D. Thiouracil (TU)

Fairchild et al. (17) found uptake ratios for tumour/blood, 77; for
tumour/muscle, 417; and for tumour/kidney, 70. Up to 300 lig/g tumour uptakes
are possible: this corresponds to 26 yg B/g if one boron atom is attached,
and 312 Ug B/g if a B12 cage is added.

These boron concentrations are more than adequate for neutron capture
therapy if uptakes similar to those of the parent compound can be achieved for
the boron analogue. However, further research is needed for each compound to
determine its efficacy in neutron capture therapy. Some compounds labelled
with S or I could also play a useful diagnostic or therapeutic role.

E. Monoclonal Antibodies

The malignant transformation of cells is associated with functional and
structural changes to their membranes. Of particular relevance is the appear-
ance of tumour-associated antigens, to which tumour-specific antibodies may re-
spond. Problems relating to the production of specific xenoantisera appear to
have been overcome by the development of the hybridoma technique (18), a
method which can continuously produce monoclonal antibodies of defined speci-
ficity. Experiments strongly suggest that monoclonal antibodies to human
tumour-associated antigens may be used to localise human primary tumours and
metastases. Imai et al. (19) have developed monoclonal antibodies to human
melanoma-associated antigens (MAA). Hybridoma lines have high but variable
reactivity in vitro to human melanoma cell cultures compared with lymphoid
cells, carcinomas, sarcomas, and foetal fibroblasts.

Studies have shown that the injection of monoclonal antibodies to MAA in
nude mice with human melanoma xenografts inhibits tumour growth. This may re-
sult from an antibody-dependent, cell-mediated cytotoxicity reaction, or the
coating of cells with antibodies may inhibit mitotic activity. The data
strongly suggest that monoclonal antibodies to MAA can bind to melanoma cells
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in vivo and, when suitably labelled, may have a role in imaging and therapy of
melanoma.

4. SYNTHESIS OF BORON ANALOGUE OF THIOURACIL

Although thiouracil has excellent properties for incorporation in
melanotic melanomas, a boron analogue has not yet been synthesized. One ap-
proach maybe via n-alkylthiouracil in which the alkyl group carries the boron
cage (J. Wilson, priv. comm.). The boron can be incorporated ^arly in the syn-
thesis because the chemical stability of the carborane moiety would ensure its
survival in subsequent reactions. After synthesis of 1-bromomethylcarborane
(comnound I, Figure 3), the synthesis of 3-fcarboranylmethyl) thiouracil (CMT,
compound II") should proceed according to the sequence of well-known reactions
shown in Figure 3.

It would be useful to have C-labelled CMT available for in vitro and
in vivo uptake studies, but several factors need to be considered:

(a) The labelling of one of the carbons (n, 9,, y) of the alkyl side-
chain carrying the boron cage would initially require a C-labelled propargyl
derivative. These are commercially unavailable.

(b) To incorporate the label at position 2 in the pyrimidine ring would
require C-labelled thiocyanate for the preparation of the intermediate
thiourea. This too is unobtainable.

(c) Uracil (compound III in Figure 3, R = Hi universally labelled with

C at positions 2, 4, 5, and 6 is commercially available and could provide a
suitable intermediate stage. Availability is due to the recent synthesis of
thiouracil sub=: tuted with alkyl groups at position 1; this derivative is
based on the ability of dimethyl uracil (con.pound III, R = Me"), to react with
1-alkylthioureas to give 1-alkyl substituted thiouracils by-an exclusive proc-
ess in which the 1,2,3-urea fragment of dimethyl uracil is exchanged for the
corresponding thiourea. Calculations based, inter alia, on a four-step synthe-
sis of compound I, starting from the reaction that provides the C incorpora-

CH — C . C H 2 B r TH — C . C H 2 N H 2 CH — C. C H 2 N H . C - N H 2

I V — \ / — \ /
B ioH io BioHio BioHin

II
N

a I

B i o h

Figure 3. Proposed synthesis of 3-(carboranylmethyl)thiouracil.
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tion and the necessary loss of one quarter of the activity due to loss of car-
bon-14 by the uracil, indicate that 100 VCi of ^C-labelled uracil would be
required to synthesize a working amount of compound I.

5. UPTAKE AND INCORPORATION STUDIES IN HUMAN MALIGNAHT
MELANOMA CELL CULTURES

The Queensland Institute for Medical Research maintains a library of
human melanoma cell cultures obtained from the Queensland Melanoma Project.
The cell lines vary in melanin content and tyrosinase activity and have been
classified according to responses to numerous chemical tests (P. Parsons,
priv. comm.).

Initial uptake and incorporation studies are underway using C-labelled
CPZ and TU compounds, to establish benchmarks for comparison with boron ana-
logues and to provide a direct check against in vitro studies on murine
melanomas. The most responsive melanoma lines will then be chosen for in
vitro RBE measurements, using the appropriate boron compounds, and for xeno-
grafts in nude mice.

Preliminary results have been obtained for HeLa cells and three human
melanoma lines. Uptake (after two quick washes with cold buffer) and incorpo-
ration (i.e. as an acid-insoluble label) of C-CPZ and **C-TU were measured
after an 18-h incubation; both uptakes were similar for all lines. After ap-
plication of a tyrosinase inhibitor it was observed that CPZ incorporation is
not tyrosinase-dependent. As was expected, the high tyrosinase line showed a
marked incorporation of TU.

6. FIDELITY OF HUMAN MELANOMA XENOGRAFTS IN NUDE MICE

A detailed examination of the fidelity of a human melanoma metastasis
passaged in nude mice was made by Fogh et al. (20). When cultivated in MEM me-
dium with 15% calf serum, the cell line grew as a monolayer with fibroblastic
morphology. Subcutaneous inoculation of 2x10' cultured cells was applied to
the dorsal region of nude mice (Rex/Trembler origin back-crossed three times
to a Swiss strain). The developing tumour was excised under sterile condi-
tions after 31 days, minced with scalpels, and treated with 0.25% trypsin.
From the beginning, these cultured cells maintained a cell morphology and
ultrastructure similar to that of the original line: similar characteristics
were found for growth pattern, cell viability, shape, and size; nuclei shape,
size, chromatic pattern, and nucleoli; cytoplasmic organelles; cell membrane;
mitosis; cellular cannibalism; and cell membrane junctions. In vitro cell
doubling time for passage cells 19 and 5 was 57.7 h, and the mitotic indexes
were 1.54 and 1.55 respectively.

In vivo tumour growth was studied on inocula from (2.5 to 16)xl0 cells.
Tumours grew at all levels of inocula, the larger tumours appearing earlier at
the higher levels. No difference in the tumour-producing capacity was found
for the original and passage cell lines. However, variations in tumour volume
suggest differences in susceptibility for individual mice. The original line
was susceptible to polio virus type 1, and similar cytopathic effects were
observed for passage cell lines.
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Chromosome analysis showed that both lines contained human chromosomes,
with a modal number of 44. Although abnormalities were not observed in the
passage cell line and a few metaphases contained a higher number of chromo-
somes, Fogh et al. (20) concluded that the chromosomal pictures of the two
lines were very similar. Further, the isozyme analyses of both lines were al-
most identical, indicating that there was no evidence of mouse cell contamina-
tion.

Sharkey et al. (21") examined six melanomas (one primai-y, four metastatic,
and one recurrent) and also observed a striking similarity in histological ap-
pearance of the passage cell tumours to the original human material, e.g. sim-
ilar amounts of small nevoid, epithelioid and giant cells, melanin production,
and pleiomorphism spindling.

Forty-six melanoma cell lines, mainly from metastatic tumours, were
grafted in nude mice by Hajdu and Fogh (22). For 26 cases pathological speci-
mens of the original tumours were available for review. The histological
grade of these neoplasms and that of the corresponding nude mice tumours were
similar in 22 cases; of the others, two were more differentiated and two were
less. However, intracytoplasmic melanin pigment (i.e. melanin granules), al-
though identified in most surgical specimens and cultures, was present in less
than half of the nude mice tumours. Demoplastic changes were seen occasion-
ally in the human tumours, but not in the mouse tumours in tbe nude host.

Overall, there is little change in the characteristics of malignant
melanoma after passage through the nude mouse. An exception to this is the de-
crease in metastatic behaviour observed in the nude mouse host.

6.1 Metastasis of Tumour Xenografts

Although the fidelity of passage cell tumours is high, there is a discrep-
ancy between the invasive and metastatic capacities of tumours in their natu-
ral hosts and those in the nude mouse. The majority of primary and metastatic
human tumours grown successfully as subcutaneous xenografts in the nude mice
(or in immuno-depressed hosts) exhibited few metastases. Experience with
xenogeneic metastases is rather limited and conflicting, and has been reviewed
by Sordat et al. (23) .

Giovanella et al. (24) investigated the metastatic spread of three
amelanotie melanomas to the regional lymph nodes, with one line also
disseminating to the lymphatics in the lungs. A study of additional cell
lines indicated that the frequency of metastases was as low as 10%, i.e. 4/40
mice had macroscopic evidence of growth in the lymph nodes. These mice were
maintained under specific pathogen-free (SPF) conditions and received diverse
combinations of antibiotics. However, for mice maintained conventionally, no
metastases were found in a number of earlier and later studies.

Sharkey and Fogh (25) studied 106 different human tumours in more than
1000 outbred nude mice and found an incidence of mctastases of only 1,7%.
Three of eleven tumours (all carcinomas) demonstrated repeated metastases.
However, they observed rhat original metastatic tumours were no more likely to
disseminate than primaries. For subcutaneous grafts of 66 different tumours
on 534 BALB/C SPF nude mice (20), metastases were observed in 5.6% of cases.
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Inoculation route, cell dose, and cell type are important for the estab-
lishment of in vivo tumour grafts. The majority of tumour cells introduced
into the circulation of the nude mouse are effectively destroyed, mainly after
trapping in the lungs. Under these conditions, few cells can escape to estab-
lish secondary growths.

6.2 Chemotherapy

For the past seven years, the melanoma unit at the Fox Chase Cancer
Centre, Philadelphia, has been testing chemotherapeutic agents in patients
with metastatic melanoma. To alleviate patient morbidity and occasional mor-
tality, a secondary screen for chemotherapeutic agents is planned with the
nude mouse—human melanoma model. Eellet and Mastrangelo (26) have evaluated
the chemosensitivity of this model for agents of known clinical activity and
found it to be consistent with clinical experience.

6.3 Radiotherapy

Extensive in vitro and in vivo radiobiological studies have been carried
out by Rofstad (27) for a human melanoma line taken from a lymph node
metastasis. For these experiments, mice were loaded into Perspex tubes, the
tumour projecting through a hole in the side of the tube. A 14xl4-mm brass
collimator set in an 8-cm-thick lead block was used as the defining aperture.
Doses up to 25 Gy of cobalt-60 gamma rays were applied for periods up to 20
min. The mice were not anaesthetized because of the need to maintain natural
respiration for aerobic conditions. The tumour and lower body of the mouse
were immersed in water which was maintained at 30°C.

To enable hypoxic tumour studies, the mice were killed 15 min before irra-
diation. In this work EE melanoma was found to be 5 to 10% hypoxic, whereas
Guichard et al. (28) reported 85% hyporicity for a Nail malignant melanoma.

The use of misonidazole (a hypoxic cell radiosensitizer) gave an
enhancement ratio of 1.5 (i.e. 12 Gy + misonidazole = 19 Gy). When tumours
were left in situ after irradiation, single cell survival was higher than if
they were immediately removed, because of the repair of potentially lethal
damage (PLD). However, the misonidazole enhancement ratio, calculated as the
ratio of DQ values, showed no misonidazole enhancement for PLD repair. This
.. contrary to the observation by Guichard et al. (28) that in the Nail

melanoma PLD was suppressed by misonidazole.
Clearly, different melanoma lines can have quite different responses to

chemo- and radiotherapy. It is apparent, therefore, that potential therapeu-
tic modalities must be tested over the widest possible range of melanomas.,

The AAEC is the major producer of nude mice in New South Wales, servicing
the Ludwig Institute for Cancer Research and a number of hospitals in New
South Wales.. The mice, bred under SPF conditions, are of good health and pro-
vide an important resource for an in vivo research program with human tumour
xenografts.
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7. THE CONCENTRATION OF BORON COMPOUNDS IN MELANOMAS

Subcutaneous injection of equal numbers of cultured human melanoma cells
at the same time will ensure the uniform development of tumours in a given
batch. The inoculated mice are then maintained in a laminar flow cabinet
under biohazard conditions.

Intravenous injection of the boron compound would take place after ade-
quate tumour growth (about 14 days). The mice are then sacrificed at differ-
ent time intervals after injection and dissected for the determination of
boron in the tumour, blood, and vital organs.

The spatial distribution of boron compounds in the tumour can be obtained
by freeze-drying tumour sections and sandwiching them under vc~uum between
CR-39 slides. This forms a solid state detector (29) which, under thermal neu-
tron irradiation, produces sub-microscopic tracks of the Li and alpha
particles. When etched with 2.25 to 6.25 N NaOH at 60°C, these tracks are
readily observed by light or electron microscopy. The 5-ym-thick tumour sec-
tion is stained and overlapped with the etched film to determine the spatial
distribution of B at the cellular level. This is of particular importance
when determining the absorption of B in endothelial cells in the normal
vasculature. Further, the effectiveness of boron neutron capture therapy
(BNCT) is markedly dependent on whether the boron loading is intra- rather
than inter-cellular. Kobayashi and Kanda (30) have estimated that significant
variations in sensitivity can result from the location of the boron.

The time-dependent uptake distribution of boron in the tumour and the
skin, eye, and sensitive organs of the nude mouse can be determined by dissolu-
tion of the tissue sample for boron counting in a plasma arc emission spectrom-
eter having a sensitivity of better than 10~' (i.e. 0.1 Ug B/mL). Alterna-
tively, if the boron compound can be labelled with * C, the addition of a
scintillant and quencher will allow liquid scintillator counting.

8. NEUTRON IRRADIATION

An accessible thermal neutron source is readily available at the AAEC's
100-kW light water reactor Moata. At 88 kW, a core flux of 1.2xlO*2 neutrons
cm" s"1 can be scaled down to fluxes of 109 to 1010 neutrons cm s in the
thermal column. However, the present 7-dose is very high (̂ 10 cGy h~*) and
Pb core screens are needed to reduce this by a factor of 1000. A bismu-h-^LiH
biological shield is bei"^ designed to permit mouse irradiations. Prolonged
irradiation of the nude mouse poses other constraints on bacterial isolation,
temperature control, and anaesthesia.

Fluxes of better than 10 neutrons cm s with accompanying Y-doses
less than 100 cGy h~* should be achievable. The neutron fluence is now
measured by Au foil activation techniques and the Y-dose is monitored by
thermoluminescence detectors (TLDs).

In vivo measurements with nude mice can proceed on the basis of satis-
factory boron incorporation in human melanoma xenografts.
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9. RADIOBIOLOGY OF IRRADIATED CELL CULTURES AND TUMOURS

Cell survival data are needed for B doped and undoped cell lines and
tumour sections. After irradiation, cells can be plated in triplicate and
incubated for 7 days at 37°C in a humidified atmosphere containing 5% C02- The
number of colonies having more than 50 cells are counted to obtain the
exponential dose-survival curves as a function of neutron dose (D), i.e.
surviving fraction SF = exp(-D/Do).

The Do value is found for each fluence/ B concentration/cell line varia-
tion. Ichihashi et al. (16) noted that for ^Bj-BPA, Do # lxlO

12 neutrons
cm~2, which is about one third the value for neutrons only (Do = 2.8xlO

lz neu-
trons cm ), at a concentration of 10 yg/mL (i.e. 0.44 Ug 10B/mL).

Melanoma is a radiation-resistant tumour, possibly because of its capabil-
ity to repair potentially lethal damage (PLD). For in vitro BNCT experiments
it is preferable, therefore, to irradiate the cells in their stationary or den-
sity inhibited phase, and grow colonies at different times after the irradia-
tion to investigate the PLD repair effect. Other aspects to be investigated
include oxygen enhancement, cell cycle, and split-dose repair effects.

The RBE of reactor beams in BNCT can be determined for melanomas by com-
parison of orthovoltage x rays at different survival levels. Ujimo et al.
(31) used the tumour volume method, following whole-body irradiation of mice
with inoculated B-16 melanoma, to determine a thermal neutron RBE of 2.22 for
10% survival, in good agreement with the value of 2.25 measured by Nakanishi
et al. (13). Because the thermal neutron RBE value is so well known, BNCT-RBE
measurements can be made relative to it.

The Li and ^He particles are high linear energy transfer (LET) radia-
tions and, as such, cause "single hit" cell death. The Japanese cell survival
data (13,16) did not exhibit a shoulder either for thermal neutrons alone or
for nB^-BPA and 10Bj-BPA preincubations, indicating the absence of sublethal
damage at low dose levels.

Relative biological effectiveness values for mammalian cells have not
been well determined in the low keV neutron energy range. The N(n,p)
reaction gives way to hydrogen recoils at 100 eV, and the recoil proton energy
reaches its maximum energy loss at E = 30 to 100 keV. The variation of RBE
with energy from 0.1 to 10 keV is unknown, and irradiations at a 3-MV Van de
Graaff accelerator are needed to improve tissue dose-depth calculations (32).

10. CONCLUSIONS

Prospects for the boron neutron capture therapy of malignant melanoma are
promising. Some melanoma-sff'ned compounds have been synthesized (13,16) and
others are under investigation. Human melanoma xenografts in the nude mouse
model provide an efficient vehicle for determining the potential efficacy of
BNCT. If results are sufficiently encouraging, thermal neutron beams with low
y-dose components can be readily applied for the therapy of advanced primary
and recurrent melanomas in patients. The aim is, of course, the elimination
of metastases; this may be facilitated by the development of more penetrating
neutron beams and the synthesis of boron derivatives of monoclonal antibodies.
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Melanoma is cbe highly lethal cancerous growth of the pigment cells which
have the specific function of synthesizing melanin from dopa and tyrosine by
the action of tyrosinase.

As malignant transformation occurs in the pigment cells , they usually ac-
quire accentuated activity of the melanogenic enzyme, tyrosinase. Melanoma
cells have the characteristic properties of increased amount not only of
tyrosinase but also of i ts product, melano-protein, in numerous melanosomes
which encircle individual target nuclei within melanoma cel ls . Therefore bio-
logical and non-surgical treatment of melanoma could be achieved by utilizing
these specific cellular properties.

It was around 1972 that i t occurred to me that, by using such melanogenic
activity, the l^B(n,a)'Li reaction could be powerful for melanoma therapy.
Thermal neutrons taken from an atomic reactor are absorbed easily by the non-
radioactive isotope, 1"B, and this absorption results in the emission of a par-
ticles and lithium atoms sharing between them an average total kinetic energy
of 2.33 MeV, which is transferred totally to the tissues. Because of the lim-
ited travelling range of both these charged particles, the resulting primary
radiation injury is confined to a distance of .̂0 to 14 \i from the location of
the neutron activated boron atom. Since this distance is almost equal to the
diameter of individual melanoma cells, if we can selectively accumulate ^B in
cancer cells we can destroy them without serious injury to the surrounding nor-
mal tissue. Therefore I developad a different method of neutron capture treat-
ment from the previous one used for brain tumours, which depended on the loss
of their blood/brain barrier. Thus, since 1972 our idea has been to synthe-
size new tumour-seeking *"B-compounds which themselves possess selective
affinity for the specific metabolic activity of the target cancer cells (1,2).
Since not only malignant melanoiras but also many kinds of human cancers, for
example thyroid cancer and squair.ous cell carcinoma, synthesize their specific
protein, our aim is to establish selective thermal neutron capture treatment
of malignant melanoma as a prototype of such cancer cel ls . Once we achieve
success in this positive type of capture therapy, it would have many appli-
cations .
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1 0 B CHLORPRGMAZINE COMPOUNDS

* S - l a b e l l e d CPZ was shown by B l o i s (3) t o bind s e l e c t i v e l y with melanin,
presumably by forming a charge - trans fer complex wi th an indole nucleus of
melanin, thus h i g h l y l o c a l i z i n g in melanoma and e y e s , as a l s o confirmed by Dr.
Fairchild recent ly (10 ) . This can s t i l l be seen in the t i s sues three days
after systemic administration.

Taking in to account a l l these data, we decided to synthesize molecular hy-
brid compounds of ^B-chlorpromazine. First we were able to synthesize B j -
chlorpromazineborane and found th i s compound promising, but i t had limited ef-
f e c t . Thus we looked for B-chlorpromazine compounds having a higher boron
content and good water s o l u b i l i t y . To f u l f i l l these requirements my assoc i -
a te , Dr. Nakagawa, and I synthesized two newer compounds, l^B sodium chlorpro-
mazine undecahydrododecaborate, referred to as ^Bj^-CPZ, and subsequently
sodium chlorpromazine nonahydrodecaborate, IOBIQ-CPZ, which contain twelve
and ten boron atoms per molecule respect ive ly ( 4 ) . These compounds have unique
polyhedron structures having a *"B atom on every apex, and were synthesized
from 2-chloro-10-(3-bromopropyl)-phenothiazine and ammonioundecahydrodode-
caborate or 2-ammoniononahydrodecaborate.

Prior to the in v i tro irradiat ion experiments, the a f f i n i t y of CPZ for
melanotic melanoma c e l l s was t e s t e d . Cultured melanotic and amelanotic B-16
melanoma c e l l s were incubated with ^ g - i a b e l l e d CPZ for 24 hr at 0.1 yCi/ml
medium concentration. Thereafter the medium was replaced with normal fresh
medium after varying time i n t e r v a l s , and the 35g- label led CPZ uptake of the
melanoma c e l l s was measured. Incorporated ^S-CPZ in cultured melanoma c e l l s
decreased to 50% during the f i r s t 30 min of the post-incubation period, but
thereafter i t s value remained constant for over 24 hr. On the other hand, the
accumulation of CPZ in amelanotic c e l l s was extremely small, indicat ing the
spec i f ic a f f i n i t y and binding of CPZ to melanotic melanoma c e l l s . As we have
already demonstrated in a Greene's hamster melanoma in-vivo system, this
10BJ2~CPZ pre-incubation provides a d i s t inc t enhancement of the k i l l i n g e f f ec t
of neutron irradiat ion . To obtain the same k i l l i n g ef fect using a non-
spec i f ic l"B-compound, such as ^^B-boric ac id , 5 yg *^B/ml must be present dur-
ing irradiat ion, which i s more than 4 times the amount of l^B required in the
form of 10B12-CPZ ( 5 ) .

l0*l -PARA-BORONOPHENYIALANINE

While we were working with 10B-chlorpromazines, we also thought of making
compounds which would s p e c i f i c a l l y accumulate in melanoma c e l l s with l i t t l e or
melanin content but having tyrosinase a c t i v i t y , part icularly young post -
mitot ic melanoma c e l l s . Melanin i s formed from tyrosine or dopa by the action
of tyros inase . If boron-labelled dopa i s administered, the boron uptake i s
proportional to the rate of melanin synthes i s .

Thus, with Nakagawa and further cooperation with Drs. Kakihana, Okamoto,
and Yoshino, we have synthesized four hybrid compounds of 10B and the enzyme
substrate dopa (Fj-g. D - Among these, ^Bi-para-boronophenylalanine hydro-
chlor ide , ca l l ed 10Bi-BPA, i s the most promising. Our recent f indings include
the marked melanoma-killing e f f e c t of ^"Bj-BPA revealed by in v i t r o radiobio-
log i ca l systems and in vivo experiments using Greene's melanoma prol i ferat ing
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in Syrian golden hamsters, as well as our pre-clinical therapeutic experiments
which led to our first success in mid-1981, followed by our second success
in February 1983, in curing naturally occurring malignant melanoma in Duroc
pig skin by a single thermal neutron irradiation. We used the thermal columns
of the Kyoto University nuclear reactor (KUR) heavy water facility and of the
Musashi Institute of Technology reactor (MITR). Prior to irradiation the neu-

Boron compounds related to dopa,
HO
HO

-CH-COOH

Chemical structure

Customary name

10B per cent
10 , Melanoma

Abbreviation MW Natural <?2S6 B k i l l i n g
abund. abund. e f f e c t

N a

Dopa borate neutralized -with
sodium hydroxide

Dopa borate 263.OO 0.729 3-512

HO'

D-Borono-phenylalanine

209-01 0.917

(hydrochloride)

4.423

245.48 0.781 3.764

(-nH20)

3,4-Dihydroxyphenyiethyl-
boronic acid

Dopeba lBl.99 I.054 5.082

n-1.1 162.17 1.182 5.706

0 H Amino-dopeba 197.OO 0.973 4.693

(-nH?0)

a-Amino-3,4-dihydroxyr)henyl
ethylboronic acid

10-j^VCH-CH-
4 0 •>«•»'B NH,,

HO
HO

COOF. 8-Borono-dopa ?41.01 0.796 3.834

(-nH?0)

P-Borono-riopa

Fig. 1. Molecular hybrid compounds of 10B and dopa. We have synthesized
the first four and are working on the synthesis of the last two.
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tron field was modified for medical and biological purposes by the development
VJ. a bismuth scatterer by Drs. Kanda, Kobayashi, and other physicists of our
group (6). This reduced the gamma-to-neutron ratio by one order of magnitude.

The next point was to evaluate in cooperation with our physicists the
iso-dose distribution of radiation energy within a human body. Therefore, an
acrylic lifesize model of a thigh was made, containing a ping-pong ball to rep-
resent the melanoma at. the subcutaneous level. Rossi's tissue equivalent solu-
tion was put into both, with additions of up to 40 Ug/g °f ^ B in the melanoma
model. An iso-dose distribution curve was formulated of irradiation energy
after irradiation with the KUR operated at 1000 kW for 30 min, with a dosage
of 5x10^ n/c-Jî /sec on the surface. The dose distribution at the surface of
the melanoma was 2.5 to 4 times that at the surface of the thigh. The ab-
sorbed dose in the •'•"B-containing melanoma model is much higher than that in
the surrounding normal tissue equivalent solution.

In Vitro Studies

Prior to in vivo experiments, an in vitro radiobiological analysis was
carried out to evaluate the specific enhanced melanoma cell killing effect of
l^Bi-BPA in capture therapy. The cultured B-16 melanoma cells were pre-
incubated for 20 hr with and without ^-^Bj-BPA, and then each group was irrad-
iated on parallel graphite tables at different distances from the bismuth
surface of the reactor. As shown in Fig. 2a, cell sur/ival curves were then
rormulated. As compared to neutron irradiation alone, shown on the right, the
two curves on the left reveal the enhanced marked specific killing effect
obtained by pre-incubating with 10 Ug of IOBJ-BPA, containing 0.44 Ug *"B per
ml of medium, followed by 1-hr (line on extreme left) or 6-hr pc3t-incubation
in fresh medium before irradiation (7). The same amount, 10 ug, of nB^-BPA
compound produced a distinctly lower killing effect, indicating that the main
factor is a different density of n,CX reactions, since •'•"B̂ -BPA contains approx-
imately 5 times as much ^ B as nBj-BPA, which contains natural boron.

Dosimetry in Melanoma

In order to cure melanoma, the assay of *-®B in varous organs in relation
to their melanogenic activity and to kinds of l^B compounds is necessary. We
determined the boron concentration by colorimetric assay (8) in melanoma,
blood, and other organs at varous intervals after injection. At 28 hr after
administration, the melanoma-to-blood ratio of l^B is 11.5 and the melanoma-
to-liver ratio is 15, indicating an optimum time for neutron capture. Further-
more, in cooperation with Drs. Kanda and Kobayashi, we have become able to ex-
amine the in vivo 1™B concentration and its time course in situ without
removing target tissue (Fig. 2b).

In Vivo Studies

On the basis of the above, we have tested the in vivo therapeutic effects
of 10Bj-BPA using melanoma-bearing hamster and found a heretofore unobserved
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Fluence (x10"n/crf)

2 4 6 8 10 12 1'

melanotic
melanoma

0.001 «-

0 30 60 90
MINUTES AFTER INJECTION

Fig. 2a. Surviving fraction of cells irradiated with or without ^Bj-BPA or
nBi~BPA after 20-hr pre-incubation followed by 6-hr (•) or 1-hr Co) post-
incubation with fresh normal medium, and of cells pre-incubated with "B^-BPA
(A). The number of colonies was counted to obtain the dose survival curve.
Each point represents the mean value of triplicate plates; the standard errors
ranged from 2.2 to 9.5%.

Fig. 2b. In vivo time course of selective ^ B accumulation in melanotic malig-
nant melanoma proliferating in hamster's subcutaneous tissue revealed by prompt
gamma-ray spectometry of Kanda and Kobayshi.

marked killing effect. Figure 3 shows the growth curves of six Greene's
melanomas in the control unirradiated hamster group G III. Figure 4 shows the
melanoma growth curves of hamster group G II, irradiated for 2 hr without
prior administration of 10Bj-BPA. Figure 5 shows the tumour growth curves cf
group G I, six hamster melanomas treated with the same dosage of neutron irra-
diation and intramuscular administration of 40 mg of ^^Bj-BPA 8 hr before irra-
diation.

Preclinical Studies

These results led us to start preclinical therapeutic experiments using
spontaneously occurring maligant melanoma in Duroc pig skin. General anesthe-
sia, controlled from a distance, is used to keep the subject in front of the
reactor. After six experiments (9) we finally cured melanoma in a pig with
a single irradiation of 1.56xlO13 n/cm2 and a 6-g iOBj-BPA peri-lesional
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Inhibitory Effect of Thermal
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Days after Irradiation

Fig. 3. Growth curves of Greene's
melanoma transplanted into subcu-
taneous tissue of Syrian (golden)
hamsters.
Control unirradiated group.

Fig. 4. Growth curves of Greene's
melanoma transplanted into subcutaneous
tissue of Syrian (golden) hamsters.
Thermal neutron irradiation

n/cm^) only group.

injection. The sequential curve of the tumor size shows a marked killing eir-
fect leading to a cure at 65 days after irradiation. In order to confirm the
cure we continued to observe the pig for 174 days, and then did an autopsy
and microscopic examination. No melanoma cells were visible, even when the
specimens were viewed microscopically.

In order to evaluate the actually induced (n,0t) reaction within melanoma,
we used the ct-track method. The number of pits produced on special film by a
particles and lithium atoms is proportional to the melanogenic status of
melanoma and to various standard B concentrations. Using this d-track
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Fig. 5. Growth curves of Greene's
melanoma transplanted into subcutaneous
tissue of Syrian (golden) hamsters.
Thermal neutron irradiation with
intramuscular systemic injection of
40 mg ^Bj-BPA, 8 hr prior to
irradiation.

5 10 15

Days after Irradiation

20 days

method, we found the selective distribution and the concentration of (n,a) re-
action actually induced within the pig melanoma to be 27 Ug of ^B/g melanoma.

We had a second success in curing melanoma in a pig irradiated on
November 5, 1982. This melanoma (Fig. 6) was 10 times as large as that in
the first cured case, being 12 cm in diameter. It was found occurring
naturally on the right lateral abdomen of a 2-year-old female pig. We gave
her two peri-lesional injections of 5 g each of 10Bi-3PA, one 19 hr and the
other 20 min prior to the commencement of a single irradiation which lasted
for 4 hr at 100 kW. Figure 7 shows the actually measured dose distribution
of neutron and y-ray irradiation energy on melanoma and surrounding, as well
as distant, body surfaces. As in the previous case, ulceration was observed
14 days later. Figure 8 is the clinical appearance of the pig 115 days after
irradiation, showing complete disappearance of melanoma with depigmentation in
February 1983. She is still under my care in the hospital and has shown no
sign of recurrence. Figure 9 shows the melanoma regression curve. No obvious

- 361 -



Fig. 6. Clinical appearance
of naturally occurring
malignant melanoma in the
skin of Duroc pig before
treatment.

/0.80\
(370)

beam

f22.6w26.1\/26.1 \
I 800 Hl,n50Ml,i(00;

•(1,000)

( 700 )

Ventral

,0.006)

Viewed with one's face
towords reactor centre

,0.011,
( 120 )

Viewed with one's back
towards reactor centre

Fig. 7. Measured dose distribution
of neutron and Y~ray irradiation energy
on melanoma and surrounding, as well
as distant , body surface of the treated
pig shown in 'g. 8. (Work done in
cooperation v . I K. Sato and H. Fukuda.)

- 362 -



Fig. 8. Clinical
appearance of pig,
snowing complete
disappearance of
melanoma with de-
pigmentation on
2/28/83. No recur-
rence of the melanoma
has been seen up to
10/8/83. The capture
treatment was carried
out on 11/5/92.
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Fig. 9. Melanoma regression
curve after single application
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treatment using ^g^-gp^^
Irradiation energy distribution
is shown in Fig. 7.
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side effects have been observed, and the blood count and liver function have
been found to be be essentially normal after the treatment.

Establishment of a clinical therapeutic method for curing human melanoma
without failure is underway by correlating biophysical, biochemical, biologi-
cal, and therapeutic data analysis.

Before closing, I should like to mention that recently we have been
working also to develop neutron capture therapy of melanoma using l^B-
monoclonal antibodies in cooperation with Professor Taniguchi's group. We
were able to make a l̂ B conjugate with the specific M259-0 antibody (11). How-
ever, we have found that substantial specific enhanced killing effect, compared
with that of neutron irradiation alone, could not be obtained so far, despite
remaining antibody activity of these conjugates, because of the limitation of
antibody-binding sites. We are currently working on ways to increase the
1"B per antibody.
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NEUTRON CAPTURE USING BORONATED POLYCLONAL AND MONOCLONAL ANTIBODIES

Rolf F. Barth, Albert H. Soloway, Fazlul Alam, Walter E. Carey, Cathy Andrews,
Barbara Holman, Carol W. Johnson, Jeanette Mohammed, and Joseph Talnagi, Jr.

The Ohio State University, Columbus, Ohio 43210
and

Zenon Steplewski
The Wistar Institute, Philadelphia, PA 19104

INTRODUCTION

The success of boron neutron capture therapy (BNCT) for the treatment of
cancer ultimately is dependent upon the selective delivery of a sufficient
number of boron-10 (10B) atoms to tumor target cells. In the past, efforts
have been directed towards the development of compounds that might have tumor
localizing properties (1-9). This eventually lead to the synthesis (10) and
subsequent clinical use by Hatanaka et al. (11,12) of the polyhedral borane,
Na2B12^1lSH. Although impressive clinical results have been obtained using
this compound as the capture agent for the treatment of patients with glio-
blastoma (13,14), it is clear that more selective delivery will be required.

With the advent of hybridoma technology and the development of monoclonal
antibodies that recognize tumor-associated antigens, a new avenue of approach
has been opened up. The linkage of B containing compounds to antibody
molecules theoretically might provide a means for specifically delivering the
capture agent to tumor cells (15). As shown in Fig. 1, these antibodies would

ioB + in — , [nB] — . 7 U + 4He(a) + 2 7 9

Figure 1.

bind to surface membrane antigens, and following neutron irradiation and the
subsequent capture reaction, would yield high LET alpha particles and recoil-
ing Li nuclei. Since the path of the alpha particles is random and limited
to a distance of approximately 10 V, adjacent cells also might sustain a
lethal hit. The present study has been directed towards defining the feasi-
bility of using a combination of capture agents consisting of boronated anti-
bodies and 10B-enriched boric acid (10B-H3BO3) for the delivery of 1 0B. Two
systems have been investigated, one employing polyclonally derived horse anti-
human thymocyte globulin, and the other a monoclonal antibody directed against
human colorectal cancer associated antigen. The data presented indicate that
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antibodies can be used to deliver 10B to target cells, and that in combination
with a non-selective agent, it is possible to sustain a lethal n,a reaction at
the cellular level.

MATERIALS AND METHODS

Antibodies. Purified horse anti-human thymocyte globulin (ATGAMR) was kindly
provided by the Upjohn Co., Kalamazoo, Michigan. This was a polyclonally
derived antibody that was produce^ by repeatedly immunizing horses with human
thymocytes, and its production and characterization have been described in
detail elsewhere (16). It cannot, however, be considered specific for human T
lymphocytes, and in fact, also was reactive with the human colon cancer cell
line, SW 1H6, that also was used in the present study.

Monoclonal anti-colorectal cancer antibody 17-1A was produced by Steplew-
ski et al. (17,18) and has binding specificity for surface membrane antigens
of colonic adenocarcinoma cells, including SW 1116.

Boronation of Antibodies. The method employed for boronating both ATG and
monoclonal 17-1A antibodies has been described in detail in another report
presented at this symposium (19). Briefly, the cesium salt of undecahydro-
mercaptocloso-dodecaborate (Cs2Bi2HnSH-2H20) was reacted in acetonitrile with
the heterobifunctional reagent N-succinimidyl-3-(2-pyridyldithio)=propionate
(SPDP, Pharmacia, Piscataway, NJ). The reaction was allowed to proceed over-
night yielding the cesium salt of N-succinimidyl-3-(undecahydro-closo-dodeca-
boranyldithio)-propionate (SBDP). This compound was reacted with antibody at
varying molar ratios ranging from 200:1 to 1300:1. After 1 hr at ambient
temperature and overnight at 4°C, the boronated antibody was separated from
the reaction mixture by sequential filtration through Sephadex G25 columns.

Cells. Peripheral blood lymphocytes (PBL) were isolated from 30-60 ml of
heparinized blood obtained from healthy donors by means of the Ficoll-Hypaque
density gradient separation technique as described by B<|>yum (20). The cells
were washed twice in RPMI 1640 with Hepes buffer, resuspended in medium,
counted, and adjusted to a final concentration of 8xl06 per ml.

SW 1116 colorectal cancer cells (18) were propagated in Liebovitz's medium
supplemented with 10% fetal calf serum, non-essential amino acids and 1-gluta-
mine in a humidified incubator at 37 C.

Reactor Description and Determination of Flux Profile. The Ohio State Univer-
sity Research Reactor (OSURR) is a swimming pool-type reactor fueled with
fully enriched, flat-plate ̂ TR-type fuel. It is licensed to operate at
steady state power levels up to a maximum of 10 kilowatts thermal power. A
variety of instrumentation channels are available for power monitoring. The
'eactor control system allows reproducibility of power levels to within 5%.
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CORE LAYOUT

GRAPHITE REFLECTOR
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Figure 2.
BIOLOGICAL

SHIELD

GRAPHITE
THERMAL
COLUMN

Figure 2 shows a top view of the core
and several irradiation facilities,
including two beam ports and a graphite
thermal column. Irradiations were con-
ducted in the thermal column. A graph-
ite reflector serves as the end cap of
the thermal column at the reactor core.
Next, there is a 4-inch lead shield to
reduce the gamma-ray flux directly
streaming from the core. The column
itself is composed of removable graph-
ite stringers. Each stringer is 4"
wide and 4" high, with a length depen-
dent upon its position in the column.
The total distance from the lead shield
to the end of the column is 56". Irra-
diations were carried out in the space
occupied by stringer G-7, which is at
the geometric center of the column.

This position allows placement at the peak of the neutron flux as a function
of horizontal and vertical position. Knowledge of the radiation environment
was a necessary part of this study. Specification of the radiation environment
required measurement of the neutron and gamma-ray components of the radiation
field. Gamma dose rates were measured using r.n ionization chamber, while
neutron flux was measured by means of flux wire and foil activities.

Gamma dose rates were measured with a calibrated ionization chamber whose
output current was directly proportional to gamma-ray intensity. Dose rates
were measured at various positions along the length of stringer position G-7,
starting at the lead shield and moving away from the core to the end of the
column. Gamma dose rate as a function of reactor power level also was
measured at each position.

The relative neutron flux profile was determined by measuring the neutron-
induced activity of a copper wire placed along the length of stringer position
G-7. The wire was cut into 1" segments and the activity of each was measured
using a germanium-lithium detector-based gamma-ray spectrometer. Measured
activities were corrected for variations in wire mass. A normalized flux
profile was obtained by dividing all wire segment activities by the maximum
activities for the 0-inch position adjacent to the lead shield.

Copper flux wires also were used to determine the neutron flux profile
along the vertical and horizontal lengths of stringer position G-7. Since
these distances were only 4", the flux wires were sectioned into 1/2" seg-
ments . The linear dependence of the neutron flux on reactor power level also
was verified.

Absolute determination of the energy-dependent neutron flux was accomp-
lished by the method of multiple foil activation. Activation foils were
placed at the 0-inch position of stringer location G-7. Reactor power level
was 10 kilowatts. Foil activities were determined using the Ge(Li)-based
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gamma-ray spectrometer. The neutron energy spectrum was calculated from the
measured foil activities using the SAND-II neutron spectrum unfolding code
(21).

Radiation. Lymphocytes at a concentration of ~8xlO6 per ml were added to an
appropriate volume of B-ATG to reach the final desired dilution either alone
or in the presence of varying molar concentrations of B enriched boric acid
10 kindly provided by Dr. James Blue, NASA/CSF Neutron Therapy

Facility, Cleveland, OH. Following 30 minutes incubation at ambient tempera-
ture the cells were taken to The Ohio State University Research Reactor and
irradiated with neutron fluences ranging from 1011 to I013 n/cm2. The cells
then were sedimented by centrifugation in a Beckman microfuge, washed once,
and resuspended in RPMI 1640 supplemented with 15% human AB serum.

A similar procedure was employed for the treatment and irradiation of SW
1116 cells, except that boronated 17-1A antibody (nB-17-lA) was used Instead
of the nB-ATG.

125
I-Binding Assay. Non-boronated and boronated ATG were iodinated using the

iodogen method (22) at a ratio of 1 MCi of 125I-NaI per Mg of protein. Sepa-
ration of free 25I-NaI was carried out by passage through a Sephadex G-25
column loaded with horse IgG. The binding assay itself was performed by
adding 10 Ug of I-ATG to increasing numbers of lymphocytes ranging from
5xl05 to 5xlO6 cells, allowing them to incubate for 2 hrs at ambient tempera-
ture with occasional mixing, and then terminating the reaction by adding 1 ml
of cold washing solution. The cells were sedimeated, washed two times, and
the pellets counted for I in a Tracor Analytic model 1185 gamma scintilla-
tion counter.

Blastogenic Assay. Assays were carried out in Costar Microtest plates (#3596,
Costar, Cambridge, MA) using quadruplicate samples. Phytohemagglutinin (PHA,
Difco, Detroit, MI) wrs diluted 1:20 with RPMI 1640. Concanavalin A (Con A,
Difco) was dissolved in RPMI 1640 to give a concentration of 200 jig/ml. To
each well wei.-e added 150 VI of RPMI 1640 supplemented with 15% human AB serum
and 105 lymphocytes, and 50 Ml of ? 1:5 dilution of either PHA or Con A. Cul-
tures were maintained at 37°C in a humidified incubator containing 5% C02 for
72 hrs before being pulsed with 1 PCi of 3H-thymidine ( H-TdR, specific
activity, 40-60 UCi/mM, Amersham, Arlington Heights, IL). After 16 hrs the
cultures were harvested by means of an automatic sample harvester (model CH
103, Dynatech, Alexandria, VA), discs were allowed to dry, placed in scintil-
lation minivials to which 4.5 ml of #3a20 scintillation fluid (Research
Products Intl., Elk Grove Village, IL) were added, and then counted in a Searle
Analytic liquid scintillation counter. Replicate samples showed close agree-
ment with one another and usually varied less than + 20%.

Clonogenlc Assay. SW 1116 cells, at a concentration of 5,000 per 5 ml of
LLebovitz's medium, were added to 100-mm petri dishes (Corning Glass Works,
Corning, NY) and placed in a humidified incubator at 37°C for 17 days. At
termination, the cells were fixed with 5 ml of 37% formaldehyde for 10
minutes, dishes were dumped, gently washed with tap water, rinsed with distil-
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led water, again dumped, and allowed to air dry. They were stained with a
saturated solution of crystal violet, rinsed with water and allowed to dry.
Colonies were enumerated by means of an Artek Counter, model 880 (Artek
Systems Corp., Farmingdale , NY).

A short-term microassay was carried in parallel with the clonogenic assay.
To each well of a microtest plate were added 150 pi of Liebovitz's medium and
50 ul of 5,000 SW 1116 cells. Following 72 hrs incubation in a humidified
incubator at 37°C, the cells were pulsed with 1 yCi per well of 3H-TdR and
allowed to incubate for an additional 16 hrs. Following this, medium was
aspirated from the wells, washed 3X with PBS, allowed to air dry, spray-fixed
with Fluoro-gllde spray adhesive (Chemplast, Inc., Wayne, NJ), allowed to dry,
the wells punched out, and discs added to minivials containing 4.5 ml of #3a20
scintillation cocktail.

RESULTS

Reactivity of Non-Boronatad and Boronated Antibodies. The binding of 1 2 5 I -
labeled ATG and B-ATG to increasing numbers of lymphocytes is presented in
Figs. 3 and 4. Boronated and non-boronated ATG were almost identical in their

binding to lymphocytes, and the percent
bound increased exponentially as a
function of the number of cells (Fig.
3). When extrapolating from the curve,
Bjaax has a value of ~4%; when plotted
as (Bound) * as a function (Free) l,
straight lines were obtained. Binding
also was demonstrated by means of mem-
brane immunofluorescence, and when cor-
rected for dilution, an endpoint titer
of 1:1250 was obtained for the °B-ATG
compared to 1:10,000 for non-boronated
ATG. The binding of monoclonal antibody
17-1A with SW 1116 cells was determined
by membrane immunofluorescence.
Although membrane binding was demon-
strable, there was a loss in reacti-
vity, as determined by fluorescent end-
point titers. These were 1:6,400 for
the non-boronated antibody and 1:640
for the boronated antibody, when

Figure 3. corrected for dilution.

1 2 3 4
NUMBER OF CELLS (x 10s)

Determination of Neutron Profile Results of the gamma ray dos^ rate and
neutron flux profile are shown in Figure 4. This figure also shows the nor-
malization factors for both the gamma-ray dose rate and neutron flux, andi as
expected, there was an exponential dependence on position for both quantities.
Furthermore, the normalization factors indicated a linear dependence on
reactor power. Measurement of the neutron flux profile along the 4" horizon-
tal and vertical dimensions of stringer position G-7 demonstrated a "flat"
profile. That is, the neutron flux did not vary more than 5% along either of
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these distances. The majority of the total neutron flux (64%) was in the
thermal energy range. The shape of this neutron energy distribution was
assumed to be invariant with reactor power. However, as the power level was
changed, the magnitude of the energy-dependent flux for a given neutron energy
varied directly with reactor power.

Figurs 4.

0.1"

Neutron Flux •- «
Normalization
100 % - 1.63 x 10s n/cmz/sec/watt

Gamma Doss Rate • •
Normalization
100 % * 2.009 R/hr/watt x power level +13 R/hr

10 20 30 40
DISTANCE FROM CORE END (inches)

50

From Figure 4, it is evident that a
significant component of the overall
dose resulted from gamma rays. This
"contamination" of the radiation field
by gamma rays is a major concern in
this study. For example, using Figure
4 and data from neutron energy spectrum
measurements (not shown) and assuming a
reactor power level of 10 kilowatts, an
irradiation time of 10.22 minutes, and
a thermal neutron fluence-to-dose equi-
valent of 268 n/cm2/sec/mrem/hr, the
following dose rate and fluences were
obtained:

total neutron fluence = lxlO13 n/cm2

thermal neutron fluence = 6.44xlO12 n/cm2

thermal neutron dose equivalent =
6.67xl03 R

gamma dose equivalent = 3.42xlO;J R

Thus, of the total soft-tissue equivalent dose, about 34% results from gamma
radiation.
Neutron Radiation of Lymphocytes. The effects of neutron irradiation and 10B-
neutron capture on the ability of peripheral blood lymphocytes to respond to
PHA and Concanavalin A are summarized in Table 1 and Figures 5 and 6.

Table 1. Mitogenic Responses of Lymphocytes to PHA and Con A
Uptake of Radioactivity (c.p.m. + S.E.)

Treatment
None
0.01M 10B-H3BO
nB-ATG
None
nB-ATG

Irradiation
None

3 None
None

1013 n/cm2

10 i 3 n/cm2

197,893
207,567
125,782
43,005
11,087

PHA
+ 19,536
+ 7,477
+ 10,391
+ 2,389
+ 167

69
91
43

4

Con A
,733 +
,975 +
,405 +
,498 +
706 +

3,809
7,825
6,257
441
137

Dnirradiated cells exposed to 0.01M 10B-H3BO3 and stimulated with either PHA
or Con A gave responses (207,000 and 92,000 cpm) that were similar in magni-
tude to those of untreated, unirradiated controls (198,000 and 70,000 cpm).
Responses of unirradiated cells exposed to nB-ATG were reduced by approximate-
ly 33% and untreated irradiated cells by 80%. The latter effect was attribut-
ed to the gamma dose of 3,425 R that was delivered at a fluence of 1013

n/cm2. Cells exposed to B-ATG and irradiated showed a 95% reduction in res-
ponsiveness (11,000 cpm), indicating that the antibody was capable of deliver-
ing enough 10B to sustain a lethal n,ct reaction.
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Blastogenic responses in £he presence of 0.001 to 0.01 M 10B-H3BO3 either
alone or in combination with B-ATG are presented in Figures 5 (left) and 6
(right). The addition of B-ATG consistently reduced responses to both PHA
and Con A compared to those seen in the presence of 10B-H3BO3 alone. Cells
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treated with a mixture of nB-AlG + 10 2M H3BO3, for example, showed a >99%
reduction in responsiveness compared to irradiated controls. This
augmentation is attributed to the specific delivery of 10B by antibody.

Neutron Radiation of Colorectal Carcinoma Cells. The effects of radiation
with 1011, 10iZ and 10id n/cm* on SW 1116 cells are presented in Figure 7.
Varying doses between 1011 and 1012 n/cm2 had little effect on the surviving
fraction. Irradiation with 5xlO12 n/cm2 reduced the S.F. to 0.035 and with
1013 n/cm2 this decreased to 0.0025. The associated gamma doses were 199 R at
5xlOn n/cm2, 688 R at 1012, 1,468 R at 5xlO12, and 3,425 R at 1013 n/cm2.
We previously had shown that gamma doses up to 700 R had minimal effects on SW
1116, but higher doses drastically reduced the S.F. The survival of cells
radiated with 1012 n/cm2 in the presence of varying concentrations of 10B-H3BO
ranging from 0.0001 to 0.01 M is presented in Figure 8. Little effect was
seen with concentrations in the range of 0.0001 to 0.001 M. A break in the
curve was seen with 0.002 M 10B-H3BO3 at which concentration the S.F. was
0.37. This decreased to 0.055 at 0.04 M and to 0.015 at 0.08 M. These data
clearly indicate that molar concentrations of 10B-H3BO3 in excess of 0.002 M
were capable of supporting a lethal n,a reaction. Recently obtained data
indicate that boronated 17-lA either alone or in combination with J.0-4 M
1UB-H3BO3 is capable of delivering

 i0B to SW 1116 cells. Although the effect
was relatively modest, the data clearly indicate a reduction in S.F. follow-
ing exposure to i0B-l7-lA.
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Discussion

In the present study we have shown that polyclonally derived horse anti-
human thymocyte globulin can be used to deliver 10B to lymphoid target cells.
As reported by us elsewhere in this symposium (19), the ATG had approximately
4.8xlO2 atoms of natural boron ( B^ per molecule of antibody, and the mono-
clonal 17-1A had 1.3xlO3 atoms. These numbers represent an average, and in
reality there may have been considerable variation in the degree of boronation
of individual antibody molecules. Boronation of the ATG did not result in a
reduction in binding, as determined by a quantitative 1 2 5I binding assay,
although a decrease in fluorescent endpoint titers of both ATG and 1OB-17-1A
were observed. Although the track etching technique can be used to detect n,ct
reactions (23,24), there is no method currently available to quantify the
amount of 10B at the cellular level. Consequently, we do not know the exact
number of boron atoms that were delivered to each target cell. The data
presented in Table 1, however, show that lymphocytes exposed to B-ATG and
irradiated with 1013 n/cm2 had a 75% reduction in 3H-TdR uptake compared to
untreated, irradiated cells. Furthermore, the data presented in Figs. 5 and 6
indicate that treatment of lymphocytes with a mixture of nB-ATG and 10B-H?B03
resulted in up to a 99% reduction in 3H-TdR uptake compared to irradiated
cells. Since on a molar basis the amount of 10B linked to the ATG was
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0.00003M (2.1x10 5 M ) , the non-specific contribution of the n B-ATG was
insignificant. From this it can be concluded that the effect of the n B-ATG
was attributable to specific delivery to the target lymphocytes. Antibody
alone produced an effect equivalent to a 5x10 M concentration of B-H3BO3.
In other words, specific delivery of 10B at a concentration of 2.1x10 5M was
equivalent to a 5x10 3M concentration delivered non-selectively. On a mole
per mole basis therefore, boronated antibody was approximately 240 times
(5xl0~3M/2.1xl0~5M) more efficient than non-selective delivery by 10B-H3BO3.
These calculations clearly indicate the theoretical superiority of targeted
versus non-targeted delivery of 1 0B.

If specific delivery is so superior to non-selective-delivery, why then
was the B-ATG incapable of producing the same effect as a 10 2M solution of

B-H3BO3? The answer to this question can be seen from our own data. A
10~3M solution of 10B-H3BO3, which was equivalent to 1.2xl017 atoms of 10B/ml,
had no significant effect compared to radiation alone (43,000 vs 45,048
c.p.m.). On the other hand, a 10 2M solution (1.2xlU' atoms of B/ml) had a
profound effect (2,092 c.p.m.). In other words, within the range of one log
unit, there was a 95% reduction in responsiveness. Assuming negligible
differences in Poisson distribution statistics, this would lead us to predict
that with a small increase in the amount of B per antibody molecule, we
would expect to see an effect comparable to that achieved non-selectively with
a 10 M solution of B-H3BO3. The compound that we used to boronate antibody
was not enriched in B. If B enriched material had been employed, this
would nave automatically increased the amount of B per antibody molecule
fivefold. If cne could further increase the amount of B twofold, for
example by more heavily boronating the antibody, this theoretically should
provide an amount of B equivalent to 10 M B-H3BO3. By linking a boron-
ated polymer to antibody molecules, thi's goal should be attainable.

Data have been obtained on the radiation profile of the O.S.U. Research
Reactor. As seen in Fig. 4, there was significant gamma contamination of the
neutron beam. This problem will be solved by inserting a bismuth filter into
the beam port, as described by Kanda et al. (25) in the remodeling of the
Musashi Institute of Technology Reactor in Japan. We were able to partially
circumvent the problem by virtue of the fact that lymphocytes were relatively
radioresistant compared to tumor cells. SW 1116 cells, on the other hand,
were less resistant and fluences greater than 10 n/cm could not be used
because of the high contaminating gamma dose. Even with this limitation, it
still was possible to obtain preliminary data indicating that monoclonal 17-1A
was capable of specifically delivering B to SW 1116 target cells. Other
data would lead us to predict that once we have reduced or eliminated the
contaminating gamma radiation, it should be possible to achieve a uniformly
lethal n,ct reaction.

~".e data that we have presented establish the feasibility of using anti-
bodies for the delivery of 1 0B. Problems that must be faced include 1) pre-
servation of antibody activity following boronation, 2) antigenic receptor
site density of the target cells, and 3) delivery of a critical number of B
atoms per cell. Each of these has been addressed. The linkage of a heavily
boronated polymeric species to antibody by means of a single functional group
should allow for the delivery of a large number B atoms per antibody mole-
cule without a significant reduction in affinity. Both the ATG and the mono-
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clonal 17-1A recognize antigens that are expressed with a density of approxi-
mately 106 epitopes per cell. There is no reason, however, why mixtures of
horonated antibodies could not be used, each recognizing a different set of
epitopes, the sum total of which could far exceed 106 per cell. Finally, the
major concept that we would like to advance is that just as effective cancer
chemotherapy is based on the use of a combination of drugs, similarly a com-
bination of compounds could be employed to deliver the requisite amount of 1°B
to tumor target cells. This could include compounds such as Na2B].2HllSH, used
by Hatanaka et al. (13,14), 10B-chlorpromazine, used by Mishima et al. (26),
or other compounds described elsewhere in this symposium, together with
boronated antibodies directed against tumor-associated antigens.

Summary

The present study was undertaken to determine the feasibility of using a
combination of capture agents consisting of boronated antibodies and l̂ B
enriched boric acid (l^B—H3BO3) for the delivery of boron-10 to tumor and
non-tumor target cells. Two model systems have been studied, the first
employing polyclonally derived horse anti-human thymocy("e globulin, and the
second monocloual mouse anti-human colorectal cancer antibody 17-1A. Anti-
bodies were boronated with the cesium salt of undecahydro-mercapto-closo-
dodecaborate (Cs2B^2^liS3»2H20) using the heterobifunctional reagent N-
succinimidyl-3-(2-pyridyldlthio)-propionate (SPDP).

The effects of boronated ATG ( B-ATG) on the ability of human peripheral
blood lymphocytes (PBL) to respond to phytohemagglutinin (PHA) have been
investigated. PBL were exposed to 10~2 to 10 ̂ M concentrations of IOB-H3BO3,
nB-ATG, or a mixture of nB-ATG + 10B-H3BO3 and irradiated with a neutron
fluence of 1013/cm2. Irradiated PBL, either untreated or exposed to B-ATG or
10 3M 10B-H3BO3, showed ~70-75% reduction in responsiveness. Irradiated cells
treated with a 10 2M 10B-H3BO3 had a 95% reduction, while those exposed to a
mixture of nB-ATG + 10 2M H3BO3 showed ~99% reduction.

The effects of neutron irradiation alone or in combination with IOB-H3BO3
and boronated monoclonal 17-1A (1OB-17-1A) on the survival of SW 1116 cells
were studied. DOF^S up to 10*2 n/cm2 had no effect on the surviving fraction
(S.F.), but with 1013 n/cm2 the S.F. was reduced to 0.0025. This effect ŵ is
largely attributable to gamma photon contamination of the neutron beam. Molar
concentrations of IOB-H3BO3 *n e x c e s s of 0.01M were capable of supporting a
n,a reaction with >99% lethality. Boronated 17-1A appeared to be capable of
supporting, a lethal n,a reaction, but at a lower level.

The major concept that we would like to advance is that by using a combi-
nation of agents such as non-selective delivery via 10B-Bi2HnSH2 , together
with targeted delivery via boronated antibody, it should be possible to
deliver a sufficient amount of 10B to sustain an n,a reaction that will have
>99% lethality.
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Practical Problems of the Past in the Use of Boron—Slow Neutron
Capture Therapy in the Treatment of Glioblastoma Multiforme

William H. Sweet, M.D., D.Sc, D.H.C.
Massachusetts General Hospital, Ambulatory Care Center 312, Boston, MA 02114

After over a decade of chemical and animal studies, a series of 19
boron-10—slow neutron capture irradiations was carried out on 18 patients
from 1959 to 1961. The treatments were given in the surgical operating room
especially constructed for this purpose beneath the core of the nuclear reac-
tor at the Massachusetts Institute of Technology.

The preoperative diagnosis was glioblastoma multiforme in the 16 patients
with a supratentorial tumor. All patients had had a craniectomy at which the
diagnosis was established; at that time as much tumor was resected as was fea-
sible—usually a grossly total removal—and specimens of normal brain, blood,
and tumor were taken for analysis of boron content. (The boron compound was
given at about the start of the operation.) A previous study by Soloway, De
Rougemont, and Sweet (4) had shown that the canine blood-brain barrier around
the site of a partial cerebral lobectomy requires 3 weeks to recover fully
after the operation. Hence the second numan operation due now at the MIT reac-
tor was deferred for at least 3 weeks. At this procedure, scalp, bone flap,
and dura were reflected. A series of earlier irradiations of patients with
gliomas at the 20-MW reactor at Brookhaven National Laboratory by Farr, Sweet,
and others, reported in 1954 (2), had demonstrated that even pre-radiation oc-
clusion of external carotid arteries and tight bandages of the scalp had not
precluded the development of non-healing painful ulcers after radiation
through intact scalp. Other lessons from the Brookhaven experience leading to
the methods used at MIT have been described by Farr et al. (2) and Goodwin et
al. (3). In the MIT series the cerebrospinal fluid was kept sucked out of the
lobectomy site, and an air-filled balloon was placed in the operative cavity
to prevent normal brain from sagging into it. Scalp and orbit were protected
by boron-free plastic and small bags filled with lithium fluoride.
Paracarboxybenzene boronic acid synthesized with the B isotope was given
intravenously to 16 patients; 2 received sodium perhydrodecaborate (Na2jQ
via the ipsilateral carotid artery. Further details have been recorded by
Soloway et al. (5) and Asbury et al. (1). In the latter paper the pathologic
studies in the 14 post-mortem experiences are described. All the patients
died within 10 days to 11.5 months after the radiation.

We have carried out no more such treatments in man despite the fact that
the more promising compound Na2Bi2Hj^SH was developed in our laboratories by
Dr. Albert Soloway.

The patient who died in 10 days proved to have much more boron in her
l/ioodstream than we had calculated by extrapolation froir the boron concentra-
tions at her first operation. She received much more than the planned radia-
tion dose and died of massive cerebral edema. At that time the fastest method
of determining boron concentration in tissue required many hours. The crucial
determinant of the radiation time, i.e. the boron concentration in normal
brain and blood, needed to be ascertained, preferably by an on-line ot-particle
detector recording from the normal brain throughout the period of radiation.
This ideal desideratum has not yet been met, but the practically useful solu-
tion of a prompt determination of boron content at the start of the radiation

- 376 -



has been achieved by Fairchild and colleagues. A measurement of the prompt

famma radiation accompanying the disintegration of ^B to an Ct particle and
Li is the basis for this rapid determination (see paper 1-12 by Kanda et al.
and paper 1-13 by Fairchild and Gabal in this Symposium).

Two other major problems were brought to light by Asbury et al. in the
postmortem slices. Whole-brain sections were studied, and the histologic
appearances correlated with the neutron flux data obtained by measurements in
all segments of the tiny gold wires inserted into the brain and gold discs
placed on the brain throughout the radiation. The neutron flux fell off rap-
idly with depth as expected, and in accordance with this decline there were
zones of residual tumor in 10 of the 11 glioblastomas. Although there were
minor nests in most of the patients, the cause of death was considered to be
due primarily to recurrent tumox* in one of the cases and to a combination of
extensive tumor recurrence and radiation necrosis in another. Had the pa-
tients lived longer, the tumor nests might have become a lethal problem. It
was puzzling that at times the islands of glioma were in the main path of the
radiation beam, even close to the resection margin at times. It will be noted
that we sought to eliminate all solid and liquid matter between the radiation
portal and the face of remaining brain containing the tumor remnants we hoped
to kill. Thus we sought to maximize the penetration of slow neutrons. Since
this is one of the principal weaknesses of thi method, we suggest this tactic
be pursued even when epithermal beams are utilized.

However, the disconcerting and unexpected finding and easily the main
cause of death in 8 of the glioblastomas and the lone medulloblastoma of the
posterior fossa was a special form of radiation necrosis—a "coagulation
necrosis." In broad fields there was "disappearance of all recognizable
parenchymal elements save for the skeletons of thickened blood vessels and
gnarled remains of astrocytic processes." Hemotoxylin-stained fragments of
countless cell nuclei, mainly polymorphonuclear leucocytes, generously
sprinkled these necrotic zones. There was only minor phagocytic activity, and
fat stains of frozen sections showed almost no sudanophilia. Sut it was the
blood vessel changes which were distinctive. In the patient who died at 10
days there was an acute necrotizing lesion of vessels of all sizes. Fibrin
and polymorphonuclear leucocytes impregnated the vessel walls; the endothelial
nuclei were swollen; many of the vessels were thrombosed. In later cases
adventitial proliferation was added to the inflammatory reaction and fibrin
exudate. Still later, connective tissue in the media and adventitia was more
prominent, £»nd the infiltrate was primarily lymphocytic. In the patient
surviving 11.5 months the blood vessel walls showed extreme thickening and
fibrosis. The radiation necrosis was most intense at the site of the highest
neutron flux, the brain surface. The high concentration of the ^ B in the
blood, the sensitivity of the endothelial cells to radiation, and the short
range of the heavy particles released appeared to have killed the brain by
choking off its blood supply.

The necessity 1) for developing a boron compound which would eventually
attain i much higher concentration in tumor than blood and 2) for developing
a major epithermal component of the incident beam of slow neutrons seemed to
us imperative.

Important advances in the iast decade or so which contribute to the solu-
tion of the problems include 1) the better control of cerebral edema by large
doses of dexamethasone and hyperosmotic agents; 2) the ease of injections into
the internal carotid and/or vertebral arteries by retrograde femoral
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catheterization to get the boron compound exactly where one wants it; 3) the
ability to culture enJothelial cells to determine their uptake of the boron
compound; 4) the development of track-etching techniques to determine the pre-
cise cell of origin .... - _ ot particles and hence the site of the disintegra-
ting boron atom. Other factors leading to renewed enthusiam for this approach
to gliomas are the relatively poor prognosis despite widesprt-u* intensive ef-
forts of various combinations of photon radiation and chemotherapy. These
modes of management have yet to yield any case approaching Hatanaka's patient
who now, 11 years after boron—slow neutron therapy of his grade IV
glioblastoma of the dominant hemisphere's central gyri, has no neurological se-
quel and is leading a normal life at the age of 61 years. The vast strides in
immunochemistry will surely yield a specific antibody whose binding sites will
not be impaired by the addition of the stable boron cage if simpler chemical
substances incorporating the BJQ or B ^ cage cannot be found to yield
uniformly satisfactory results.

ACKNOWLEDGMENT

The author wishes to express his gratitude to the Neuro-Research Founda-
tion for its support in the preparation of this manuscript.

REFERENCES

A.K. Asbury, R.G. Ojemann, S.L. Nielsen, and W.H. Sweet. Neuropathologic
study of fourteen cases of malignant brain tumor treated by boron-10—slow
neutron capture radiation. J. Neuropathol. Exp. Neurol. 31:278-303, 1972.
L.E. Farr, W.H. Sweet, J.S. Robertson, C.G. Foster, H.B. Locksley,
D.L. Sutherland, M.L. Mendelsohn, and E.E. Stickley. Neutron capture ther-
apy with boron in the treatment of glioblastoma multiforme. Am. J.
Roentgenol. 71:279-93, 1954.
J.T. Godwin, L.E. Farr, W.H. Sweet, and J.S. Robertson. Pathological
study of eight patients with glioblastoma multiforme treated by neutron
capture therapy using boron-10. Cancer 8:601-15, 1955.
A.H. Soloway, J.G. De Rougemont, and W.H. Sweet. The re-establishment in
dogs of the blood-brain barrier to tri-iso-propanolamine borate.
Neurochirurgia 3:1-5, 1960.
A.H. Soloway, G.L. Brownell, R.G. Ojemann, and W.H. Sweet. Boron slow neu-
tron capture therapy: Present status. In Preparation and Biomedical Ap-
plication of Labeled Molecules (Proc. Int. Symp., Venice, 1964), pp.
383-403, J. Sirchis, Ed., Euratom, Brussels, 1964.

- 378 -
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ABSTRACT

Our group has worked with three human melanoma antigens which have been
defined by monoclonal mouse antibodies: p97, a glycoprotein that is structurally
related to transferrin, a proteoglycan, and a GD3 ganglioside that is slightly
different from the GD3 of normal brain. All three antigens can be detected in
frozen sections of melanoma, using immunohistological techniques. Antibodies and
Fab fragments, specific for either p97 or the proteoglycan antigen, have been
radiolabelled with I and successfully, used for tumor imaging, and Phase I
therapeutic trials are underway, using I-labelled Fab fragments, specific for
p97 or the proteoglycan antigen, to localize a potentially therapeutic dose of
radiation into tumors. It may be feasible to use the same monoclonal antibodies, or
antibody fragments, as carriers of neutron capturers, such as boron, for possible
use in tumor therapy. The initial experiments on this are best carried out by using
nude mice (or rats) carrying human melanoma xenografts.

INTRODUCTION

Melanomas belong to the human tumors that have been studied the most
with the monoclonal antibody technique (1). As a result of these studies, it has
become apparent that there are several cell surface antigens that are more
strongly expressed by melanomas than by other tumors or by normal tissues. None
of these antigens appear to be entirely specific for melanoma, since small amounts
of the respective antigens can be detected in various normal cells, if highly
sensitive assays are used (2,3). Nevertheless, there are good reasons to believe
that some of the melanoma antigens can be used as diagnostic markers, e.g., for

•This work has been supported by grants CA 191*8, CA 19149, CA 26939, and CA
34777 from the National Institutes of Health; and IM 241 frorr the American
Cancer Society. The work described in this article was performed when the 3
senior authors were Members of tne Fred Hutchinson Cancer Research Center,
Seattle, Washington.
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tumor imaging by radiolabelled antibodies (or antibody fragments) and they may
probably be useful also as therapeutic targets.

We shall here discuss some of our experience from the melanoma system as
it relates to the topic of this symposium. We do so for two reasons. First, we
believe that existing monoclonal antibodies to melanoma-associated antigens can
be useful to work out procedures for the targeting of a variety of agents into tumor
tissues. Second, it is likely that what is being learned about melanomas will prove
applicable to other solid tumors as well.

THREE ANTIGENS OF RELATIVELY HIGH MELANOMA SPECIFICITY

Our group has taken a particular interest in three melanoma-associated
antigens, which we believe have sufficient degree of melanoma specificity to be
useful as diagnostic markers and therapuetic targets. These antigens are p97, a
proteoglycan and a GD3 ganglioside. We shall briefly discuss each of these
antigens.

p97 is a phosphorylated sialoglycoprotein which has approximately the same
molecular weight as rabbit phosphorylase b, that is around 97,000, and forms an
integral part of the cell membrane (4,5, and unpublished findings). While most
melanomas express 50,000-400,000 p97 molecules per cell, non-melanoma tumors
generally have less than about 20,000 molecules pe. cell and normal adult tissues
less than about 8,000 molecules per ceil, the highest normal tissue levels being seen
have been in smooth muscle (3,5, and unpublished findings). A partial amino acid
sequencing of the N-terminal end has shown p97 to be structurally related to
transferrin (6) and, like transferrin, p97 can bind iron. The gene for p97 has been
assigned to chromosome 3 (7) which is the same chromosome that carries the gene
for the transferrin receptor, a molecule different from p97, and probably also for
transf etrin. Many monoclonal antibodies to p97 are available, defining 5 different
epi topes (5).

The proteoglycan antigen, to which our group has developed several mono-
clonal antibodies, including 48.7. was first discovered by Reisfeld's (8) and
Ferrone's (9) groups. It is strongly expressed in most melanomas and much more
weakly in other tumors (10). Small amounts of the antigen can be detected in some
endothelial cells, while other normal cells have not been positive when tested in
frozen sections, with immunohistological techniques.

The GD3 antigan, as defined by our antibody 4.2 (11,12) is very similar to an
antigen defined by antibody R23, as described by Old̂ s group (13,14). It has a very
high degree of specificity for melanomas as compared to other tumors. Although
our original antibody 4.2 reacted also with some cells in normal brain, a more
recent antibody, 2B2, does not. As shown by Nudelman et ah (12), the fatty acids
of the melanoma-associated GD3 are longer than those of the brain, which may
explain why brain is not stained by antibody 2B2.

All three antigens are expressed in melanomas in vivo, as best shown by
using immunohistological techniques on frozen sections. They are also expressed in
benign nevi, while normal, resting skin melanocytes have been negative (15,
unpublished findings). Using immunohistological techniques, every melanoma so far
tested has stained for at least one of the 3 antigens, and 96% have stained for 2
of them. While no non-melanoma tumors so far tested have expressed all 3
antigens, approximately 60% of melanomas do.
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The three antigens are expressed in human melanomas growing in nude mice
and antibodies to them (radiolabelled or unlabelled) will localize into such tumors,
when injected intravenously (16, and I. HellstrOm, unpublished findings). Antibody
2B2, specific for the GD3 antigen, shows strong lymphocyte-dependent antibody
activity in vitro in the presence of human lymphocytes and can strongly inhibit the
growth of human melanomas in nude mice, providing further evidence that the
antibodies can target to tumor (I. HellstrOm, unpublished data). Since both
melanomas and other types of tumors with ability to grow in nude mice and a
known degree of expression of the three antigens are available, the nude mouse
model should be useful to assess the tumor targeting of antibodies conjugated, for
example, with a neutron capturer.

LOCALIZATION OF ANTI-MELANOMA ANTIBODIES IN HUMAN PATIENTS

We have studied whether antibodies to p97 and to the proteoglycan antigen
can localize Into metastatic melanoma in human patients. This has been done in
two ways. First, we have-given either whole antibody or Fab fragments, after they
have been labelled with I. Both by using imaging techniques and by measuring
the relative uptake of specific versus control antibody in tumors and normal
tissues, we could show that the specific antibodies were selectively taken up in
tumors (16-18). Second, we have given large doses (up to 224 mg of each antibody
over a 5 0-day period) of a mixture of unlabelled antibodies specific for either p97
or the proteoglycan, and tested, by immunohistological techniques on frozen tumor
sections, whether the injected antibodies could be detected in tumor and, if so, for
how long. We found that the injected antibodies did, indeed, localize to tumor
cells, as compared to surrounding normal stroma cells. This localization was
throughout the tumor tissue and not just confined to the areas closest to large
blood vessels. The antibodies remained at the tumor cell surface up to around 80
hours after the last injection (Goodman ei^aL, unpublished findings).

We have not observed the formation of anti-mouse antibodies in the four
patients receiving large doses of the mouse immunoglobulin and followed over a 6-
week period. On the other hand, such antibodies occur early and regularly in
patients receiving only a few mg of mouse antibodies and more infrequently in
patients receiving Fab fragments (16). Perhaps the large doses of whole antibody
can induce a temporary state of immunological nonreactivity.

IMPLICATIONS OF THESE FINDINGS FOR STUDIES ON THE TARGETING OF
ANTI-TUMOR ANTIBODIES CONJUGATED, FOR EXAMPLE,

WITH A BORON COMPOUND

Antibodies to the three melanoma antigens described offer promise for
studies on tumor using, for example, boron compounds for conjugation with the
antibody. The problem will rather be the extent to which antigen-bi ading tumor-
seeking conjugate:: can be made and what biological activity they will have. There
are several reliable, highly sensitive assays by which antibody binding to cultured
cells (19) and tissue sections (15) can be detected. It is possible, therefore, to
follow how antibody conjugation with, for example, a boron compound will
interfere with its ability to bind to antigen. Tumor lines with different degrees of
expression of the target antigens can be grown in nude mice to study the targeting
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of intravenously injected antibody-conjugate into tumor, its degree of tumor-
aitigen specificity and the therapeutic potential of the tumor targeting. Since
mouse antibodies to the two antigens that have been tested will localize into
metastatic melanomas in patients and can be given without much complication, it
should be possible to conduct clinical trials when tumor-targeting compounds have
been found that bind to tumor cells in vitro and localize into tumor tissues in vivo
in nude mice.

It may be a good strategy to carry out the melanoma studies in parallel with
studies in a syngeneic animal tumor model, for example using mouse bladder
carcinomas as described in a separate presentation (20).
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Clinical Experience of Boron Neutron Capture Therapy
for Malignant Brain Tumors

Hiroshi Hatanaka, M.D. , D.Sc,
Department of Neurosurgery, Teikyo University, Kaga, Itabashi-ku, Tokyo, Japan

The ancient Chinese sage, Confucius, said in four words, "On-ko-chi-shin,"
which means "By studying the old, one can discover the new." I would like to
start this talk by breifly reviewing the history of Slow-Neutron Capture
Therapy.

Review of the past

The first man who discussed the possibility of neutron capture therapy
was Gordon L. Locher, a physicist at the Bartol Foundation of Swarthmore
College. Unfortunately I could not track him down, although I was able to
meet one of his former colleagues. Locher discucsed the possibility of
applying neutron capture reaction to cancer therapy in a review paper entitled
"Biological effects and therapeutic possibilities of neutrons" which was pub-
lished in 1936 in the American Journal of Roentgenology. In this article, he
said, "Research covering these fields might well be expected to occupy the
entire time of many workers for many years. Yet, if they led to the eradica-
tion of a single disease, or to a better understanding of biological processes
involved in disease, so that the way to cure was made clearer, the effort would
be justified." His prediction proved to be true. It took almost i+0 years
before the first gliob.astoma patient could be successfully cured by this
therapy.

The first problem was how to obtain a large flux of neutrons. It was
only after atomic reactors were built that a sufficiently large amount of
thermal neutrons became available.

The second problem was the choice of nuclide to be used as neutron-
capturing material. Among lithium-6, boron-10, uranium-235, and other heavy
particle emitters by neutron capture reaction, boron-10 was selected first for
various biological reasons. Boron-10 has been attractive to chemists, because
of its vast potential for synthesizing new compounds (Soloway). Initially a
large part of boron chemistry was kept classified as boron was one of the
possible candidates for space fvel, but after the 196O's, it was declassified.
Only 18% of natural boron is boron-10. To improve the effect of therapy, it
is more efficient to use enriched boron-10. The method of enriching such an
isotope involves technology similar to that required in enriching uranium-235.
Hence, boron-10 was expensive 20 to 30 years ago, when a large amount of
boron-10 was required for clinical trials, although not so much was needed for
animal experiments. One gram of boron-10 was priced at 25 dollars in those
days. It is amazing that a dose of boron-10 compound for one patient's
treatment could be available now at a much cheaper price, if it were on the
market, than that of an ordinary antitumor drug dispensed in a course of
therapy.

Selection and synthesis of boron compounds was, and even now is, one of
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the crucial problems. Such compounds should penetrate into the malignant
tissue, but should not remain in the normal cells. It was Dr. William Sweet,
a neurosurgeon, who introduced the idea of taking advantage of the Blood-Brain
Barrier to treat brain tumors. The Blood-Brain Barrier is not really an ana-
tomical structure, but is a physiological phenomenon encountered in the brain
that does not allow free penetration of substances into the brain matter. Even
glucose or water, which are physiologically consumed by the brain, cannot enter
the brain matter in excessive amounts. It is well known that oil-soluble
compounds can easily cross the Blood-Brain Barrier, but that water-soluble
compounds cannot cross so easily. For this reason, many oil-soluble boron
compounds have been found inadequate for neutron capture therapy. On the
contrary, tumors are usually so "hungry" that they are easily penetrated by
almost any substance. Dr. Sveet and his colleagues at his laboratory at
Massachusetts General Hospital had studied the Blood-Brain Barrier by using
P-32 and other newly available isotopes in the 1950's. This background was
naturally helpful in starting a Boron-10 uptake study.

The ratio of Boron concentration in tumor(T) to Boron concentration in
normal tissue(N) was the initial interest for Sweet and his chemist collabora-
tor, Albert H. Soloway. Boron compounds which would yield high T/N ratio were
enthusiastically sought. Paracarboxyphenylboronic a^id or perhydrodecaborate
was actually used for human treatment in the i960 and 1961 series.

My knowledge of the clinical studies conducted between 1953 and 196l at
Brookhaven National Laboratory reactor and at MIT reactor is rather incomplete.
Some of my knowledge of Dr. Sweet's past experience I learned directly from
Dr. Sweet himself, but a lot more was learned indirectly from his earlier
collaborators including Janette Robinson Messer, Manucher Javld, Lucas Yamamoto,
Arthur Asbury, Al Soloway, and Gordon Brownell. Because Dr. Sweet was such a
busy director of the neurosurgical service, it was not always possible to catch
up with him. Consequently, my knowledge of his past experience may not "be
totally correct.

Brain tumors have almost constantly been the primary target of neutron
capture therapy for these reasons: l) The brain is such an unreplaceably
important organ that it is particularly for brain tumors that we wan4" such a
highly specific therapy is boron neutron capture therapy. For other tumors,
quite ofter surgical extirpation is simple and effective, but for brain tumors
a radical surgery is usually impossible; 2) It is relatively easy to obtain
an appreciably high Tumor-to-Normal ratio of boron-10 concentration in the case
of brain tumors, thanks to the Blood-Brain Barrier. For ther tumors such a
high T/N ratio cannot be obtained so simply, unless boron chemistry or boron
immunochemistry makes further advances; 3) Brain tumor is such a fatal tumor,
and thus is most challenging. It was reported that, in the year 1975, in the
U.S.A., there were 5,000 new glioma patients and that, in the same year, there
was a glioma death toll of 5,000. Even for non-glioma brain tumors, which are
sometimes called benign brain tumors, in the year 1975, there were 5,700 new
patients and 3,500 dead. This means that even for the so-called benign tumors,
60% are fatal.

Dr. Sweet's clinical series was discontinued in 1961. The mean survival
of glioblastoma patients treated at MIT reactor was 5.5 months aftef- neutron
capture therapy. The cause of failure was reported to be excessive radiation
of cerebral vascular walls by the neutron capture reaction which occurred
between neutrons and the excessive boron-10 in the the circulating blood. His
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clinical result has always "been described as "a failure." However, I do not
think it was. The reasons are: l) Many of his 18 cases treated at MITR were
not really fresh cases. Many had teen operated on by other surgeons before
BNCT. As my clinical experience indicates, the patients who undertook their
first tumor extirpation with me and then BNCT ("Consistent BNCT cases") do far
better than the other patients who were treated by BNCT only after surgery by
other neurosurgeons ("Inconsistent BNCT cases"). The average survival of the
Consistent BNCT cases is 3 times longer than the Inconsistent BNCT cases. The
main reason for this difference in survival is that BNCT is a Primary Radio-
surg^ry, and not an Adjuvant Therapy ar is conventional radiotherapy, chemo-
therapy or immunotherapy. It is no wonder that Dr. Sweet's cases did not do
very well; 2) When I scruntinized nis series, I wondered at first if the
neutron fluence delivered to the patient's brain might have been too large.
The MITR in those days yielded a flux of 1 x 10l° at the surface of the brain,
according to a document which I had a chance to read. Neutrons of 1.8 x 10 -̂
in n.v.t. were supposed to have been delivered. This fluence was once con-
sidered too much, but later neutron capture radiation tolerance studies at
MITR or at HTR and KUR indicated that the animal brains could tolerate even
more. As for human brains, from my clinical experience, I have some opinions
about human brain tolerance, but it is premature to discuss them for the
moment; 3) It has been my feeling that the brain capillary vessels might have
tolerated the radiation better, even in the MITR series. In 19-65-66, I
reenacted Dr. Sweet's MITR series in 6 cats, using the same boron compound
and radiating by the same regimen as in 1960-1961. I was able to demonstrate
serious vascular endothelial damage at an electron microscope level. It
consisted of swelling of the endothelial cells, disruption of the cell mem-
branes, clumping of ribosomes, and, above all, dissolution of the cristae of
the mitochondria in the endothelial cells. These changes were almost un-
recognized after a large dose of adrenocorticosteroid had been administered.
Using larg: doses of steroid hormone to protect the Blood-Brain Barrier was
a relatively new concept which was proved by me, using I-135-labelled human
gamma globulin in 1962 and 63 - after the MIT-series was discontinued;
h) Recently after the introduction of computerized tomography of the brain
(the so-called CT-scans), the discrete expansion of a glioma has been more
clearly recognized. Dr. Sweet irradiated through craniectomizsc. windows in
the skull, by shielding the rest of the head so that the scalp, which contains
some amount of boron, would not be radiated with neutrons. I followed his
procedure from 1968 until a few years ago, when I realized this method is far
from satisfactory, because a large tumor bed, which can sometimes be more than
10 cm in diameter may well escape the neutron beam. Indeed common practice
in conventional radiotherapy has been to fashion a larg-; radiation field of
10 or 12 cm square, or even to radiate the whole brain. Why should not BNCT
do the same? As a matter of fact whole-brain radiation yields an effect that
multiplies the central radiation dose, as in the case of rotating or multipor-
tal irradiation, because the slow neutrons do not always travel straight. My
idea was endorsed by experimental data offered by Aizawa and Nozaki. Through
a large aperture of 22 cm, which is about the size of the head, the neutron
flux at the depth of 8-10 cm from the brain surface is more than 10-fold as
compared to the delivery of neutrons through a conventional craniotcmy bone
window. It can be easily imagined that owing to this small radiation field,
Dr. Sweet's patients did not always receive theoretically curative doses as
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was true of some of my own cases; 5) Dr. Sweet started neutron delivery within
30 minutes after intravenous injection of boron. This certainly may have
contributed to the serious damage to the brain capillaries due to high concen-
tration of boron in che circulating blood. Now it is generally accepted that
neutron should be delivered only after waiting a certain number of hours.

When reviewing Dr. Sweet's series today, I have to conclude that his
failure before 196l vas not really a failure at all in regard to the basic
principles of BNCT, but was merely a reflection of our limited knowledge 20
years ago. Everything in neurosurgery has made great advances in the past
20 years, except for brain tumor treatments. Aneurysm, which causes subarach-
noid hemorrhage, was treated 20 years ago by only ligating major arteries in
order to minimize the direct blood flow to the aneurysm. Tirect intervention
was tried only by professors, and with poor results. By now aneurysms are no
longer monopolized by professors of neurosurgical departments. It is every-
body's operation. It is such a simple operation that I can ride a motorcycle
to a distant rural hospital and operate without any assistant and wibh only
k% operative mortality. Treatment of brain tumors should no longer be allowed
to lag behind so much. In August, this year, there was a Klaas Breuer
Memorial Lecture by Dr. John F. Fowler, a British radiologist, at the 2nd
Annual Meeting of the European Society for Therapeutic Radiology and Oncology.
In this lecture he emphasized Patients and Patience for clinical trials. He
quoted the case of Hodgkin's disease as one of the best examples of the improve-
ment in treatment cf cancer by radiotherapy and a multi-disciplinary approach.
In 19^0 this disease was regarded as inevitably fatal with a 5-year survival
of 5%. Twenty years later in i960, 250 KV X-ray apparatus could assure a
5-year survival of 35%. In 1980 supravoltage machines and chemotherapy yielded
an 80% 5-year survival. This situation resembles the situation of our BNCT.
By conventional radiotherapy for grade III-IV gliomas, which approximates the
term glioblastoma, a 5-year survival of 5.1% was reported (by Mayo people). By
the present technique of BNCT, the 5-year survival of the case.- treated before
1979 reached 33%, 20 years after Dr. Sweet's initial series. T am convinced
that in another twenty years we too will be able to achieve an 80% 5-year
survival, but only if a good collaborative st.'iy can be organized.

As Confucius said 2,500 years ago, "By studying the old, one can discover
the new." In reviewing what Dr. Sweet had done, I concluded that it was not
a failure but the first bold step on the long road to success. He is entitled
to be called the Patriarch of Neutro* Capture Therapy, although I am not sure
if he will recognize me as his legitimate heir.

Preclinical or Paraclinical Studies for the Clinical Trials of BNCT in Japan

In the present symposium, some preclinical or paraclinical studies were pre-
sented by my colleagues. These studies are largely classified as follows:
1) Medicinal studies on boron compounds. (.Synthesis, distribution study by

quantitative chemical analysis, distribution rtudy by autoradiography,
toxicological study, etc.

2) Physics studies. (Neutron beam port, phantom study for dosimetry, elimina-
tion of gamma ray, simultaneous monitoring system, etr.)

3) Therapy for tumor-bearing animals. (Survival, pathological appraisal, etc.)
h) Studies of normal tissue tolerance.
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It is important to note that by our relatively large series of human brain
tumor studies of boron-10 uptake, it became clear that the previously hypo-
thesized concept of "large Tumor-to-Blood ratio" is almost obsolete. Indeed
some patients have proved that their brain well tolerated small Tumor-to-Blood
ratio (smaller than unity), without any neurological deterioration.

Besides the earlier concept of large T/B ratio, there was a classical
belief that we need at least 50ug boron-10/gram of tumor to destroy tumors.
These concepts are certainly nice and naive, but I must say these concepts are
no longer absolutely important, as clinical experience does not necessarily
indicate them.

Clinical experience

In August, 1968, after spending nearly 10 months on dosimetry and re-
modeling of the thermal column at HTR (100 KW), Kawasaki, and after going
through some tough questions by committees of specialists, the author was
granted permission to use the reactor by the Atomic Energy Commission and
eventually by th-3 Prime Minister. The questions were tough, because the
proposal was filed after a similar treatment had been discontinued in the
United States. These meetings discussed not only technical aspects but also
ethical problems. Engineers of the Hitachi Shipbuilding Company and the
Hitachi Training Reactor were able to somehow arrange the reactor room for
human treatment. Financial aid from the shipbuilding company was crucial.
Shionogi Pharmaceutical Company launched research and production of therapeu-
tically employable amounts of boron-10 compound at the urge of the author.
Mercaptoundecahydrododecaborate, which was originally studied by Soloway,
Hatanaka, and Davis, has been clinically used since 1968.

Since larger research reactors are located in distant countrysides, HTR
and MuITR (Hitachi Training Reactor and Musashi Institute of Technology
Reactor, both of 100 KW) were used for all except two of the 60 cases. There
was no treatment performed for almost 3 years between 197^ and 1977 as HTR was
closed for goo* in 197^> At MuITR, elimination of core gamma with a bismuth
layer, by Kanda, Aizawa, et al., made it possible to yield a higher neutron
flux.

From 1968 until 1971 only cases which had already undergone Coball--60
radiotherapy were treated by neutron capture (9 cases). Besides these ine,
another case with a deep-seated glioma was treated by combining neutron
capture with Photon. It was only after 1972 that patients without any pre-
vious intervention could by treated by neutron capture alone. For the 30
patients xreated "between 1972 and 1979, the 5-year survival was 33-3$ (10/30).
As mentioned bp^ore, there was no treatment in 197^-76, for almost j years.

For grade III-IV malignant gliomas (even though grade T II gliomas are
also fatal as long as they cannot be totally excised), the control group
treated by the so-called multimodality treatment of chemo-/immuno-radiotherapy
with Cobalt-60 or Linear accelerator, died out before 3 years after treatments.
The 5-year survival was naturally 0%. As historical controls I can quote, as
an impressive report, the one by Mayo Clinic people who reported 5-7% 5-year
survival with grade III-IV. The mean survival of the author's control group
was 11.5 i 1.3 months. By neutron capture therapy, the 5-year survival was
33.3% and the mean survival was 36.9 i lU.8 months, as of June 30, 1983. The
longest surviving glioblastoma patient is now 6l years old, 11 years after the
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neutron capture treatment, and is in perfect working condition. His original
tumor with a size of 6 x 5-5 x ^-5 cm, was located in the motor and speech
area in the left posterior frontal lobe, and before neutron treatment 20 ^ram
had been excised by the author's operation. BNCT was performed against the
considerably large tumor residue. Tumor-to-Blood ratio was 0.5, but there
was no neurological deterioration by BNCT. He is even now right-handed, and
can speak or can calculate correctly. It should be noted that the literature
reporting the rare long survival of glioblastoma patients have dealt with
cases in which radical surgical excision could have been conducted.

12 autopsied cases were reviewed and it was learned that the tumor
tissue ii radiated with more than 1C00 rad or 3000 rem-equivalent dose had
been destroyed by a single treatment. The cause of failure in unsuccessful
cases was attributable either to an inadequate field of radiation resulting
from the small conventional craniotomy bone window through which neutron had
been introduced, or to an insufficient penetration of neutron flux. (inter-
national Congress of Neuropathology, Vienna, 19-82)

Since 1.982, the results of work done by Aizawa and Nozaki in 1976 have
been put into routine use. Instead of irradiating through a small window in
the skull, the whole head is irradiated by exricsing the skull by a cross
incision. This easily multiplies the neutron flux at such a depth of 8-10 cm
frc-a the cerebral surface by 10-fold. This approach has eliminated the nui-
sance of putting a void such as a balloon or a pingpong ball in the tumor
cavity which was a practice by Sweet until 196l and by Hatanaka after then.
Deep-seated tumors such as those of the pons or medulla can now be even more
sufficiently treated than in the past, when they somehow responded to neutron
capture treatment fairly well. (A case of astrocytoma of the medulla whose
respiration had been paralyzed was taken to the reactor supported on a
respirator and after treatment recovered spontaneous breathing within a few
days. Another case with a recurrent pons tumor recovered from coma after
neutron capture and survived 5 years.} Thanks to the now practice, further
improvement in survival rats is anticipated. If epithermal neutron beam
becomes available, as Fairchild predicted as early as in I96U, the efficiency
of BNCT will be greatly improved.

If the present modest clinical success of this therapy can give an
impetus to studies in physics and boron chemistry or immunochemistry, there
could be a real breakthrough in brain tumor treatment which is presently in a
grim state. The author's colleagues in surgery and pathology are interested in
boronating antitumor antibodies. If this idea is feasible, we may be able to
treat such incurable tumors as pancreas cancers without radiating other abdomi-
nal visceras.

Although many other anti-cancer therapies are being intensively studied,
neutron capture therapy has a definite advantage over the others in cellular-
.Level specificity and lethalr.ess. This therapy will have a much higher future
potential, because the present modestly encouraging clinical data have been
achieved only with very limited resource::.
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Table 1. 10B in brain turner and blood at therapeutic
hours after infusion

( As of October. 1982 )

Glioma (Astrocyt-, Glioblast-,
Meaulloblast- omas)

:amor l 0B

10B

JUg10B/g
25.k ± 2.k [IOU.T - 5-0]

(n=53)

Mgi0B/g

23.2 ± 1. c> [hk . 5 - ^ . n]

(n=5l)

"•'B r a t io j 1.5 ± r 2 [ 8 . 7 - 0 . 2 6 ]
I (n=5l)

jose [79-30
(n=29)

Hours hrs
(af ter , 13-2 ± O.lU [19-5
infusion) i (n=53)

Non-gliomas (Meningioma,
sarcoma and rnetastases)

3U.2 + 9-7 [90.h - 11.2
(n=7)

+ o_

,ug10B/g
[27-7 - 7-3]
(n=6)

r M . Q s _ 0.
[ nrjt11

- U0
1 n=b

16.7 +
hrs
[28 - 11.2]

Specimens were obtaired at the time of the 2nd or 3rd araniotomy which was
assigned co neutron irradiation only after a good tuiiu-i- bulk reduction
by the previous craniotomy which snould hâ -e reduced the intracranial press-
ure and displacement of the brain and which should have restored good blood
circulation to the bri.in as well as to the brain tumor bed. Naturally the
turner uptake data thus obtained should be higher than the tumor uptake data
obta.ined it ihe 1st craniotomy when the tumor bulk is being reduced, formal
brain specimen was not obtained for chemical analysis, because it is not
ethically permissible to obtain a large brain tissue vhen boron-10 concentr-
ation in the normal brain tissue is immeasurably low. ( below 0.3jug/g ).
The blood concentration is obviously related to the functions of kidney,
heart, liver and otner organs. Although not tabulated here, there was a tend-
ency of more ~apid excretion into urine of boron in yojiger individuals. It
is important • jat high T/B ratio did not necessarily aiiarantee good clinical
result. As described in the t>rxt, the patient now 62 years old who has surv-
ived 11.5 years yielded a T/3 ratio of only 0.5 when he was treated by NCT.
His pre-operative right-sided hemiparesis and speech disturbance disappeared.
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Example of tumor dissolution after neutron capture therapy. A case of 11-
year-old girl with a huge malignant glioma (diameter ca.8-9 cm) in the righ\;
frontal lobe. From top left to bottom right. CT scans obtained on:
l) September 11, 198l, 7 days before an attempt by a neurosurgeon to excise
the tumor; 2) September 29, 198l, 11 days after partial excision, and 10
days before NCT; 3) October 26, 198l, IT days after NCT; h) 6 months after
NCT. Tumor tissue has been fairly well dissolved, but its periphery is still
suspiciously contrast-medium stained; 5) 12 months after NCT. Tumor tissue
has been almost totally dissolved; and 6) l8 months after NCT (April 7,
I983). This patient, now an 8th grader, is enjoying her school life, without
any neurological deficit. Academic score is not at the bottom of the class,
if not at the top.

All the tumors treated by NCT in 1982 and 1983 by the new method of
whole-brain irradiation to increase the depth dose of neutrons showed such
complete dissolution of the CT-scan tumors, except one who obviously had
disseminating tumor cells. (Patients who died within a month for hepatitis
or hemorrhage into the tumor are excluded. Also patients treated in the lat-
ter half of the year 1983 are excluded, as it is too premature. )
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