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»ane

Reiative biological eflectiveness (RBE) values for the high linear-energy-transter (LET) radiations
MMGMWWWWBNCT)WOWWNIM¢W
both in vitro and as an intracersbral tumor. In the absence of "B, the combined affect of the recolling
protons from the **N(n.,p)C and the "H(n,n")p reections, compared to an iso-sflect endpoint produced
by 250 KVp x-tys, yiekied RBEs for these high-LET protons of 4.4 in viro and 3.8 In an in vivo/in vitro
assay.

RBEs for the °B(n,z)’U reaction were caiculated from ceil survival daia following reactor
mmmwmahmmammmm.pmmnmmmma
the sulffrydryl dodeczborane dimer (BSSB). With BPA, RBE values ranged from 3.5 to 11.4, whie under
the same set of cond? s with BSSB, RBE values ranged from 1.1 to 4.3. In viro, higher RBEs for the
*B(n,a)’U reaction using BPA than wih BSSB suggest a difference in distribution of B relative to the
nuclews. The calculated RBE values for BSSB-based BNCT, using an in vivo/in wiro assay, wers |
physically unvealistic (1.1-1.4). The results suggest that the tumor cell survival endpoirt s inappropriate
for BSSB and that a dflerent popuiation of cells (such as vascuar endothelium) may bo the target

~ during 25SB-based BNCT of intracerebral tumors.
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Studies In rats bearing transplanted casrebral glicsarcomas have shown that the suiftydryl borans
dimer (BSSB) [1) and the amino acid p-boronophanylalanine (BPA) [2], both produce about the same
jevel of °B in the tumor but produce considerably differant amourits of B in the biood and normal
brain. Long-term survival of rats bearing intracerebral L gliosarcomas has been raported following
BNCT at the Brookhaven Medical Research Reactor (BMRR) with sach of these compounds [1,2]. To
compare BNCT doses with conventional photon imadietion, R is usshu 1o use muitiplicative factors
(RBEs) for the high-LET components of the BNCT doss and to express the total BNCT dose as the sum
of RBE-comectad components with a unk of Gy-equivalent (Gy-Eq). RBE vaiues of 2.0 for fast nautrons
and 2.0 for the neutron capture reaction in nitrogen have generally been assumed based on theorstical
considerations of the proton snergles invaived [3]. Recently, R has been propossd that a value of 1.8 be
adopted for the fast neutron component of reactor derived neutron beams [4]. RBE valuse reported for
the '°B(n,«)’U reection, using a varisty of in vitro [5-7] and in vivo [8-10] endpoints, heve gensrally been
in the range of 2.0 tc 3.7. A value commonly assumed by us and others for the RBE of the ™B(n,«)'U
reaction fe 2.3.

In this report, tumor cell survival data obtained in vitro of in vivo/in Wtro has been usad to
calculate unique sats of RBE values for each boron compound that ars consistent with the effects
produced with 250 kVp x-rays but that difer considerably from the previously assumed values. The RBE
values for the B(n,a)’U rsaction products were highly compound dependant. The cell survival data
and the caiculated RBE values suggest that the simiar efficacies of these two compounds in vivo (long-
term survival) are mediatad by difierent mechanisma at the cellular levei, most probably related to the
microdistribution of °B. This report represents the first example of & pradictive assay (clonogenic tumor
cell survival) that Is clearty unpredictive for a BNCT boron-dafivery agent (BSSB).
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MATERIALS AND METHODS

The GS-6L rat gliosarcom cell line was maintained in DMEM medium supplemented vAth 5%
fetal bovine serum (inactivated). For initiation of brain tumors, 10° cultured celis In 1 4 of maclium were
injectad InNto the left fronkal lobe of male Fisher 344 rats as previously dsscribed [1,11]. Boron anelysis
was performed by measuring the 478 keV prompi-gamma photons produced during °B(n.s)’Li reactions
[12). BPA, as the 85% "B-enriched mbdure of the D and L enantiomers, was purchased from the
Callery Chemical Co., Pitsburph, PA. BPA was administerad orally, in two dosse three hours apart, by
intubation of unanesthetized rats using 3-ml doses of &n aqueous slurry of BPA at neutral pH that
deliversd 1500 mg of D.L-BPA/kg body weight par dose. Reactor imadistion was carried out five hours
mmmmmm%wmnhw.mmmmméa,1zm1om
98/, respectively [2). BSSB was propared and infused as described by Jos! ¢t al. [1). The infusion
schedule produced average B concentrations in tumor, blood and normal brain of 37, 49 and 1 g
198 /g, respectively. Reactor iradiation was bagun within 15 minutes after the termination of the infusion.

BNCT in vitro.

Irradiation of GS-5L cells in vitro was camied ot as previously describod [6,13]. Before
raiation, cells were preincubated for 18 hours with BPA or BSSB et a concentration of approximatery
25 ug 8/mi of growth medium. Tha same concentration of °B was mainained in the medium during
trypsinization and harvesting, as wel as during the reactor imadiation. Following the iradiation, ths cells
were diuted with ™B-iree medium and platsd into petri dishes for colony-forming survival assay. For
eammmmmummmmmmwmmmmmm
diistion. Aar two woeeks, the plates wers washed with HBSS, fhed with absoluto ethancl and stained
with 10% Glomsa. Colonies with > 50 calls sach wers counted. Colony-forming efficiency on contral
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piates was approimataly 70 to 85% of the unkmadisted, visble. (Trypan-Bius-exciuding) cells plated.
Survival fraction was expressed &s parcentage of the colony courts on control piates.

Clonogsnic cslt survival following BNCT in vhvo.
Rat brakn tumor kradiations were carried out a¢ deacribed [1,2,14]. Within 5 minutes after the

reactor irradiation the rats wers euthanized and the intracersbral gllosarcomas ware removed aseptically,
minced and Incubeted with rypsin-EDTA (0.05% rypein-0.53 mi EDTA In HBSS, without calckum of
magnaesium) for 30 min at 37°C. Fragments of tumor tissus were removed by cantrifugstion. Allquots of
the single-cedl suapension obtained from the disaggregatad tumor were diuted and piated for colony-
Mmy. For each tumor, two or thrae diutions ware ussd with five replicate dishes per diution.
The plating efficiency of simiarty-trested contral fumors was approsdmately 50 - 60%, based on viable
(Trypan Blus-sxcluding) cells plated. Survivel fraction in the BNCT-treated tumors was normalized to the

plating efficiency of the control tumors.

X-ray iradiations.

In vitro and in vive iradiations with 250 kVp x-rarys were carried out using a General Electric
Maxdtron 250 (250 XV, 30 mA, 0.5mm Cu and 1.0mm Al fitration). The dose rats to celis /n vitro was
approximately 90 cGy/min. irmeciiations of tumor-bearing rats with 250 kVp x-rays utlized the body
shield and hoider previcusly described [1). The dose rate at the head surface was approximately 3.75
Gy/min.

RESULTS AND DISCUSSION

‘Doakmtry.
mmmdmmmmwmmmm
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! activation, was 4.7 x 10° n,cm?s™ &t 1 MW reactor power. Tumor-bearing rats were irradiated et 125
" MW reactor power [1,2]. The thermal nautron Bux was 8.8 x 10° ny.cms” &t the hand surtace and 6.5 x
10° ny,cms”" at the center of the tWmor 4 MM beneath the siafl. Table 1 lists the physical dose ratss

(Gymwmmmawmmwywwmmwmmmmmmmm

Tabie 1. Dose components during BMRR thermal neutron beam iradiations. All doses are
exprossed as Gy/MW-min with no RBE corraction.

Dose Component in vitro in vivo
“B(n,a)’U 0.024 0.034
(pee pg *°B/mi) (per p0 *°B/g)
fast neutrons 0.13 0.27
“N(n,p)*C 0.031 0.076
total gamma 0.06 0.1
Tumor calt survival in vitro.

wmfammmmmhwmmdmmhmmd
BPA.BSSBornoaddedbomncompmmdlsshownhFigl.n1ploﬂedeunptwsbddoso(ey). The
mm”ﬂwmﬁmhmm.mdmmmmePAmmmS: 15
4G B/mi and for the BSSB experiments was 25.8 + 2.5 pg "B/mL. The data In Figure 1 show that, at
Wmmmmmwmmwmmmﬂmmm
presoncoorabsencedboron)mmeﬂemtrnnzsow“m Mm.aéqualpww
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Tumor cell survivel in wWvo.

Figure 2 shows the surviving fraction of clonogenic gllosarcoma cells 83 & function of dose (n
Gy) foliowing iradiation in o as determined by the in wvo/in vitro survival assay. As was obsarved in
vitro (Figure 1), the high-LET radiations associated with resctor iradistions, either in the presence o
absence of added boron compound, were more effective than equsl physical dosss (Gy) of 250 kVp x-
rays. in vivo, at the same physical dose 10 the tumor, BSSB-based BNCT was less effactive than elther
BPA-based BNCT or BMRR imadiation only.

RBEs for fast neutrons and the "“N(n,p)'‘C reaction.

in the absence of ™B, the fast neutrons and the products of the “N(n,p)*“C reaction comprise
73% of the total dose in vitro and 76% of the total dose in vivo (ses Table 1). For the fast neutron
enorgies of interest, the Gose ls simast entirely dus to proton recodl from the "H(n,n)p reaction [3]. We
havochosentoasalmhmﬂﬂﬁvuuotoalmta.mmmmwwﬂbmda
fast neutron with hydrogen (proton energies approximataly 500 keV) and to the 620 keV proton ejected
following the capture of a thermal neutron by nitrogen. The RBE of the combinad recol proton dose
mmnmmwmm“n(mp)“cmmmwmwmmdm
dm(GdeWMthm)mmmﬂmww%.1.0%0!
0.1% 1o the dose of 250 kVp x-rays required to produce the iso-effact endpoint in vitro (Figure 1) and in
vivo/In vitro (Figure 2). To lsclaie tha effect of the high-LET bsam componénts, an amount of dose (Gy)
mmtowmmdmmammwmmammmm
offect x-ray dose. The ratio of the remaining x-ay dosa 10 the combined dose from the fast nautrons
and the "N(n.p)"*C reaction was taken as the RBE of these high-LET protons. For example, i vitro, at
10% survival (Figure 1), 2.7 Gy of BMRR radia®~na (no boron) produced the sama effect as 9.7 Gy of x-




rays. mmmummwmmmmwmey. Thersfore, 2.0 Gy of
Ngh-LETrndmiomﬁwmmﬁminp)“cm)mmmtnwﬁydxuy& This
Jlekds 8 Vaius of 4.5 for the RBE of thees high-LET beam compunents. The REE valuss &t 10%, 1.0%,
aid 0.1% coll survival In viro were 4.5, 4.4 and 4.3, respsctively, (mmen = 4.4); the 10%, 1.0% and 0.1%
coll survival data in vo/In vito, yisided RBE velues of 3.5, 3.9, end 4.1, respectively (mean = 3.8).
ThmRBEvuuosd4.4thand3.81nvivo/thommbmﬂythvnImMy
cted in the BNCT lkerature, bt ave not inconsistent with reports of the variation of neutron RBE with

anefgy|1s1,ummmdmmmmmammmmmm116].

RBEs for the B(n,a)’U Reaction.

| Both the i viro and the in ivo/in vitro cell survival data presentad in Figures 1 and 2 have
been replotted versus feactor rradiation (units of MW-min) in Figures 3 and 4, respectively, for
calcuation of RBES for the ™B(n.a)’Ll reaction. Equation 1 describes the sum of all dose components
resulting from BMRR iradiation in the presence {leh side of equation) or absence (right side of equation)
of added boron et an iso-sfect sndpoin. All physical dose.rates (Gy/MW.min) wers measured (800
Table 1); the RBE for the fast neutrons and the “N(n.p)C reaction was caicutated (see above) from cel
survival data.  Equation 1 can be solved 10 yield the RBE of tho *°B(n.«)’U reaction.

4 [RekeB + Rk, + R, + Ri] = LIRW, - gk + Relkg) {Eq1]

mEquaﬂon1.sam“ewmmmnmmdhmw”a/w;k,hmmm
from the B(n.a)’Li reaction (Gy/MW-min per yg ®B/g); K, k; and k, are the dose ratss (Gy/MW-min)
mmmmmmmmwmmm(mumn.
R,.n,,n;wn,mnsemme”B(m)’umumm“N(mp)“cm
and gamma photons, respoctivaly. The reactor imadiation (MW-min) required o reduce colony-fonming
MMMWMhWWWMdWMhWRF




respectively, was interpolaied from the appropriste pair of fines in Figure 3 or Figure 4. In soiving
Equation 1, the mean of the RBE valuss derived above for the high-LET BMRR thermal beam
componants was used for both R, fast neutron RBE, and R,, RBE of the proton from the *N(n,p)“C
} reaction, (Le., I vitro, R, = R, = 4.4; in vivo/in oo, R, = R, = 3.8). Table 2 flets the calculated Ry
valuss, derived from both in viro (Figure 3) and in vvo/in wero (Figure 4) experiments with BPA of
BSSB.

Table 2. RBE Values for the B(n,a)’LJ Reaction at three different cell survival endpoints during

_ BPA-based or BSS8-based BNCT.

Endpolnt RBE in vitro RBE in vivo
10% 114 4.1

BPA 1.0% 9.4 3.6
0.1% 8.2 35
10% 4.3 14

BSSB 1.0% a7 1.1
0.1% a3 11

RBE values for the ®B(n.s)’U reaction wers dependant on the boron compound, on the assay
systam used (i1 vitro of in vivo/in viro), and (1o & lesser degres) on the survival fractic. ~~dpoint
chosen (varlance < 20%). The RBE value for BPA was consistendy higher than that determined for
BSSB under the same condiions and at the sams B concentration. For both compounds, the RBE
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vl | values determined in viro were consistently higher than those datermined in wvo/in vro. The RBE
Wmumwmas&-hmmmhmmuymunwmmdm
B(n.«)'U reaction. Thees data suggest that the clonogenic tumor cell survival andpoint s
wamm.mwwmhmmun”mwum
mwwhmwmmhwuuwwmass&mmmmm
equal °B concentrations and squal physical doss (Figures 1 and 2) or equal remctor irradiation times
(Figures 3 and 4). |

Cell Survival versus RBE-cormected dose (Gy-Eq).
The wide range of values for the RBE of the *B(n,a)’Ll reaction presentad in Table 2 are
unprecedented at both the high and the low exiremes. However, all of the 9L gliosarcoma cell survival
data and the derived RBE values show remarkable internal consistency. When ekher the in vitro of the

in vivo/in vitro cell data is repiottad versus RBE-correctad dose (Gy-Eq), using the appropriate set of
RBE values derived above, the cell survival curves for BPA-basad BNCT, BSSB-based BNCT, and BMRR-
kradiation-only all superimpose on the x-ray survival curve. Figure 5 shows the in vivo/In vitro dsta
plotted versus Gy-Eq.

Condltions identical 1o those used for the in vivo/in vitro survival assay in this report have
previously been shown 10 be therapeutically effective for both BSSB-besed BNCT [1] and for BPA-based
BNCT [2). Tve ! ‘% tumor cortrel doses (Gy-Eq), estimated using the RBEs darived herein, were 48 Gy-
Eq for BPA and approximately 20 Gy-Eq for BSSB, A possible explanation for the apparent paradox of
equal effectiveness of BPA and BSSB in vivo (long-term survival sndpoint) in spits of significantly
different tumor doses (Gy-Eq) (dus to the compound dependence of the RBE welue for the °B(n,&)’Li
reaction), could have to do with the compound distribution at the celiuler level and the radioblological
mechanisms by which the tumor celis are kiled. The disparity coud be ascribed to preferential
absorption of BSSB In the gliosarcoma vasculature and of BPA in the neoplastic cslds of the
gliosarcoma. The radiations derived from the ™B(n,«)’U reaction wousd then act directly on the tumor
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cols In BPA-based BNCT, whersas the therspeutic effectiveness of BSSE-bused BNCT would be dus, st
. mhmmmmmmwmdmmnmmmaassahm

vascular encothelial cedls or to the high lovais of BSSB In the blood, or both. The use of & predictive

m,mwwMammw.wmlm)mmuw

mwmwmwunwmm.hahmwm The unrealistically low
| RBE values for the °B{n,«)’Li reaction with BSSB in vivo/in wiro (Table 2) tand %o support this view.

mmmmmmmmwmmmmmdmmam
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Fignre 1.

Figure 3.

Figurs 4.

\ FIGURE LEGENDS

Clonogenic survival of S gliosarcoma cells &s a function of Gose (Gy) following
rradiiation in vitro with 250 kVp x-ays, BMPR thermal neutron baam alone, or BMRR
thermsl neutron berm combined with the boron compounds BPA or BSSB. Data are
piotted as the geomatric mean (= 1 £D) of bstwsen four and ten Indvidusl qQertments
with five repiicate dishes piated per poirt per experimant The data ware fit with a necs-

qundratic line that was forcad 1o pass through the origin.

Cloncgenic survival of 9L gliosarcoma calls es a function of dose (Gy) following
iradiation of intracerebral tumors with ekher 250 kVp x-rays, the BMRR thermal neutron
beam only, or the BMRR thermal neutron beam following sdminiatration of either BPA or
BSSB. Each point rapresents the geomeiric mesn (= 1 8D) of the plating efficiencias <!
each diution for four to six IndMidual tumors. For the BMRR irradiations, the number of
mmmmmm;mmmmmmw
lines. The x-ray data ware it wih & linear-quadratic line that was forced to pass through

the origin.

Clonogenic survival of 8. gliosarcoma cells as a 9™ .on of reactor axposun /n vitro In

the absence of boron or in the presence of a constant amount of boron s ekher BPA or
BSSB. The sama in vitro survival data shown in Figure 1 are replotted in Figure 3 versus
reactor exposurs (MW-min). For the in vitro imadistion geomatry, 1 MW-min yiekis 2.8 x

10"'ngem.

amkmwaamuo«mmmdrnmudmmm
reactor eposure (MW-min). The same in vivo/in vitrc survival data shown In Figure 2

13




* are replotisd in Figure 4 vereus reactor eposure (MW-min). One MW-min cormeeponds

t0 3.9 x 10" n,em™ & the centar of the tumor.

Clonogsnic survivel of SL. celis following bradiation of Intracersbral tumors plotted versus
RBE-correctad dose (Gy-Eq). The same in wvo/in vitvro suvival data shown in Figures 2
and 4 ars repiotiad in Figire 5 using the following RBE valuss (calculated above): fast
noutrons = nitrogen reaction = 3.8; B(n.a)’Li with BPA = 3.7 ““B(n,e)’U reaction with
BSSE = 12
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