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INTRODUCTION

Dose inhomogeneities in both tumor and normal tissue, inherent to the

application of boron neutron capture therapy (BNCT), can be the result not

only of ununiform distribution of *-®B at various levels of biological

organization, but also of the distribution of the thermal neutrons and of the

energy depositions from more energetic neutrons and other radiations

comprising the externally-applied beams. The severity of the problems

resulting from such inhomogeneities, and approaches to evaluating them, will

be illustrated by three examples, at the macro, micro and intermediate levels.

Gross inhomogeneities

The significance of macro and gross inhomogeneities in absorbed dose

distribution across a tumor or normal organ could be illustrated by using data

obtained with inorganic boron compounds presumably uniformly distributed down

to the subcellular level (1,2), and a grossly ununiform thermal neutron beam.

However, the same end can be attained much more simply but: adequately by using

a conventional radiation source, and a single, widely-distributed organ such

as the bone marrow. In experiments summarized briefly elsewhere (3), LD50

values for mice dying with the "bone marrow syndrome" were determined using

^•Research carried out under the auspices of the United States Department
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&®Co gamma radiations. Homogeneous irradiation was closely approximated by

means of bilateral exposure; markedly inhomogeneous dose distribution in the

animal and its bone marrow was obtained by placing a "point source" of 60Co

close to the nose of the animal so that attenuation and "inverse square fall

off" resulted in dose diminution by a factor of about four. The

distribution of bone marrow and thus of the relative numbers of

pluripotential stem cells was determined by measurement of the amount of

intravenouslv-injected ^°Fe in each of ten one-cm thick transaxial segments of

marrow tissue located along the length of the animal. Absorbed dose

distributions were determined by means of TLD dosimeters implanted in phantoms

and in the tissues of a sacrificed animal. The absolute values of absorbed

doses corresponding to each of the stem cell-containing bone marrow segmencr

could then be determined for any given amount of the exposure to homogeneous

or inhomogeneous irradiation.

The upper smoothed curve in Fig. 1 provides, for an LD50 exposure with

markedly inhomogeneous irradiation, the relative numbers of stem cells at each

dose point over the entire range of absolute bone marrow doses. The middle

curve provides the log of surviving bone marrow stem cells of the mouse, as a

function of absorbed dose. The lower distribution results from folding

together the stem cell distribution and the function described above. This

distribution yields the fraction of surviving stem cells, at the LD50 exposure

level, corresponding to each of the series of isodose segments. The area

under this distribution yields, for the given LD50 exposure, the total

fraction of surviving stem cells. Tiis fraction, with inhomogeneous absorbed

dose distribution, did not differ significantly from the sum of the fractions

of surviving stem cells in the ten segments after homogeneous irradiations.



The results support but do not necessarily prove the hypothesis put forth

(4), namely that the median survival rate following homogeneous - or even

markedly inhomogeneous irradition - is determined and therefore predictable

only from a biological parameter, the total surviving fraction of stem cells.

No single or average value of exposure or absorbed dose permitted such

prediction. Similar deductions would be expected to hold, were the system

studied a neoplasm rather than a normal organ.

M^cro Dose Inhomogenelties

Inhomogencities are unavoidable when either relatively small absorbed

doses or very low dose rates are used, and when the biological endpoints of

interest either are, or are initiated by quantal responses (i.e., a lethal,

genetic, cytogenetic, or malignant transformation) of the individual elements

(cells) of an organ or other cell system (5-8). Under these conditions the

mean absorbed dose to the system can provide no information on the amount of

energy deposited in cellular elements. Microdosimetric approaches have shown

that absorbed dose under those circumstances always results in a usually-wide

distribution of "specific energies", i.e., the dose of energy to an

intracellular volume such as the genome-containing nucleus (9-10). Because

fewer particles are required to deliver one rad with high- vs low LET

radiation, even relatively large absorbed doses of the former may result in

zero energy deposition in a significant fraction of cells.

Analysis under these circumstances must be analagous to that described

above for the macro situation, i.e., one needs more than one function and a

process of curve convolution conceptually similar to those shown in Fig. 1.

The upper panel, in the cell analogy, would be the relative number of

ralcrodosimetrically-simulated cell nuclei located at each of the values of



cell dose on the abscissa (8). The middle panel would contain a function for

the probability of a quantal response of a cell, as a function of cell dose

from a single hit (5-8). The folding together of those two curves would yield

a distribution, the area under which would represent, for the given exposure,

the total fraction of quantally responding cells. It is this biological

quantity that expresses the total damage to the entire cellular system, in

terms of which the probability of a lethal response of the total system should

be predictable.

Intermediate Levels

Inhomogeneities at biological levels between the extremes presented above

can result from differences in the location of the l^B atoms, and therefore of

the particulate products of the ^B-neutron interactions. Extensive

calculations (11-15) have shown that the absorbed dose to the average cell

nucleus is highly dependent on whether the 1"B atoms are in the cell nucleus

or cytoplasm, or both; confined to the blood vessels or extracellular fluid;

or restricted to the external cell membranes or the medium. Under these

conditions, the mean dose calculated for a boron-contairing tissue specimen

can overestimate (or in some cases, as with boronated nucleoside,

underestimate) the mean energy density in the cell nucleus by factors of up to

10 or more.

Work performed recently in the Medical Department at Brookhaven (16)

permits a check on the validity of some of the predictions (11-15). For

example, the average cell concentration of *"B confined to the cytoplasm of a

cell should be about one half as effective following uniform exposure in a

thermal neutron beam, as would be *"B essentially uniformily distributed

throughout the cell supporting medium and the cells (12,14). The first



condition was achieved by exposure in a ^B-free medium of washed cells in

which a ^^B-containing porphyrin compound could be demonstrated to be largely

If not entirely confined to the cytoplasm. The second condition was met by

use of an inorganic *-"B-containing compound, H3^"BO3 which is assumed to be

uniformly distributed throughout the cells and the supporting medium. The

mean concentration of *^B in the cells was 30 Mg/g for both compounds. In

Fig. 2, cell survival under these two circumstances is shown as a function of

minutes of exposure in a thermal neutron beam, to which average values of

absorbed doses from neutron-boron interactions would be proportional. The

survival curves in Fig. 2, even though not corrected for the relatively small

influence of adventitious radiations in the thermal neutron beam are adequate

to show that, for the same survival, the average absorbed dose to the cells is

about twice as large for the inhomogeneously-distributed, as for the

homogeneously-distributed *• B.

Differential Dose Protraction Effects

Inhomogeneous dose distribution at the cell level would lead one to

expect sparing of normal tissue under conditions ideal for neutron capture

therapy, in which the tumor at depth is irradiated essentially entirely with

the high-LET radiations from the ^B(n,o)^Li reaction, and the intervening

tissues are subjected only to the adventitious radiations of much lower mean

LET. The higher LET radiations, because they deliver principally larger cell

doses that can be so destructive to molecular architecture that even efficient

intracellular repair enzymes are unable to correct lethal disruption, should

give little evidence of a dose protraction effect due to repair. With the

low-LET radiations, which deliver predominantly low cell doses and thus

molecular effects of substantially less severity, the damage should be much



more amenable to repair. Thus protraction should result in significant

tissue sparing, whether this is accomplished by means of a low dose rate or

by fractionation.

Although the direction of this effect of inhomogeneous cell dose

distribution in the tumor vs normal tissue can be predicted from available

evidence, the magnitude is subject to substantial uncertaintly because of the

complexity of the external beams that might be used in therapeutic trials.

Thus experimental work would be expected to be directly applicable to the

clinical situation only if done using the beam that is projected for

therapeutic application. Such a beam in which the ratio of tumor-deliverable

thermal neutron fluence, to the fast neutron dose component to intervening

tissues is maximized, is expected from ongoing modifications of the Medical

Reactor at Brookhaven. Appropriate protraction studies will be initiated on

completion of the installation.

Discussion

The truncated sets of data and analyses presented above show clearly that

inhomogeneities in dose distribution are present and potentially important at

several levels of biological organization and in each of the many steps in the

application of the BNCT modality. Grossly uniform distribution of 10B in

tissue by no means guarantees uniform absorbed dose, even if the thermal

neutron fluence is essentially constant over the tissue volume of interest.

Likewise, uniform distribution of ^B atoms among the cells of interest is no

guarantee of the same dose to each cell nucleus. Even if a high degree of

uniformity of ^ B distribution were achievable, one is still faced with

inhomogeneities even to the extent of "zero dose cells". Thus, throughout,

one must deal to some degree with distributions and, for accurate evaluation,



functions that will permit the translation of physical quantities measured at

the system element level, into the fraction of elements that will be destroyed

or otherwise significantly transformed. On this fraction depends the

probability that the function of the entire system will or will not be

adequate to permit survival.

The above analysis bears heavily on the question of whether a uniform

"lethal" dose to tissues guarantees that every cell so dosed will be

destroyed. The answer under practical conditions is clearly no -- some cells

in a population receiving even a relatively large average dose of high LET

radiation may well survive and be able to propagate. Sterility of every cell

can be assured only by use of absorbed doses to the system so (impractically)

large that extremely high energy densities will have been attained in every

cell.

Involved also is the equally relevant question, must every cell be

killed in order that the entire tumor system will fail in the sense that a

recurring local or metastatic growth will not be seen? The macro example

given above is relevant in that, in the bone marrow organ system and therefore

the organism exposed at 50- or even "100" percent survival, a readily-

measurable fraction of viable stem cells will have survived. Thus, lethal

factors other than cell depletion may destroy the cell system, organ and

organism, even though viable cells may remain.

There is evidence that similar indirect mechanisms for destroying tumor

cells may exist in mammalian systems. For example, whole families of

cytokines, emerging from the initial work of W. B. Coley in the 1890's, have

now been produced (see reviews, Refs. 17 & 18). Some of these factors, alone

and often more effectively in combination, may destroy a tumor system by



direct cell killing or indirectly from tunor necrosis secondary to vascular

destruction.

The use of clinical trials recognizes the basic point implied above,

namely that there are no physical or biological parameters, no matter how

accurately determined, that permit prediction of the efficacy of modalities

such as BNCT. The ultimate test must lie in trials in the biological system

of interest. This would be so if for no other reason than that often

principles such as those illustrated above can be developed only in model

systems or under special circumstances. Only rarely can they be utilized

directly and quantitatively in practical applications such as the treatment of

a specific lesion in a patient.

DISCLAIMER

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



FIGURE LEGENDS

1. Semi-schematic illustration of an approach to the analysis of

inhomogeneous irradiation of an organ at the macro level. Key is the

determination of the relative numbers of bone marrow stem cells

corresponding to the different dose levels resulting from an exposure at

the LD50 level. This information, with a stem cell survival curve,

permits one to determine the total relative number of surviving stem

cells in the marrow. See text for additional explanation.

2. The influence of inhomogeneous distribution of ^ B £n a system of cells

exposed uniformly in a thermal neutron beam. Average ^®B concentration

was 30 ftg/g for both conditions shown. Inhomogeneous distribution of ^°B

at the subcellular level, with equal exposure to thermal neutrons, is

about one half as efficient as homogeneous. See text for additional

explanation.
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