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: Neutroa cepture therapy is an experimental procedure for achieving

, solective irradiation of cancer (1, 2, 3). The mlective irrediation is
accomplished by utilising nuclesyr reactions ¢o generate short-range

energotie heavy particles within and throughout the malignancy. The
energetic heavy particles sre produced by the immsdiate disintegration
of unstable nuclear oouplexes which are formed vhen slow neutrons are
osptured by suiteble target nmwlei.

The proocedure for neutron capture therapy bsging with the intravenous
injeotion of a suitable target or nsutron capturing materisl amd ias
arrangsd to provide, at least translently, a concmntration of this target
material much higher in the cancer than in the surrounding normal tissues.
While this favorable oconcentration difference existe, the erea is exposed
to slow neutrons, resulting in irradiation of the area by energetio hesvy
particles, Localisation of the radistion depends om the short range of
_ such particles and on the relative concentration of the target isotope
i in the diesease tissuva.

This rediotherapsutic modality is in distinet contrast with other
uses of high energy machines or large radiocactive sourves for rediation
therspy. Other methods in use are properly described as teletherapy, in
! that the redistion originates at a target or source extermal to the subjeoct
; being irradieted, Neutron capture therapy uses the external source only
. to supply the slow neutrons, relatively ineffeoctive in their own right,
vwhile the therspsutic radiation asotuslly originates throughout the tumor
tissuss being treated. In this sense, the modality is one of interjacently
originating radiation and the methods for determining dosage from internally
adninistered radicactive isotopes are applicable. This modality 1s also
in oontrast to those methods depsnding primarily upon radiation sensitivity
to achieve differential effects.

The acoepted applications of radiation therepy in wide use for the

{ treatment of malignant disesse rely chiefly on penetrating electromegnetis

f ‘ radiation, that ig, x-rays end gama rays. In addition, there are instanoces
1 in which irradiation wvith light particles such as beta rays or electron
beams is used. Exoept for very reocent developments vhish employ narrow
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bem of protons or deuterons of extrems energy, tho applicstion of heavier

particlss has been restricted to vholly superficisl sites, since the
penetration of alphs and other such perticles is quite limited at enexrgles
hitherto gonerelly availsble. Reutron capture therapy involves an importan
physiocal differencs in the approach to radiation treatmsni of discase in
that the malignanay is treated in depth and presisisbly in & wniforn manmer
with heavy pertlole radistion., The kinetlo energy of these particles is
tranafeorred to the tissues within s very short range from their point of
origin, This range is of the order of 10 miocrons for the nuclesr reaction
used in our work. Such intensive transfer of energy along s short path in
contrast to the lesser linear energy transfsr along the path of an x-ray or
gamma ray might be expected to produce qualitetive ag well as quantitetdve
differences in the results observed.

Muclides deesired for this work must have large cspture cross sections
for slow neutrons and must provide an instantaneous disintegration into
maasive particles with high energy. Consideration of the neutron capture
oross ssctlions and the-hssvy particls production characteristiocs nerrows the
choloe of target elements to three: lithium-4, boron-10, and uranium-2345,
For ouwr work, boron-l0 was sslected because of ite availability and because
csrtain specific data had been obtained by Sweet (1) indicating s satisfao~

tory physiologioal behavior of borom.

From the physlologisel stendpoint, the problea is to achieve, at lsast
trensiently, a significantly greater concentration of the sapture elemsnt
within cancer tissus than in the surrounding normal structwres, with an
absolute ooncentration great emough to rrovide tumorieidal rediation in a
short interval, Infiltration or injection by mechanical means cannot provide
the uniforn distribution of target elsment whish is required, The use of
boron-containing dyes known to loecalire to a degree in twwors is limited by
toxicity problems and mnavailability, There is no known ocompound for which
tumors have a significantly preferentisl uptake to the degree sxemplifisd
by the iodine uptake behsvior of thyroid tissus, We have, therefore, .
doveloped an alternative approach to this problem which we have termed
"selootive kinetics™, This 4is besed on the phenomens of trensisnt differences
in conoentration of the target-carrying substsnos which result from differing
rates of transfer from blood to the several tisscuss of immediste interest,
In working with glioblastoma mltiforme, a rapidly infiltrating tuwor, we
are able to use to advantage ths so-called blood-brain-barrisr characteristio
to retard entrance of the target element into the normal brain structures
while rapid psrmgation of the tumor ocours, since no barrier exists here.

The first practical opportunity to apply the alov nsutron capture
principle to therspy of malignant disease in patients was provided by the
high flux of slow neutrona availsble from the Brookhsven ressarch reactor.
A treatment facility was oonstructed in the ::5 shielding of this reactor
from vhich a flux of about 2 x 108 neutrons/emd.sec. was delivered to a
presenting skin surface area of 5 by 10 centimeters in the first series of
exporiments. The patient vas repared by intrevencus injeotion of borax,
with meximm differences in eoncentration of boron between tumor and normsl
brain being assumsd at about 10 minutes postinjection. The advantageous
difference gredually decreases, disappearing st some time after an hour,
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¥or best effect, these conditions indiceted thet the proceduwrs follow a
aschedule of neutron irradiastion of roughly from the 10th to the 50th minutes,

Measurements of the neutron exposurs wore oarried out by using the
slov neutron activation of gold foile on ths treatment port and on the
patient'!s skin, In some instances, intraoranisl measurements of mautron
flux were made hy actdvation of gold wires which were inssrted through
the treatment area. Direct measurexent of ths hesvy partiocle redistien
which provides the therapeutic effect was not possibls, Potentisl raedia-
tion doses deliversd were computed from the experimantally determinsd
Wsmmsof neutron flux and gelsoted values of boron concentraetion in the

Pollowing the oonclusion of the first experimental seriss of ten
patients, the reactor medical facility was redesigned to provide several
needed advantages., Most important wvas the increase of slow neutron flux
to the pressnting skin surface. This can now bo as high es 3 x 1
omRss6c, and 18 nov presented through e treatment port 10 by 10 ocentimeters,
4 seocond major advantage of the new faoility is the incorporstion of a
shutter mechanisn-sufficient to protect the patient and attending personnel
during the preperstory stages without requiring that the reactor be shut
down., In oconstructing the nev facility, the bismth gsmme-ray shield was
relocated to provide better neutron eoonomy and the oustomary aluminum
ocating was removed from the top layer of bismuth to eliminate unneocessary
expogure of the patient to the induoed redicactivity of the aluminum.

: The shielding pdeces whish cover the treatment facility when not in

‘ use were simplified and fitted wvith ascess doors, so that auxiliary experi-
ments on small animals, tissue seotions, or bacterisl cultures can be put
into position and irradisted at any tims vithout distarbing other experi-
mantal work at neighboring loeations, This unique fecility has ecoelerated
many phases of the oontributory research program of the Medical Depertment
and has been used to advantsge in the work of other Brookhsven departments
as wll, It is used extensively to investigate experimental approaches to
the problen of dosimetry by means of special ionisation chambers mede of
entirely tissue-equivalent materisls and by the development of dosimeters
based on the blologiesl response of selected systems,

The first olinical astudy of neutron cspture therapy was begmn in
Pebruary, 1951, and was completsd in Februsry, 1953, Ten patiente vith
glloblastoma mltiforme wers given one to four capture therapy irrediations,
Deteils have been reported in the litersture (1), Survivael in this series
ranged froa 43 days postirrediation to 184 days postirrsdiation, The two
patients in this group who received four irrediations eurvived longer” than
the others, The sverage survival time wvas 107 days. In this group, the
akin surface neutron flux was approximately 2 x 108 neutrons/cel«sec. A
soocnd clinical study began in April, 1954, wvith the enheanoced neutron flux
of 3 x 109 neutrons/on?+sec, To date, nine patisnts have been trested in
this facility, Three patients have received two treatments and six a
single treatment, Five patisnts have died, dut aversge survival tims post~
irradiation of these was 169 days with a range of 93 to 337 days. Your
petients are surviving vhoss suwrvival postirrsdiation as of Jime 1, 1955,
ranged from 42 to 279 days. As of this writing, no prediction cean be made
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of the expeoted survival of this group. It appsarp, however, that ths
inorease in boron dose and slow neulron flux was acocompanied by a signifisant
lengthening of survival span., On the basis of caleulations and experlence,
until a slov neutron flux of 10M1 neutrons/or®+sec. 8t the gkin surface can
be obtainad, edequate penetration to optimm depth eannot be achieved.

New problsmg arose whan treatment with the highsr intensity neutron
beam vas begun. It should be noted that at this same time we had dlscovered
means slloving the safs injecilon of greater quantities of boron, Therely,
ths potential amount of radistion delivered to the tumor was inoreased
considerably. One problem of {irst importancs which has developed following
uge of the higher neutron flux is a ssvere skin reaction whish requires
detalled caye s0 that the petlanis had to remain Iin the hospital much longer
than thelr olinical condition otherwise indicsted, This skdn effect wes
due at lsast in pert to the more intense neutron beam which, along with the
high energy gemaa rays, was able to relesss energetic protons, electrons,
and parhaps other massive particles froa the shlelding materisls and
intervening air, 4n additionel thin filter of materisl of low atomic
weight (3 wma, plastio) eliminated part of this difficulty. Ths area of
edverse reaction of the skin was also limited to a degree by the use of
strong neutron absorbsrs to define the treatment area more closely. Both
of thess changes vere mede at a saorifice of a fraction of the neutron
intensity but with unquesticnably desireble results.

Meny other aspects of the program require further study, Among thoee
of considerable immediacy are the pharmacology involved in delivering
adequats boron target element conocentrationa to the tumor site, the
physiology of selsctive kinstlies which provides the differences of oon-
oentration necessery for localisation of the irrediation, the toxioology
of the targe? elsment and its wvehiols compound, and the physlcs of neutrom
ensrgy sslection and oontrol for optimm penctration at the tumor depth.
Polloving any nev development in eny of these directions, a careful olinissl
assesamant of effect of the modifieation s abeolutely easential and, on
the olinical side, it is also necesgsary to improve the means of analysis
employed in establishing the state of the discass and {ts changes.

Fron our axperienoce with the neutron capture therapy experiment and
with other biological investigations utiliging the muclear reactor, specifi-
cations have been detailed for a proposed reactor to be tuilt exolusively
for our mediocal applications. miareac‘torshouldbeoapablooﬁngxwidinc
external thermel neutron beems at intenaities of 101l ne <800,
at the pressnting sikdn surfece. This intensity is about thirty times the
flux we are novw using. Fast neutron and gamma ray contaminations must be
mintained well below tolerabls limits., To oontimue and extend our inveeti-
gation, the mediocal research reesctor should provide a patient irradiation
faocility vith a videly adaptable treatment port inocorporaeting both gamma-ray
and neutron shutters and with an auxiliary preparation rooa, Msans should
be provided for modifying the charaoter of the neutron fiux, in order to
explore the enhanoed penstration of epithermal neutrons. A similar exposure
facility should be provided for animal irradiations. In addition, a large
osll direotly exposed to a bare faoe of the reactor should be available.

A oollimated neutron-beam holes should be insluded for irradiation of mloro~
biological specimans and for study of radiation effects or neutron depth
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dogimatry in tissus or equivalont medla., Our vork also includes the appli-
cation of radiocactive materlals of very short half life, for which an
irrediation tube ingide the reastor sbould be arranged with direct delivery
into the treatment rooms or laboratories. A reactor so designed vill permdt
adequate exploratlon of the £101d which has boen touched upon in the gtudies
mentioned in this report.

STMMARY

therapy has baen presented. On the besis of this experience and the ool-
lsteral studies sarried out, it ia possible to sgtablish operating performancs
charscteristics for a nmuclssr reactor for medical purpodes which wvill provide
an adequate thermel neutren flux at depth in husan tissues, This reactor
mugt provide a varlable energy neutron spectrun through the epithermsl renge
for satigfactory depth effects, Other facilities desireble in such s reactor
have been mentioned, Phyelologloal theory and practice to provide sultable
oj:vironmntal charaoteristios for meutron capture iherapy have been presented
oum. - -

The present statistics of survival time of patients with glioblagtoma
mltiforms show a significant lengthening following the increage in dboron
doaageandintbemlmtmﬂmpwidedbyowhmrnomw. thise
18 objective evidenoce supporting the basic tenets sdvanoed in explanation
of neutron eapture therapy.
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