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USE OF THE NUCLEAR REACTOR FOR NEUTRON CAPTURE THERAPY OF CANCER

By

L. E. Ferr, J. S. Robertson and E. Stickley
Brookhaven Nationsl lLaboratory

Neutron capture therapy is an experimental procedurs for achieving
sslective irradiation of cancer (1, 2, 3). The melective irradiation is
accomplished by utiliezing nuclear reactions to generate short-range
energetic heavy particles within and throughout the malignancy. The
energetic heavy partiocles are produssd by the irmediste disintegration
of mstable nuclesr oomplexes which are formed when slow neutrons are
captured by guitebls target nuclei.

The procedure for neutron capture therapy begins with the intravenocus
injeotdon of a suitable target or neutron capturing material and 1is
arranged to provide, at lsast translently, a conoentration of this target
materiasl much higher in the cancer than in the surrounding normal tissues.
While this favorable concentration difference existd, the area is exposed
to slow neutrons, resulting in irradiation of the area by energetic heavy
perticles. ILocalization of the radiation depends on the short range of
such partlcles and on the relative concentration of the target isotope
in the dlsease tdssus.

This radiotherapeutic modality is in distinot contrast with other
uges of high energy machines or larpge radiocactive sources for radiation
therapy. Other methods in use are properly described ag teletherapy, in
that the rodiation origlnates at a tarpet or source external to the subject
being irradisted. Reutron capture therapy uses the external source only
to supply the slow neutrons, relatively ineffective in their own right,
while the therapeutioc radiastion sctually originates throughout the tumor
tissues being treated. In thils aense, the modelity is one of interjacently
originating rediation and the methods for determining dosage from internally
asdninistered radloactive 1sotopes are applicable. This modality 1s elso
in contrast to those methods depending primarily upon radiation sensitivity
to achieve differentisl effects.

'S

The acospted applications of radlation therapy in wide use for the
treatment of malignant diseass rely chiefly on penetrating eleotromagnetioc
radistion, that 1s, x-rays and gamma rasys. In addition, there are instences
in which irradiation with 1light partiocles such as bets roys or elesctron
beamna ig usod. xcept for very recent developments which employ narrow
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beama of protons or deuterons of extrems energy, the applicetion of heavier
particles has besn restricted to wholly esuperfioial) sites, since tha
penetration of alpha and other such particles is quite limited at energles
hitherto generally availsble. Reutron capture tharapy involves an important
physical diffarence in ths approach to radiation treatment of disease in
that the malignency is treated in depth and presumably in & uniform mannar
with heavy partiocle radistion. The kinetdc energy of these particles ia
transferred to the tissues within a very short ranges from thelr point of
origin., This range is of the order of 10 mierons for the nuclear reaction
used in our work. Sush intensive transfer of energy along s short path in-
contrast to the lesser linear energy transfer along the path of an x-ray or
gemma ray might be expected to produce qualitative as well as quantitative
differences in the results obgerved.

Nuclides desired for this work mugt have large capture orose seations
for slow neutrons and muat provide an instantanecus disintegration into
massive particles with high energy. Consideration of the neutron capture
cross sactions and the heevy particle production characteristics narrous the
cholce of target elsments to three: lithium-6, boron~1l0, and uranium-234,
For ouwr work, boron-l0 wag sslected becauge of its avallabllity and because
certain specific data had been obtained by Sweet (L) indicating a satiasfao-
tory phyesiological behavior of boron,

From the physiologieal standpoint, the problem is to achleve, at lsast
trenslently, a significantly greater concentration of the eapture elemant
within cancer tissue than in the surrounding normal structures, with an
absolute concontration great enmough to provide tumorieidal radiation in a
ghort interval, Infiltration or injection by mechanical means cannot provide
the uniform distribution of target element which is requirsd, The use of
boron-containing dyes lmown to localise to a degree in tumors is limited by
toxicity problems and unaveilability. There 1is no known compound for which
tumors have a slgnificantly preferential uptaks to the degree exemplified
by the iodine uptake behavior of thyroid tigsus. We have, thereforse,
developed an alternative approach to thls problem which we have termed
"geleotive kinetlca", This is bagsed on the phenomena of translient differences
in oconcentration of ths target-carrying substance which result from differing
rates of transfer from blood to the several tlasuss of immodiste interest.

In workdng with glioblastoma multiforms, e rapidly infiltrating tumor, we
are able to use to advantage the so-called blood-brain-barrier characteristic
to retard entrance of the target elesment into the normsl brain structures
while rapid permeation of the tumor occurs, sinee no barrler exigts hers.

The first practical opportunity to apply the slow neutron capture
principle to therapy of malignant disease in patients was provided by the
high flux of slow noutrons avallasble from the Brookhaven regearch reactor.
A treatment facility was constructed in the top shlelding of thils resactor
from which a flux of about 2 x 108 neutrons/emesgec. wag delivered to a
prosenting skin surface area of 5 by 10 centlieters in the first series of

“experiments, The patient was prepared by intravenous injectlion of borax,
with maximum differences in concentratlon of boron between tumor and normal
brain being assumed at about 10 minutes postinjection. The advantageous
difference gradually decreases, dilsappsaring at some time after an hour,
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For best effect, thess oconditions indlcated that the procedurs follow a
schedule of neutron irradiation of roughly from the 10th to the 50th minutes.

Measurementa of the neutron exposure were carried out by using the
8low neutron activation of gold folls on ths treatment port and on the
petient!s skin, In some ingtances, intracranisl measuremsnts of neutron
flux were made by activation of gold wires which wers inserted through
the treatment area. Direct msasurement of the heavy particle radiatiom
which provides the therapeutic effect wes not possible, Potential radia-
tion doses delivered were computed from the experimentally determined
values of neutron flux and selected vslues of boron concentration in the
tissues.

Following the oconclusion of the first experimental serisa of ten
patients, the reactor medical faclility was redesigned to provide several
needed advantages. lMost important wes the increass of slow neutron flux
to the presenting skin surface. This can now be as high as 3 x 10%neutrons/
omlesec, and is now presented through a treatment port 10 by 10 centimeters.
4 second major advantage of the new facility is the incorporation of e
shutter mechanism gufficlent to protect the patient and attending personnel
during the preparstory stages without requiring that the reactor be shut
down, In constructing the new facility, the blsmuth gemma-ray ghield was
relocated to provide better neutron eoconomy and the customary aluminum
ooating was removed from tha top layer of blsmith to eliminnte unnecessary
exposure of the patient to ths indwed radicactivity of ths aluminum.

The shielding plooces whioh cover the treatment facility when not in
use were simplified and fitted with amscess doors, so that auxiliary experi~
ments on small animals, tissue seotions, or bacterial oultures can be put
into position and irradisted at any time without distwrbing other experi-
mantal work at nelghboring locations. This unique facility has acoelerated
many phases of the contributory research program of the Mediesl Department
and has been used to advantage in the work of other Brookhaven departmants
as well. It 13 used extensively to investigate experimental approsches to
the problem of dosimetry by means of gpecisl ionigation chambers made of
entirely tissue-equivalent materials and by the development of dosimeters
baged on the biological responge of selected systema.

The first clinical atudy of neutron capture therapy was begum in
February, 1951, and was completed in February, 1953. Ten patients with
glioblagtoma multiforms were given one to four capture therapy irradliations.
Details have been reported in the literature (1). Survival in this eerlea
ranged from 43 days postirrediation to 184 days postirradiation. The two
patients in this group who received four irradiations survived longer than
the others. The average survival tims was 107 days. In thls group, the
akin surface neutron flux was approximately 2 x 108 neutrons/cml<sec. 4
sooond clinical study bsgan in April, 1954, with the enhanced neutron flux
of 3 x 109. neutrons/cmi+gec. To date, nine patlents have been treated in

"“this facility. Three patients have received two treatments and six a
Bingle treatment, Five patients have dled, but averags gurvival time pogt~
irrediation of these was 169 days with a range of 93 to 337 days. Fow
patisents are surviving whose survival postirradiation ag of Jume 1, 1955,

’”rnnged from 42 to 279 days. As of this wrlting, no prediction can be made
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of the expected survival of this group. It appears, however, that the
increase in boron doss and slow neutron flux was accompanied by a gignificant
lengthening of survival spen. On the basis of cslculations and experience,
until a slow neutron flux of 1011 neutrons/orl+gec, at the skin surface can
be obtained, edequate penetration to optimun depth cannot be achievsd.

New problsms arose when treatment with the highsr intensity neutron
beam waas begun. It should be noted that at this game time we had discoversd
means allowing the safe injection of greater quantitiss of boron., Thsrehy,
the potentlsl amount of radistion delivered to the tumor wans increased
considerably. QOne problem of first importance which has developed following
use of the higher neutron flux is a ssvere skin reastion which requires
detailed caro so that thoe patients had to remain in the hospital much longer
than their clinical condition otherwlse indicated. This skin effact waa
due at lsast in part to the more intenge neutron beam which, along with the
high energy gamme rays, was able to relessso energetic protons, electrons,
and perhaps other magsive particles from ths shlelding materisls and
intervening air, 4n additionsl thin filter of materisl of low atomic
welght (3 mm. plastic) eliminated part of this diffioulty. The area of
adverse reaction of the sldn was also linmited to a degree by the use of
strong neutron absorberg to define the treatmsnt areas more closely. Both
of these changes were made at & saorifice of a fraction of the neutron
intengity but with unquestionably desireble results.

Many other aspacts of the program require further study. Among thoge
of considerable immediscy sre the pharmacology involved in delivering
adsquate boron target element concentrations to thse tumor site, the
physiology of selective kinetics which provides the differences of con-
ocentration neceasary for localization of the irrsdistion, the toxisology
of the target elemont and its wehlecle compound, and the physics of neutron
energy selection and control for optimum penetrstion at the tumor depth.
Following any new development in eny of these directions, a careful clinicsl
agseganent of effect of the modificsation ia absoclutely essential and, on
the oliniocal side, it is also necegsary to improve the meana of asnalysis
employed in establishing the state of the disaass and its changes.

Fron our experience with the neutron capture therapy experiment and
with other blologlcal investigations utilizing the nuclear reactor, apecifi-
cations have been detailed for a propogsed reactor to be bullt exclusively
for our medical applicationa. This reactor should be capable of ing
external thermal neutron beams at intensitles of 101l neutrons/om2.ssc.
at the presenting skin surface. This intensity i1a about thirty times the
flux we are now using. Fast neutron and gamma ray contaminations must be
maintained well below tolerabls limlts., To ocontinue and extand our inveati-
gation, the medlcal research reactor should provide a patient irradiation
facility with a widely adaptable treatment port incorporating both gamma-ray
and neutron shutters and with an auxiliary preparation room, iBans should
be provided for modifying the character of tha noutron flux, in ordsr to
explore the enhanced pohetratlion of epithermal neutrons. A similar exposure
facility should be provided for animal irradiotions. In addition, a large

--0611 directly exposed to a bare face of the reactor should be available.
&4 collimnted neutron-beam hole should be included for Irradlation of micro-
- “hiologlesl specimens and for study of radiation effects or neutron depth
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dosimetry in tissue or equivalent medla. Our work also ineludes the appli-
cation of radiocactive materisls of wery short half life, for which an
irrediation tube inaide the reactor should be arranged with direct delivery
into the treatment rooms or laboratories. A reactor so designed will permit
.adequate exploration of the field which has been touched upon in the studies
mantioned in this report.

STMMARY

4 brief resume of olinical experience to date with neutron capture
therapy has been pressnted. On the basis of this experience end the ool~
lataral studies carried out, it is possible to establish operating performance
characteristics for a nuclesr reactor for medicsl purposes which will mrovide
an adequate thermal neutron flux at depth in human tdssues. This reactor
must provide s variasble energy neutron apectrum through the epithermsl range
for satiasfactory depth effeats. Other faollities desirable in such s resctor
have been mentioned. Physiologlcal theory and practice to provide sultable
environmental characteristics for neuwtron capture therapy have been presented
in Outlinoo

The present statistios of survival time of patients with glioblastoma
multiforms show a significant lengthening following the incresge 1In boroen
dosage and in thermal neutron flux provided by oux latest facility. This
is objective evidence supporting the beslc tenets advanced in explanation
of neutron capture therapy.
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