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Re_eveb_ook:_ __ (RBE)vlues i_"meh_ her-en_iy-ew_e_ (LET)rad_

rx_.c_ auengboronrwu._ ¢_mn _ (BNCT)_ _ urn0e., _ ,,It Om_

Ixlhinv_o_mdulnlremcorib_tumc¢. In the sl:me*_e of _B, b'_e _ _fecl of the roo_ing

prolom from the '°4N(n.p)"C _ the _H(n,n')p rlmclK_L compenld to an _ _,:Ipolrl produced

by 250 kVp x-nm]'_ yle_ed RBE.s_or _ high,LET pr_or_ of 4.4 _ Wmo)lad $J_ InIn/n v_vo//n_o

em_y,

RB_ torme _°B(n,=)_Urmc_kmweeece_ul_ fromc_ _ _ _

IrmdienJonInm_ _or _me_ of__ _ntnoeck:l,i_m_Pl__ (BPA)or

sulfhydryl dc(l_l:x:nme dim_ (BSSB). With 8PA, RBE values rang_ from 3.5 to 11.4, while under

themuneli_ofcor_;_ -_wllh_,RBEv_Juesrangedh'om1.1to4.3. In v#ro, Ngl'x_ RBEs for lhe

_B(n,s)_Umsc_km_ BPA_n w_ BSSBmJgge_mdifferenceindisMbul_nof'°B mtalJvetoI_

nud_ Th___.4_ RBEv_lu_for_ _, _Jng_n/n _9o//n_ro _, w_

_ _ (_._4.4).Thenm_ _ Nt tt_ _ _ _uM_ __t _ _'_¢¢_e_

auang_ BNCT(__a_ _
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' MA_ ANDMETHOO_

TheGS-SLnn _ cadUrmem_ InDMEMmeUtum_ _dthS_

_ boWwmum (In,c_). For_ otbram_umor_10'_ cdoln 1/_ot rnKMumm

v_c_ No t_ tee_nW Xx)eofmm FW_ 3,_ rm== _ _ I_,1_]. Boe_=_/m

was_ _ _ the4_ uv proe_-Wnrm pho¢o¢=produc,e dur_ "_(n.=)TUrmcOons

[_21.BPA, as the 95% "°B-_x¢_KI mixlum ot _ D m_:iL ensnl_xner_ wss Purchmm¢lfrom the

Callery_ Co.,Pmtxxgh,PA. BPAwmW_ omly,tntwo0o_= mr=ehour=_mert,by

intubatlonof__ rm u=ing3-mi¢lousofan==lu_ jtun'y(_BPA==neuU__ _

dJlv_11d 1500 mo of D,L-BPA/kg body _ per doe_ _ Inadistlon web _ _ five hours

after the seco_ dow whim _°Oconcllb-al_m irl Un(x, btoo¢llind nomW bgll_ won) 3G, 12 Itld 10 pg

'°S/_ _ [2].BSSBwasproCs_ _ _ as_ by_o_ _ al. 11].TheIrdu,_

_¢he_ule prodtx:od llvetage _1__ in tumor, blood and notrrmlbcaJno_37, 4_omd 1 pg

_°B/g, rssC_v_ly. RM<_or Irradla_n wm bsgcmwtU_ 15 _a_torthetonllk'as_ ortho irdtask_

BNCTOnvt_'o.

Irred_on ofGS-SLcels_nye,rewascsm_ o_ is _ descrt_ [6,_3)..8e_e

In-_iatJon,ceaswere_ed lot _8hoursw_ Bt'Aor SSS8._ a _ o_ap_drr_

25/R _°S/mlofgrowthmedium.Thesamec¢_ c_x_ was_ Inthemedium_,tng

try_i_ and_ aswd al during1he_ In-adla_kxL_ thekncllatlon,th_cells

weredlul_ w_h_3-tr_ mediumand_ inlopazldtsh_ loto0kmY'iOnnk__mrvtvalu_Y. For

_.,chexpedme_twoormine_ dlul_ w_n usedp,r lubewll_I_ mpltca_dislm p_

_¢._10_G_ C<_deswlm> 50¢dbeechw_¢x_mcL _4omdn0_onconnol

_S
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CkmoO_ cell m,r_ _ mlCTm .P_.

i_ br_ run-,ormdmtonmmm cmmmdoutM (tm:db_ [1,2.14].Wlh_ SmlnuWaaltm'_

rw_ wmmm_mermwm m,mwmdm:smema'_m'm_onoeemo_ *,m _ _,

mlnoed nnclk'culx_ed _ _TA (0.05% _ mM EDTA In HIBSS, _ cidck,im or

uRy. Foreacht_T, twoorth_ d|ul_m w_ uud wlh five_ di#_ Petdlutlc_

The_ eek:W_ oftdmle_,,.e_edco,_ tmx:num epprmcln'm_SO- e_, Ummcmvle_

('Tryl:_Slue..,w.dudln__ l:Imd.Sumevc4lre,c:m:minmeSNCt-.Cr_edU'rmr,+wasmxrv'Jlzedto the

i:m._ _ ot.',e comm+.m'o'..

X-rayk'mdla_m.

in v_Po'oandIn v/_ _wlh 2S0Wp x-mmymw_ c#m_ oclusk_ mGermra+Electric

_ 2S0(:;_ Wp. 30m_ 0.SmmC_,mhd1.0mmAi _). Thedow ,D tocek in mP0'o_

appro_mateht90 cGy/mm. Ir_d.k,Oomo+tumor+bmrtr_rm w_ 25OWp x-raysutltzedthe body

sh_ m._d_ _+vk:m_dem:,t_[_].Thedo_rm-, thehind_ mms__ 3+_

Gy/mm.

RESULTS_ DI_US,_ON



i

l_ _ 4.7 x 100n_crn'=l"_li 1 MW mlctor _. l'umor-A3elftlg _ m bYIdllfHidIf 1.25

Mw rooctorpowor[12]. Thot;_ mmon_ was0JJx 10=n.,cm%'_.a=sr=_ msl=_ end6.5x

10s r_crn-Zz-1lt the camtu oltllo tllm_4 mm _thl Ik3jll. Tid:hp1Ultl 010 phylk:mt dooo fltos

(Gy/MW-r_) o_t_ ck=mo,t:=_ =_nmcmbownc=n_x_n= fortx_in _ =hdW,ro mc_k_

Tad:de1. Dose ¢o_ du_ BMRRthmwi rmSron beam IrradlaS_r_ Ali doses are

u Gy/MW..mtnwith no RBE

Do_ Compon_ _v_ro /n_o

_oB(n,=)_U 0._4 0.034

(p=._ _/m_ (per.g "_/g)

la= rim.all:ns 0.13 0.27

'_N(n.p)_ o.o31 o.o_s

totW garrvna 0.06 0.11

Tumorcoli_/n v/ero.

C_I suMvaJic_owk_/nv_o kradlattontntriott;onralbeamd theBMRRInttlePresence_

BPA, BSS8 or no adcled boron compound Is shown In RgunP1 plottedversus P_ _ (G_" The

wenz_ _oBoortoontmtj_ in the m_zm duringi_ _ forthe BPA expedmerU w,_ 26.e ± 1.5

_ ,Oe/rrdor.dforrhoesSa0=1:edmm=,as 25.s± __spO'oO/n_The_ _ Rg_ 1_zhow_t,=

oornpw'a_pC_/s_ _ doe_ U_e_ _ _x_ated w_ m_q _ 0nU_

presen_orabsen_ c_bo'on)aremoreeee¢0_than_0 WPx'raY=._, = equal_

• $



Tumorcei_ k_vAto.

_auro2mowsme_ _ otck_ OUomm:_nacmmbu a _ _ dceoPn

Gy)_ _adWUon_ v_ou daumW',ed_ Uw_ v_o/k__ _ asuY. Aswaactservodtn

vm,o_ l ),me_ _ uzoc_x_ w_ rmcWm_kx_ _,:her_ U'__ or

_ of_ tx:.onc_xxjnd, .wo moreWhx:_U'_nequ_p_/sCJ_ (Gy)ot2S0kVpx-

rays./n v_o,aZthesamept_/_:j do_ tome;umoc_ BNCr'_mkm _ _ _

BPA.basedBNCTor BMRRIrradlalJononly.

RBEsfor fl_ _ andthe _'N(n,p)"C rwctlon.

in the_ o_'_e,,_ _a__ andme_ of_ "N(n.p)"CrmcUoncompm_

73% of ltte tOtalld(_e kl vllm_wld"/lS_of thetolal do_ _ vM:)(lee TaJ_e1). Forthe fur _

enerok_of ir_meL the dosek a_noetentk14ydueto _ recoilfromth__H(n,n_preaction[3]. We

havechosentoassignthesameRBEvaluetoal rxoton¢Le.,merecollng_ frommecollsk:_ofa

fastno_.zro._u_hy_.=,_._ er_g_ _ 5OOkeV)and_ U__0 keV_ qoc_

f_owlng the_ of a g'_ermjneulm_bynlzmgen.'r1_ RBEo_thecombln_ r_ol priori ck:_e

fromfastneum:_andme"N(n,p)_Crmc_k_*_ _ bydncZ_ ofthe

don (Gy)d BMRRbradltion ('mth_ abur_ of boron)mClZlt_to m:kJcec_ _ t° 10_', 1.(fflt,or

o._%tot_ do_ of2sokVpx-rays_ toprodu¢_U__ _/_ vt_ro(Rgu__)w_d/n

w_o/_v_'o_ a. To_Z_ N eeec_o_,_o_ bw. _ anwrxxn o__km ((;Y)

equtvaJer_tothegarnmzcomponenzofmerw:zor_ dol m mJ_nc_dfromthe

effectx-raydos_ Thera_looftt_ _ x-mydoe_m_ _ dewfromthefast_

andthe_%l(n,p)'C_ wastakenastheRBEof_e _ _ For_/_ v/_,

10%sxxvival(Figure1),2.7 Gyof BMRRradi¢_"_ (no b(xc)n)producedIt_ sameeff_ as 9.7 Gy of x-

e
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r_ Thegsmm==oe-con_¢_t_ll_lfl-c_k'm:Im_s2"_er0.'/GY. _2.0Gy_

r__ (_==ae_=_n==n__'N(n,p)_Cr_ceon)=re_ to9-OGyoJx-r=y_Tr=
'_

. v=u=d 4.stora_ _E cdtmr _gt_T _ _ TheRBEv=umI= I0_, 1.0_,

0.1% C_ _ _ WlrOwore 4.5, 4.4 _ 4.3, RIII_IM_, (R1m_ -- 4.4); _ I0_, I_0% _ 0.1%

c_l _ cim _n_An _o, _ RBE_ ot 3.5,3.9,_ 4._,r_pacS_y (mmn- 3.8),

RBE vmues _ 4.4 _ Wtroand 3.8 in Wvo/'_ _ am _ higher_ trw valu_ generally

ctl_ inthe BNC'I"IlumSure,17utan not Incormstentwith _ of the variationoi neutron RBE with

energy[IS],orthe_e= cdcad_ _R coremete'urnrmjeor=onpio=_n[16].

RBEs for the IOB(n,=)Tu

Bo_ the ln vtlro and l_ tn vivo/_n v#ro cd _ dllUi rvmerf,_ In Fioums 1 and 2 have

beenrmee_ venussre_mrmd_Jon(unbc_UW-rrm)_n_ a_d 4.mpecUv_,for

caJ_ cdRBEs for the _°B(n,s)TU_ E_ 1 _ the sum oi ali dose cornponen_

resur_n0_rornE._RRmd_on _n._ rnsm_ (_ _k_cVequeton)or_sen_ (r_0h__ o__aUon)

of_k:_d_ = an_ _ ._ _ cJo_,r_ (Gy/V_._n)wen)_ (m

Tal:4e1); the RBE for the _ neuUonsand I_ _N(n,p)_C reacckm_ _ (see _)ove) from cell

survt_ datL Equation 1 can I:_ =otv_ to Yteidtl'_ RBE °_ tl'_ '_(rt'=)_U rmcti°_

t,lRekeB+ R,_ + R_. _ ,. t,zlR_" _ * _ [Eq.1]

In Ecluatlon 1, B is tt_ _ ¢onc_m'=lt_ preu_ al the time oi _ (Ivg _06/g); ke i= the dora rat=

m "_(n,.)'u rwctk_(eyp._._n _ _ _/g); _, _ and_ =re_ doter=_ (eyp._.._n)

Ro,_ Pp.and_ m RSEv=,.m_ ='_IS(n,=)'UrmcS=,_t r.m_L _h_"t,4(n.pt"Crm¢_

andgammapho_om..__Y. Thefmc=or_d_on O_W-.__ =oreduce¢dony._or-',_

gnomac_ _ _ eq=_ _n_ prem_ or_ _ _oron¢omp°und.h =_ t=. +

:. _'.

. . .. . _. ,._._._.-:...t. . _'_,.,,_. _ ,.',

,. . . . • . . , ,,. , " . _ ,_ , _ _ - ..... _ _-_ - _ _ _-_\-__-_



Table2. RBEVah,_ forrho _°B(n,ac)TUReactionat throedltfm'm'tcell=,m/tri endpolntsdurb_

BPA-Casedor BS88,,bes_ BNCT.

EndlX_ RBE/n vlrtm RBE in vivo

10% 11,4 4.1

BPA 1.0% 9.4 3.6

0.1% 8,2 3.5

10% 4.3 1.4

BSS8 1.OX, 3.7 1.1

0.1% 3.3 1.1

RBEvalutaformo"_B(n,=)'U_ wen,depsr,d_ontheboroncompound,on theassay

sym_ usedOn.ro or_ t0_/'b_), and(toa_ dogr_)ont_ sm+,'=fracm++++-+_polm

(varlarme < 20_). The RBEvalue for BPA was con_er_fy higher than ItBt determined for

BSS8 urcler the _rne condllk_ and al the saint _B _ For bo_ oornp<xJndLthe RBE

, "_. - .... ,_ _._- ,n.r,._. _=.',_ lr+ ._--:.,. .......... _ _-7_,_-,,] ,;+. --+,_r_+--'_+ - - " "+ "P- , . _ ....... , +, ...... _.._.;+++...+,r_..,._..t__*+-_ .;,,+ ............
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_ inBp_md iBNCT,wtwm _ _r_m_ _lhm_Mmmoi BS_a-m_IBNCTw{_l _ _ _

im_ in pa_ to danmgll to tl_ 11111__lmi_llBJrl duetllI' lo %heI_ectlJ_ I¢¢imllJillml__ _ _ _

_cuiar mck:m_ cml_ormmmh_ tm_motBS._Inmebloo¢ortx_ Thinumm(Wa prmdlc_

mm.my,.mnOtumoromlmmmiu mmmmmwm.Nxmboron_mpound(BS_)m_W:hmmykmtumor

RBEvium kx_ _°S(r_-)TUmceon*_ BSSS_ ._o/_n.ira (T_ 2)lhd lo _ U_ vmw.

t
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RGU_, LEGENDS

F_ure3. Q_ surv_olgLgl_ c_ u attu"_ olruacx_oxpo.umOnv_ _

the_ o__wonorinthe_ a_ac_nsU_wv_zna_boronaseltherBPAor

BSSS.T_ same_ v_o surv_ c_a sr_ _ F_n_ _ _ru__ _ Fl_n 3 vurs_

ruec_r_ (MW-m_).F_me_ ,w.o_gotxnezry, 1 MW..mlny_k_ 2.8x

lO"nu,cm _.
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m _ 0ni=IOum4_nu ro=tormsx_mPaWn_)On_ Mwmanooo_p_x_

Io 3.9 x 10_r_m "aal thecenlarof It_ lunar.

, _ _ - 3.8; _°lB(rl,a)TUw_'l PA - 3.7; _°B(n,a)TL.Irmctk_ wll:tl

BS_ - 1.2.
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