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BACKGROUND OF THE INVENTION
[0004] One aim of radiation therapy is to deliver a prescribed dose of radiation to a

target volume while minimizing the dose to surrounding healthy tissues. The extent to which
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Liveripagsdatiopal lerhoratory %whwpﬁoteé gl gﬁ@ﬂgﬁS@g “‘t?_fﬂ(‘i}i‘}“ﬂ%l%@e?&w Source
and re(a%cﬁﬁlll‘enonfan%in p&hwat Laser m%gﬁﬁérﬁctnﬁ?"(Wiis‘P fht@r‘?&gtimﬂmfemnce on
aser - pl asma

generation Trom ul tral nt ense
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prot ons have been reported in Fourkal et al. (2002).
wo pood@s77shown t hat due to the broad energy speRCT/U8004/040724

experi iR RtaP i BLRAAGRAND EREIGRSs ofifbils Fas ¥AE ¥ndlidrhdtiandsthuh@red$ 8f microns
‘ | aser-accel erated protons for therapeutic treatnments
with lager mﬂwlelpgthwf q@weﬁaghun@%fegyosg;é@rébt cading thloaes pratefyenergies.

sel e r .
MairfgRBhd B AR S5l i RTIR figh ffetndles g vy

ultrastﬁa@tﬂﬁ@lﬁhrﬂ@ﬁsu?ﬂ@@@ is ap el c(lﬁ@B’)undEh&evfé&fﬂrne@t e sel eCt i on
%Qtem capabl e of yielding protons with a require
ivad atianmoh e 1p3er asrEargtion nsefens hfs\ie&&% a@pspted in Fourkal et

al. (ZOEerJrIlf@)as %ov@{ethag qg)th%lgtgg éller%%gpe'cﬁlx er't gécfj}?rgtons it is

n can us e co Iex
very diféisiilt toafsk éasei-ueelensed pﬂn:(mslfelr mbﬁpelproat‘mmtmewapyut prior proton

systens as described in urkal. et al._.. 2002; Fourkal
energyf¢lecpn ohos eegh 1R4CHOB B EHaYGH it BrPorale o Sk airapiesaigous dose

dlstnb%&’ﬁ Ql?o&gtﬂe(ﬁé‘pé’ c;ﬁ]ﬁ:ﬁ%b@ah 'thBFa"gQQ%eak MRIBPF iR particd @Fection

Laser Accel erated pr ot on
systenbm;ableforﬁ ry1eﬂ¢1dg atqtqms wllttea a;qyi‘r@d dedlgy sifelatrsm, and (uixgnsity has been

ens are based upon several
St“dle%&%h‘é’ikag‘i’cf’ Ié@el opnents: (1) |aser-acceleration of

hijopin1 e NER&M VRSN rpisowmefr&h caPBPaId vSMiSIh@REb gdtflediBle and cost-
particle (and ener sel ection and beam col I'i mati on.

effectlmlaéere@ccslymtmotqaégwé@}ssysm Jelesraibsd & dFenrkall a9 gbd0p3; Fourkal,

e AL RLRE A0S P ARELEY Mgy iy e i

2003, $64(=70;i MR, SyM, ensl. “Laser Beedierated pagiyn Byahefos raddatibnltherapy”, Med.
Beam Tr eat nent Centers filed on Jun

Phys. @HPLH@@@ of hejp sYstFmssare ﬁewﬁl@%ﬁ%\@%F&@P@g@ﬁk&mbpg}eﬂts (1)
laser-dc Qé'lfﬁﬁmf fig Fh(écrg?' épzot&fas (Zh Pgﬂ L&%ggéﬂl%agﬁ for CPamcle (and
app an p uced herern a

|cat|on ro FI' G epi cts
energy selastem anddmhmrcaﬂleﬂathmolliaémeci getems pogids| sl memotb&e:amdxsclosed in

Intemﬁtitrp%{a terﬁ% é&q o EFC(LTWQ%BI»—B—{SGR%%E (])E%le{g%' olyenergetxc Ion
Selectﬁg@g)s@%goﬂfn%gﬁhé% $ s And ﬁﬂ]dBéa%PT%iHﬁ@rﬂ de@fefdHiled on June

b) depicts a sectional view of
02, 2004.she exaueterloérvsdn@dlshnmc&ntefl by r‘pfgteyemmrglat iFor pmnlc \E:,IG 17 of the

retn ol LT SRR R 276 W RGP gptres

polyerfeBdetid OS¢ idhbeaiBthbraPy ayskeh, Fufherfdetayie o€ m&ihl dan be found in that
protons, which can be used for irradiati n% target ed

applicateqn. drikqwise, FIG- dhwf she REHUSRO04ALT Q%L 1wopligation é@r&jreproduced herein
as Fl(i'ltbzﬁéﬁn&g alst&fthn Péﬁte{’vﬁgtajas% ggge?ératgﬁ ﬁ%ﬁm%ﬁ%gy}%ﬁ%ﬁn&%h@éposmve ion

been descr or exanp
therap?@dtéﬂﬁZ@ﬁﬂédeeYﬁBbf ayiich mtbednul((hmdhalt@pbdmoed Sbﬂ’r gjistems provide a

epicts flow chart of a t had
way fqrrgea@r?%g %{nﬁgbwﬂ?ts oL PRCHRSEHErREP GRE e 70 %F@ for irradiating a

target&ﬂ%?{?h \& g' AlRors flengﬁbeJndQ)?ﬁéi"dhs%aééﬁ sithd) & He&tﬁﬁn@rﬁs found

pplication. The disclosed treatne
st00a2k g'll“wtmmt Istrategide haveral soi begn desvsibediifet examplé BHS. 45 of the

oo gt GOTRpRResthineg F1F AARaRIT M char o a

tholl ¥F @84tefE 4 iﬁﬁus‘i‘r@gcﬂ rieY¥it Rekheeniet sitfv¥ i6s, further details of
e 0t erapg%tllgglely sul gé 6%1 & \%@OOS/ C1)577Su8 eraetal’s o

whichpa@The/SRmd4n thpo ZpRlicakerer Hie cpsﬂlg@délfeg@nqné stpasggles ipelude determining

dose ST of el SRV oF hiubical sbFIATHER chedl Byengpiipposiive fn
beams for irdidiag |alt1&%91@4/ré§1810&ﬂd &Dipkiigad plunality uf theipeutically suitable high

-6-



i nprovenents are needed in optimzing beanl et
treatnment plans that maxim ze radiation to targeted
WO e@sosw3svhi | e minim zing radiati on to surrounBCTgS2004/040724

energf polibicdbetRMIeHIVe idr SRHRT. ANBkasilE iUhEtargetdCegiodi Maihbugh
one aspect of the present Invention provides nethods

deterntipingelose distribugj opoAry PrRuidsstin ghe WWO%QH Q&1 appligatipanfurther
t hat rQ

improBigBd b Nee i Db GAPL BERTLARLL e RIpA0 By A @RadiRion to
target&d e ion e fihilg nﬁhirmzmglradimgﬁn@ sutrosﬁdm@cramil sitgahi; tig§uRS and structures.

SUVMARY OF THE | NVENTI ON [ 0013] The present invention
Accordinglpi @Be aspeetRfdhe BiseEns rveation wrawdsmemozlﬁ fry opumizing polyenergetic
protorpt‘?éayrﬁagléqu%n‘f ggarg?gga? In%‘igfrﬁlé@ olgférgegéé;ft%:vg%ﬁb gﬁkﬁaﬁ&% targeted regions
while neginozia g widi hteonntosunowidige ¢rattahorngams, tissussl amd)smnttmgs

critical organs, tissues and structures. [0014] The

j {] provi des net hods of generating
SUM]Q‘@%@%E @%ﬁﬂk@m&gequence for pr oviding a
prescri %tl ve dose of high, ener ener ge
pHW13] | dhe presentdnyeniigp geavides g ae YRLeTas i?g opfigizing
I
polyerBiR shoion BralePt il o M BEARRTG R radision
targeted yeians obile nmnamznmg rpdiato@ste sbaemdnmcmdabang\ass: dissiemgnd structures.

 SBRIEE The BlrsPEnveshtn S5p B iR p SO RedE T ¥ Posite fon beam
sequefcITof ﬁl%'vﬁﬁlf%qi ﬁregﬁ'[tﬁifv@ﬁi@sa%fq:ﬂgm&idr@ ﬁ&é&ﬁgd’tl@%kﬁﬁe 1(511); to a target

conpari ng e plan optimzation results to the pla
volumgy easeprising ba stepmef: e) modul ati ng the beam scanni ng

a5 unt provRffe B EF b FREEE bR fes EAR o andloMpagraines:

[ 6P15] provadiig & pRitoptifiaibh procksi iabed opi bydmlesuniiiighegisence;
of providing a prescriptive dose of high energ Y
P8l yendPRIKNE Saidb§pmsqaningniequency L@ sai¢Bedny anglpg plan prescription and

dose c%ﬂ&%ﬁtﬂc{'ge E\g? gtaﬁBPtn%zan@ﬁ rRhfyiding a plurality of

eam ang escription, 'and dose constraints;
bi) pr ovmdpz{rg]gah@ bhm oppnnmmatresohs purthe pha poaseptian aad

beam sca uence; ap sal d beam scannin
sehuenwgtlfanggls*&qb&é@rﬁcm %%eqﬁff( AN SRV E I TP RER LR Sfeps $b), ¢) and
d) lmtg(ﬂﬁlgﬁﬂﬁﬁrﬁﬁhﬁ&ﬁr&sﬂt%@ﬁ&ﬁf)ﬁbfél an optim zation

conparing the plan optimzation results to
t H91p] affhp p@crmlmanann fts)henpmyim imeghads ©f peeevidisg apreisengptive dose
ce and iterativel peatin eps h)., nd .
of higR kTR PPIYENGERIHO bl ToRe ARt Sl Sompebine dhe R85 of:
apd f) piovidifle abiuvndlity BEbaA &ﬁélesV plad Peesehiption? afd B6ldohdtraints;
of beanml ets according to the plan optim zation
r Bsul t BrovidingNDplO O/ 0EZE1Ig8 PrCFFSUBSErhAY @hmacanpumsqluence
T pr v
pr ovi d|g gylgggoﬁ%eg%@%g%@l% Seg{“?ﬂ Q§§ %2{}18%&%] églatn&) rescription and
dose dosteiiteth geagtaaplat Opymizatiog ra3uloyi dl ng a plurality of

rrgdul aE:oerrdlparing the plan optimization results to the plan prescription;
€) modulating the beam scanning sequence and iteratively repeating steps b), ¢) and
d) until the plan optimization results are acceptable; and
f) irradiating the target volume with a plurality of beamlets according to the plan

optimization results.



pol yenergetic proton bean ets, wherein each of the
beanl ets is nodul ated, individually, according to at
wo ea@stsee of . beaml et energy distribution, beral/@82004/040724
| (038P e pRA&ITiSentlbh b pRIVides REARdRof %f&@dm%b polyenergetic
beanm et shape; and irradiating the target wt
protorpiadiatibn dgsegp amgueétr@jon pompesiag geaviding ﬂcpdln”hhtm@ém@miated

vl oA BNt R SRRl ARAEEL s

accordlﬁ)g tde 1daBt @%tofamhnmtrane}g@aﬁsthb@u@f Beanlel mcﬂnaﬂty,mﬁaﬂw @irection,
areas external to the target. [0017] The, present

beamlpwﬁr@mor beamlesshape:onf asadiping (b saree wigpihe ﬁiuﬁ ﬁg of pwdulated
potyefR AR Beifhs, TREII e Blrthy of R AR R e prgron beamters
maxinpize the praiesadiztivh dosha e tagger atd t8nintizes the proton radiation dose to
controll abili ty of the target depth direction and the
areas gi{ernal tadhG @EEE” of the radiati on dose beyond the
efdoasj | Yfe Efe@&g iRRAlon 856 Pﬁ%ﬁé s MG dstebr %ﬁ%‘iﬂzﬁg the combination and
optim zat | techniques to provide a hi or na
moduldoeme oﬂ]asﬂrfacmlenatm prwtbhs for asginandianon tharapgt Twol faateres of proton

dosimpi £hepreletise. T eOMGURPIER ob e Ha DB Betipoad he fhgp decrease
of the E&cﬁ:ﬁtﬁﬁtddSB B@}‘ani‘me SO vO BRMIgdRAK IHRE B&ﬂﬁm@cﬁ with ®¢helled 8p@mization

positive ion radiation dose to a targeted region,
techmqmmp ipsvide phighlydiontpraahilese slistrijution wigdup alasging target volume

(“PT\p’E }}ﬁ? glr%gé&t%tzécf regg 1§slu¥ ?%Arﬁ‘%erggaﬁg?rgg ocf thé‘g)gaﬁcgr{ d&qhgh 8@%6:
Pd0oy8hemTyepieserp Qﬁ\tehtlme alis@ prdiﬁfﬁﬂnﬁtlsods [0@ @ﬂcﬁz]idlﬂ' #a positive ion

present invention further provides nethods of
fadlatlﬁfl SOPOrRf RIS PP ecommnlgenﬂ?\afhns& Rigrakitytof mpduatebpalyenergetic
posm\';quh BLam BRI FiaBBriRE T ¢ &d%%ﬁ' Wh'tfné’ I‘ah@gpllnea\ﬁgted
pol'yenergefic positTve | rradi at
polyernengeticgrogititve tbrr teegimdets.wi t h t he pl ural i ty of m)dul at ed

oS8R TS pisae Shveblied Ffer Pyldse vk ghEtopfame a positve on

rad1at1|8f1 AbsoNGtafteRUAEHDN, rc%ﬁip%fsin%rbm\qeﬁg atﬂuﬁllfyad'fgﬁ(;cﬁl‘i’ated olyenergetic
region, conprising the steps of providing a plural |?

positivefiombearhlgtseand wadiaging thydnigeted regiom wibahd pllusaht)mhémedlﬂated
1 eacrtm of .g.he. ql%‘e;ée rgetl c beam ets is nodul at ed,
polyenel R iPge: lIvfislfP %n ng to at | east one of: bean et
e[ue2gy Thé bresétinention Ratheproviles Retiiods obﬁﬁﬁ!cﬁﬁg a proton radiation
direction, beanlet area, or beanl et shape, and
dose tp ptagagted ragions SPRPHisipg deseDs of PEiding phﬁ@ltp ofimadplaged
po]yer%%% %Eér)tg[‘n %garﬁﬁ#sy%g{l Fle%ac of {l]%t 2 elﬂ %?11(.6{)g‘a‘ml % I% Bulated,

mdmaxmnyl sicerdimxiont Zeast drie@fptremtrmst eha@b'aiﬁsmhmtdmsl@eahﬂeﬁlhensuy, beamlet
d region and mnimzes the proton radiati

dlrect@as@angetére@agr Rsamietshppe; gnd Héadeaémgéﬁlédarﬂe@fi 848101 wh the plurality
of modi1SteR ggﬁgﬁ‘ér bV 5iBldnYeail et wieRh gfé 1508 W Sndulated %ol?/energetlc

provi a“prescriptive dose to tar eted regio
protorabqa&ﬂa:te Maxxxmaesphe praton taldfatlsn dpse tofthgracgeitadi negioa and minimizes the

ralit 0 ener ro on. beanl ets, and
protorfrgiiihas (s o AB IR GEHEDURS bR Gitoan ot 5. wher ei n
t frp29Pdghapiddéht invenih 3199 ?{&5&2 %%tﬁﬁg/oygmﬁgﬁgget%ﬁ%ptive dose to

gives rise to an acceptable dose distributiont _
a targeted rpgiondn aggtient, eaneprrsdigibe steps dleprovidegrd plutality of polyenergetic

proton beamlets, and modulating the polyenergetic proton beamlets, wherein the modulating




dose in both longitudinal and |ateral directions
relative to the beam ets. [0022] The present invention
W@bk®e/opr7e8/i des et hods and systens of provi di NBCHEUS2004/040724

gives fi§tStotain\a@cdpoablé a@sleaiﬁdtﬂlﬁutﬂﬂ&s thec@igetedst gign REYdidg BJthe prescriptive
plurality of energetic positive ion beanmets, and

dose lwbetm la@glnlghrtaﬁén%{@rey@ glansaelgbyg to the beamlesean et s,

[
82| b BRSPS YR AR 0L 9

poslmkmbh radiatipnt dede, nminpausnhg pIr@hénhgla pimnabtytof@ngfeneﬂgamo pa&sitive ion

aid beam ets. [0023] The present jnvent
beamIgigeand; raﬂ%ulwlgﬁh%wldeger&eétcmaglVSflorp?e@mlaﬁ,n@hqrﬂpé?rsmpg}ulatmg gives
rise to@&é@ir@& &sk Qﬁ&ﬁ&ﬂl&l%ﬁ% 3 Pre@cﬁtﬁﬁ%geefé) 4 (8P tdth fb gltudmal and

tient. These methods include the steps provi él1
lateralailmbuomlmlayvc)fo faidybeaerlets gy positive i on beanl et s

t t
B8 P sem e puftionsl weiramppefr ing ntensity
modulﬁfeﬁ\ﬁr&@n @he‘i‘@[ﬁl tB - TRGeeat&Fon ReapdiRht. TRAY hRtHAY nﬁ‘lude the steps of

| east one of "t he depth-nodul ated beanmlets in a | ateral
prowddmg @pkurfdny pfehlsh |ev@rgb' @081t1h@q®d:tea@mts tn@pqgimg @eleast one of the high

energ)f %?Sétéve 18 n?%%m & r? d{a%tﬂ %latlYe %q? Barl_]tg:ng rﬂwge %Iglepth modulated

beamle@hrRXialatii® dtlead e betBidept-hedulited padnientin a [L&aNdiretkien relative to
net hods are ag%@l ed to a prostate |esion as an

the patigid ip PEvidech lateaalanaduiated bgpanlet; aad,irfadiaging fhefgrgeted region with at
- ted proton therapy
least #F%E%qu%ﬁil g%&fgﬁ?ed 15}15?{7&&, td’thg‘ﬁ Q%@ nmet hods descri bed
hEﬁO@Ah the ntafhdde arki dpphetpm 4 posthte lesign ad dreexempiery dfsease site. The

se site. 0025.(1hera Rec s of the t .
result OB RNt 554 P BB BERE MOBLIE 0 SetekNETagY (P hgandpeoptimally

used. The Yhe@MbRidel e BERIA &F e &l é%\:pg a&% ?%gzif'd%ase site.
as provi ded herein. BRI EF DES TI ON THE
[ 0925] ﬂnl@rfa@peegsmf m@e mmmanyvenmn wid] be appatehetoftbbdeckilteg in the art
o detfgit?l g]gg Cri s further understood when read
1 VIey @ n‘}eelﬂ\ G ‘P’ﬁofﬂ‘s RYPERbAYPEY BEM For t he
purpose of illustrating the invention, there is shown

BRIEF'DESERIPRYONIF THEDRA WING® i ment s of the
i nvention; however, the invention is not linmted to

t tIIi)ZGPe?hE 'f&reﬁﬁh@ Qﬂﬁmﬁﬂd ad wéltl wm%%%\ivfhg QRtaflb® 8éRBBEon, is further

the drawi ngs: [0027] FIG |a shows a schenmatic
undersuocagwhm whd in ¢<mslencnan wﬂhéhaamné@‘sdmwmm &ar the purpose of
uni. t the serl npt avin . |l aser
ithostrggi B fyiPicn, Uick€is BRER i s Bhkae Fmal Y oMl the
inventhGh§ Bbwaeet ethe lile@oPisGlo0 Nmitee kMY sPistieMebds ARl instrumentalities
invention. [0028] FIG |b depicts a sectional view of

discloged, Jn #he dfawelgsr at ed hi gh energy pol yenergetic

pﬁgiz L H}of? ElLbﬁz&sZaon%l&%% @%%&0&931 tagelrg‘c %‘é‘i‘flgﬁ gbgﬁﬁe 5n beam

therappamltemc lases isngt pladwre havige tai laseh bedin Eine agl/bqaasidahniag mechamsm of a
ons. -9 WD 2005/ 057738 PCT/ US2004/ 040724 [0030] FIG
laser-aggelpiateg RrpIORARGIRRY Histedt e EERE9hg an overal |

t [R2BEPIGOPH uBPi&Rhis@ftional view of a laser-accelerated high energy
polyenergetic positive ion therapy system.
[0029] FIG. 1c depicts a flow chart of an embodiment of a method of treating a patient

using polyenergetic high energy positive ions.



system of the present invention. [0031] FIG le is a
fl owchart diagram depicting an overall treatnent
wopwisnszasi on system of the present inventi onPCT/088@3}/040724
Fideso] f FEEPIEtsSa H(Bkvﬁ?ﬁ?trﬂiﬁg%aﬁfdebﬁﬁng hRbGdtalk BeAtehent optimization
spectrumused in the calculations of the | MPT dose
systen@lD%llhc|pm§©liltonvenE19033] FI G 2 conpares proton depth dose

d b kK. .
B} RGOl e S A& p L kel Bfpization

systenﬂ@smeq,k@tgmnmgnm@ﬁs for protons with energies 80 MV,

150 MeV and 250 MeVcal cul ated using the track

r 00831 i HEGt Hodapiciuen exsinplnefl the asrierienargpesperEpmaisehin the

cal cul at ed usi ng GEANT3

calcmgt?&rr{ﬁ:gg Ion too{)srec{?%{ag%l FIG 3 provides isodose

d[(KBB] bEIGOR sohpires proonldepet ddsd)distributiongl calbildted maing B)EANTS and

field | MKT. The outgrm)st line re resents 20 %o
the traehéepﬁafé%ﬁeﬂm% Thsselidtines reprrasntsiepthidopid lsv@ﬁlﬂe%seﬁ% grotons with

eer b8y Y, 1508/ SR 1SPUEORn LR g A R i nd e
dashed Boebaspresting epth Ldbseahsmbﬁtidr&%ah;matddelsprg@EANﬂBl somukige tool.

" WlbaaE o Flie o Pl B GistRitos piise LiBE), £Fiq T and B)7

field IRD@I‘ (Bhe dutefrh&t finé Mpfeserdtd 20 WS RDSEscriphn HER SR Mfermost line
% of the prescription dose. The innernost |ine

represmetp 18@ &n tof thequescoptiomdossr dde presciiptonddnse is 7A@y to 95% of the
t d to 95 t
arger IR et ehdost Sersbitar 8f it B R s o and ower

are not §wAr. escri ption dose and | ower are not shown. [0036]
FIG 5 provides dose-volune histograns for PTVs. The

pl0938] wlE. horavides 2sedose distoibutpnsifor ease Pfor @\fielddMPT and (B) 7
field I@tf %9l]ll V (dt il'gg e re%fé 258 d‘g LEthE I&E}l]?thon 5ee. ‘ﬂle ?n?lennost line

OVI se-V ogr amns

represtMe 108%t oithe ﬁﬂ:s&ﬁ;ﬁﬂﬂ&fose T’m@e Sdtptiondbse 1898 Y 10ZBWb tod the target’s
P 95 % of the PTV' s vol une, V\hlﬂjgh receives 100 % of the

plannlpg asbimeptTherisatigsedistributiansayf 10] Hoafiie Preseriptiopidess argslower are not

dose-vol une histograns for the left and right fenoral
““eads. The pl ans were normalized to 95% of the PTV s

V036, FIGi § brdvaiee idess valapohistodrings farFaSWy. iTHel plansoase normalized
of 74 . [0039] FIG 8 provides isodose |line
to 95 & ef the BV pMelupieawhichiregves 109 & olhaprasetiption dose bt Gy.
I o]
{09571 FIGE® gy TEmU S BRORTRE HERInE o RO The plans
were noimalizeddad 9694 of thePT\Epvemeaie, svhth réoedfestliod % v therprgstiiption dose of
dose. The innernost |line represents 100 % of the
74 Gypr escri ption dose. The prescription dose is 74 Gy to

S 9,15y oL ASDRER Ly VRSO, fmor s
The plaosweerearoemalizedsb @b of the PTV’s volume, which receives 100 % of the
prescription dose of 74 Gy.

[0039] FIG. 8 provides isodose line distributions (case study 1) for comparative proton
IMPT for (A) 7 field IMPT using monoenergetic protons and (B) 7 field IMPT using laser-
accelerated protons. The outermost line represents 20 % of the prescription dose. The
innermost line represents 100 % of the prescription dose. The prescription dose is 74 Gy to

95% of the target’s planning volume. The isodose distributions of 10% of the prescription dose

and lower are not shown.
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WO 2005/ 057738 PCT/ US2004/ 040724 [0040] FIG 9
provi des dose-vol une hi stograns for the PTV, rectum
wae@siosaatler . The plan was normalized to 95% OPCT/N82004/040724

Pl0¥46] VLG protiies QoseceRime hisldR o for tREPPY S%6funPirdladder. The
dose of 74 . [0041] FIG 10 provi des dose-vol une

plan whab soogalizad td ¥y %t dfdhe PENts vnleme.evhich eavoivas 1¢x%def the Migscription

d %g& was normalized to 95 % of the PTV s vol unme, which

0se G Yes 100 % of the prescription dose of 74 Gy.

[ FIG: 10l3roRidey Hekesvdl@vhe BREIgkahs Rk itfe ikgbhd H¥SRmoral heads.
d?@?ﬂ but i onsﬁrof t he SOBP obt ai nggd using different

The plenatag poupaized tm?5 andf hoPTVievgume orhieheacgiyes Pt 7 af the
resc n%edggﬁﬁgggai n the SOBPs. DETAILED DESCRI PTI ON OF
presepfipty I'VEZEMBODI MENTS [ 0043] At | east a portion of
t [0842p! FPGI Noprabides ¢)akntod axRIGpHCIRe divEibatiendsftle SOBP obtained
~ herein: . CORVUS a treatnent optimzation system for
using @iklstanh enauRTSHeCHHMNEMOE DA PEPR BcaghincsEa BeRsEd 16 ebipindhe SOBPs.
CT conputer-aided tonography D dinension DI COM

bETAR Y BrgdRE RN O STV Mo | O SO

hi st ogram EI MPT energy- and intensity-nodul ated proton
t 0943y AEES4 afparton onthShoHnvigh eblrevigtienssind acepnyivis ateeused herein:

RIS Wt B egran BiTor Biad IR Hpugquos

neppr on, et @i@H%ahmnﬁcitMRT Intensity Modul at ed
Proton Therapy | i ntensi ty-nodul ated radi ati on

tQ&r apy | MomprtanddedtomegtapA¥ed X-ray Therapy (e.qg.,
as provided;usi a linear accelerator ("linac")
pﬁoton beanﬁhﬂgelg%%gP a high power (1019-1021W cnR)

| BseOMat L LDigital IlMginhgawdOeamunicatioasria Méalicingal
Laboratory LLUMC Loma Linda Unjversity Medical Center,
LBHeOM Rda, DEOM\Restadiony FharepySypplameibge for dose

cahgyl ati ongida. hﬁﬁgﬁgﬁ%@ﬁry MGH Massachusetts
General Hospital, Boston, MA ML.C nultileaf collimnator

NEIXIBT NOMOSer@og 3 .and Sﬁ@msd:ﬂy’rrag/dulﬂéd pidic@Rhampyal
ngglﬁtl catl oElegtrrgr? e}gllnln{at élhower (version 4) Monte Carlo code system

tissue

FWHM Full Wave Half Maximum

GEANT(3) aMonte Carlo system for radiation (proton, neutron, etc) simulation

IMPT Intensity Modulated Proton Therapy

IMRT intensity-modulated radiation therapy

IMXT Intensity Modulated X-ray Therapy (e.g., as provided using a linear
accelerator (“linac”) photon beam)

JanUSP a high power (10'-10'W/cm?) laser at LLNL

LLNL Lawrence Livermore National Laboratory

LLUMC Loma Linda University Medical Center, Loma Linda, CA

MCDOSE an EGS4 user-code for dose calculation in a 3-D geometry

MGH Massachusetts General Hospital, Boston, MA

MLC multileaf collimator

NOMOS NOMOS Corp., Sewickley, PA

NTCP normal tissue complication probability
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-11 WD 2005/ 057738 PCT/ US2004/ 040724 PC per sonal
conputer PIC particle-in-cell (sinulation technique
wo ov05loawaes pl asma physics) PMC primary nonit oPCT/USZ0®040724

PPA prost at rmpbgmlgut@,ntl gen PTV pl anni ng target
vol ume PTRAN a Monte Carlo code system for proton

t PKhsport spartiflatineell (sﬁaBElameh sechoigue fasllesgr plapma physics)
eg ti venesstTPmr a}g h apy treatnment planning SMC
dary nBAt or™eh P spread out Bragg peak

(PSA pr ot onpioprate PR anA sour ce- surface di stance
TCP tunor control probability MV mllion electron

vBTVs eV piappipgfarggteoiuah volts T Tesla [0044] As

UBERARET €1 N MG BTN R SLENTor BRLS Suod Bl ©

ARBEsed her mildtive bistogiealeffepidwntssv e |ons" refers to
atons and atom c nuclei having a net positive charge.

[BdE6] As uEEiPtharRy tFeateRS RIFWE pol yener getic" refers
tovic state Q. ohdk ﬁ{onP ‘gﬁ b%paracterl zed as having
evel .

nore than one energy 0047] As used herein, the

t 8OBP"' hi gh sweadgyt Brafgepeak (for pratomion whmeht t er bei ng

c acterized as havi an energy level greater than 1
ME_ [ 0048] S%gcefj%’éﬁc E@I@Pﬁe the term"beam et" refers

toceg porti ofnr cantdiGRobaltgy pol yenergetic positive
ion beamthat is spatially separated, or energetically

sMsdt at ed, wmillippelsctrepeelisal | y and energetical |y
SgRgr at ed. %]r?‘g)wéedbi%nqéggoher ein, the term"plurality”

neans nore ] The terrrs "prl mary
col | i mat or "Teslpri mary col li mation device", "initial
olllmator" and "initial colljnmation devi ce" are use

i H\Oéf' h gléeaiolpeyelnethe fegm [P@@Q&ﬂ refery odhe plepas pucleipd hydrogen (H)
havine’ €6y ppdul ate” nmeans to vary, change, or alter the
% tles ‘of sonething in a controlled fashion.
[ []IDBS] As ussklteréiay the terni ‘tpesitide auis?’ vefer's mw aoinataad 'atomic nuclei
. refers to sonethlng in which the
having a net positive charge.

[0046] As used herein, the term “polyenergetic” refers to a state of matter being
characterized as having more than one energy level.

[0047] As used herein, the term “high energy” refers to a state of matter being
characterized as having an energy level greater than 1 MeV.

[0048] As used herein, the term “beamlet” refers to a portion of a high energy
polyenergetic positive ion beam that is spatially separated, or energetically separated, or both
spatially and energetically separated.

[0049] As used herein, the term “plurality” means more than one.

LR 1Y

[0050] The terms “primary collimator”, “primary collimation device”, “initial
collimator”, and “initial collimation device” are used interchangeably herein.

[0051] As used herein, the verb “to modulate” means to vary, change, or alter the
properties of something in a controlled fashion.

[0052] As used herein, the adjective “modulated” refers to sométhing in which the

properties have been varied, changed, or altered in a controlled fashion.
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properties have been varied, changed, or altered in a
controlled fashion. -12 WO 2005/ 057738
wWOUNsI0S2Z694/ 040724 [0053] The terns "energy npADUS2000M40724
SpoRsSIT' TAS Ebrma Peel &y Mod@hBot §REnt A epangeakit iséd@terchangeably
it is apparent that the aperture referred to is
when i apertplacens thahhe @pertura gefarrepia is ghpaplesefpaedilang aspghally separated
e sitive ion beam [0054] The
high eﬁée}g&r%}éh’legéré%é&ﬁ ‘Je%lpﬁ%amt arget" typically refer to

dj0io54T eThe temng g&serﬂi\'get”taﬂﬂ Marged’s 8ipidatly gefer totdifferent things. The
refers to the target material that is exposed tQ a
term “kasgirfargst dyBicaNy {eéeré fo thg targes m%iﬁn@é%ﬁsd%%m@e%qogﬁrhlé*h Bytgppity laser
| t >
pulse R)? gXﬁé}%r@{ngﬁ elpév?\g* hbl;{'ﬁnérg nr%o-gt glre gcg{sggl'h% Z%rﬁlg‘ rgarg@tl e is
synonymbw with chet thwem t'iasgeted egiogdtvadch refas pathe ¢isgueftangeted in a patient for
irradiation with p05|t|ve ions. As used herein, t he

‘rradlat“@Pr‘H“ht%ﬂst}E’Féﬂnsvol ume, " “target vol une," "target

I RYuGY her@RGhe tdrR 9958Ha LERERDY “1@k8t v?dh!i}ﬁ@y ”&k"g':et Wdidh,” and
each other. [0055] AS used herein, the t

“targetedgegjot’ Uaie nahongimogs Withreackebtiei.ve to t he beam et" nmeans

aL@E? tg egghqulgg@%itrec‘tll Oni&l%f i ??%OPH AR eotﬂ,]the beamlet” means

along tHeah@a@At dedesesit dfaRe pdtaikioY podifvd fogs.beant et " nmeans
lateral to the incident direction of the protons or

p956]  Asiusershergipothy ferms lateal disestion selat veetorthe hgamyely apeans lateral
to the HE?(I&% Xl?éclﬁ{{ﬁ of ht%gﬁ?&%ns é!lOIQO@ﬁiveAgnsused herein, the term

ets" neans that | nd| vi dual
bEOOSTEL 2.5 megd llnﬂme tiie tdrer ‘Bokeld mezagy velpmetelemennd

ISR s Reehersiei U imsaneb v Praipg beemlssa tieaph et individual
beaml&g gch'%lve dﬂfercgitghélg%' Q?Ac‘t% a g%tt\ﬁ?slltfégtor %?’g?ltst o the

target vol unme of ete region (i. taking into
al0959ht Astubed lkir¢ihethe pbmse HprRBEphee vlwrto p‘taaaxgaté raeahs the physical

or bioloaafly efusAle R ERE Tsbe Gulely Bl o bibiedTER 08 % 2 aBiRg into account

the dlﬁﬁéeﬁ&qﬂ RBY Bltieer PROt6RI40d HighPrbas)EpredcBibed By b Padidtfon oncologlst as
di splay of information that connects points of equal

COHSId@@éO\bQIDQ‘EﬁsSSMY@D'Gllq trgggmgsled herein, the terns "field"
d@SP Ofy é alseb erreelﬁ pt%n ge ! o“1so OI% n’CrIF e?snttot 1rsnpladI F 1erl?(t)11rn(c)'f1?1on that
conneaegsmtsacrfgiqeal dﬁsévahé&.can be sub- dl V| ded |nto

fields called "beam ets" or "apertures". [0062]
AU061hn e ser] keseipsibe termys cfigldz erd {'PRIF LROTIPEPORddo an incident beam

d1rect189 %aﬁﬁﬁe% zp&%mzitfbnccﬁ rtﬂ@%{ht%dfﬁﬁlg%i a“ﬁ%t)ﬁchozﬁgy] ©A field can be sub-

|nv nt1on, ol ogl ca
dlvxdedqmo\sabénretd)s cdkbab“baﬁmtntsﬁ’t(mh‘apeadlrmi on for irradiating a

tar ed.regio erm ned Radlo her

t 6‘;9%2& %}1 3ngs CFO(S? éere‘“raé%}nﬁhlé}")e an é?@B@aPﬂsde t hat

UfID83F ﬁ?&ér@iﬁ‘erﬁ&ﬁﬁm@hts ®f the"fbréis%ﬁﬂ ﬁﬁegmoﬂr z?ﬁl%rsidﬁt {di’ Biologically

dose)  to achieve local control. Suitable desi
equivabergsdose of pratorimdmsion &or ibrediating a targeted region is determmed Radiotherapy
is typically a local (i.e., regional) therapy mode that uses a certain dose (i.e., a desired
prescription dose) to achieve local control. Suitable desired prescriptive doses can be
inhomogeneous (i.e., nonhomogeneous) but are typically homogeneous. As used herein, a

homogeneous dose (i.e., a homogeneous prescriptive dose) provides that no tumor cells in the

target volume will survive the treatment that would otherwise result in a recurrence of the tumor.
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i nhonogeneous (i.e., nonhonobgeneous) but are typically
honogeneous. As used herein, a honbgeneous dose
W@ 2008/057738 honmogeneous prescriptive dose) provi BEFUSIa/040724
HigheP@osel {fPparC 8t thé tarfet vBRimd @/ ShotBbidiE pially d6 WbVinystovdMcal control,
treatment that would otherw se resul’'t in a recurrence
since fumdrgell wmally is 1@ ks dAeas;. dm@omm pa2 0b hegagevplume (e.g.,,
Hi her do t he rg 0 . hot
cold s%(bt ?y {esu t:hf: 35/&3%}%% some tru%l%e s Clé dlhcl‘(gﬁ’t 3‘109 recu ﬁ)ce In

additiéh, Mgfmfosé‘ﬁbhhé dapd eted ﬂeixoh&yp]éﬁllyhbédl@dn hi@héﬁdosb@t&ﬁtﬂe nearby critical
doses in part of the target vol une

structuspeergpnsydty thissiegprd, ¢astagmaspegts of \h§|mf‘<sboc§<9#éhq Mﬁ%ﬁm Hpntion
o 930 R SRS ) 30 5. i
desired @RR6&rifitivel btem&)annwoses td & agetedstegiont Uoesrdimgipnbe sdlection of proton

beaml%@@i%%?egw%@a{q%&?ée iﬁfmﬁﬁize% BT ‘E’gi’e[mtswnsq of both hot

spots m&%@@f@mﬁgﬁl Qnyﬁhbm%gedeem&@@us (i
opti1 na pres ptive, “or uniform dosesto
a[(lOé#b eIreobrtaammlmndntsrtue dginyzd doseedisteibation oy b an inhomogeneous

bea t .are determ.ned prefer i
dose sFicRMHRALE HEVaiRoRe O HORLRUD EHEV e SBIER R s Bpided grapy T
this erfsfiSemNhheMlogerB s ﬁreﬁnﬁ%ﬁlvé WBic8 @hh Ve B&AAOPRAYifferent parts of a
|nhoaneneous doses In certain enbodi nents,

tumorwigh @éfstené@psas;s@hwmq qf@pmnvay@ 591 axampleo gepeaging on the
di ot h
omor SRR ACE LD WRPIENEMOR RN Bl 2 ° 1 Y,

e[096d] nrﬁmow¢lfahcfange@ma1Btrwtmsmromhnmlod@saSmmﬂ nixghod of the
used to treat different &art of t unor

Wi t
preserd i veatiahis depied in FHG- Lo s Tiomctiad saows 1ot e eetﬁamnﬁ%w of a set of
e ul
beaml I'0 og‘?grasil "eg g{éb och tlhﬁ%tlogn’\l}ly %%r%%%(% gg?%%%g?pug of a prescribed
dose didtobwtioartd teolrgenvaume ahd dosesansteaints dqut therredenanoeritsoak starctures,
hod of the _present invention is de
“dose FAleuIaer ek ingi i RAIR E RGeS AP i gu P ReAg Heginal treatment
plan pegt @tlﬁﬁian%fl ashﬁéMSQBe BR8N £adabl€b&amled éi‘%rg}p&@tﬁbutlons ‘energy
optim zation", is generated based on inputs of a
selectiong sod bbau scatnig s¢etncehihe detemginedhest pﬁbgeenlevmrmear(dplan ’) are
dose .cons alnsfo ritical
recordelo et Ef and Rl o s feble iR R Shhiadle el plavidie an
optimi2ed gfeséxq)tﬁ/etdbm wahé Rfgedtlvdlige fdsTalkthdridesdivedherefl. an
post optim zation, as well as the choice of avail able

bEMEP Lt A@rﬁé’ﬁ{ﬁl tepatrpentioptimigasion systap gnd metiod of ithgpreseghimvention
are als%jﬂmlﬁ e L S 1§e gﬁ?@ g}r?eebe-gﬁx %?J d& dézhgrg ?f furﬁax g? gégn?&s is

pr0v1ded t@tf&tpliratﬂtﬂmpmuﬁnnemadil Bhe ogandal gle/migcnsy smehe f)mwded either
wdmg@ optim zed prescriptive d
g

manu%ﬂarcgébr@a iy Oﬂagta?lm PPIUPIZAUIRTORS S rQFE? elaﬁ opflm@épn method is
based%ﬁ RV &Ilibn bf B2 HERAc ARl Te fi’édceﬁ whidt &Wlﬁﬂgd@ﬁte@&l%ﬁfmng, depth

e present 1nvention are so provided in FIG
scannirgraed 3Dhsealoeagrofthg beasletse & latmakxbalmmg beanblet wqw&fnce typlcally

. .. beanl ets | r ed to the otlmzatlonrre od.
aivideR i EAR rashei B BL4 BB erctmipaee D BBl Bt st SechOf of the
target VBIMMR! ihdb s%almeraﬁﬂaboﬁa Reant oHdpedtASsé-9&ttioR! Juth 48h k@fre. Each

process. plan optimzati on met hod is based on the

beamlsedeémﬂ @ﬁmm sezpépensdrpegmahihg my—rgemetmréét e.griecgy disnibution) of
at er

e BB L BB S EEBspap tns e

protorSidgidemcdrebiign hathé Yarget volume. The entire target volume will be irradiated one
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di vi des the whole radiation field that enconpasses the
beani s eye view cross-section of the target volune
wo paos/051788 | beand et s of a regul ar shaped cr ossSPEEUB20041040724
beaml&Uf A tid% if a3@kefl ScanhR@mal@ANL RbralQ@hhMAS can bé Boddac@H B9 Gnoving the
pencil beam The e_nera%)é spectrum (i.e., energy _
gantrydthspatiénit oraxpongrinatioach bt i ¢epth scadring peamistisagyenng typically uses

e 6450 SRR S TOBE b
shape &Rt Minedbabal @ethe bedrRydividw faeset boladieatresd-secton at tat depth.

WD 2005/ 057738 PCT/ US2004/ 040724 heamlet at a tine in
Multiple pparares maycheied doraaah depth infervpbio IMPERYSitageidase penformity and

uniforfyiK e, Dhe PRy eV Apdcfiom SORLE YoerhEichRld fied Blngthray pacing
algorithypiogave yhifesasiosofee thid @rebspardimpdapthuingrvalorA 3D scanning beamlet

particul ar, depth interyal jnside the target vo]u and ., .
Seq“‘t%&%ﬁ%‘rﬁ‘ﬁ)‘@“ é‘ﬁ speet VQY‘HE? By RTpeef %&B@St%?ft ‘t"l’fé{skﬁg"g{rﬁf‘smd‘“d“a“y
T i t = | t a :
S A0 5 IR P MAERSS PRyt s e
cross-geotiomgb slmape ahdaget e. glos equane f Dhadreyg yaofceachnf thebramiets i determined

.__heeded. The eperqgy spectr.um of ch apertyre is .

using ﬁ&yétf‘}‘ﬁ‘??eagg‘t&tﬁﬂ’g‘g 5“?‘&‘3’7 ﬁl*’r‘?x%ﬁ“r‘?a of g‘F 35?&% FF?&F £Qmyp g cover a desired
voxel HNthE @drBRtEPSSluRl Al éhjEcive EiseBA RUestRibed firfic? b¥Rh:, isused to

3D scanni ng beamn et “sequence typically divides the _
comparg hgalanentiphgation restiggo meﬁgnb¢cgd¢8p;¢1%mbuﬁme I Theohigetive function
. AN | Cr . ( o S
s a mighpbill Wl b ule i B BUESENL pHELARI A EoeBLARE taree
and thé égukdaed criricab snraat idostadonstiging. Hisk glae R, acee@able,ahen the determined

square. The energy of each of the beanmlets is ,
set of pRAMYFtRARIRLIeT§ S| g é?‘?faﬁ}@ felerdehiramigisPayanRs #15 resritids verified and
oo o L6 s s 43 BEo AN R prcptive dos
the tarpetad volome. dbthd @bamris bettacteptatilerthdyetheheamkt wsiglitstaye varied (e.g., by

co re th | an. opti m zatiqn results fo the .
modul§ik B Peanien BUEHRS e B0 B ASCH WBF b brarLcepRice sepence
selectdd ufiti MR 6EPUHIE Blandy Sbti@Ed on of the treatment plan
based on the prescription dose to the target and the '
r 968kt Ehie examplesadivert balew areebageden tagarslt scanmingin which the energy is

. pl i s. ac e, .tthen the determned. set . .
optim 8 BieSE SERIPRE Scri oyt 1Ry S5 BEbacBgpgy s varica
while PEEMHENEEl 2R A sEQRM] eslachidlei 3D @sheaBfforBRPto the tigeted volume. The

suitable proton radiation delivery systemto provide
depth-geangingiteahnise spe deer anpricgelagghgped eperufatorcavgjdhe feam’s eye view

cross- LMYt Lkt RoRnRi ey e iRkl shOf e i€ s pppicular depth
that iskelacte @ ising) b euisdble arrgc Chiedtarpgt yolbms ean béirtadpee diisilpeapiurality of
. .scanni hg sequence selected) until an acceptabl e pl an
variablechgprditeaglets ﬁw@b&?fh THYNS AR JL thGitrere ép@wear eeyagapje shaped
beaml&9 &@E@ﬁ&bi&& anhk BGuit&bINBEN S FaRBR s BYerh S. %Pzpl;dumléeﬁ'@ollimator.
to achieve SOBP Tor each beanl et and then the
Varyingdeptisireached by therbeandett edn besprowidedty vanyitig tbe peargy pfrihagrotons
. _lateral scannjn t o achi.ev D dose conformty to the
using § GiGblEeer S Eon e Hie bt Seshsean nge FCOngGen e der botn
laser pRétohd 5rﬁ9§6‘n@ént§3‘ﬂ§ﬁﬁ6toﬁ9eﬂ“h@ﬂ&)tlﬁ-@c&lﬁM@rteé}ﬁﬁq(déﬁ‘ﬁ@ e @ffbined with a
view cross-section of the target volune (or nultiple
bolus, irangeguodnlatehiapeethapert ures) at a particul ar depth
OB "SR PR hetbrih Py isFoferbripfioh Heddas ypicaly

use lasépat@Mraies paat, Hewiikk hfonbbdrgdtiRgabona(eyd, Ngendewddtsy doventional
the targeted vol une. The vari abl e shaped
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beam ets can be provided using a suitable beam
collimation system e.g., a nultileaf collinmator.
wasogionty3glept hs reached by the beanl ets can berP@T/O820d0€@040724
synchRrotah¥l c Pllofrbes @S Yol alsh Be BERL O lasébabi@lcRated pidbils@ypically
energy selection system The depth scanning techni ue
have a:mlb@ecae@rcfadrdebmdmg bmtherbepmist/opiimater sezsriv et

SC]CCU\&H glgscog etloq%rgg%a Zgannl ngt ?1? Qeﬁa%%@ﬁ%ﬁﬁté%ﬁﬁ%r&ees%m

inventyéH, kHRUsptiagiPRvh Snéhodshtan BE @5&TTh théWedtineMlarii®y process for both laser-
optim zati on nethods typicall use | aser-accel erat ed

accelepaft@(i BiOSONs and RYIGFPtIARTRRES- g@tt};@semn&oenge% ap integrated

oo R 8B DA 0 BB PR o

directions)|stlaps ssizes penies@ybpedtear daseighR ¢Cededr dhseil-apecdérated protons are
have, a smal| energy spread dependi ng on the

cal |
typwaﬂéaﬁqdem/t%%meﬁ%mﬁn%%@r PFPVi¢{BE piighiheamgets of protons.
S | I
SR0R9] | THE BRAY S0} AR WeanfiS B GbiBANY firs Bprimized to
aChleWpt umionatdeptln dos¢ Histtbutian ahdthgs ¢k mtcnslh)eoﬁ gaghbeamlet is optimized to

i 4 B ETEEh ] oL M ARG LR85 8%y pecram
and mtdﬂlﬁl@)g bPSRH bediAletliyd gRh&ally Wifeent YOhPiNosAtath& behmlets, and these
delivering beam ets of protons of different inci dent
characigristies argrgsnershngdidtorent foraliffereniepagipnts plévanrfar e gameipgtiens, they can
v il RS RO Bl PP S 3 an

opumaﬁmmf pﬁrmsters[ QQeBldindie, thefsalying pRaractenidtics bf drRedbeimiétevill
heam ets is typically first optimzed to achjeve a
typlcauﬁ P dHfRTEH 6%3 Efsgeat Famentsites. Shferaes Ragents il ditferentdasy
achi eve the overall
requ1r§r§1g§t§‘81'ri]]cll ?ﬁ?ﬂz?@/ﬁa ﬁg%tﬁ odl-rb t“?/'%t o the targeted region.
TH®78h e ligserspeahbadimestnche phergiss bﬁ/thefpobanérgbtaapdom lmamlets can
ene different fromthose of ot herlggeam et s,

rally
be mog paid, }06 FEamRle Y Weiof any Pty PRbERFTESHG B ERIRY PP%PVC 10“ selection
systentH tf\ﬁteefr@ Hkoﬂﬁ?dt@d‘ﬁ?refé&ﬁ& tfe?ém t 'IF?%IEQEE (IRAe RS s ofttn@ﬁ{olyenergetlc
can be different” if planned ferent targeted
protorr ergindets ereimodidated taraemtral be dwabaticacpfithetaegetes] rgign in the depth

ar anet ers ccordi ngl t resu

airectigh, My BioB ity BREATENFL i DSERARY Bt BF shFEY bt of he
resultidlp pf@6@Emdnafingfroinethe Msert tag@t. MWIBte §hicBBy, adiifh €Xe@gy polyenergetic

patients with different dose requirenents and
positivajen selectiangle visa isuwred &0 Bodplateche orasgies obthe polyenerepticapriaton
beaml tl;[bodl nments, the energies of the pol yenergetic proton

eam ets can be nodul ated, for exanple, by use of any
of007hE Mhé penmslegethn be hloghla&rdangwape@ldﬂdvfﬁeremnvays One way

i sel ectiop \B/st ens that are incorporated by referenc
includgg thgjuse ofrg pigh gnergy PPW@“@H%‘#‘QH"@S“VGFOQ FFée%‘@Py“éWé? g@??%de““g that

L§
the Brﬁgé)g%fﬂat | S3Haflbead (8. B o eé&? gg ?roﬁﬁ@tlg ft?% l(}gg%}h that can be used to

on of the on In
“painttia3eldttarget. volloies |t protonainetgysechanged trs¢avegr ﬂmelt:irget volume in the beam

niac B EO AL R, SPRCLEID Sl LI e gt voum

at oneMaft?cuIaY Blnals. y dRpthi) €4} 18RI %énmkm&lﬁh 9&innfng dAADE peMBrmed first
ifon sel ection device is used to modulate the ener gi es

for a hgamiet engtiep arpeden |dgffq§¢mtbgmnlebé@gn doaation and direction) to cover the 3-D

volume. Alternatively, a lateral scanning can be performed first for one plane (e.g.,, in depth)
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[0071] The beam ets can be nodulated in a variety of
different ways. One way includes the use of a high
We@p@sQy77pol yenergetic positive ion sel ection dRWi/US2004/040724
and th@@ﬂﬁ:‘ #6ioh Rfergh & chahpal Brpgiarpeakirfidiate, Sh@héxt he;am A bolus can be
(e a beamlet) of protons is I|ke a "brush" that
used ig aﬁmb@au@rwnh @his taghpighe toginproye dasg eenfoBNitYre, t he
p r e n
FI97BL AT oS MR AE < SPUE ol Mgkl Dok Shidiand of
varioud Bflergizaand liver3efs |Aatueéc'ahér§7’int the phrace “mbéulhmgehumbérwf@roton
at one partjcular plane or |ate

,..depth)
beamsJg hfge AUNCNSIORE hmenisA .C%trql aid geliys Pf%%&%ﬂr?lrfwlth qiffereqt energy
spectrf AEHGLCA (hBL TGS ol LELERmYREM Elnikdntbroton doses in a
3-D taﬁgdt evhate. VBipycally, dnatpeotah fiskblenirespooding hxearptncfdannﬁcbction) is

first for one, plan e.g.,,.in depth -16. WO . .
modulgis3 aFEach TSRS ABHDECTITE T REFBNF bftghfor a beamle
and thef ﬁfo@h‘ td & dﬁff@&ﬂ %garﬁfét (l&?dtl@h/direéu&l) to tdverdBaA QolunRe Alternatively,
next depth bol us can used in conbination wth

lateraltShmsnmcamrhecpﬁéforI@ed frpst fme)nd piame édﬁmfvramﬂtﬂyen the oegn gueygy is
e i W T T T R

apertuf déﬁﬁﬂataebyaa fulfilegf qolliraser, aﬁwdﬂbyatmdkﬁ abomwrber of
proton _beans in three dinensions"” neans to control

aHO7dk| v esrtaly enbndimentH ret)@ than epechretoa sapice Eatbgyysed to provide a
: n f
plora PR VAIRIL AT Esdes e Al by, and
time nbedegefbr tadlatior thefapyi dizich ygldltmml powtowil t)ephmhlly include an integrated

orresp ng to an inpcident |rect|on i s nodul at ed
laser (@S, PRI Selegtom Bef Piseliro0¢nd daist HOLAING e Bal 0 o capable of
deliveHﬁ% bosARE With Sifefedl eerPP§IELRE, inRAL LS iHBMEN (dretions.
different beam et (location/direction) to cover a 3-D
vHI0TAE. Spitabde pdvcnﬁegqn,c protan bearhs @can hcmgletshtyphx@lly have a range of

intensBﬁ%{ Ehme Eé{sijg;sf ];)903 X %s%gpem%g' tﬁ% »\)e{ @2 E%E?ana éeB?ethve to other

beams\! Whﬂgl @h B e&lated w{l@fﬂu‘éh@f&dh@sédi‘ﬁ 6t the Absd in22PatkBFhantom for this
shaped apertures collimated by a nultil eaf

beam @whirh fretuer cangiedelgteddy thesmowritor ghppbergeadingifay is uged to monitor the

AuencE Bl ERELAIRRLA opllPh St NATONR ALARODBUESrG2ha an

mtensﬁ? ﬂ{ddﬁliitdd&lbl@ eypitadlgl Wil maveuhammg “b&laﬁieﬁiltlde{farylag)between Oand 1.
tinme, and thus, tinme needed for radiation th
The intensHy a&aqchubswalet sowitallymadulatsd using oRe qripeTg @ aé{ﬁnety of available

t
rnetho'(c:ig. ?ﬁé di&dity bAs & gngé{eg%tﬂ PR {)1:11 8&{;13 ésstgh]%ﬁl\i}%?r%ﬁogﬁﬂﬂ‘ to the total

mat 1 on” and dose
monitaayrats|(BVF’) ustelto deli vemghebleam. Ebsa giveh ddsef e thetintenetypf a beam is

ectra, ties and | den directjo 0074
typicalffprensriobloVER st n S B e VBt et Ehe I35 slifeen dgo be
controﬁll‘,@ 't&é‘“zﬂn? hﬁ\iﬁteﬁsdyad'fgl%eﬁfn fof Q%ﬁ/@ﬁ 'bEz!uﬁ%n tfﬂi@ Fd}tﬁéﬁ%h&ﬁéetlc protons

a proton beami’s typically the weight of
generated by lager aceelomatien, whiehiss, mewgipe¢feredhpioton mumee@hchdasphpulse

e RIEREu8L by B B o5l P PRSI Bbporions

to the ARMbECSE pullkegiber reading if it is used to nonitor the
fluence or dose). The weight of an open beamis

t {0078k Cortainsmpodimenieoihe n@sm inventipgg haye the pbilipstotsglect an
h . .
energfgﬂ%g r%qgorﬁ a%hlﬂ'cé Xpbﬁg%r{e}{%e\“c 611%1 egl\éﬁg)pﬁ%ﬂo (gevl\‘v"epz% L}}mg(%rm dose in

nsities varyin I ntensi

the targacvolineaaloat thansldemaiaﬂeynmmfuhataeek—ad:selagat@rmo@hs.nEﬂc&gy
of a variety of avail able
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nmet hods. The intensity of a nonoenergetic proton beam
is typically proportional to the total nonitor units
W@ 200800577886 ed to deliver the beam For a gi ven BPOBES2004/040724

modufafib€cart iCachithedby bildifg ndrd st like niaydialachNed bolus or modulators) in
proportional to the beamon tine to deliver the beam

the pratpe besetorshifbthe ragg Brakpewarddhe slan pedaceo Pepian feamnef different
energlep% e%ée AL e@{)vﬁe@ ﬁﬁ'frhfa% thid Iﬂja%fg éﬁ%ea‘?mf erﬁ'dgﬁt‘hs F»Qljilch is suitably
providad G‘a@ﬂng fafthi gNEnevgyl Iﬁd‘lyerﬁr@tlmpbﬁnmf ©h e;eamdemmlode\&mme protons.

each laser pulse typically results in a certain
Both gepiiessamnipg a%gaéer%lrﬁaart%g phfhe frspr drcelpratedpugions are Nypically performed

to mo{i%gﬂe}gl?é %éto‘ﬂrb%&%i bvidk 9n B{;‘&nﬁfﬂ'ﬁ%@é tdf taPst&ER gion.
rtain e odi nents o e present 1nvention
hE00F 61 hhl adiairi ¢mbadimsets cith the energgragy tixpiacnsityrof the lpfr(aon beamlets
e R L SO SE e SO B AL BA 1 8,85, i o
1nd1v1&iﬁh@ 'bgzﬁﬂltets%c{/\%ﬁdaﬂg vafied &1 th@%ﬁ'@ctﬁ%%h&[cﬁ‘lt@gyp‘?craq’lty%ﬁ}ﬁuated until a
Ener 2005/ 057738 PCT/"US2004/ 04072
mmmmmjmlm isobtatrad vbleclapmvedpe dn l@ptlmdldaengf wglrgthtfos@g deamlets being

. materjals bal u ato S I ot o
optimiZEd ThEhSotFryigfls o8 g el R B ihet fandt RufirBigt frera
scanning @1 btahe®ive8fis diddf er ent ener gi es can al so be

provi ded that place the Bragg peak at different

dEW7Rk, Anapeimal dosenfpabiepergpicorioadadiatioryisdppipglgrdetermined for a
i
partic§AF R PRLHBA S Skt FoBEL et of i JEGR BRREh: Mo quaity o
treatme el m hgyméaltﬂedkaﬁmnm@ijmlab @édhcpipof whish asrebe a mathematical

evalu%t%pig? g{;: tge@ eqr,f];t %Eﬁneq?ﬁﬁ;f %g]gd a2 (ix?fpt%ﬁggee ég}eglgg]%g%g{n?ent plan and the
prescrlitggé)@c]n, 8, %Eétﬁerfum‘ﬂdi ABNYS). Biglad HRikReE Y prddds Hipcally

nsity of the proton ‘beam® ets are nodul ated during
minintizes tknqambjmtwatfurmmcp todese:.a t&atmﬂrg planethatpis wmszs!utcp the prescribed plan.

Accorﬁ ei]sﬁfes;ttasg Igltﬁlzts,? & %!él\é{lgcslielue%tﬁg g}: Ise ssso that the dose to the

targetéd/ﬂ%gfbahé yaRindk et Bile thetifrhdidtion bt sufblfdih§ seRitdeHRd
whi ch provides an optinmal set of weights for the

minintizednivbich ihbipinglly opriomicddry. optimizipe slid ehjeaiive genosioar &n other
emboé)lglen{rﬂ tﬁlggl? %af'agmg B\Mﬁ%@e ?é;/s Ol%glg‘)dglgg %FCB%Q% %}i{ﬁh@ee&r%ifition of

cntlcadmmés pol yenergetic proton radiation is typi cal ly
determned for a particular targeted region in

cHI078) n Instrensing afferentgpmorseli. gy HeRmens tatesky, diferethproton dose
I
schenflt b Plifforer, EERLATRbOPNE e Tty Rl Db HiAReq R0
polyemr@tmajlgmeneogy priotons camtypinatly phathe base dr simikahdogdmgs&hemes known
diff er gce bet ween the tr eat

for copyealipRd ety BinGRroUPN gMONGSAPISELS \PéO‘PHﬁE%‘P%gL‘E‘eWtSB the ghrgshold (i.e.,
maxm:ﬁhﬁ) RERRR Hat SMrcHntRg RERCESS, 5rMEhF§HcM1rem§ﬁlfﬁll§%§n Whhstand
objective function to derive a treatnent plan that is
accordihg tatbe methads of theguesenbiodensioarnwill t)qucajbdvang bgsedion the type of the
ain e m)dul s .the..beam et s
surrouingidigory 107 GERE e HECSHPH b oA oS e SRR Yt are wel
docuny¥ptdde whizd applyad u@tef-@&eefrat \Aﬁély&@k gebid prStoAciasngell 2 conventlonal
structures 1$ mnimzed is typically perfornmed
MONOEALTZAYE PRLON g‘t‘tqf?eilbg)‘p’e@tcwelnfemb@dilmms the néﬁfi‘:‘&tmg step comprises
opnmfz“@ tgé (el tt8 mihiiSZERE A, 89 gf%a%Pe)&gﬁBf {038 taPPddTeionY

O mnimze 1rra
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critical structures. [0078] In treating different
tunors (i.e., treatnent targets), different proton
walewms/oswehenes following different clinical pretDUSt94/040724
a[(ﬂnby PiVaAblytypeLsF. so%f@ﬂ)dckﬁ’g%‘é Q§itdb3y B4h beP@ell €NEArELHit Che
gh ener r ot ons can typically use the sanme or
optlmmamn @pth@rgsu ﬁg esftypicallyriglost pRiHAl bepmgirections for

treatlr%rﬁ}&{({%l?aér; ?ra ”?ﬂﬁ%l;g rsgf?&/)ar%)ﬁ)(fﬁ% (1)1&61 téﬁ?xﬂg@ h‘l clt?l%i%yss%eetra for

md1v16wd1 Ib@aiﬁkétsrtg optignahbeaileteweights (ihtensitiest rDiet wfm&l}e is typlcally capable
Iy can withstand accordi n<]:1 to the, nethods of
§

of del’t"ﬁ@“&)ﬂ’@%‘ﬂﬂe“fl% obthesedreamlats. foxexample. o provideghe keraland depth
h |

scannfn%@@cg%ﬁuré& g—‘acrcﬁft‘fﬁlfﬁ#’ gﬂ gglf-aal gglggdlglf ts Jﬁ??ﬂ{gag%ttm% Qt%g includes

optimgzireg the dbse digicibumeot tochchiehe the pagsptiptidroddsase saldztargdte ﬂmbtdaelr

ol yenergetjc protons as well .as conyventional .
T M N XL T —
cr1t1ca‘f3 m&@m&oﬂtﬂﬁz%Q% 8bdeMktSb RGO ABHib *Ehe pﬁi@&l’flﬁﬂ&l‘ dﬂ)@e to said

dose to mnimze irradiation of organs external
targett he targeted region. -18 WO 2005/ 057738

A e e e s

accele®féd high @hérgi Ipagfeh@géuc ioHibeahlikcledihg Wangal ?G)Kﬂiyhsenerg
typically select optinmal beam directions treatin

polyepsagaticauiptaps-t Siinble lassn argideecribed inHrSe Paty NachP 33,606, issued Aug. 10,
1993 (UG, Ol SO BR SRSk B 08 B conpto.
09/75%,050,fledby ‘fajima) bn d4rl. \3, 2600a Pl N@fU 8200240000494 A¢, Pub. Date July 11,

2002, sﬁgs%ﬁgggfngi geg anél %ﬁﬁ;‘g{?t‘gﬁgﬂ H@élgc}doof%[:ge\feratmg ions in an

acceleéﬁspﬁs% Qfl gh 1ﬁt@ns‘§t§'rlﬁﬁk e/ SFRMich hR&ndRAMtRE Y Seference herein
seplncu optimZing the dose distribution to
in theimehtiretye Itdser- amcelsmtaqmrptms dmsteplcail)sdladacltqrzgétas havinga fistribution of

energf[?églglo i R I'”?Cﬁglﬁ{rg%fj Eogg%%gs::lg ly%%ﬁwa@% ll,lSriTI]nga ccghmatlon

device bhdl SRR sébAFhtQPAJCBIdN S théiseleedel%gmgtatﬂrmnaghetlc field. The
achi eve the prescrlgrtl on dose to said tar 080]

spatially,bepatsitesd fpeh 9@1@17 ge pnermtmmﬁtonémsebm@qn? oqbrl@ivd dsing an
apenuré/ an((i) 00 n%d 11§t%er%>l% %%:8 B%a%ems%%

ener ge ura

syster@m Gé‘@&es aad memeﬂg&ir Ispatﬂll?tsth‘ﬁatlr@Lpoﬂyﬁ:hbfgehaﬁfglh&‘enalfg@ positive ion
described in U S. Pat. 606, issued

beamsjayg disglgsadhindpternagiongl Patqm] A@thaglop Nw PE&“{H@%@@ 70%10,’“Hi gh Energy
Pt A SRS Sy 1o LA 18R ey, QP Bedhramen

CenteR00f21e@ 06 0dr3102A200Ruke edmetg of Mlh)ch]m incogdaed by adenence herem

' on Accel erat.or." di scl oses syste net.h
of00STL o SEHIE Rt afinn oSS aRaSPisAr B i tha Rafi 2s the
phys1daT‘B?ﬁ%l&giﬁail?%&ﬁwal@ﬁ%ﬁ@f&' |cﬁ)s@ﬁlsmuﬁbn)a%ﬁndh%ﬁ 'R WAIRE for one or
reference herein in their entirety.
afew Lra&menactbzelcen he esbdpn madwﬁslr@r)e typg meamldnys c$mtahkctmonoz eatliation
t|on ene

doses P Bl ef i e it oo e Bl G cofifr ot it gs 20 t0 40

fractioh8] WBicR c&Pbé he¥alih edliotAYp f QeatMBht SFR@NLA! dnhl 1620 aypially, the
accordlng to their energy levels using a first

amoulsf iene neefsdstoproviea degseifipsptpy radiasionsuisablp forradiestrggry or
radiotgér’]r'ayﬁ?&{u%%t' &r REALERS oGS HRRE RS Y FOSHY 353 utSdeBnding on

PQ%{ mag?etlrcl: ﬁehd Related
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aperture, and reconbined into a pol yenergetic beanl et
using a second nagnetic field. Related systens,
waelewsosr3s and net hods for spatially separati ngPCT/US2004/040724
the totepéldée NRE 8&hp EndlintoMiNSAidh RORE! thY Bedr? Beli REPIEIREEe, and the
di sclosed in Int ernat| onal Patent Application No.
verifida@mm n@ﬂ@@m/s@UOSl "H gh Energy Polyenergetic |lon

S@Jgsﬁr Eg&yﬁ etr 2 Fce?era rr: I-Il;g g0 z}% %régétgcggndz%g g'ere? A, a uniform

dose it el tﬁ@%ﬁ’vcﬂﬁm&\iﬁld’fag theSintidemy diecasesf thy 14sef siceretedBrorng. Typically,
[ 0081] Suitable f1[{)ﬁa‘oton radi ati on doses are tP/ pically
ye

polyermrmca@@ov deameolpdiffpent engsgiehare selpgted vsing apo nergetlc positive ion
c I
beam V&_]gct]%g 5&!:118% ﬁ&:’é %S%Qé%?&gcﬁaé Q&fer&t %?étg%vs ﬁ thE :plFlrtgérﬁt ?r&)sue like
matenTafsé(ballbarbohB o Sieeiiul ators petinadsartganylutigdia the patomebeiams to shift the Bragg
uitabl e proton radiation doses can be provided to
peak tPWéfdﬁB% P SUKRGE a8 NEGESSATrent cour se consi sting of many,
S SREUIA

SUBSP: AP0t RERGHE08 p MRl BB W inproving s

dose o'f‘ppitmafddyqtloh hecordmgmmtheoﬁvdmtmn Beanilets ay pe owiddleted simultaneously,

dose proton radi ation.sujtable, for. radiaosur
sequef Ry c1rePRR £ ey FRRPIEHD WerPho SN EFE DRy Jia@pution i
typicafly h&e VBB ®$iverin 1{)@4"{5 ReMbRipieReadhitireeions; f6? ¥hple, by using
_ 2005/ 057738 PCT/ 004/ 040724 the total dose, the
different coysha ard 'ganmbangﬂezaﬂlffﬁrea@nuehrangln@arubmrdeamglﬁé gyves rise to
t echnj v 0 t
modu]}ggﬁr)ll (e)fn tg? g&e: rglr%g ?15€cglror_1s S[éljéeisé grgélés &nr%t\glﬁgdg %{amgget%? %éuch the
gantry@BebsiR) iAVIﬂﬁlﬁiaCbﬂ danfy wéthfien pﬁmdﬁl&ﬁllarmo tHeepliririg @thistothe PRtient lies is
along the incident djrection of the | aser-acqel er at ed
called sprl &g, Nwﬁpmnayﬁeldﬁ&apmr@wn@lmmw bIdmProyfing the
optlmﬂhﬂorf&etﬂé li§R4iak&h aRkect ed using a pol yenergetic
ositive eam se ectl on systemto place the Bragg
p[ﬂﬂs4}at Ed¢}f i‘netdemtt dickefidins dalled dnﬁe]giatrlpertt whithssdigided ko sub-fields,

nmat er cal l ed bol us_ o tors can al so b
whichi i (Al ls@ QephIeRH R Priich e Lo b & PRy havicinags h ige of cross-
sectloﬁél‘@@é'a aﬁd"@fﬁgllﬁ a4t gﬁ§re 03 ?é?:?a?@ﬁbér cfo@@géﬂloﬂ% the range of from

mber of "[aser-provi ded proton béam ets can
afew smmm milbthetens @mov) op tocp faw adlgsle contlrpctotSdnmr)adlamm &¥oth regular-
i nvention.

shaped Fiieg a5 00Ty rERATRRDY SN S bl TSP B bty increases

with tEORRhHRoF BBarhieR/peftureSuAt ITRBIdeRRES cbinplesiR$ @nd/or delivery time also
distribution is typically achieved by delivering

typicafly incsersesawiththernusber phsagles/aperuses s Depmdlwmﬁﬂewartwular
treatm%}{% c‘?e%lrgggihe %gg%%%ﬁéqugé Hg% %ndatg% ttér}g&;\{% §§ the toltal nu{nber of

beanﬂﬁ@&pbx&tm@wpnfally hméa;efwm atfewi(£ £ cdboan3 to ﬂﬂws &) tarsghﬁsl thémsand (.e.,
i ed by tlng the couch, the

about 409D 30 69, @%W 1R 5iq e 0 o AP 1000 HAL LA diundred
G.e. a'\gumoqgagm 45? ient lies is called co-planar.

n-co-planar field arrangements can al so be used for
Wil ﬂ‘ge tirectionpi. . mmmct)l of leacm‘ Slﬂ)kﬁaelqb (tmmiettapehure) is typically

detern(r}lggch gl:iﬁr%ntpg g]sigalék r{ otE tﬁﬁ epg ent fhgelé:(rgl%ﬁ%l e protons in each

beaml%U&bef‘thFé Wik typfe@l'l)‘; ﬁa\@raed&ﬁ‘éd &fdrDeaRt@lm iR brRPRY achfeeé a uniform and
hese sub-frelds may have any shape and si ze of cross-

confom dojeahistiibatiareto tmtargeyq@ll regioh waml @om@g@ﬂatrlthsqhmt@amiets/apertures

The mrteencs¥t9 IE uwealgrght? 6PERhY %gltn e aper{ure 1s yplca P)gadjustedf (rl é., modulated)

accordingly to achieve a uniform and conform dose distribution.
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a fewsquare mllinmeters (mMmR2) up to a few square
centineters (cm) in area. Both regul ar- shaped and
WO os@si7as - shaped cross-secti ons can be used. FORUSI®®040724
CUBB6] MELh biyE bedrhiktsi A€ y?ﬂ:%ﬂ? motufafed inat redstade dahension,
beam et s/ apertures used. The delivery conplexity
typicallyicit deastiena digesippsrandseyen merg sypiedlivyinithiee dimensions+ Reamlet

modufi{Fn BATRERIPCartEF Tl Hh 3oRRRE W itk of EREADN: DY hag provides
the bedinksgs. AnGefthia ehtodhents thaiafeakidpeof the golyeﬁagetmpfbwh behmlets can
beanl et s/ apertures typically varies froma few

(i
also bg giogplated;ip va%lmer%*a rae%% gmethosds o4 the Rreseat mverat%lutThe
mtensé%/ gg &’etpg%té %ca@ﬂéjn-;g@%ﬂlgteg b?g)v%}’yﬁltx t gcc)jl%l Qﬁt’&e . ?Lfégg% B(%r laser pulse
or by 20f) diffeadno uumbé)@))f pIe&86¢ a d'dimbldamcm:d)ﬁ hmh (Theetotal prgoefluence per

laser w&eeac ﬁzgrkl)ta(ft]lﬂﬁnga %ﬁ;gnp F-Het% lrg'éqlljrrégi F:(l)eﬁ %%Pellnglg)ll {h)gt reaches the laser

target'tr}péﬂﬁ%m g RERMALY BEIhABR; byl Qﬁl%ttﬁglﬁisérﬂa@é‘lc&nﬁguratlon or by
[aperture wll typi ca ave a desired energy

changigabe rangat ipropertitter t o achi eve a uni form and conform

o R75¢ RAFERUL SR B e Lol S 3P Byt R R a desired
presc vglabAe stfprefa Radigdt. €A pRpAILtY Uf ﬁloualate)dmoqwnbngeaapmxﬁ&mlets is
cFuI ated) =~ accordi n]gh%{1 to achieve a uniform
]

PrOVld@rﬁBdé‘éﬁrﬁatﬁeFﬁddégléméﬁ isradiagnge v Phgalip of @wq}mwuc proton

beanﬂ?t%f[”&?ﬁ%%ﬂ a éﬁ Z)ﬁ?\ee dir@tﬁﬁ g%arﬁggsg% Egnéah Cﬁ‘g‘?}@ﬁ] ds &sEribed above, to

give risy po makimjize the dossiwtthd wegetkidegion ovisle rmmdnr—zugradllatlen to surrounding
typically in three dinensions. Beanl et nodulation is

tissues.-ypj cal |y carried out by rotating and positioning of a
SH0s8P! & Mé'ﬂén{bﬂafmeﬁxrt Qe %ﬁneﬁsﬂﬁlapﬁﬁéﬂsﬁ%%odhﬁted proton therapy is
certal n enbodi ments, the intensities of

providedity e teegeed rezgxcprmtamatlblaarin dtese mathods| as;ﬂuﬂahtymfdmglacr@dgy positive

fon beplAER 1 GH0VidtG &) OGRS £y MG B HECH GBI B AU B & modulated i
depth FOStieab ek ;khylembxﬁr@\gdé PeeptRintdui RAnfldaneat 9@ of the depth-
| aser pul se by using different numbers of pul ses,

modulgteddbegmiaty nsamdyﬂat@ﬁ ingdateral Hivectiaptralatipe tst b phliend Frpropise a lateral-
moduflg}g 3%1 1?1P tsa%tdqgg] ar ete%oﬂg% o |14 ?{%dl%&%lrwﬁﬁ( gﬁ@% S %) ﬁfe thF zlfg%rral-modulated

er | tens reac

beaml@ i@ e, pablyntC e g metheddein He&&ﬁfedﬂﬁlt Mﬁhtaﬁ_fySypett)f positive ions, for
changi ng the | aser target confi gur ation, or
example, aﬁg@nﬁgdwﬁ%rovsapg eaTboR- o J Bptei TRethOdsrag Afsol be C@g?qdam with any type of

positi%ﬂg %‘Eggﬁtntﬂﬁﬁ)ﬂr%ey : e@@%oﬂﬂeﬂe?g&c%ﬁﬁn?% gfo%*ded by conventional

prescrTptive dos
synchrcanand opcloopsauredsi asywalf asnmdiydnatgetic positienong ptavoded by laser-

on._beanets is ovi de, and the targeted re
accelqrqt?ia?sawdomlw% SBN R Postenerreti Bl BrUERs gan bemodified

o carfyf St PAPIEAM Ry inE ke FRAMbAHAE (Pfrob it b@ﬁrﬁts%nlﬁ?ga&b%ﬁty. IMPT

I's typically conducted as described above, to give
using cwm@nnma}rmqnmmeeganheomssspmmdehe 3Daegwige in ediichrtheBirageg peak is

scannd’ Rehgbich Lish B hE e R R She B Rert ) cach vonel

can b RAvad 8¢ nifviigahe bAmeRYorledireRfi6tY {£I€ Chdrizoatal 1§y, Q@e{nﬂﬁhg the proton
region in a patient. In these nethods, a plurality of

beam i gsecenddigictionde-gi \ygmcally) and varying the proton energy to modulate the
Bragg peak in the third direction (e.g., the depth). Conventional monoenergetic protons can be

scanned in both lateral directions (horizontal, vertical), for example, by using a rotating gantry.
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ion beanl ets are provided, at |east one of the high
energy positive ion beamets is nodulated in depth
WO edoawswest 0 the patient to provide a dept h- nopot/asmd4/040724
3D scﬁﬁﬁfg &thlglﬁénérgﬁﬁély&f&gé@fc pobigive §dts Nfor BR&HpIB 1 K- %@@zﬁécﬁsoumes is
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protorl¥k Reliss canventiofaprotens. Otthivirédard tive dapiiescahnip@sédhini@es of the
ions, for exanple protons, deuterons, or carbon.

present satipneiblescanyentianabpigtons &¢ be weddn proxiding BMF Tt v pe of
v I
DR RS5OSR BIRTPA s o s
are cufigibhtredtedousisncbnyyoti@tat e:vﬂem@ll,treaﬁsnadﬁ)ﬂlemﬁiyv sudgery. For example, and
pol yener get.i c 05|t|vg i ons. provided by |

numbefof SERIMENE§iesoliMors, @ PH- SHLrAEOf HpeRs SaR Pe sfted, including
mahgﬁ%’i‘@e‘e”%ﬂ&% Q£ %H'ﬂs Eé}ﬁgﬁ hides can be nodified to
carry out ng the treatnent head to
pt®P0HeThe awtlmianﬁ thwg:r@aplabwmtioy canh bMBJ be asuenged to heavier high
Cc @ventl naI nonoener EP sour c {¥ L ﬁ
enere, BUHGIEAT PRSTRE G- HE B 430 BEator Samei AR irofnPrghon ions.
AccorBgly, 1Pee@lairPdmbitBments @81 m¥Bbd BEproSRiilNA pakitiiSioBraBtion dose
peak through each voxel can be achieved by noving the
compiigs thertens ot prayviding a plurdlity Cé pelyenangaticrasttiyejign beamlets, and
modu AP eI REBECHARNRER TR, SREANEINE LIEIARR o5 B 10

de51ret1 ﬁese (Bﬁtﬂ@@tld)ﬁ(&%ld:mcatnhﬁ dither phydichb@’ibl@lﬂgl(c&ll;gequlﬁdl&t dose depending
h) . Conventional nonoenergeti c protons. can he
on thestaeaﬂﬂ% desiehet Harnpg FaviregneRisk tp&rférgeh@rh%wﬁanudmal and lateral

d1rect1\5§§ F%ﬁ%é% 8%%1%63@‘% / Ugdul%iﬂ%%o%z t ta?(@)%a%ﬁ%%{%ﬁptwe dose to a

targetdfd gpioanes bglyl lpuditpdivet get Jaterg dsiettions relatnm toftbe bwmim[sl @s protons are
ser.-.accel erat ed sources, éﬁ & Eera@ y use,
a tYPe BOF YIRS QUnGT POBiLYE oD ateelsrple &Y 85Ty v} éfP‘GEHY have
similaPERARtdds¥ic¥hd ﬂi}o RS Bk cepRHRLIhEY @Fe%aﬁ%@ﬁrﬁf‘tﬁere?&g &Rt Reronger
scanni ng nmethod can be carried out using bot
magndtigdieldsdn ¢l paracle gelegiontand dearn cobinhation dcvmve Atcc@dmlgly, the planning

ratons e ept h scann chni.ques
and o reaehl Soss OIS FrthFel ShsTELRN Bt eBE ABHENE Fons other
than ptdlomsewlisichlly Peaté i) ot Mifililar [R&EB&s akliesdRibed BBtein. Typically,
i nvention can be used in the treatnment of all types of
polyengirgesig positive ians oges thanmiretany yre prevadedyusing any one of a variety of laser

- o] r : .
s EARUERKIREs AAHSERTh P ERTLEFAURE B PRUAH BT i an
perha;tsm‘ei‘tamﬂb)hcﬁpeﬁfects}issbdmed svithdieatier :itbma,t thel methodk vfloptgmizing and
cmali nant (i cancerous) a Il as benign, tunors.

me@i °“§‘H%P?Péff‘1?éd’§r%l? a&ﬂﬁﬁ%@&@ﬁ%@ﬁe TOrRISTPOFHVE isal so
EXAﬂﬁnjﬁgended to heavier high energy polyenergetic

positive ions other than protons, for exanple,

dEﬁOB&} ofhbe exarxr;dcsbdmcmlmulshelovAmmmsdntmgl D mcvdurbaimmpmmzatlon for

nts the .nmet rovi e

providiils BRI RrGREPILS e o SenBASELILRE B SRERIGH I agTabtate tamor. tn
these éﬂaﬁfp@és‘ th¥ eﬁérﬁpq’i HRbREEKIeA ®aHidvetRe SOBPXRABAAIRamARnd then the

nmodul ati n yenergetic positive ion beanlets,
intensigp @r@tmnzerdeofmadu n@duh@dgwe@@kt FG aphiave dgse ¢udonmity (@os e uniform
rescdtlstrlbgtlon (which can be either physical or
p rB’gFgﬁﬁ al ly equival ent dose depending . on the

treatnment design or planning requirenents) to a target

in both longitudinal and | atera
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directions relative to the beam ets. The nodul ati ng
gives rise to a desired prescriptive dose to a
WO asoges®as regi on in both |ongitudinal and | at epel/us2004/040724

d[mm} | gRgrgyahaduMtioh RalclimtidaamAgasticldm qIIQPITIS Baideall, &t al.,
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1985 bé a 'F

b Bhysigsad b omupier Simpiaden’}, MaGrew-Hidi Bagkdrompany, Singapore)
simulzﬁﬂ)%rcgﬁé gz[n tLl %(z ?gﬁrgpfeo%lg%s&fﬁgg @Tod;rpzﬁtet Bp %OQI fo determine the

eavi er an urre strong
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and thg imppertDSE og@grgmeprsthd, pgticshiects srakgiagplyer mppghods typlcally difficult to

prov1cféoal %@FP Qeld étxeﬁ of gagé/ lhs‘?ﬁhsmfétrmons t'f'ﬁ@% QBIQIT&%OWU') this case is an

y us or simlar,
effectldesmm wladh bar shed li g]ﬁycpn thalcbyplicaed m@bmeif |laseppl=asma wvigeraction.
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wei ght and perhaps certain toxicity ef

, “Edeptrovifeceldrapipn by kehoit Relaivistis Lasdwé’ds@tahdmfrom of Solid Targets”,

timz S provi ded herein
Phys. % e 308370 5781 PR UoBEF s o8 SEseafial b of plasma
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o LATARLS) THEB g B, A DR piins

showsahat thdprotdnis@each rstaﬂbﬁary)(nd)tstimﬂaﬂepmd@ﬂ) diftribatién (enehglyasrglar) and
move ngg%gltpgéqowggtglsg\\éet ghezsjec{:y%?lggggfp glglgs the lgw li)rgcl)t]:)r? rerrrr;lttance
shieldf gEfC otef Feﬂ:/ e QA g%hlkﬁgﬁn%}w@@ %GDG ﬂTBQiHE @hieQ¥bnabl Iy hxgh values for the

particle in cel (Birdsafll
emlttaate Tlie%@plai‘ &lsaﬁmloﬁlmj pront@nswxhlbﬁe dmﬂpeaadsmmh éﬂpeods Qn the energy.

The gf{pgﬁal Brgngl lésleslaclégaoalg fl’éﬁ]ngl%)ﬁg; ggg'ac&gé%‘)ic(cglg ?Aam s . e more they are

emﬁte&@%)e f‘bﬁvaﬁl&m&mdﬁe mﬁeme g%ﬁéc’@ﬁﬁﬂ SMaceélerhtdd ;&Btoﬂw&hmg out of the
laser with a solid high-density f . Dinensionality

foil regfmhlerca grasishesmal distribubien.,i asgingtfenme dﬂe@patmﬁm inherapgeaaens electrostatic

etlc effec tical nethods typically
field ng i thCh accglgrapa%%e&ga)&ét ail ed description of

I ﬁmsB} piras depth Absy distiibafien caldidatéd Gsifg thid Glet®@iimisRowihg high
case is an effective tool, which can shed |I%ht on
entrang, dosecing Ithelans tpilsr which oulst seemstermakiedimpastiblerta asq lgper-accelerated

ot BT T 0k s L oy e Bion sy cn

be used|te cdshayst the ewergy epedtrom afhacdeated mmtans toryleld thec®0BByequired in

t he. hi intensity | ase chenkov ,. et. [ . )
proton B iBPY BIEraRY o SRLPHE PTG L A a4t AP defetibpdirintemational
App]u?a‘ﬁloﬁ NAPCHNESsId0ani17081 S@hgrﬁﬂé}gg beyeneréam’ﬁn SBR¥tion Systems, Ion

., 2000, 570-573; Fourkal . Over a

Beam ﬂ"élr:rapgj Systemeyandabn Beam TrtatplentsGenters’ r,é"qubmylmml 2604, the entirety

of whih&: BraeSre SRRk R SaPh s RAICTHBBERHE (e 1o% parice

select®R\BVidt i RRicRaSmadietli¢! ﬂhl’dgs tm:a tb §§:ﬁfallz ldé;sﬂ@atb ?ﬂ%r’& aB6kding to their
intensity, and the plasma foil thickness. | ate

energy amﬁbangyhaa msggbutlg»@s éy s%r@gle tspatiah dispiution o6 therpretens is such that the
lower %ne y ?51118[(% Fbs gl‘é’?:ttegl g@ére tgle%lgt{a%e? %?/e 54 Zl?)%@ th%tc%frz? rz}&{syand as the

1 on
protoréiidrgy increases the spatial deflection decreases. Once such separation is achieved, an
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nove in a formation together with the electrons. This
preserves the | ow proton emttance, shielding proton
wa@pas@sThar ge, whi ch ot herwi se woul d provi de PCT/US2004/040724
apertubdlis @ %hls)éd b @fecy Blodgis Wil a tdi@ire@Bdrg peieetrurhN®ue to a relatively
angu tribution of protons exhibits the spread
broad muéw cb%,tpbwa@ ofrihe preclerasedyprotony KEOr gneangnergy saree).ghere typically
will b& Hgé]antahx%)%l ggf &I@I&%ﬁeﬁerg gx%‘te tn?é gltes}% %ﬁ‘%ﬁélﬁ{h@élﬁ%gnetlc field (low-

energ)dplfo&ﬁlts Ivﬁll goTbl meaeglbgs/wﬁaeqher M@Iehe@g@eheieataea apd 9iceNersa). To
foil resenbl es a quasithernal

limit talisﬁffv‘?tbm I"é)thal caIlI%sqﬂﬁg dFYIS%StIHIéOdéI?SfH 1pR, with eI HBR RIS PgS to the
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ccoref ALl ' EL R b e gy
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Inter icatian No. S2004/ 017081
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presende athIéﬂé@@)Spféﬁs effer matifies! the dﬁﬁﬁ ﬂb% @aﬁm&deﬁeﬂif a’fe‘isgy
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moduIaﬁ%?qI@#m% By arréff‘@tr tecdepthedase furves %II b"a“ﬁl 1@88§9§Péﬁhloff beyond
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E., et 8 PRGTRARLLHON ﬁﬁﬁ%@r-%c%fe?ﬁ@@ﬁro?&%exfab? ReakiBRite §ﬁﬁ§"alMed Phys.,
axis, and as the proton energy Increases the spati
2003, de60- é@)tl on decreases. Once such separation is
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S ﬁ%f*&@%%ﬁ*?@ﬁg G0 EMEK IE 1 OR bl alng BIRERiven beamlet
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.. S i.al m Xi of different, e rotons.ongce t i
axis), R GG e it 60T Bl ef g i iafd Form the patent
CT da¥¥, hte 8&ri&.t he regi ons where the high-energy particles

are, and vice versa). To limt this effect, an

| [IIOPShI 2c aht geemetnal singiof éhd tergentin dbudepth digdgtion determines the

protorctd s BRAEED cbflerdb s M PR oPhiowipns topagiugn enerey
range,on¥ icBig C@flflﬂé dHeonG ghty Porcaath yhdividhdl paiy‘éﬁetgethﬁ)dafrﬂétemth the
(the smaller the initial collimtor opening t
assumﬁawr Bméﬂlet\mgm perethe begnplet W’é’é}he CARELYi AStEYHLQE \Wéh:h gives the effective
P#n: I t he proton energy
Bragg}?@% ? f%ga‘;l]’é (f(égﬂ@wsé’e? Sy%?%a y no | onger
nﬂme&hr Bnéince thebudiglita arecknopmethe paston ekrpy distribution N(E) that will
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er characteristic nerg|
N (EYY £ ONrotdf ot deflected as nuch in
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nodul ati on cal cul ations. As a result, the depth dose

curves wll have less sharp falloff beyond the

webdsosiee Bragg peak as corrpared to the ideal PCEHES200§/040724
nonoener getic protonsy é\g\n 8: )the ener gy o
nodul ati on cal cul ati ong o be nodified for

each individual beanl et of the gl ven portal. The
wherefipdaxdvipigthprugh degenergies ofshel polaemqﬁget@rmp@y beeyaletsaraeded to cover the
[ al, E, et al., "Particle
areao{; tergﬁt?% &pﬁ] élFe%géllrﬁ accel erat ed proton t her apy
f EROTDi i MYie abordysteps Medrepbiydior eadindividiabBearflgt with coordinates
[0094] 1. The portal of interest is divided into
(X, ysm;fr fehrspastalpusgh e heplannings d2ndedhe BEBY energy spectrugmfer each
ray tracing programis used to check if the
beamlﬁtrlé%lﬁglawéi ib Hgtshg 1n e entg Codl deg'aqﬂl%‘ﬂau%a& t'ewafa@aatlem
target. If so, the beam et coordinate (x, y) and
e thickness of the target (z- axis), which is
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het er. |t|e deriyved formt atient . CT ar e
inciden G Ra oG IesEy g SRR HFT BF Jurfief a0 rd s
correspbitisttd ﬂledﬁlféféi' HbthBetdrdbYind@ LRGSR (1 NEeThPAbRIfe @8 Sﬁ’each

range required to cover it. Using the depth dose

individyad wenghmhm@la‘t‘ti toahgplu@wabméﬁlgyl asgogiagpd, wisththe @afwal energy
modu%? 5@ r[Protcess I {l}vﬁgeste% Eg'n Sygteﬂp?’?@ené ﬂ%%#ﬁitlog%%ﬁggl@eqeﬁ%y either

using heaparete whode deomeaitashgye Wicstrelatudito die, wailhts h»r By vsiag hlBt, which can
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given ahapy Cbevdlangdie we@h&tp&httdheremgy) dis(rfbmtions fogieshnindividual

polyener%%c%vp&%lgﬁg)?@ﬁg l}%ﬁ!}@t@&(%ﬁ{%ﬁ%ﬁ@ VI Hglﬁg;] ea?rgy%lstnbutlon that

will dBRleY BRSSP k&t E’é Qﬁ‘tal? Ez)ﬁ &1ﬁleﬂéléfﬁandzl§ea}9&t size is obtained. This
2005/ 057738 PCI/ 52004 0407 4 NE) = ZW. (BN (E) (1)
energyhigtributionl difeirs frmmsthathtahu@tcdmsmgenem@hegem ptokan beams (for which the

I ——

with eAbQ1S b‘éy&faisthafeeasmmed ®th fiey w@igﬁda wn@h vs @pﬁhnpsant&tconsequence
wi th coordi nates (xi, Vy;) of ortals used

of the mntlalr@gphaaﬁﬁtnbgltlomnﬁ@etah@@@m P@’G@I?Sg)F Is?pé f) sk s e energy
dlstnbﬁgg{{' forg)?gtmnse fyith P&r?ét&%tﬁte%grgly df 1'66 I\}I'eg\? gn# Eh&%}?sﬂ}@ﬁt& 14 MeV at

ose ca I ons

FWHME catedlatgd uéxﬁ@%ﬂ propesed lﬁécgymmydairﬂbr mnnﬁmia&apempé bpemmg of 0.6
for protons uses a formylation in whic i NCi

degreeﬁaﬂﬂlﬁ@rﬁemerq e P¥iFR Paticlehdp e 4iptgantEen WH% l@aﬁl falesf S&l@@réose fall off
beyong El% ﬁr@ggpfeﬁlg b FeR29lFthe ?ﬁuﬁ?&?mﬁ alifl ltl'ﬁf%l? BFthEBrage

utlo Ined 1 n Equation
peak. ﬂ?iiwmtmﬂuceashne imoduhatico &l thwalghltatwm otihe rv\e:hmsembeded fdrehe proton
SOBPDmBEquatlon H? t Pogthgrswsfgr Is at g_‘ gvel ts caicu?atedC \Esgjr?gl thg rp‘)glrygl){ergetic protons

that the proposed selection system generates are different from those calculated using

geomét

monoenergetic particles.

[0099] Monte Carlo Calculations. Monte Carlo techniques have been employed for
both direct and inverse calculations of the dose deposited in a patient by both the proton and
photon beams. MCDOSE (Ma, C.-M, et al. “A Monte Carlo dose calculation tool for

radiotherapy treatment planning”, Phys. Med. Biol., 2002, 1671-89) Monte Carlo code was used
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. put tthe initial values for x and r and
beamsc beane mgegic end ofientatimmenember of beamlets, etc. This is also the stage at which the
proton energy spectra (for each beamlet) needed for SOBP are precalculated using Equation (1).

[0108] 2. Optimization. In this stage, the dose-deposition matrix together with the
target dose and various constraints are used as an input for the calculation of the optimal weights
of each individual beamlet (intensity profiles).

[0109] 3. Post-optimization. In this stage, the optimized beamlets weights distribution
is used in the final dose calculation and the plan is evaluated using isodose displays and dose-
volume histograms.

[0110] Results. Two different prostate cases have been studied for the potential use of
laser-accelerated protons in intensity-modulated therapy. The basic data consisted of a 80 slice
CT study (image matrix per slice 512x512, pixel size 0.95 mm, slice separation 3 mm). The

target volume (CTV) as well as four neighboring critical structures were defined (rectum,
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complications arising from the overdosing of the rectum.

[0113] The second plan represents a comparative study using two-field (parallel-
opposed arrangement) and three-field IMPT (parallel-opposed and anterior fields) on one hand,
and 7-field photon IMRT on the other as applied to a second prostate case. The optimization

parameters used in the calculations are given in Table (2).
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both a%&b&iﬂrﬂbt@dﬁ&rﬁﬁ&oﬂw&ﬁm the ta}'@ﬂ lafd é@hlﬁcaﬂgpkﬂﬂlg of the surrounding
2005/ 057738, PCT/ US2004/ 040724 . Tabl e 2:
healthpgiggies.i bhis signifins dheprssibi¥ 65 uting a gy tgd mymbey of ports to generate

clinically acceptable plans, which would lead to a significant reduction of treatment time without

Ia)

compromising the dosimetric requirements on the target and critical structures. The small
number of fields can inherently lead to a better sparing of critical structures, since the given field
arrangement can simply avoid some critical structures (e.g., parallel-opposed beam arrangement
for prostate cases avoids the rectum and the bladder, but goes through the femoral heads), thus
minimizing the dose deposited in them, but on the other hand the target dose homogeneity is
somewhat compromised in intensity modulated radiation therapy using photons with a smaller
number of fields. In other words, in order to achieve both a desired prescriptive target dose
distribution and desirable sparing of the healthy tissues, one needs to use rather large number of
fields (six or more) in photon IMRT, but can achieve a superior dose distribution using fewer
fields with IMPT. Energy modulation of protons that allows for a precise dose conformity
(geometric as well as dosimetric) along the target’s depth dimension is very difficult, if not

impossible, to achieve with photons.
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each volune of interest for the second case study.
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which% ﬁ[y epn%ﬂ) m{o&}[lg gﬁt1%?§t?ucgl9rg%%%gﬁ1r (;s%ﬁ 31 cus§’8 }’Pﬂﬁé next section).

romse In 1 ntensi 1 on era
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er words, in order to achieve both a desired
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field technique as compared to the parallel-opposed arrangement.

[0116] The mean (integral) dose to the normal tissues (tissue other than target and
critical structures) and critical structures is an important issue in radiation therapy since it is
related to the normal tissue complication probability as well as to the possibility of induction of
secondary malignancies. The use of particle modalities (protons, other heavy ions) with a
superior depth dose characteristics to that of photons remains the only way to reduce the normal
tissue dose even when compared to state of the art optimization techniques (Lomax 1999c). In
Tables (3)-(5), the mean doses to the nontarget normal tissues and critical structures for both IM
particle modalities are shown. Both the normal tissue and critical structure mean doses are
higher for photon beams.

Table 3: Mean dose to all normal tissues (Gy) for
different particle modalities.

| Particle modality [Case 1] Case 2 |

-31 -



(geonetric as well as dosinetric) along the target's
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mONOSIREREHE PFHPAS &_he@resm@tmrgﬁse f«mﬁe ELFUS Ga%efxph@ﬁ% F%agﬁ@gﬁts for the

critica% ﬂ%tﬁr@@aﬂ ﬂefa!ti@@émﬁ&rflgﬁgé Hsrs_ﬁgtng&’ f?ﬁlf‘vélﬁﬁ@s f SEHES i opfimization

e next section). e critical structure DVHs for
proceduiraare 2hes $rove @lusedin the pBO6s-phdtomE-freddiomnpayatief stydyeand are shown in

table (E&é‘ﬁ&rﬁ%ﬁ%&iﬁg%{: Ejgg islgt qlgtf)ﬁ%%f?e& F'lg (%grethle ?’)ﬁ}, reuc%tixrrrll,golgdder and
both féR&aPhdAA aRRAEWR th FPGSABORY) AR )in hRIVidRs @RS tHDRHstwere normalized
over that with the three-field technique, stenm ng

so thaff 95 affike GEYsreolnime redeseidiig @Y. FHe. (82 shawd thatabielssodésgrine

distribfl:lgigrz f%itﬁ%ﬁﬁﬁ%égggﬁnnotgg%rgg&c grfé)goﬁg %ghlggse ?%ggv\é/ﬁ_g hllcg%rer dose gradients
(line c&hpkEtighEhaihat i IMPTERsed 68 ladert ReE181 aHdEPra®NS.O AP Bic&lme time,
to the parallel- oggosed arrangenment. [0116] The mean

both IViPt mgdalities diskied pbmess identeatd] T\ dessisexerpgs wihd 26 Hese

inhomtoggnre]:it& %Igt% n%%gene?%%itc'c%@ z%n%t g lnh%ﬂ%lggﬁélf}} t‘éﬂaser-accelerated
SPructures i's an i1nportant i'ssue 1 n radi ath on’t herapy

IMPT SIANCGS thé critical stalchire HWIds &d1ebinsiighely beitsisdége diztrbutions fodthe
probability as wel| as to the possibility of induction

monogyiergelie €8 FARSIstERY Wighisdsadese inepalisen. of particle

i h . e .
AR L PRSP bPREm L (AR L RpLoithdh compsi bcvee
IM protengliases-actederatetlyandaliM photoe dhodelitidsens vaeiinagla compasisen bidween laser-

wh £ th o ;
accele?z\éﬁwg’ﬁ ggg ?}Eega%xjgalstg&émtr?%?ng lglogoeggrtgegg })}ort%nzsaﬁtalvg geen presented

above. These results show the utility of laser-accelerated protons for intensity modulated

radiation therapy. These results also provide quantitative information about the dosimetric

advantages of the disclosed methods. The comparative study between both proton modalities
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Tables (3)-(5), the nmean doses to the nontarget nornal
tissues and critical structures for both IM particle
wor@alhs1ses are shown. Both the normal tissue BEMUS2004/040724

plays %1'[ hddiftGial fhé Hﬁ%lﬁfiﬁg RAIDSHASAS cRdrSctertidl 8f 1ab@acBiBalfR-based
eans. Table 3:

Mean dose to all normal tissues (Gy)
techndlogy todhésedhasise pemventdmal potial adcelestioparethasts e Frasu gpinparing the

sodosg e a0 8 B/ o S Y 294 Sreas’ bR RS s

distribufloAd iR crigieAILutaes f60the siehf 1s6Bf IMBTid @6s€rveﬂD ﬂﬁbmsﬁtgeﬁodulated
Particle nodality Case 1 Case 2 Photons 27.52 28

therapprbesesin mencepergetiGarofaisicelrgyponds ®n l(es? ¢ase ggenarra Blagshpuld give the

best p%g)a Ig?sl%gdlsttglaftl%%s blll"ﬁg Pa%{ t aégeréa% elgllf ra?éazﬂ\f’%;g aﬁé gan generate

rtic rmda

dose d2strit%ions tHho areRoaipari®letto4hdse. u3m@2f1et glofjendipehid pf(ﬁﬁmsah ﬂ)deed quite
[0117] Laser-accelerated | MPT versus the "ideal" case
Surpnigpg.| MPT usi ng nonoenergetic protons. A 7-field

f‘[]deﬂﬂﬂeﬁ?d}ﬁ tl{ecp?ét%n l]_()nggﬁst%é Qede€ "i'tréar) e cﬁﬁtﬂu&’e?letﬂatttﬂe g\q proton

conparative s between the | aser-accel erate
plans i)ﬂUPl'ﬂedlad)etthEI:OIleegd! of:as eargéted Mgiortham the Iivbploetore teghtifge. In

..protons., The pre on doefor t he PTV. o
acitifl, Qi R BiomHE A B8 BT AR Tedton ok ieap gt gp il
structtﬁ@gal{cﬁﬂ(ﬁfhﬂa}/@sshégjé%rsﬁ:@rﬂﬁ@maﬁa‘bﬂéi@eﬂ TRe PILm¥PbR T aPdtructures

interest in the optimzation procedure are the sane

irradiaged mb@mtenmeﬁ@tqm@ tavelsHbrsotd GyX wed aﬂgmﬁmmlwdowwfos pIagn
modalgy sﬁ? 45 Lﬁsyhcg%g levl%ht abl l{gé}g fhlgg?egﬁg%(w%r %%e?n be?&ebe?nst@%vél Dffes of

criticaRBtucted firadeited 1) thb @eshotdTEorSIM oo pl bk s he(r8dud@ibn of\the critical
in previous cases the DVHs were nornalized so that 95

structugg gfeap HesesTerbasly farard addnvasee Mt@)plarmnez lsmbgﬁémthe physical
sovangh o 1 pAOHP N, B DRG0 B Al RS ben

appliedimbotantiglies( [Fonsomoemticas sthan)red haninigoatant torcohiMFHi tbead;(csd to the
on | aser - accel erated protq

ot h
prescribgp-folpigaes feyelde refuce tecposi By Aﬁt@@@ace%wp tab@e same time the
imporfA¥E5AdEh Wbdepddip HQparison to reduction of intermediate doses depends on the

volume effect displayed by all critical structures. For serial organs, the importance of reduction
of the volume irradiated to high dose levels typically overweighs that of reduction of the volume
irradiated to median dose levels. For parallel organs (e.g.,, lungs) on the other hand it is typically
more important to reduce the mean dose to these structures (or reduce the volume irradiated to
medium dose levels) rather than the reduction of the high dose volume. An important example
signifying the confusion concerning the issue of the volume effects is the rectum case. It was
generally believed that the rectum was a serial organ (Burman, C., et al. “Fitting of normal tissue
data to an analytical function”, Int. J. Radiat. Oncol. Biol. Phys., 1991, 123-136; Emami, B., et
al., “Tolerance of normal tissue to therapeutic irradiation, Int. J. Radiat. Oncol. Biol. Phys.,
1991,109-122), but in recent study it has been suggested to be a parallel organ similar in
response to lungs (Nahum, A., “The potential of normal-tissue radiobiology for the physics of
conformal therapy”, Tissue effects in radiotherapy: physics meets biology, Betchworth UK,
1997). Therefore, without a more accurate knowledge of the volume effect in critical structures,

it is difficult to judge the relative importance of critical structure DVHs. As a result of this
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I nhonogeneity for the nonoenergetic case and 14.5 %
dose i nhonogeneity for |aser-accelerated |MT. Al of
WO b@5067788 cal structure DVHs exhibit slightly bBerAsz004/040724
uncer@RePit N &slrhthibtd RA8cd BE niddfum TPRER Q?ﬂﬂ%gﬂ:d&s@§ th all critical structures.
consi stent with the isodose line pattern. [0118]
As sh®vs berssi, thms g beézcttblt ahicVhé threwghl the ublizatiosaf nvemmzatlon techniques °

| M pr ot
forprfipg BEi e B MRP ol Ssid H PGt modal i i es as wel |

a 1@0P0ma;ﬂén$i@ﬁed0@4rmeané APEdt of HeGReRhBIN@ent MMAT tepdvide the
the i deal case of | MPT using rmnoenegcgetl C protons

dos1mhtawhbr@etﬁn§nq§§é padiationgherapy plihteampused threnghibousered the physical
of I Fof on I
propelﬁzgfj uf fé"i%{eé GacF Fefdlp?&%ﬁ%er gér% 0%1 Og.l ?)1(; Sh%l e%fx{]s}s efn. The
dosimBtrie\thai@ctgt aitsi ldf el d&lpuﬁ@lmtdr@ fypadatly tfuﬁdﬁ@nd@ﬁﬂhmtﬁhﬁc physical
advant ages of the disclosed nmethods. The conparativ
propessics gl PaEE GBI f FICENOPERBHRY aNgIaE distripptippy that depend on the
S
e BESBARIATE BTN ISLIARE Bkt 008 80 e
scatteti@gfor cmhemaﬂlpm’teﬂn beaok). The luse]i—amyletaned IbroB;ms thmtngu:me of the
conventi onal prot @g accel erati on nmet hods

particlg SRS S eRLPIcalBOE omee e PIeBth ¥ BRD 1596 sy e fall oft

of the tdaﬁa Bl¥n@ N Bhg@pskatwitht beilibabid vy Q%Eutti%[llag %@ry of operation, it
distrifbutions Th critical structures for the id

is belieesighafthis milbdusemwrme@latmmtemm final mbdmrml@diose ﬁl@iﬂ@pyon

based, on nonoenergeti c.. roton rres Jbest
peraigd 2 55 0 SaERREOH REPREIRAS PRt SRRl el dose

dieaR1] bBbilodses cﬂﬁadé@atabbwlelha@srsu;a:el@etaegatdage &ﬂ%ﬁa@e and sparing

| MPT pl ans can generate dose distributions that are
of the ggtigrd stptares foreion baamngThniargeh poyermeede thecfint ¢ue pydy gevealed a
some\*élﬁhgﬁgtgergi#({ l?omg‘ églrt}é ?Ah d(%/gg ,[bg:hgegérg@'ngcga}élgﬁg h the %Frgfhm%mber of fields
(7 field hﬁmh@dnﬁﬂh@tc@ﬁr thelsams figldoartahgementifet Iblmtomoﬁékdgldaomﬁmg ahgles were

targeted region than the | M photon chni que
used i adr sl AtraRgeaent SHOHatiRA 90 e Ph3y2 é? 0 ends? lérﬂesreeamthe plane

of ganhg%ﬁpbma?fs ggﬁ%ﬂdfiﬁﬁ?% fne Hnbtn? Al o hd f)é:tﬁeet*ﬁ@ss Bld%esults of the

t1ssu as seen fro b vol umes o
case studiy 2i wladre therdost boresgeneity &uti Qatrenbntfmld meangntrentrmdlcatbethat the
| ev ower

small S RETBR SRS TEyoA0AP 85 BiERe PEEITRBR gy BTN Mpgytiy. Thisis
somewhdt EQIRAGRUIRE tERN eMFINYE e et WY MRE teRhniqedsiih WAAdh an excellent

structures irradiated by the I M photon or | M proton
target pow&e CcBn e aehigead thrpugh theneseof thei lager nymbaered dieldsprdgrinderstand

this, ag? Wt%gﬁt?r)eglgt tOrl].l{lf ry\é’ﬁgjlg }llalr 91\/8 ogrgr%{lg?s ?Ihalggalmgl?%&ts the three

dimeneioasl mieasighnd(ﬂmﬁt&nea"stappﬁ&mise@acbewmed peotensSs fiathepedtidated.
have been applied in both studies. For sone critical

Protonstherapy GBe Viewed as apBYensHy mogubabadiiormof Fdieierapy emenqéing from the
possitii§ 2 %@ﬁﬂmkﬁ’ b?{h%@@‘aai ,grléﬁ‘dn énfr ggét‘%ﬁ‘uﬁ 0% achfve 'SOIBB. 14

I cati ons npor t ance
convenfioral giotahotherappanngegshifiters argpaed sxobtdin Sm’ﬂn CTlIleOlngbénergy
i nternedj ate doses depends on the ol ef f ect
polyermr%%aca?@&vsgp%ef cSHipR Syeap thef Farthe sed Withdpscaselgrated protons
achievel SRName itk vy TRAH AR ané?ifc ffeﬁijﬂéc‘r%lﬁﬂl th@fmﬁ&lj)réftgh @Hﬁgy spectrum. In
irradiated to hi dose levels typically overweig
the thieh dtm@fsmnebmtﬁnslommﬂuhahel pebaription] the gieatped it subdeddeininto small

areas &gse}etsﬁaﬁaosf?qs rﬁg;a}{ﬁatgaﬂe ﬁfg}'ent 6<l=,|z’{rs’nle(tse traverse CllHQI%%? pa?’tr; otf rt]qee targeted

region with various targeted region thicknesses leading to different energy spectra required to
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nore inportant to reduce the nean dose to these
structures (or reduce the volune irradiated to nedium
waoees/bEgel s) rather than the reduction of thepd/gh2004/040724
give SO MYhEFRrordY) theRRh 5]?9&1(38?8@'59& »ﬁﬂlgﬁ?b(ﬁdébrt‘)gaﬁ‘nfé?s with different
confusi on concerning the 1ssue’o he 'vol une effects
energy spetta coreclatadritacths eorresponding tayected edgllqn thiwknesses Dttmh dose
0

s e A S0t A o ey st
and the ll’l@i(ght 61’{1}1@ 1rld'i‘¢1dua1 beﬁﬁﬁ't @tS|OB@‘ CPie: deBbét!the B34S part é%é targeted

0; B. , "Tol erance of nor nal
reglontls slmjewmthf: labsrcrhpté maluc Of theaPBP ok be.| whis typicathygitemns from the higher

e B e i B oSl BHER B Bl RSl . 0.

an exaple,FIG. (N a) KRSPOASerenOspreddsut (H}@égl{b'aakﬁcalcu'lﬁ'th@ using corresponding
potential of norrral-tlssue radi obi ol ogy for the

protorpgngegycspeesfa showtirin A (tlbdr Zpgee enqr»gwwgnl@ftm@é{%btmﬂed ongmally from

Ot TR v

provideidy\iod H]@smfuizm@hs)l were caltula@l foit individuabbeamlets in the IM calculatlons
iffjcult to | e the relati i mportance of criti
and refef b (e honLrey Agread PR e sHPRIon 8 Boeed s¥ige The
absolUtHéi Bﬁ%@%ﬂé%@%@&al 50@?‘1& aifﬂztréht' \tvhlbﬁ w%fd &Rty %ad to an
reduce the medi um as wel i gh doses in al
undesigatil¢ dosl dlsnbmmw@k.mn theﬂt@rgstmd\mglhe r Hi theretweirg ne anu@é structures

er ach eved t | zat.i
presenfyihe RPUREAI Biecrirgnod “ray T obERoisBhaEoD REhealriougiehes e
wouldt18£1 te3ghdy deditelpRdseniftive dbbe MlithAStheRabéted estica(thd @mmlzed weight
one aspect of the present invention Is to provide the

distribygen wepld ke ph hag th@rhegh.t ekeash indiidgali hsamiei s SQBP poaldsbe the
C t |
same)s ARG HODRE 58y Bl 1 BALSLBL en P REShown
FIG. tih¢)pelaeprovidas sylsshﬁmpr&bﬁpmcmmaerhé weiphanaet ebiabieddy simple
of the conmputed plans are typical I%‘afuncti ons of

he
normalizatiqnyf eecfpﬁsdsw@@ SO&Po‘Bé'Pitt cegewpn et meé:os%ra&%ofl the most deeply
m angul ar di stribution) that
locategg)ogr ogﬂ%[tﬁﬁe@e%ggtg 1og's of producing the clinically
accept Abbke & Bemnlétevgghts dpuibutionmaéded to ebmirsa gased ve
scat t epiengigtioe do@nvent i onal proton beans). The
| aser - accel er at ed—pratons—ecomng—aut—et— he particle
sel ection system fynj gwﬂ}_ﬂa_v.esﬁfégﬁner gy spread,
which leads to alless sharp falll off0 of{the dose
beyond the Bragg |peak. W thout |bei B@8boupd by a
particul ar theory of op&ation,| it0.68s believed that
this introduces slome nodul ation toQisge f| nal
i n-phantom dose distribution pertaining to the

paraneters of this particular accel eration and
sH132} i The pestrmd of LOtical ptrdouides typsedly voHsntdedueel serbomedulation into

e find}BiandtofBRRET Bl rted Pl B fosg Y s A B8 that e

targetéBre@Rin oS BEcRaRs ldds hBRofdnestis. CAWRBotbetht Hd%\ﬂ& ibty Qfy Particular theory
somewhat better dose honobgeneity achi eved

of OPqQatmomlbm%rsm b whipiéhd 248 @eotmu ﬂb@rar@ngm@ltd@ cas@?studw& pielded a
betterg1 %Qﬁge e}a V ‘i\bﬁ 8%@"5% rlugntzlgz{rgﬁ]eq—e 'igﬁgged ngrfa se(fodld prostate

use

case s@il’éﬁm@@éﬁtﬁﬁl aﬁdklﬁﬁﬂl@dde@ but 9éks M&ctlﬁthr&igﬁx th@ Bight ahd0he Rftdemoral
215 degrees in the Iane of gantry rotatign that is

heads, &y gapaltcaf|this fiek! wgﬁn@methp ﬁumtz%ﬁ heamlessthapge through the rectum
The results of the case study 2 where the dose
honogeneity for 2 proton field arrangenent indicates
that the 35




smal |l er nunber of fields can lead to a better coverage
of the target for proton nodality. This is sonmewhat
waeewseTBst ui tive to conventional understandi nBCTAUSIW/040724
and th%ﬁﬁaﬁﬁ s':‘rghl'PL g at?\?é ézlsf Qﬁthsf:lcﬁﬁﬂ%f cSRUaInAISh tﬁ@{é critical
e ac i eve rou the larger nunber of
structuresdmisthe ﬂéngm@egmanme (tmirmzatmmbrmddhmjt bei ng bound

CHaBB B R Pl ek ik ey s aDR e B & Aisg hegy(case
study %Pe)dhﬁﬁ@rrel@ﬁ@&& RighidRGe BELRYsREB b%tﬂ feridifirmegds) CTHEabReknce dose to

oton therapy can be viewed as an intensity nodul ated
these stoxctresfadopigid at Fex &pgsedPrmnen Cangerf Plukadelphia, BAs i5isbEh thayno more than

10% G el BB ki e iob S RL PP ORG e PRSI & 74 oy
and prédtiriptiBh feghnentWwI QWG J/fa&iingl mhmraﬂl’fé@d s RMCEEY2 show that only
yenergetic EOSI tive ion selection systemthat can

0.28 %Beaf thedlgftugmeral beadrand dede e phithe dight e gees1ving Hicalpaghigher than 50 Gy,
which; 1§1wﬂl gilﬁxgr} @% 6?] eré‘ﬁ%’r fi‘eg//gz glglg%er r%%ﬂ{s% % tio%nre %EH&ILS%& ngt intensity

moduldied®RGbAén anfisBated pyovidekxcalldn® Faditidmahérppy plans WhB a small number
i 1& en port is subdivided into small areas (bean
oI 11e

S) .
othsrexagidluaihsr AGfields aeaded feprnerdasm atcspigp S\Pé%wpends on the target
i I
volumtg,a lfrt{} &la @Bncpﬁlf;%tﬁ)nt E] 1£t etég[ég@zfl gggctﬁl%gj gﬁtd‘mft? 2 r\)\)éﬁer AHOUR of angles for
incommgeﬁicg(ys (SlmE:IItd By thecgﬂclomethct ayoidaBée WIhQ 006D Stricd@res), this can be
Pgr/ 382004/ 040724 give SOBP. In other words, the
accomplished | ¢ sel ection systemwi |l produce beamets with
dig124] eThe 1rﬁﬂ51€ﬁ19ﬂ(ta§&?81t infen§iey 6t Ak&Gor @n tHRQlirection perpendicular to
correspondi ng targeted regi on thicknesses. Depth dose
the pretos bcaﬂm prdpepaticnateshhiguesdforpiote thorapy caipalse bepwyitediby vaing an

1ntell?%?1 hSF %ff o({llﬁ,?ggrtoﬁc%] | thgfme geglhv%%/ g{pegt “ by 1st$lP1 oﬁgvgiggu?resomng to

the tinfd€n@isinglopBgfizatidh pfr&&dﬁx@g gBidAndivRBiaPheahdet! SWReil VA be
t he absolute val ue of the SOBP will be. This typically

calculafed yeing therabsolaterieighé of therxOBT s ﬁﬁld@ﬁaxgymekyﬁ@smmﬁscnptwe dose

in the H}%t&?%%olﬂt gs\%?]ga%né )r(lgﬁlp Qe {hlﬂ_(zl&yé ?l{ﬂ% @&g&r&(ﬁg’% &E@gﬁ? the wise
chowéicliﬂ[ﬁ)&chn(gle.b) Bragg peaks cal cul ated using correspondi ng
proton energy spectra shown in FIG Sﬁﬂ %}“IP?The

eH’éﬂab AnSRFTesting e rebiRdde heth Geesys ofh the ritical structures
irradla?}cgigtﬁgftl @gdﬁsgs t %%&Eﬁﬁ@t (69 the YolFRds cjﬁ’ e REwR! MRS bhaﬁ%%/rh?radi ated to

initial conditions provid
the dosésenf A5 GysamiLiighdr dosprotenrand phbtou listeesityfroodul ated p]adsua‘c almost the

ets.in the IMcalculations. and. refl ect . .
same. RGP s R DY AP EREF FGriAg: Gereisep Biind this similariy
seemsY BE &R HeTPOS 80 rBPE Wifhpartd BEthedBG MBI RideLitahAre QlljaBHi o the

i ndividual SOBP is different, which would eventually

posterjastatiterior pertionnfithsitargbled refiere Hhesentinaatiasrconditionsugeddor both
d r.e n her [ r
cases FL R e fERRSE Bioni by TorPAE RO R b RTYa N Gt ibftpare of e
bladd@u@&uﬂltﬁétrdvbﬂip With &fe PP R RIve\pRésgRptor dak, wmuh@lsebma@y
hly desired prescriptive dose within

indepardeict Ghe PoGeIB ARG Jes fdedd akorglabon BE@ieen ed? ¥Hs for ritical
struct B0l H6oe P fhe' BE el REIOF | B refict AT S UG e critcal
structirbeiriuei agddt todhi gt dasbsitvilbrend os redeanthe desenotshme pertipn of the targeted

t h Fl G 1 t hat id
regwrﬁ@glfmé&@ﬁ?rég'c qssgrse‘}éb%lag@ srﬁﬁgomggvﬁoggmé'r@ge@@amﬁé@wus dose
(e, abrﬁ%lﬁ& ARdifed ﬂ?&%ﬂﬁ!ﬁ@@&sbﬂ% tRe ta?g'l:@éli ﬂeEQh\UnQH@Bthécﬁ dtléjiichieved at the

t“corresponding to the coverage of the nost deeply
-36 -



| ocated portion of the targeted region. Table 6.
Beanml et weights distribution needed to obtain a
waole®isneTy3s prescri ptive dose Distribution Wi gheCT/USH000040724

expende Bf B8 incleddeSosedo theaBiticMlsBattutdre ThiscRaeewlf typichlly Bépresent as
structures typically will introduce sonme nodul ation

long 3s thege exils ap jomMenlappitgrhebyesndhe pritical siruqteygs prrhthetayget yalyme.
t t
| A7 0 g 0 G510 o5 e AL e BBy reduce

for prbt@h ibgarho s ebniparadity tiv Ifbn t!hel Iphd)totlshem rayeragé redpetiat ofaadmost three
hi s appears to be th he 2-3 proton field
tlmes)arT%@rﬁéhtmmaE%%f 9wd>§eszo IVS%IV%B’%YC%%P% torberigyestigated, but
there S18%2%&ses %featgg red-[lgg? 1* YthE h6inkhl & g&@&%‘ﬁﬂg plaCy a significant role
par aII - oppose or a second prostat ase spares
(pedlatﬂn@czrses:tneammn(k dafhrecunteadeieradidohdrapyomscodjunetoer yith hhmgherapy or
tpre right and the left fenoral heads. As a result of
SUTECYhi s fiel d arrangenent, the number of beam ets that go
t qu'ﬂzgh ﬂl@?résgﬁtlh'\'f@nnbﬁ Protflled Q&%ﬁ&ﬁ%?%&mdm% therapeutic doses of laser-
/ US2004/ 040724 and the bl adder are small |eading
accelerated pioger méiayoe,asyoasmllasfaa@tacsnlemedcmnWS fomntengity modulated
radiat{oﬁgﬁ%ﬁff hi’l}eaqqnéﬂe erls toﬁ&?iteglggﬁé%%s e%%er‘ﬁegm ?%t;%‘g (5b4/017081
are cap@tfte bhglodtidifg @Hxﬁ@é]ly&ble@@:ﬂ@ﬁ&dn beans tat emgRmeed i @b’ilﬁﬁlctlon with
study. 2) exh| bits relatively high dose depgsited to

the opgigtipatfoafeshaiquee depsribedhierein t@ prpdiee exsedent sadiatipmgtherapy treatments.
L

algorithmne wera/l[sledl necatanate doss dAﬁtrlbhtﬂamﬂdeetvmf profia@cages. hiwgh éound that the
for tar et prescri and escription

f. 74
use Of(lésélf TEFHC ?}F qugwsfcpﬁﬁ §163)Y. ‘W@%@W&?t éf‘aEO eityppnd reduce
mean %1%5 ﬁ\tam%aﬁw ddaato Gl stficdBedWRin &hﬁp&r@é fo lhéﬂgfﬂnom%d photon
and 1.4 % of the right are receiving the dose Higher
treatmehan PS@onaynd phator térsitymiddulatadtechnidues delierechegmilaedases to the

hese res Its | ead | usj hat in
critical SuE SRRt BTt iR G ercenBE ns tan be
gener&t@@l whla%aulhﬁﬁﬁ&y oP1i@188s (1B pbr tReatiiBt) forunteRdity Rbdulated therapy using
fields. The exact nunber of fields needed to generate

laser-gpgelgratedopratonge pl an depends on the target volume, its

bﬂ?ﬁ% i ?egul?s g&lc% ttgat ?ASQ]% éccglefa(?ec{: éljo ong %lan gé Hdaﬁl%{eﬁﬁ%mg the

methddé idéticﬁb@dihetrymttb @r(g&@enﬁipéh@r c&i\ﬂidadﬁidmoﬁfthdrﬁ@/ @datiemathat will

structures), this can be accaonplished. [0124% The
significapleiafipy the ManpesTENE A6 Fanget pﬁ’it?nszcm qfgheseimethags to a variety of
tumord ah & RSicfbs élP@ﬂﬂfnCtHé #e‘&/ of thEseRkAledn RRAR with the bengﬁt of the

propagation) tec nlqu or proton therapy can a

pmmmpﬁumkﬂm@ by using an "intelligent" set of ports,

prot on beans can deliver superb dose distribution

wi thout resorting to
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the time consum ng optim zation procedures. Each
i ndi vi dual beam et's wei ght can be cal cul ated using
wo b@sabwes ut e hei ght of the SOBP to yield an erRCT/@RBINY040724
What3€8hiisdi:Prescriptive dose in the targeted region as
well as to mnimze the dose in the critical
1. strmehod ebgeneratiog gipositize wnsleeamcﬂfrgtl@@e bt proyidingragiressyiptive dose of

. 0125 ter t X
nigh piraS papRkrE T FERLdfns BRFreb (MG hbotR R SERAT
hagh dp@eRlin Cg::! phixdHit{of bé hrdpdesy plat PEScOptidn) and e@sfetd:mtstramts;
and the bl adder irradiated to the doses of 45 Gy and
hbyher prosiding »Plgn oRHENIZHER BIPCRTSthaped Q1y/a hepum FeANBIZIRGHeECE;
are al
5F ¢ caaping 14 bS A Reandild PllerRe )i QU el log prgseripiion and
dose cohsttdins td gtmemplﬁn bptnh&atrhratesnlhse PTV overl aps with

parts of the rectunm bl adder that are adjacent to the
pé)s,t er FIPPAmEdhs Blan BBP?’F@HO%FCSPE%OHE? @’ét’ PEFSFERHQN andrhe
R I B B S e A0 R0 2o B R D), ©) and
d) untiPThé plsoptiratzatidroesulzaare scosptablee bl adder/rect um t hat
overlap with the PTV receive prescription dose, which
Is seemngly independent of the particle nodality.
2. TMhémeBREDS ERIM 16 FhERibiht BBarkR S¢MARI sehfenol EBmb@des, lateral scanning
critical structures and those for the target ed
of beapde.ci¢pthganmiegiochdagrets 31 sranyigk wfrbearalets; preanyrdombingtion thereof.
structures irradiated to high doses will tend to
reduce the dose to sone portion of the targeted
3. I aghé&hodreK ipftgidihg atpadsoiptivdaioee of ligh ehetrl @olyemergetic positive ions to
i nhonogeneous. A hi ghly honbgeneous dose (i.e., a
atmg%ﬁ@HFW=8@§PF%HgHPé§6FP§t|ve dose) in the targeted

S8 3 R AT B O o e Vs

i brr eapedidigszplao ophmlzanbn bmbsssliaseib(brua beam §'(hunmng sequence;
feature w || t |calé¥ resent as Ion

et st sARRYYIBg ét“ FHTSEANBEEASBYENCR & id P‘Faé% ?Sr g@pﬂ@gnptlon and
dose c%ﬂgratnh?t& Qé’ngleate Miah BpBmifdeRkuils shown in table (3),
he 1ntegral dose to the normal tissue is greatly
r dduc e@bmpaymgphfopl@n optmuritian resoliptartbel plao présatiptiaw; t he

ot ons n. e reduction o st .three tines).
P o ey e3P fmEamnd Rues SndREhau b Y SGeolinEEds o). o and
d) untf] SREBHIAS opttnREtidr eSSt .'ﬁ@b&@')tablét and here are cases where
the reduction of the normal tissue dose may play a

sfgni f iredinting theetargepuelpmerith zplyeity pﬂaeettrrtetﬁ@ecommg to the plan
. es, radi ot herapy in conjunction with
qﬁ"n&%&ﬂ{{ﬁg?apy or surgery). [0127] The present
i nvention provides nmethods of providing therapeutic

doses of |aser- accelerated proton radiation,
4. pahe methodiof FladRA. REBRITEG DY SrapBsseaymer ﬁ?rewgrewateral scanning

I I
o v e 5 ATl SRR, B9 AB hror

capable of producing clinically rel evant proton beans

5. BchuaTalgVaE LBSAIALAAN ot s BB By

radiation therapy treatments. Mnte Carlo based

oBERI L R AR LT R bl e AR A R ot e

dose drstrrbutrons for two prostate cases. It was

1rra gatltnléaslgud targeted region with said plurality of modulated polyenergetic proton

beamlets.
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use of |aser-accelerated protons could greatly inprove
the target dose honobgeneity and reduce nean and
WO ni0snaEds at e dose to critical structures whenPCDURENE0H0724

6. ! @hé Refidaiof YaRauvateth dBRbPkhid phsafdrEétichealldté Rinstifhated,
photon intensity nodul ated techni ques delivered

indiv1®1adi1yl m:omt@ a teastrane of rheamdetlenengy Westiibusiopobeamrdet intensity, beamlet

clinically acceptable plans
m“mu88 &5%%%PP$gEIYSPﬁLa smal | number of fields (2-3
per treatnent) for i ntensity nodul at ed therapy using

ele roto 0128] Results |
7. R heleder SBherBbR Bitbracibn of e Bt 1Y ofReBpla
polyerfe?ﬁehc'ﬁ%ﬁrﬂ&@sﬁs@lﬂﬁﬁldt&ﬁﬂ thi@é GirferisfonBr OVi de superi or
clinical radiation therapy treatnents that wll
significantly inprove the management of cancer.
8. EFE@HIEih%H o@f:laﬁrﬂ%sﬁlh%fmq&si@ Sti¥ALF §did Rnlframy B RicAufaied
lesions is well Wthin the purV|em10f those sSkilled in
polyenekwtlarbbawethsm@um@mllntetﬁltyt he present disclosure.
-37 WD 2005/ 057738 PCT/ US2004/ 040724 \What is clai ned:
1. A nethod of generating a positive ion beam sequence
9.  fBhe metwoddif nigim Spwberei piéasea peartien of saiéhphmalgnef gwdulated

polyeriihrlEPer A Reveiaed Benedy dPuBiiafng o pl urality of

beam angl es, plan prescription, and dose constraints;

0. DhBr PR, BB AT AR PSS 3B s g

polyelfe?geﬁ% BeSmie® 8 MIHuPRAMoARAIRR thdHapSetdd BB iR tHeQRpBtHrection.
dose constraints to gener ate p| an Optl m zati on

results; d) conparing the plan optim zation results to

11. UhRe Hlle%dBT eBh IsPivhEfRin ﬁmplﬁ)allf@%@@dl%d bB@eP&@éﬂc beamlets are
scanni ng sequence and iteratiVvely repeating steps b),

modulajedamdptimize wimg ddse thmiphaze iopdiatior af drgany @geralso aaid targeted region.
acceptable. 2. The nethod of claim1, wherein the beam
scanni ng sequence conprises, lateral scanning of

12. b’(ﬁhfmneﬂmd ocﬂekailh 5s whan&imkbplubﬁ@nbfahsdul&@d pobamirpeficdfeamlets are

rﬂets |nat|onthere 3., A.nmet hod of
modul3Rg o FINEISE SOGUPT B Fe agBip SR gireeRariyon
pol yenergetic positive ions to a target volune,
corrprlsmgt e steps of ). pr.ov n allt
13, péhnnghga Of clagnanw Frég’c%ai‘gﬂi‘{i’ﬂfty%‘ﬁ‘a %Hgteg g?errggtmo@amlets are
modulgbed% Rk 1128 a PredbaptiRRIos Bt ARl QP eRIdAEEDR. based on a

eam scanni ng sequence; c) applying said beam scanni ng
sequence to said beam angl es, plan prescription and

14. d?ﬁ@ﬁggﬁﬁgy)? @1aﬂ‘h% We&ﬁfﬁcﬁ%ﬁraﬁ}a& 198&&19%& 251y@ﬁlerﬁ?t%csbetagﬂets are

resu ; nmparing t ['an optim zation-res
moduliated tp bpninnpxeebe:dosptta) onnimeje inadiatien oheitidabstheanesasimaxigize a
ce and i tergt ively repeating steps b), c) and

n
PTCSCQBU% ﬁ‘P?q tosAe tAESICC PP zati on results are acceptabl e;

and
15.  The method of claim 5, wherein said plurality of modulated polyenergetic proton

beamlets are provided by

forming a laser-accelerated high energy polyenergetic ion beam comprising a plurality of
high energy polyenergetic protons, said high energy polyenergetic protons characterized

as having a distribution of energy levels;
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f) irradiating the target volume with a plurality of
beanm ets according to the plan optim zation results.
wd 2005hs7a®et hod of claim 3, wherein the beam scROTVURZN04/040724
SESIHRAGRy SAIRkESRBelet28ddEibA bedif ABiRE AGollRhatiRaRRES,
dept h scanni ng or beam ets, 3D scanning of beanl ets,
or any conbination thereof. 5. A nethod of providing
oﬁ%ﬁlgﬂ?& a@a@h@fshlﬁ ']'11 Qpe?\%ré}ppcﬁyén@f@ﬁﬁ ?Fbt&%gic@&dmg to their energy
npri‘sing: provid % plurality of nodul ated
pbwﬂensmgeﬁﬁsrpMﬂbbﬁlwéan1ets and irradiating said
targeted region with said plurality of nodul ated
pol yenergetic proton beamets. -38 WD 2005/ 057738
PaicdsSandthe a4 separateh bigimenbigy podyenkigene protadsersiigran aperture;
eﬁgr of said polyenergetic beam ets is nodul at ed,
i vidual ly, according to at | east one of: beanl et
energy distribution, beam et intensity, bean et
directjon, bean] or beanm et shape. 7. The
rECABAINGTE Be gmugﬁteﬂﬁg? gReAgypolygnELgetiy pﬁgtpm Biingt seqnd magnetic
p{:lgl@al ity of nodulated polyenergetic beanlets is
ulated in three dinensions. 8. The nethod of claim
5, wherein at least a portion of said plurality of
n
16. F??éejlr?gfht%g/ of gﬁ 1}?% %Ql%ﬂ %acp?f‘gqghﬁdgﬁlt ot eeﬁﬁ%x%g%lé reoé%n beamlets is
modulatedoimtlivoduadf, m&mdrgplaud altertsytyof nodul at ed
pol yenergetic beam ets is nodul ated in energy
di stribution. 10. The nethod of claim5, wherein at
17. | ?é‘h(smeﬁlorl(mlf tiaon Sofvherirdsapd inradlatiny gofes niveltd adaited prescriptive dose
er get.i eam ets is dul a to | radi ate t
to the aé%%%‘{] €& ey %813‘ lopgifydinay é?fm el ‘é@ﬁ‘%‘ﬁ relpgve ‘ﬂw‘é“‘rﬁi}‘%‘&fge“c
beaml®&. cl @aim 5, wherein said plurality of nodul ated
pol yenergetic beamets are nodulated to optim ze the
dose to minimze irradiation of organs external to

5. S B e AP g comin

beanm ets are nodulated to mnimze irradi ati on of

a . j od
SRR BBl Bl BB ERA AL el
pol yenergetic beam ets are nodulated to maximze a

pfrfaﬁ?a(rallng fslnﬁ%arggt%g rded '2 \?7 etg rs]£1§ gﬂ%&ﬁt&u ) grg;dtgﬁted?p%l eglgfgaPc 8osmve

ion bepmlétener geti c beam ets are m)dul ated to optim ze the
dose to mnimze irradiation of critical structures
and nmaxi mze a prescriptive dose to said targeted

19. €6 MRthodf clhiif 18PWhadinQfacik bAdaid Polyweegeticibeamiets is modulated
plurality of nodul ated pol yener get| C proton beanle

mdlv@,iaélypqtcggfd@@jtow lqagtoperfd: beambef epergy @éﬁt@blﬁp@dbq@ﬁgﬁ mtensny, beamlet
d1rect1§P,elge%|}ﬁlﬁ‘%l_réée&elge%ﬁﬁ{;tcseb _ beam conprising a plurality

ener ergetic protons, said high
ener gy polyenergetlc protons characterized

20. A method of providing a proton radiation dose to a targeted region, comprising:

providing a plurality of modulated polyenergetic proton beamlets, wherein each of said
polyenergetic beamlets is modulated, individually, according to at least one of: beamlet energy

distribution, beamlet intensity, beamlet direction, beamlet area, or beamlet shape; and
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as having a distribution of energy levels; -39 WO
2005/ 057738 PCT/ US2004/ 040724 col limating said
wo amsnsmesel erat ed i on beam using a col | i nat i oPCTIES200€040724
S Reddi Aink S aidaRaeet ireiors ditll shidgpuralgrod yngaalarehsol g&fergetic proton
prot ons “accor ing to their energy |evels usin? a )
beamleisy whergingpaisk pleratifeefgnodudeied pelysrfregiis psprap bgamipls maximizes said

prror R - SR RO ARRREARLE KOS A 8 o

extern@PloytBé & gedd gjpnot ons using a second magnetic field.
16. The nmethod of claim5, wherein each of said
nodul at ed pol yenergetic proton beamets is nodul at ed,
21. | RGhvhe@ st providinp £peE@iptiasdosetoensigeted rdgion Tihepatiinh) @dmprising:
of claimb5, wherein said irradiating gives rise to a
desired prescriptive dose to the targeted region in
bat Brdvadigg hipdirfialy oh pelykmdrgstr! préioh@ehmbhs ah@! ative to
sal d polyenergetic beamets. 18. A nethod of
providing a positive ion radiation dose to a targeted
I 89 inQiul £ABRA Yo\ nergBliOpotin ka1, Witidkdih ¥ai@fmodulating gives rise to
modul at ed pol yenergetic positive ion beanlets; and _
an acdeptablgidesé digtribatiidn tauthg dargeied egiompogprdingstaitie presariptive glose in both
.. Of. dyl,ated polyven etic Lii ion beam ets. 19.
long‘“ﬁ@{ﬁonaé‘#H%&rag%“@%‘itéf‘%%ﬁfve\k%%aﬁgi%%‘gnélégh of said
pol yenergetic beam ets is nodul ated, individually,
accordi.ng to at J.east one.of: bheam et ener . . .
2. A58 Pl Qs Al Bere v B SATk She SRS cutin typee dimensions.

beanl et area, or beam et shape. 20. A nethod of

23. Pé‘g%/ Ig%'th%%ﬁﬁ%éhigwﬁlg%l}rb%% %}Qﬂ%ﬁiﬁ%ﬁ& g?ialpltcﬁ{e;g%t]geetgc proton beamlets are

modulfR@ul at ed pol yenergetic proton beanl ets, wherein each
of said polyenergetic beam ets is nodul at ed,
i ndividually, according to at |east one of: bean et

24. ENRE hethddi otlcldiRWil ARereRERELALrgicBbENSA b¥lyeRE 88 cFProton beamlets are
direction, beam'ef area, or béanlet shape; and -40 WO

modul@@5/ 057738 PCT/ US2004/ 040724 irradi ating said

targeted region with said plurality of nodul at ed

pol yenergeti c proton beam ets, wherein said plurality
25. ofThencthagtaf dlghml Jle whegat sapd polpenengebie pndten beamlrisrmrg ewdulated to
. _.said 1pro.to radi gati on dose to the targeted regi on and
irradigfp merﬂa%%még‘? genth a’trﬁci’ilof’adi ation dose to areas

external to the targeted region. 21. A nethod of

provid se to.a targeted region.in

in rescriptive d
26. ;T gp}egm%’ 06%.(9 rails grein %lj(‘i) Blpgq)pa?g]ﬁe%g(ﬂpwsgﬁ pgt)l,mgfmg the dose to
minirA9d ¥EARRGRbF 6raah oL A8mbABRhiRlsrge@nd

27.  The method of claim 21, wherein said modulating step comprises optimizing the dose to

minimize irradiation of critical structures.

28. The method of claim 21, wherein said modulating step comprises optimizing the dose

distribution based on a prescribed physical or biologically equivalent dose to said target.

29.  The method of claim 21, wherein said modulating step comprises optimizing the dose to
minimize irradiation of critical structures and optimizing the dose distribution based on a

prescribed physical or biologically equivalent dose to said target.
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30.

31.

b) nodul ati ng sai d pol yenergetic proton beam ets,
wherein said nodulating gives rise to an acceptable

waloms/0si73¢ ri bution to the targeted regi on accordi/ng20e040724

t fTBe Mle@DAIOf RPlaid 2 10WE&cinsakPbdlyerlefitdic pustomBéandiBd are provided by
|ateral directions relative to said beamlets. 22. The

nmet hod of claim 21, wherein said nodul ating step is

Cfrhnfirfth Rr-dcBelbRteehigh BRASY Pl§enerdedic idhBeditdifpkistg a plurality of
claim?21, wherein the intersities of said _
pbigh enengy @ol yengrgeti oprosardaist kigh ceergypelyerargriic pratonyplaracterized
net.hod of C#@hﬂ1§1 mherei%.the energi es of said

pgﬁ lgfé'HBﬁ"‘b%ltg p?o?%?fleﬁ%yaw t's are nodul ated. 25. The

met hod of claim 21, wherein said polyenergetic proton

be et.s are nodul ated t.o0 .irradiate the target in the

e Piratie SEf 1OR s o Snperm doisR scelitfisd #ficet o ¢

said nodul ating step conprises optimzing the dose to

m ni.m.ze irradiation of organs exter.nal to. said : .
t g?a&é l}_/ separatig éalﬂ,é‘]tl eLgy ]g'pgulnﬁ]a%r %éq éhpﬁ eaergy levels using a first
MR ga;St ep conprises optim zing the dose to

mnrmze irradiation of critical structures. 28. The

nmet hod of claim 21, wherein said nodul ati ng step

C RREIai RS tHRRpARYIR/ sRParhdeg _hi:%‘?lse%ﬁrg;" piyenBrbetiO Prot@iadingindiperture;
prescribed physi cal or biologically equivalent dose to

sandl target. 29. The nethod of claim 21, wherein said
nodul ati ng step conprises optim zing the dose to

mnimze irradiation of critical structures and

o pcombmi mytht meodube llpls endrpy polyendrgstedrotonsiusing a second magnetic
pgqgcribed physi cal or biologically equival ent dose to

sdf'® target. -41 WO 2005/ 057738 PCT/ US2004/ 040724 30.

The nethod of claim 21, wherein said pol yenergetic

proton beand ets are provjided by formng. a . .
P18e meupaer shup WheTInShe FREFESS PYL T St ef saihpejasppreetic proton

bemn@@%ﬁhh%&ﬂ&e& plurality of high energy polyenergetic

32.

protons, said high energy polyenergetic protons
characterized as having a distribution of energy

| Quel i LIt ledoh RRfdARE, SoffpRidingon beam
ugﬁrﬁ%ﬁ%d gg,{;,{o:\/@% %ﬁo%g;\?i 8e; sﬁ%ti al +’y Q@parngti ng said
hi gh energy protons according to their energy levels
u . , ; i
3L Proufiibk BT SE R Encrb oAb B 1 o
usi ng an aperture; and reconbining the nodul ated high

e B)e {rx%)ﬁu%%lng %Eig rp%@{eh%rg@tﬁc? Igc%pgvieqmgé ﬁ&r@ﬁée&ﬁ&‘épﬁgﬁﬂ%&ﬁ ating gives

fre 0 etern

rise toeddsFed8osa ikt hitRimbatedosn Opresaibdd pobey/wrataget inbaii winghudinal and

beam ets are nodul at ed.

lateral directions relative to said beamlets.

33.

A method of providing intensity modulated proton therapy to a targeted region in a

patient, comprising:

providing a plurality of high energy positive ion beamlets;

modulating at least one of the high energy positive ion beamlets in depth relative to the

patient to provide a depth-modulated beamlet;
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34.

32. A nethod of providing a positive ion radiation
dose, conprising: a) providing a plurality of

w@obopesEBgeti ¢ positive ion beam ets; and b) nedDUsto0NK0724

Siodulafthy &Nedsgehd 6f the ﬁeﬂth-\tﬁoduMedJWIi’dlats $n a Wogrhledifectah eklative to
nmodul ating gives rise to a desired dose distribution
bHsaatien @ prvidecy lntsedt-rardudatedbeamlgl: ged i n pot h
| ongitudinal and |l|ateral directions relative to said
beam ets. 33. A nethod of providing intensity
nisthdiasing gaigitergefiad ragempyith tableasttoap ggtl@datp%mﬁiulaﬁﬁdebeamlets to the
attleept conprising: providing a plurality of high
eREl Qy positive ion beam ets; nodul ating at | east one
of t he hlgh energy positive ion beam ets in depth

biéatl %33 éé}r%%%%@pl%aﬁ)’@a%wr&ﬁ&a%?@vue i35 Bamlets

compﬂi@é n%kﬁéﬂeﬂgy ﬁdlyér@?g&:hc@ﬁﬁtloé idne dept h- nodul at ed

35.

ets 1n alateral direction relative to the
patlent to provide a lateral -nodul ated beam et; and

| ThéfetHod ¥ cfth 34! Rh&eiadid RGFa0F ¥ High éﬂer%)eﬁ&litn@lﬁn 8Eamlets
the lateral -nodul ated beaniets to the patient. 34

compri¥echigheereogl pilyesiesgetic PBotonsher ein said plurality of high

energy positive ion beanlets conprise high energy
pol yenergetic positive ions. 35. The nethod of claim

36. 3Ihe wiethodjofi c@an @3pwt;¢raini said pifrahityyof legleenpyg yppesitiveden begmlets
qp1ets co F g ener pol yenergeti c protons.
comprase Nigh eNerey 13 eélFrg@ PSS Oflbier ein said plurality of

hi gh energy positive ion beamets conprise high

1. SIS RGBSR LrRR R G e gy e B

comprﬁ’s‘%%éﬁ MRrPRoRGRMEIRES prat&iEPr | se hi gh ener gy

38.

nmonoenergetic protons. 38. The nethod of claim 18,
wherein said polyenergetic positive ion beanlets are

PTRY @R B¥IARME Rerih 85E bol@@ﬁ&}g&f@ﬂ(ﬁﬁw@ '1&hbe°aﬂﬁ5t9)ire prowded
pol yenergetic ion beam conprising a plurality of high

ener gy pol yenergetic positive ions, said high energy

pol yenergetic positive ions characteri zed as havi ng a

di stribution of energy levels; collimting said

I ﬁs&ﬁnmtaeéreacaﬂe:dtdddngfbawmg)ummgleageﬁoIidni ham complising & plurality of

BahenvieY PoRERGEcl Gy uent el ) Pl BDereRoE rvigye ions
achdricidriZAB AR Rhvifig b dBtEbutBR e bArbPvERe spatial Iy
separated high energy polyenergetic positive ions

using an aperture; and
collimating said laser-accelerated ion beam using a collimation device;

spatially separating said high energy polyenergetic positive ions according to their energy

levels using a first magnetic field;

modulating the spatially separated high energy polyenergetic positive ions using an

aperture; and

recombining the modulated high energy polyenergetic positive ions using a second

magnetic field.
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39.

reconbi ni ng the nodul ated hi gh energy pol yenergetic
positive ions using a second nagnetic field. -43 WO

wQoB50953% 38 PCT/ US2004/ 040724 39. The met hodrof/ustoads/ono724

21, wherein said polyenergetic proton beamets are

provided by formng a | aser-accel erated hi gh energy

pol yenergetic ion beam conprising a plurality of high

enRs F¥thidaloy 8REH2e! WheBinGhR ol ydhdigdtiB ipflo B&indl¥ts are provided by
pol yenergetic protons characterized as having a

di stribution of energy levels; collimting said _

| AflineAe G6dredcad1ediddMg &R H5d] Phepoctielidr BB QSmHISNAE £ plurality of
spatially separating Said high energy pol yenergetic

phigh energg polyeirgetia protane; saiddrigh gyergy polyermergaticrpgotans characterized
first.magnetic .field; dul.ating the spatially
s%Spl%ﬂ'valgeag&ﬁﬁ“é’ﬂu‘élhgéwr%glp‘féf'fer getic protons using an
aperture; and reconbining the nodul ated hi gh energy

ol yenerget i rotons using a second netic . field.
Pg&iﬁmatln salé fasgr—accelerated ion %eam using a coHEgatlon device;

spatially separating said high energy polyenergetic protons according to their energy

levels using a first magnetic field;

modulating the spatially separated high energy polyenergetic protons using an aperture;

and

recombining the modulated high energy polyenergetic protons using a second magnetic

field.

-44 -



