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parameter range was investigated that can lead to effective proton acceleration. It was found that
thin foils (0.5-1 microns thick) with electron densities of n, =5x10% cm™ and laser pulse
intensity I =10* W/cm® and length L =50 femtosecond are amenable to effective proton

acceleration capable of producing protons with energies 200 MeV and higher. In the previous
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[0012] Treatment strategies have also been descrlbed for example FIG. 43 of the

PCT/US2004/017081 application (and reproduced herein as FIG. 1¢) depicts a flow chart of a

method of treating a patient using polyenergetic high energy positive ions, further details of
which can be found in that application. The disclosed treatment strategies include determining
dose distributions of a plurality of therapeutically suitable high energy polyenergetic positive ion

beams for irradiating a targeted region and delivering a plurality of therapeutically suitable high
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[ 0020] The present invention further provides nethods
of providing a proton radiation dose to a targeted
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Y M RS AR R I BT . an
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f) irradiating the target volume with a plurality of beamlets according to the plan

optimization results.



[ 00261 The foregoing summary, as well as the follow ng
detail ed description, is further understood when read
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techniguesip provide a highlyrcontonmaldasg glisgrietion withis e glanninglierget volume

« cul ations .of . .t he | MPT dose di.stributjon. 3]..
CPTVET RS By Brbh e BRSBTS (Bianigldrdisease
CRI0ES] aTRE ptésdnd th Ve Bs@pbvided endilicis lof pRIEAAE BPositive ion
_ technique. The solid Iines represent depth dose )
radiatign gpsq 19 @t trigAted Fegion compRSIngiprovidias amiirakity s masylatedsgplyenergetic

- 0 ] i na - AT f
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polyer@rgatic ipbsitive o beaindasd. at ed usi ng GEANT3 si nmul ati on tool .

[00834} Fl G 3 provides_isodose distributions for case .
1100491 (‘Ehe preperd inyepgiprfugthgr prgyides methods of paryiding,gpositive ion
radia QHUBCTER a8 e CPRLSing Broli e b Ry BASTF LI polyencrgeti
positiygries beanplieispanddosdiatih thepargsted irggiorowitt dlseplumliofGpodwdated

1 95 9% of .t.he. tarl%it' s planni ng vol une. The i sodose
polyengreefic POSVG IR0 RA™%%, of t he prescription dose and

| @020] RhEprR&int TRWen fBB8PProlidss nttHHIOYE HRFidi fon radiati
dflygtgrll but i I(;ns nf or césne 2 f%ﬂr)ro( A 2 field ?Q%I\/PIT Ig‘g{r)f!ltéiﬁ)lé(%)B)n raciation

dose tqa tfrpeiediragigaT compiesingithesteps of providingpplisality of modylated
[ £ esent.s

t he .nr ription dose. The nnernost. i I
polyene §fOUph B S, VYRR Fingi gL B PelEoreelc hoapliiSly Tl ea
individully4acCyrding 82%ieadt dnb @ftkamlst chergp lddnitution Visdatl@ . intthéty, beamlet
. 1sodose distributions of 10 % of the prescription dose )

directigppeppl@s aregy @r hegmlet shape; and irradiating said targeted region with the plurality
of modulated polyenergetic proton beamlets, wherein the plurality of modulated polyenergetic
proton beamlets maximizes the proton radiation dose to the targeted region and minimizes the
proton radiation dose to areas external to the targeted region.

[0021] The present invention also provides methods of providing a prescriptive dose to
a targeted region in a patient, comprising the steps of providing a plurality of polyenergetic

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



shown. [0036] FIG 5 provides dose-vol une histograns
for PTVs. The plans were normalized to 95 % of the
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0se-Vvo I st ograrrs or t right and |l eft fenoral
hp9dd] Théeenegiods anm)phedrmipmadtetlesl%asoxﬁrrﬁxehip@r?'ﬁwease site. The

resultsoq%oylzwqg,M%r&?&é?&%d\éel&agégfgme é p{(gc)? &g??g)&gﬁ\tdgi nga%ol?eeoptimally
used. g??ﬁﬁbth&ﬁ%eggrﬁkﬁ hrdl &ﬂsbe‘i‘éacﬁgreagg toQJ?\ b e Gy pelstidiiQase site.

ferent energy spectrun an t he proton ener gy
si926} a Otlee depkctsoof diixt present inyeBEBPwill beDippAtenED those skilled in the art

.. DE I PTLON .OF | LLUSTRATI VE .ENMBQODI 0043] At
m V‘e‘ivé’igt%‘g i5A detsripgen Phlieduyenggn ﬁbp%wﬁ‘\i@f*‘%{‘} on]s and
acronynms are used herein: . CORVUS a treatnent

BRIEFMESTRIPTIONOE THE DRAWINGS) | MRT from NOMOS CPA
chirped pul se anplification CT conputer-aided

t 6] amhY forthdth SEMLDINGi£5 Bdw i TRBHalEd furth
mr?irujnl cat |%rﬁgs(g| %ﬁnwglglglgll %e DI COM R lErILJWB %\/IaRa ?é\k?flgtﬁon is further

undersTorest ‘abgn @a@m eqamguriction with the appended drawings. For the purpose of

illustrating the invention, there is shown in the drawings exemplary embodiments of the
invention; however, the invention is not limited to the specific methods and instrumentalities
disclosed. In the drawings:

[0027] FIG. 1a shows a schematic diagram of a laser-accelerated positive ion beam
therapy unit (the laser is not shown) having a laser beam line and beam scanning mechanism of a
laser-accelerated proton therapy system of the invention.

[0028] FIG. 1b depicts a sectional 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.



DVH dose-vol une hi st ogram El MPT energy- and
i ntensity-nodul ated proton therapy EGS4 El ectron Ganma
wEhoses77gs/er sion 4) Monte Carl o code system Rvdvugaobd/o40724

VﬁmgofaﬁG Wismm%mﬂ d '3{11? g?f)lléi’aﬁ M‘§$tﬁf€fhf Giftlmlzatlon

radi (proton, neutron, mul ati on
systemoﬁthagrdsgntmschmlaned Pr ot on Therapy | MRT

I\E@Sﬁ;t E%G dlgl)? lgg‘la{agtg{rﬁ Iglg@{gﬁ%q,\fe tr?é]litnﬁ Oé)tt1¥mzat1on
systenibmabres@ﬁqmeaﬁaﬁor ("linac") photon beanm) JanUSP a

@%‘3 ower (10'9-1021WcnR) |aser at LLNL LLNL

L

cElG; Udlepistseamexampirad! the proten eneygy Ipemmimased in the

i nda,lni i, t Center, Loma Linda, CA
CaICUI%%B&E rp%%gg?g%@%e'for dose calculation in a 3-D
QR)OBBI r FIGM=brivpae Fx’@ttﬁﬁleb&l dnpdisaiibutespdlallateBasih@ GEANT3 and
MA MLC nultileaf collimt

the trage fiperiing tectmiguenithe splid Hags reprssend dgﬁ?ﬁ;;ec@ﬁmgﬁtlons for protons with
energlg{ SPRRN '15 Me'V %dt 265\6‘%6%29%9%3%%? 6%%(}%@%&96? ?e%ﬂmﬁue and the

ersén particle-
dashed Hmd‘mep‘ms}:nf dﬂfpth demdlﬂhbstmns mhl;ca]a(al)usn@l\ﬂ{EANﬂﬁmmulatlon tool.

ol nBTe ey BevidssrolesashanRe Smot ese Ao M ghnd (B) 7

field Il(/fXT PR QRedm RPBROFepre3t Ay b@ o) AR theFREscHiBlidh H¥R. The innermost line

bi ol ogi cal effectiveness RTP radi ot herapy treatnent
represtah®l fig of Gkipresevptictedgsendhe prscripiambiose BOBIG s pr €l of the

target S Glipea iR T SoaRE St @in o %) gt Prsscsiptign dogg and lower

are noMI¥wh. I 11on electron volts GeV billion electron volts

[0035] FIG. 4 provides isodose distributions for case 2 for (A) 2 field IMPT and (B) 7
field IMXT. 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.

[0036] FIG. 5 provides dose-volume histograms for PTVs. The plans were normalized
to 95 % of the PTV’s volume, which receives 100 % of the prescription dose of 74 Gy.

[0037] FIG. 6 provides dose-volume histograms for the rectum and bladder. The plans
were normalized to 95 % of the PTV’s volume, which receives 100 % of the prescription dose of
74 Gy.

[0038] FIG. 7 provides dose-volume histograms for the left and right femoral heads.
The plans were normalized to 95 % 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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T Tesla [0044] As used herein, the term "protons”
refers to the atom c nuclei of hydrogen (H) having a
W(Elzrmwgsnm‘ +1. [0045] As used herein, the ternpCT/US2004/040724

mabf FfG! Qﬁl%vufe?ﬁ@i@v&l&n@h%f@grﬁﬂ?fcﬁ‘ttmn[‘é@ﬂuﬁi and bladder. The
having a net positive charge. [0046] used herein,

plan wiak eotnealized wodSy% nd thgePT¥"s ‘rcétﬁmt,szvhlgh eccsnvas 0% ofdhe prescription
Ezhgrgy characteri zed as having nore than one energy

dose 0 © [0047] As used herein, the term"high energy"
rRbeip FIGAGHRIRIeOloBld Ehe H@tdgeamscraar@qtg&r hﬂ@ef@fémoml heads.
havi ng an energy | evel greater than 1 MeV. [0048]

The plas ed@s hemesilized tch?S P eafrthe BEXH wilume eflaelsreceives P} fa cﬁthgf

pol yenergetic positive ion beamthat is

Pfescﬂé’agtggt‘t{f rated, or energetically separated, or
brm)hzrhsmcl Iai ﬂ)ﬂévﬂeﬁl(@ RertgR akkalebth deakaibatond &Qﬂ@]som- obtained
used herein, the term"plurality" neans nore than

using diffeB0} emigy sp@pmm ad ﬁ@rti)e PEILPN SREESN s'pecter@pq:qqigql {o obtam the SOBPs.
collimation device", "initial collimtor", and

DB PSRN TR SO e

means to vary, change, or alter the properties of

si®d3hi Agleiast agporort ofctht éalldvasd hldncviplﬁlﬂﬁza}ldAsrousmd are used herein:
h [ the adjective. ".nodul at ed’ ref t

GRS, | e B PEp g B Bt ShpR R TER AP s
atpared in @i ?ﬁggbﬁ\ghﬁaﬁmnon -12 WD 2005/ 057738
PCT/ 1 JS2004/ 040724 53] The terns "energy

n6dul at i on @y@nwalmom&mme are used

Qterchangegtmjle% V\,hen it is apparent that the aperture
referred to'i's pable of nodulating a spatially

SBIROM ed  Digital By ardoCyaneh@getions inddddiding i on
beam HH{)%M&The terns "l aser target" and "target "

t DEFe E@PM RadiatigreFhssapy HHpRaNethe term "l aser

tARget " typ{l&gl\)oxuﬁf}tﬁ gratnp the target material that

i's exposed to a high intensity |aser pulse for

gEIMP"ﬁtr ng driegdy- enengynsngtm@hﬂmgcepnommhenapy ve ions.
term alonels yngnynous with the term
éet ed r%?tsw Gampmacthomer gfessipn M@nﬁéetfechsﬁ@%%d

pwqﬂ\qatl enfyi Wavelffathﬁ}ﬂm with positive ions. As

used herein, the term"targeted volune," "target

VGEANT(3) " t aMywite Cailp systen fongadiiticar (Qeiten neelgdm etc) aingulation

TR Tongi Plastne ek PeC o URimGe (5 the beant et

nMRt? al ongitdnbRy-nivau e radiati®€ thefipyof the protons or
osi tive ions.
pIMXT 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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[0056] As used herein, the term"lateral direction
relative to the beam et" neans lateral to the
wo pwsasnss di recti on of the protons or positiVvVerPdDUS2004/040724
[ PO57] As u %n‘ﬁ?&ﬁ‘ﬁﬁhdﬁhe term "voxel " neans vol une
ement . 58] As used herein, the term "nodul ating
pP@ on beanpml@é imeelh &simhlation rethniquielfdr 1asbeplasea physiog)

di fferent enerrgé ect ra and intensities or
\A@}/Ig:nts &§ ‘Hgl?‘gl n, the phrase

"PERSCI ptly@sta@ss@eélgcta e,tnarget means t he physi cal
or biologically equival en% dose to the target vol une

oPTY t ar get planmiegtasget Volume taking into account the

P EREN TCa bR R AR ta t b ba, 1

bRBEECESSar it bidMepitdl effedtvehess[ 0060] As used herein,
the term"isodose" refers to the display of
i RTBr nat i onragipsherapydrrstiaeny DHHEs of equal dose
VWS [Oos%%nd%gyfﬁ%ﬁﬂo&%ﬁfbgr the ternms "field" and
port" correspond to an 1 ncident beam direction,
d@(DBPm ned dpyead auoBbziggqiehb(lfooprdrdsm!ioganhmy) angl e and

h angl e. Afl%l an be sub- dividedinto

2f i el ds VAT RAMABES" or "apertures”. [0062]
Attpr anges @hrLoses phsailfty are inclusive and
conbi nabl e. [0063] In certal n enbodi nents of the
pMe¥ent i nvetipwelectzominitsi cal (or bi ol ogically
equi,val ent)..dose . of proton radiation for irradiating a
@?get ed re %‘ﬂboﬁl el“s?tf&g ttf‘n ned. Radi otherapy is
typically aréspeal (i.e., regional) therapy node that
uses a certain dose (i.e., a desired prescription

d@8d4] t Hs seqd heyein, the trmc prateey refsys todhg @O@é‘smmé@ of hydrogen (H')
Ve doses can be inhonogeneous (i.
havmézgaﬁsgm(gé%eous) but are typically hom)geneous "As used
hi®0d5, Aa usdidieage the tesmdpssiti¢e ions’) refert conages @and atomic nuclei

rescrlstlve dose) provides that no tunor cells in the
having 3pef POSIHYE eRAESS | | survive the treatnment that woul d

R 0 fr f f
AIED 35 SRRt BaT O RELSITER G rele et o et ofle
charactdnizedash;zsiﬁng/mbmthar( megenerg}NGVeIS pots) typically do not

i pr.ove .l oc cant ce a tunor cell al ly.
| 842 o5 PR hefiin ab ey dichidiety” HiTBisPa sve phmSferdbine
characYé?izHH'ﬁs Rk an ene?%%’ dvanRgésdr thayl Mesul t in the survival
some tunor cell's Ieadlng to tunor recurrence. In
a@@ﬂS] of$ umddwr@@sbstm ibh@mlea”rlgéqrsaw armg’m@mf glbigb@hclsgy
polyen eltll 0 %1 € mtgqses 1allt hee & (G etlc ﬁl e edf or both
StEUCPOTES gaﬁ e T &gat S seapsuicgy soprats
spanamﬁ@mﬁgwsmgtsepmteﬁr esent invention determine an
o i mal selection of proton beam ets needed to deliver
&len 9§se(d| hegein, tb%tmaipityahtdemeﬁ@%mefeééérr PRi ve, or
u < &  Vhy e
@*’gﬁ’l{ EHERRRE hiindy BIAEGE “FHhA0 coERRT ek, -hitfu
collimpto€f, anéd bllnynaﬂrbasihmanen dewm]’czhe asediinesdhbhgeablychepsinsence

th hot t d I d ts that t [
o&)@gﬁ}paﬁ? %ﬁqqlmsgge‘g@éhg g?fgc gfbglgéulgtes meags to \yarr))lf,%%angye 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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[0064] In certain enbodi nents, the desired dose
di stribution nay be an i nhonogeneous dose since with
wo b@sdswed opnent of radi ot herapy techni ques suptT/8S2004/040724
| [9988] 9Ph&REmS h&fe?g%b’mo!iﬁlan&méy%te%ﬁ%ﬂ'“Hﬁéﬂwre” are used mterchangeably
i nhonbgeneous prescriptive doses can be used to treat
when I@I la‘ a‘p@a@nt thptathe gp@furgrefmm«rd)uo ipicaablei of fregdatating @sspatiallprseparated
of dags end, for exanple, depending on

high e?fﬁgy p?ldﬁ%errg%eﬁ Rosgwﬁsﬁ)q €gnb| ol ogi cal and bi ocheni cal

(005410 NTRAtermb BRESH ftarfet” lapehsdel” fypicaRy refved alfiferent things. The
treatnment optim zation system and nethod of_ the

term “lgserdtaiget”i thipie SFErs © the pqrgqt@@ptem]al thatis qx(yoseﬂﬁpgi high intensity laser
pulse 1{()} ggﬁ%@?fnﬁa}ﬁ Q‘P X\?eeéyﬁél éé&?ge‘?@t L?]\/P gc;rr]l' gri" n% §:ﬁget, alone is

synongﬁnw\aiﬂedmehasmdatgateldrragibﬁ” @fhich ﬁfe&S tcrﬁhb esbuedmgeted ina panent for

distribution to the target volunme and dose constraints
irradiatigp WiHePOSKIVEWQISt critical structures, "dose

CAL GO thé Rim!“RRLMEAYAUnfER &tsx/?tﬁﬁé*’u{ t RIgidH,”

toL o%gtdl mkzattlhon and %éF/][e ? 21?’ t:riger tme)nt pI gﬁg%posgll and
“targetep regivir adre synongmowe with@ach diberchoi ce of avail abl e

b, et ener stributjons, ectiqn", and,,

JHISRE AR AR ectbbf e e yainal B <iom B RGro BkbpaBfct” means
along e R8N Uieduddl oXthe prdtds of F&s‘i’t’i\@@@ns verified and sent

to a suitable proton radi ati on delivery system for

p|i0956]d| Ag usgsl he@gm the tesuh ryﬁgrgbdllr@ppn aclapeedtotthe baaalet” means lateral
t bed h 0066
oo ARG W MRS G50 o0, Tl 10068

t[005PY eaented m:‘l@ﬂtthé)fbnnafvexal’ szapy wlugedlenientl G | e.
Here, the beam angle selection of a plurality

of
99381t 4s psed hereiny thetermg r@%’éﬂ%lma@r%@ beamigts’ arwanfe&hﬁtoladmdual
i ther
beamlty e FALR B SRS Ll R Rl R 22t on
p[lOOﬁ%]s SAs Tkeal hghrein, the phrase giresoniptied tasd to the th@s€dneans theegphysical
o B el eGSR 6 Bl SCHSRRR St S5 o scoun
the difRGERR AR BH b&&)@erpﬁ%rﬁta%d 18ht BhORkschb ReadRaRl O%Eologlst as
sequence typicall di vides the 'whole radiation field
considefedtto énommsﬁsthdﬁt@ed@mam s eye vi ew cross-section of
t arget vol une | 0 .S Lheanl et
Aot BT B Bt B TP 3R 2o Sy P Beaon har
connedl€ pbiABof2 ﬁdl@b&@va‘ilhezsed pencil beam The energy
s ectrum e., energy distribution) of each bean et

0aLk eAﬁpspéidles@nﬁge germgy fielda andh gpaat ' gortesnondite am gigidepebeam
dlrecu?% da%férﬁl‘?rfjed% o%&eb?ﬁa?wéfbg ﬁqef’gagﬁrg glg%hﬁ% chdﬂn\%fel(.:ltA ggld' ddn be sub-

divided ﬁrrtadutaﬁelﬂls onlged “b2dm€y” 20 0apedinres38 PCTI US2004/ 040724
beanlet at a time in a |lateral scannl ng nanner

L9082k Alrangss disclosed hrgein srrinelusive 3)d Aebinablene
9R063) Il ?taﬁférht?d?ﬁmerﬁg of"‘thﬁ%pl gg&f}fw&ﬁoﬁf f?@rs {é ﬁg)%g?cauy

scanni ng t sequence t y uses
equivalent) dgse of progjn fadratien fmntraahaﬂmg a thegetrdd negtoens/dchtemnaecﬁ eRadiotherapy
et volu

e tar rture
is ypigAlpeh Il e LaSoah Ity Hediinel diren gHoh fateie- o rvifed
prescri‘ﬁ'h@ﬁ 085 &4 h@evRllodal %ntﬁﬂpgbltablé\@ésﬁl’e@ bfes@RfRiveWoss IR Ye

be used for each depth interval to inprove target dose
inhomogeneouniiey narﬂd)mqgﬁnttmxshbutm fypively bdmogdneoeneAgysed herein, a

homogeﬁgglisrcfééff ﬁfé g omoﬁ) %Etctn}lsrperes!cnpp vt Sosn} Sr%gldlél:s hagno tumor cells in the

target volume will survive the treatment that would otherwise result in a recurrence of the tumor.
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algorithmto give uniformdose for the correspondi ng
depth interval. A 3D scanning beam et sequence
wo ypsosi7by di vi des the target volune in terns BET/ES2004/040724
nghephéﬁ’ééld ¥t Sfthe/ & %‘ét FohuRl (3, ehdt@gbt¥j @P@hily do hbf 1%§Br§$eel60al control,
covered usi ng the Bragg peak inite size pencil
since ebtenamr célatyplctaﬁam rat kildesl tvigee Mwaar dOmS@EQaIS ef:thedarabt volume (e.g.,,

cold s il 0 e saflel afvelt S o det BlufiopfiteRe.

additicH, 4f¥hi dosé8 th eh ted refion lt@siedliyaBsudis i hgh&r @&36s RaBKnéRby critical
map or cover a desired voxel of the targeted vol une.

structyses/ergpuse I this eeaidt Gesiain aspectealih me@qd@ of FerpreEenbinyentipn

d
detem%'f?’ e%‘b‘:*’ﬁg{b g%gﬁaﬁo d&&?})ﬁ%h%?axgﬁs ode%gt(lt?@g;ré%ﬁh?us (i g, optimally
desired prescripaivecorainifoah) @vsab tad tadgeteaf regi@ﬁ chaﬂdmy thé gatection of proton

based on_ the prescn@gu on dose to the tarq and the
beamlets i gteadetesmined paefesphminimeze 36 Swich 3h 8psilin the presenggef both hot

spots A poRTFENPEHD P ORal FpdRoFREbaEIee sy beant ot

sEfieé¢hcin @Irtmrremlmchimdnts wbe désired daseddistsibntiort magp be an inhomogeneous
dose sg\qle :\_;vg ltﬁ; gévg cmonpgélr ?gf at Iq%garggeyl | ver ue? %lzc egrib)gggragl\éeg %erapy In
this en‘ﬂ%d‘ﬁﬁ@nt 1|ni10ﬁ1t3$erﬁb@d1pﬂe§ﬂf)ﬁ9e 864e8 E&@Bé sedith &Bat different parts of a
m et wei are varied (e. by nodul ating the
tumor b\eﬁlrﬂlﬁtrenhd@n$| Tlnee@omcri desesgriyl depensid fasrexampls, ¢pendiagon the
Sequen selecte until an acceptable plan
tumorcgﬁ‘g%r{sg?héa gfcﬁg%nfl]bl ikp léosnnbein\?en bel ow are based
Ofp0bS] epdloveshanFoigh d)\&ra/l/hﬂré‘dﬂrnéllit&)pﬁﬂﬁi@if)nls%temmhd Retigsd of the
to achi eve SOBP for each beam et and then the o
preseni {vepten iy depicieddm Fieald. eifhlis Sloygharg showsfhnt the geterrainaiqnyof a set of
ca n' G t
beaml%t?a%n?éte {h'g plﬁh%pﬂ }?ﬁ sgg érj]nl%?]age E(ﬁ :b%ﬁ (t:sz1 (5;]1r a gscrlbed
dose dmmbutfoagu Hﬁ:rtafgbavxﬂdm& pad tlosreecohsrrazm éor thdn mldmammmayﬁructures
ew . Cross-sect |a§n of the target volune (or nulti

“dose F‘i‘lF‘é‘@UPTh s RApadhah PeaIgiseRsiues BrigyPOPE M Zaion ap¢ fhe inal treatment
plan pbﬁ%gtlhﬁzaﬁgh esthidl ééﬁh@&](ﬁceséﬁ | dvaitdife ﬁéﬂlgtyenepgifdlgtﬁbg@(gns ‘energy
vol unme can be irradiated using a plurality of
selection’, iant bears hegpathgzequdnet.s Thdhddtemeaexhsey af héangettmyparheters{“plan™) are

the target dvo unme. . The varl ble ets
recorcid stiBee Gfscnt o, Paiabl b e Bich EOTRS apPEr oL piovidift an
opnm@e&?resc%mleHbéeea@fth@@kgétéaamame Y Firied de b fefeRAChed

he beam ets can be provi ded by varying the ener ay.
of0066E Ancrveradl tregtmeny ogtlmatlglbpgt@m@mcbgqeg@ﬂ@ﬁhemfesent invention
ste t h

are sl G 0IAC8, BieR BPAR BRI SPSpRute GndeRlrs i
providé@ b theplaroptingzitRmhnetiod TiRybdag apexeiedonicimbaprovided either

bol us, range nodul ator, or both. [0068] In various
manualys dhrguglt a ben-gFigatation PRiaiRREQADIOgese Spe Plan Lafimizstion method is

t
based gﬂ‘ﬁg%ghh%%g@h lg%f%nég?agmir%ss%gu&egse kafﬁ‘ié?l c%g rlllgé;lg&eolgtcegal scanning, depth
scanning larldé ADisomaling eflthe MIQIGGSIAOEVE:?Q&CB@TI& g.lﬁ%@ﬂdt/ @4&?124 typlcally
... S tron an otron sour could al so be used

divides %@%Fﬂ%@& @fé@éﬁerwpwawgs %%ﬁ@m §)€ VEEXY €ross-sepy of the
target %aﬁmm%&mdoe%p&w Dikolhr %ﬂge@%@ -§dctiBR) slubﬁrﬁ; 25qudkeZ EEach

in the particle selection/ m col | i mation device.
beamlgtodefined mEjhig-sized pencil deameTitwoctiengyntpsciodm (he, gneegyedistribution) of

each beamlet is determined using a ray-tracing algorithm to achieve a desired SOBP along the

proton incident direction in the target volume. The entire target volume will be irradiated one
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i nvention, the optimzation nethods can be used in the
treatment planning process for both | aser- accel erated
wEr@sosE3and synchrotron protons. In these enbpdi/usmbE940724
beaml&rbt b BhRAh a0SREral Sahsie mednmef. LVRES] RYURMIRECEAPEERIuekd by moving the
del1vering beam ets of protons of different incident
gantrydihe pati¢nder,a @hﬂp@@onsxfbegx Adlepthyscaniing b%mlah@qumoghy;scally uses

one g (FRBerEERRE FRAGORT PanrruPnal BoRe g e RO B D e ¥ Sbertore

shape RfdeRir@ifed asddWOBE b&hﬁ seRe Ny QRRE ! sluelcass@agtionodt thdfGepth.
beam ets is typically first optimzed to achieve a

Multipkniesiurasdeipt e ured éorfiash denshiintevalindmprrye tanget dase ewﬁptnylty and
umforrg]itg ia ﬁ:eed%)cg ?ﬂe?heﬁgi a&g%xlrt]l Lot e e%{:ltl 9 er t%lsecié nténgfe gl\éﬁl[g% 1ay- tracing

algontiﬁhﬁo%ﬂx&d’@ijfoﬁrﬁ@bbd’ fumheam}relspﬁrﬁlng deptmﬂ‘meeaﬂh Abza rﬁta&ﬁm‘%ﬂﬁamlet
generally different fromthose of other beam ets

sequency dyicallyifiyides B fagstvoluneingames of a Bluglity %frVéﬁFISftw are mdmdually

f
1rrad1agéd (t:gi)e?&g ?i';ﬁg rt%%lsdgg '1:%?{;%{; agf mttebﬁﬁec'%‘m?%l g?&e%lteﬁz%cgrﬁgegﬁlyeé has a regular
Cross- sreegmrmlh Sleape tand ateasd. g.Le squrage. dbiseeneegyofreacteof the daainlets is determined
tim zation. paraneter g@ lAccor di n%% the resul ti n%, desired

using ‘?: PRSI 419 (R tg £yt the Ipcatiop of US Brage peak [ AP o) oy a desire

voxel 8t thE %?&&d {Qnme! IAnedtiakivE F@REBE MHs deddried fehek %El%w is used to
patien with differéent dose requirenents and

compagpthic mlazmptmnijwman%ﬂte te thetgresstibsdedose dooTipitionn The obigrtive function

isam gg‘o épﬁqg:gg vCaZLHitloB §f ﬁlogrq%{rﬁ n&% aflgbrageedg(gnl nl%l? g?es%@ bosnecpogg R the target

and th@fequBedaitcanangaire doddl @nsteisk dy theasiad is\e@cdptdble, then the deterrmned
selection systens that are incorporated by reference

set of b@ﬁé@tmarmfpréé fRlgn”) fcnéh%ﬁf‘é@cg@cb%eaaﬂettsweﬁé? 9‘@%‘?{13@‘%4 yerified and
sent toQJ s%'i ?I iss o%d?attﬁ)éﬁiteg?%g { 2%@1&1 t& Brdv Pt dnQ (ﬁmtng%d %rescnptlve dose to

Lrr a r eg on Int
the targd:tedétz(bluma IfVhe plaatis oot @teptatderthémthe bsarhlet WIeigIhts are varied (e.g., by

|y nodul ate the enerqgy spectrum of the
odulaé@aﬂ% bﬁ%nlﬁl: BHRIRLIE ARHORET %ﬁﬁe&ﬁwge PREM {CaRYag sequence
selectéx%ﬁmta?ﬁmceahémegﬁnm &Jtaﬁe@rgy pol yenergetic positive

1 0n selection device Is used to nodul ate the energies
ofi006Tle 'Pind goeunmlegs@w@ wlow are basethon kitegal sc@0iig inTwkich the energy is

S C l.at e vri.e of different. . .
optimigg 1o acpires SAPE TR i dEe T oh and it e lehfy oineh B i varied,
while PQFOrRINGS MR Gc RS ko &hidv 3TLIRE bMdrHRY k& @e targeted volume. The

nsidering that the Bragg peak of a small beam

depth- emgmg tecanmaﬁmetlse agfinggwaoshepedapertuee tg comruhmbem agye view
Cross- se?:lgft) ogf e ?aq%]et%ogunp aﬂé)rrlsn ét‘ﬂ%lg 1rPe Rl?arg eM %g%?s) art101|11r%1r depth

n ener
that is kélectb@ asthg h B@lt&ﬂ)ﬂlﬁtnecgy €ltiel t@tge( ﬁ)l@me cardb@tri‘hd‘idtaﬂmmg)é plurahty of
and scan the beam | aterall to cover the target vol

variablgshapgs lﬁam_lqt%mameag] %ging eet s in @\gﬁrgﬁteﬁ 5plup5:t é[}hgwanable shaped
beamI§ @%pw&nv@s@mng GROAHIILERT c@ﬁm‘aﬁsﬁ pRd o 4 4! f?nultﬁ@a[f cBllimator.

et and then"nove to a different eam
Varyir godepthisaeachedibyl thedetmdny cancbecproeided b vayg thebnargy of the protons

using :’:‘ Hle q%k;/gg#)éle lﬁng}s%rét?gT}}q c?qpﬂl g;gﬁrglﬁg tekc):ﬁr_aL %%\%g)nr geused for both

laser pRAORY ri% %%8en?f§?§bl gQ)Qé” @ﬂf@&%ﬂh s@dﬂ%ntgh@dhnfcpu% n‘i’({)p&eo&mbmed with a
energy i s change "pai nt e., irradi ate,
bolus, mange nuietuidtor, Nlbmhus can be
[0068] In various aspects of the present invention, the optimization methods typically

use laser-accelerated protons, although monoenergetic protons (e.g,. generated by conventional
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used in conmbination wth this technique to inprove
dose conformty. [0072] Any number of proton beanms can
wheososiubsat ed in various directions, and of VBCT/OSE04/040724
synchi®i8h 3h&sy a&%d :{Hu%‘d?ﬁj §du5S alsSe HSRT THEN RkRacdeRarBd bR typically
nDduIatlng unmber of proton beams in three

have achm@lrmergys#prwéalnsertdmg:@nme bkamlet colbimata sizgin therparticle

beanm ets wi th |ffer ectr i ntensjties
selectigffRenh cPHERRIORTF HEE ] BRETBERT DLETR RNV NG CLHg prssent
inventith, fHRIOPHRN DA nSkIBRE chfl bd used-iR thAti&@hemPlaii®hg process for both laser-

Typlcally one ﬁroton field (corresponding to an
accelerates) pretens @nd exnchenigonipsotons dinl these ¢ mbodiananisyen lmsgrated

d scann n

hardw %?s%gtwggeas cagnlgg %ﬁ gehv sty g'bf:%nfg% Oof%gcg?rg% %to({) { 1nC1Sclent

derCtl()hEQ QRApes, rl;«izd:b! di‘nefgy@p):ctf@arﬁ(ly@ Bhtais3used v ngd:i’ﬂaccelerated protons are

Al ternatively | at eral scanni ng can be perforned
typlcakly psad ip ghe Efﬁ%enbmdﬁ@tl%@pmvuh%sqch&@amk& HrPIGAS-ener gy

a

06 Qr *T'g ape%’ ﬂﬁ@frxl:{;'ﬁxtfglt %a‘réh I'E)ﬁﬂee l% lgi?cﬂss ﬁl{%[Blggl)gflltgFgﬂtlmlzed to

achleve cal dnnﬁtmh edpthydose dmirﬂ)luhemﬁncbthbh thmhmnslt)amfcb’aoln béamlasie opfimized to
0073]. In c enbodi nents, .nor.e than on
aCh‘eVﬁ r”&ﬁ %‘Fﬁf %{‘958 é‘“LfB 1be ‘é’a‘?‘irﬁmﬁrt{%\??eo‘éfg&tedﬁf’%}%l fhef“&fgy spectrum
and mﬂ:ﬁﬁf? &ftéach M:‘Arﬁl'epir@ gél?éiﬁl@ye&ffé%t Reniase (foftherr %@Mﬁle&g and these
met delivery tine, hus tine needed

charactea‘dnaq qre lgemqieli)a@yfereaaﬁh d@fd@tﬁmq patiemts. Jonender the |same patient, they can

ve B} e DR R Bl R SO e resuiremensand
optimiZBur gHraigesy ceoidiniy,Ghe feSul6iag sivdrectxristicsl6f thesd beaghlets will
beam ets with different energy spectra, intensities

typicaliyi Be fifterens fer differsnt Fepment[sges 41}ff%@nttpab¢rés pthyliffererfedose
typlcally have a range
requlrécﬁ‘ %h(pﬁﬁﬂ?zgt% gpﬁﬁam%l%?@r?getcﬁ%/ of a proton beamis
t B()Dﬂﬂ]al Inycelrfaim ensbaglivnentt, the beagies of tht pvBehagetidymbdion beamlets can

g ansg, which can be related to the f|luence of the beam
be mogdylate fop gxample, by wigE AN HARE BAIYERATESHA high BResgy Powi taion selection
systelﬂsrlhét%@gﬁu egfet:d(') o) n%%«??%c‘re%tehé"ﬁ ’??[8&5] tk%lr'h"i\ d@%@é d'f‘?l?tﬂé_l_ ecﬂgenergetlc
protonvieiagphdts ar raotlubpehtoneatol the ilyqjila‘tﬂdnl Of tl%tsr@taeldegma ivthle lﬂbpth
..of and an_. int.ens duJ ield typicall
airectify, BogRlRipROL A RERT LT, WP moghils the MR sestuip of the
resultidg proté entdn@ined tr¥mQhe RB&ali8RMIBEe thicalty, adP§Venergy polyenergetic
nmodul ated using one or nore of a variety of aval% %
positivedom srlectiontdgvica isaysed tgmoflulatetbherengiesyef the ppl‘ygnmetmamon
beamlLts typically proportional to the total nonitor units
% MJ') used to deliver the beam For a given dose
r Ell)&l] t MRe baunaes ichly bOmodulagdith a Variéty if dEtdrynt ways. One way
proportional to the beamon tine to deliver the beam
mcludqth@e desef 3 high cperay aplygnasgeticrasitivelioetrlecior Harige ¢emsidering that
f t kb
the Brh%t 6&'15 é):fé é{ﬁl lg%gggt %ﬁ éoar%egglg%t)étggbd%g@%sgls%rd “Brush” What can be used to
pamt’aa Gdb arrgﬁtmolume/wha:[lirotcm eaexrggnecrmngécbror a@depthe tagetsoluntein the beam

incideny cﬁ%ﬁ{igns :g d g;g ?qgg %{(‘él}rq gll?q o fa}:g:r%g'gtgcggernthe target volume
at one trogngf%%]ﬁk Ebeér ¢ ge?g Htﬁ%tﬂ?ﬁ:lr latk:Q1 §<ﬁﬁmﬂg NB&th Qéanmh:%%gﬁ be 8erformed first

odi ments of present nti
for a bhamlket avbthah mqveyo a diffepdng bearalet (eeqie lapptigpant dxrmtlbn)amcaver the 3-D

vt A RS 5 O S8 DT A PP TSt

i ncident direction of the |aser-accel erated protons.
Ener gy
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-17 WD 2005/ 057738 PCTI US2004/ 040724 nodul ation can
be achi eved by adding nore tissue-like materials
w@ embherd3hol us or nodul ators) in the proton bEEEES1004/040724
and thérhtlfetprbtbﬁ eﬁérgg% Praked ©WRhiArt NE, Flddmts Whd @xe defth OAMdIus can be
beans of different energies can al so be provided that

used ipFembinatien Bith s Ef»‘ébqum togipfpreyeedise SRPPABIY-whi ch i s

S I

o2, o B RELE ot R oL S mERRER ik FRTH RIS, and of

variouBehérgite phdiesities N sanel hertial mk phas f‘nlnbcj]ulalﬁng dheuhbaef proton
accel erated protons are typically perfoL dl ta, ..
beamsi diapea dnensionp BEYI B EarTdPad delivsr grater denIi5 eI different energy
spectrg,ﬁ_ﬁtggglﬁ%sﬁan?%% rﬁqnﬁgt%élgg? logg%egclotntcgnﬁ i élﬁdsl?}%lg/orglfpmtﬁn doses in a
3-D targemtvolun’@e diyipetaly, cmeeprm)d lﬁilehi (edxmb.pbnmgg tdan ooident disctiom) is

o B8 S 5 BB BB O 5Tl B FLS bl

and thePhRSE kY& di‘ffé'i’éi\tt 'b@ﬁnl'eﬁ(l&ééﬁb%ﬁ&&&x‘!?& éwe@g 3UuBpWblunfe. Alternatively,
m ni mum val ue i s obtal ned which provides an opti nal

lateralseannaig qani hgipesfofroed firse fdsewanipbang (daptingind dlpani the peation eligegy is

cnnaQEGT g BB oS R SRR 05 AR e

apertubSRA1irh AT By a AMul@pif JHRimA6s andbr pyahseecrfartgﬁﬁs c proton
radiation is typically determned for a particular

t U0gat edn ?%@Wb@l@évtﬁdnﬂreéhﬁb%e@ﬁm SEYICe Ran by esgd k@ provide a
pluraht\@ Xfalgga}'rﬁy i %gﬁt epgé" %4r%% cg:r‘)] bg BljséeC{: 1?)?\}/56@3?{11 ﬁ@)leﬁ‘rﬂle't ﬁ%\fe(r%tlme, and thus
time neadedlfer adimtdbh d’m&tpyc &ach edditiol isonrcotvill t}qmdally aichedetan integrated

laser tgrlggtgpg%lz dss%g“érgﬁ?agﬁﬁglll%lggégg agﬁbrg%)l\g?penqg system, which is capable of
deliveRRE 8EIhI¥R mmme%t e s speblrd, intthEHE AR iRALNFRL A RS,

process typically mni'm zes ‘the objective function to

dE74E Smterbéapwigmergﬂuarpr@thabeams @ os beamlets) typecally have a range of

. rescribed plap. Accordingly, .jn,certain.epbodi nent

imensfteS Fh sty Bl prok§ e § i€ §eiafl B £REGhENedo other

beams! ABichtcah B6 & skel €9ine Mueficd BPthdTbd@t ok ldBsd i water phantom for this
irradiation of critical surrounding structures is

beam ﬁwmcmrxzt@m capttieghlared tpylpa renifoy chanberraadingif 1ol uped tpimgpitor the
gl ive | t.her
ﬂuence OF, d?se{) ng s?l%}(t%ggl}r]rp ns lé&!sa'ﬁb%tt?ﬁ]cally Jg?%ﬁécf’@@‘v%mte ol?? and an
intensﬁy foduEeed figl@tlipadallp Nvmfhavd:lbdainl@t@Ml&tlhwﬁﬁlﬂéﬁﬁarylb@@a&]een O and 1.
In treati ng)iedl fferent tunors (i.e., treatnent
The infensiie pEgachdepmlet isruitapl ast"aﬂﬁi%%%dew%ménqrs Iof 8 Wprigfy of available
i
et 8 il LU kSR ot M R aon g o
moniteramits Y (MEE) hsedus deliver tieahmamoFosa glvbmdosdnﬂtengxesmhmnya)f a beam is

for. co nti onal
typicalfg Aot Bt P Brast-On dedhidsliter gt fedms. THrcdass rele fi o be

controfled ?o chang@meqmsdyacq a¥eh@Tol BBived HE&&%Qirﬁ’eg Fﬁr%%nergetlc protons
(1.e., critical structures) typically can withsta

genermﬂ:by hhswgaccejenahen eticiod s roéretphefepedprotan sontaentdch ﬂuaswr pulse

ased o htf sur r
ovpica¥ B i lptn AREEE pf oo AP oipt i AP gaporiona
to the h@mbél dffRIent organs are well docunmented, which apply
to | aser-accel erated pol Kener getic protons as well as
cH07&ht Ceriain embodiments of the present invention have the ability to select an
energy spectrum from a source of polyenergetic high energy protons to deliver a uniform dose in

the target volume along the incident direction of the laser-accelerated protons. Energy
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nonoenergetic protons. Accordingly, in certain
enbodi nents the nodul ating step conprises optimzing
WO bwsdeges to minimze irradiati on of organs exeer/mnsdood/ o724
modulefién E& @eicakvEEBY @dding mbie i 2RO A 8HiAT3Ralled bolus or modulators) in
PCT/ US2004/ 040724 [0079] Various types of software
the prejae kegestoshift disIBraggmpraldowaddhe gkie surfaceo frotpnbeams of different
energlgﬂian alsobe @Bylgg{l hm%gﬁtaces *;l;}géﬁe%esagfatt %ﬁgﬁ?ﬁ?ﬁgs’?helcl% is sultably

provideahuking lah ihight dhetyySpol et gt osnid mrbeamwplee@cbd device laser protons
determ nes both energy spectra for _individual

Both %@mﬂce@@n&ﬁnwfﬁrﬂépammfébe lserceelepiod RIAONE Aredypicathyperformed
o moé‘gg%en ? bteﬁes e?Jb e@f nf‘ ggg}p b é?elfélxdéﬁépr Vf(aké%@e d ‘Qg‘f’a e
t [(m76}at Br edrtanembleidtbnts stecain theregerzg qud tiweiatensity of the proton beamlets

ordingly, in certain enbodj nents the nodul ati
are mafiged SRETMEIBS OPHRERHPS Preges DRI L PP BRAR RO the weights of
md1v1@&ah beMRlelshge B'E)ﬁ‘:ﬁﬁﬁl WRhdPshddRs %JE&lv%%ﬁ’ctI(ﬁrlg Bfpically eQhNSEd until

nbodi ment's, "t he nodul ati ng step i ncludes optim zi ng
mmmmhevzdursm obtnimsdrv itk erqvndeadn apiimal sof of weighisdat the beamlets being

nd t m zi.n e dose
optimized T bEuaTF s bR Pt el bstESEuel dlil i My gpjrera
Scanmﬁglf@ﬂ{ﬂ;;ﬁ@gb&@l’]@ﬁgﬂtl c proton beanl ets can be provided
orm ng a laser- accel erated high energy

péwy%h er\gapmnai dosernd pelyenengein prgtoa rpdiatien isttypiedllydeigymined for a

e RES L FIF L RS ot UL R BRI e or

treatméRORan B8 tificalbUjudgedadsing ahobgéctive funedon peliiah eah bxya mathematical
reference herein. U S Paten 09/ 757, 150,

evaluation of th&;re?gpc;w a@rpag%on e dggﬂ)q_Apr Tgaﬁel:\EWeerUhg treatment plan and the
09018 edlve il b Yk lan SR £ |
prescrﬁ)@@@:’ieﬁl ?gngoiccgeer at rc())PDajgilgscl Foses aans st er’Zrlatl&ngﬁrS Yy ty(gnca Y
minimides dlocahjentiat fmgtioo ne derwmreaancrﬁlpéarah@tns aBiseyy tcathhlpgtscnbed plan.
| aser,..t he det cor

Accorggm gfgflté%w%em@démﬁn ts; tﬁe {I]J?H]OP ?ﬁ“’ﬁ‘ eeslt1 r}l}éa l’bgamlrg:ts soqgatahe gose to the

target oh h i iedl! suyro thr
g é@&gf 3¢ kit M BWhiX MeIRadiRich dNeRitieal suyr ﬁﬁtﬁﬁ%@ﬂr&w g6
aving a distribution of energy |evels
nnnmn@siewh@bcelyercaﬂb deriemesPyrpaimizisg ﬁlgﬁmhj@qtlvy fensttion it ether
emboééglggtg t%e dulatrtrlﬁ%:s%p cgrqll%}él;s/gsledé) gﬁzdm% Pnatdose (¥ m?nel{%nzreal}’rgéilatlon of
cnugﬂmﬁﬂaﬁmg fleld The spatially separated hi gh ener gy
po%%energetlc protons are subsequentl|ly npdul ated usin

8beFt Wipating gifdererictumers{éa. ireatment taegeisariiffgient proton dose
schemgg gc{ﬂé)?}é?é‘%Tﬁgen@cﬁrﬁgﬁg)q%gtaﬂg% t %Eélf? lSjsed R@v@}aﬁqioses usm

evi ces patially separati

polyemggteﬂﬁglgtﬁtergy progins eaetypicalip 8sd the carnenr s1h&hnﬂosam@schemes known
[ ed in International Patent [ [

di s | ication. No .
for copyshic Gors yroeygirons IPP‘@Q’?“E@%‘I“Q;P“"%A%E@H% £Visey fp threshold (e,
maxm%ﬁhﬁ‘éﬁiaﬁ@n A §L§f85mdfn‘§'?)r§ﬁ@'(@ Tr@ftﬁﬁb’stl%ifﬁltrgsg%pzigdg‘ﬁ 051? ﬂ/éthstand

Beam Treat nent Centers I"ed on June
accordimg tortbe ynetfodeiof thie prssenhommmn atit dymgvallry@faey bared ohdheetype of the

surrm{gﬁ%x%ll %q?)u' 6)a?%%zgm £t tﬁlg ﬂtres}g'l(f hé%ﬁ%ﬂ@%ﬁ g d¥1@erer?t organs are well

docunkénfédogmmlagqua was\éah@areréiaﬁﬁowaferg%ue ofl &Wé1PsE doRRentional
i ch can he dose for one or ew treat nents

monomsgetl@ arotpes. Aeerdingly ddicegain gmbpdtrwés the eradwiating step comprises
optlmlzmg tﬁg a&seRb %19i'?n1Egg+a%ﬁatlon of organs external to the targeted region.
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doses can be provided to the patient for a treatnent
course consisting of many, such as 20 to 40
wo e@shsmBs, which can be used in radi ot herapy pcpuszwmeni40724
0f00791T0 VariBity b&SH fRBErwarkPickabel ¥uitdbEcanbBUBd td¢arkyl G the
needed to provide a dose of proton radiation suitable
optimizatior melthodtr futaplecioftwaraipask rges aypicallysaleaeentinga beam directions for

. fraction [ | ast s fe ] es.Qr f ew hours,
nearinggBichi e ST Thtr By Selih s Sty shtfator
individ® béMhlels of @pemal ReanfetwiigiRh dnieEEEd)| | it Joby agkeisitgcally capable

the beam del | verg techni que, and the verification

of deliyaripg e se@iencq oBese tremjashdpipxample. sz piovidedhs Bieatland depth
sS4, ABSLERATD SIS RIS Pl Bop e

optimiziig thédese-dastdhtmab adhipvothe Ppeescriptiincddst Yo said target. In other
ol yenergetic proton beans of different energies are.
embodmeti e mpdulagng sisBIigdpres getmizipg dietdoye o PRiMpg fradiation of
criticaP ShREIrLOFhSIHNE Fink IhPIRE i iMutidh 39 ScRERKhE bredéd ftfm&dke to said
depths 1 n the patient. Tissue-like materials (called
targetbol us or nodul ators) can also be included in the

A St i DB Alyh5 e RRE Sl e
accelekaﬁ&?ﬁigﬁ eRME (86l YRR QLG i8R BBAR ikl ¢dER: RR1UTREY LARRH ehérg
providing a dose of proton radiation accordi n% to the

polyenengesigirefans. Huriebletlaserhire Wescrtbed inat) &d Pat. ot 1, isyued Aug. 10,
Ly ver . M .
1993 SRR UL 1OV EThARR A% 19 BN AIRN U SRR o

09/75B¢50, EN&byoYajitad biv Ein. 80200 10PanN Na@ U.§12002000019cAtenib. Date July 11,
directions, for example, by using different couch- .
2002, ah;a;eggﬁtvgryI%q:cggqratg”fchg,l(@ﬁf a YRR _agql] gqegg)dagﬁ @cceleratmg ions in an

acceleBRON dsYi? Bk E ?ﬁgﬁs‘{@%a&*ﬁﬁe §&ails B At érgri‘%é;)fq?cgr%d 132 gé}iteiﬁ:gce herein

I rections. ese’angl'es can be vari ot ati
in theic ontirhaty. tllaser-agacitraykd motobotie.typicglyarharatergadbs aving a distribution of

rotati erpendi cul ar to . the plane.in i ch the .
enerey i Fand h 36 aceeletind RiploB epn abtpioais folldraitiirine 4 raligation
device2hh PERBEARY parafdll a’%‘:k:@x‘?iir@etotﬁﬁfjelfe?éy JeVEIS Qéﬁhgg firft8nagnetic field. The

optim zat1on of the prescribed radiation dose. [0084]
spatialbp edpaiatasi dginenalgy pelyemangéts preoheare aubiegiehtlyrmediated using an

which is divi,ded i nto sub-fjelds, .which are call
apertuff i e EmBine AP R netiic heotlRe ein 4 E2aR Fagfiediye. Related
systen$sh aPBcaNghdShaBold fof Epgiatly S§fkdtnadoly@hedeti@h@he)ieig§ pblidive ion

are r egul ar square or_r ect angul ar cross-sections In

beams ie diselogrs intemgripnal Prisat AgplgationNo. PREYES 200498 1, High Energy
iy o . .

poyel o SSRUTGES S8, T5L8Em SRSy ST @0 Ana B By Tramen
Centesa,Tilbé ot $@xck. 02T @04] dlsece ntivetly of wihich it igbamirdtyd by eaf@as@herein.

W t E t he nunber of bheanl ets/apertures used. The

dEAOSEEr yuitaioprotan ipdiaHen deses ate tyeiegily piguidgdl g the patient as the
oy B 5B E5 RS8R o o OBSCLSRBEED, it o e gose o ne
a few treataen® hat dass bgynsedtih eaddesangeey fypp drehumentss | itablegprothe radiation

t t val ume/ shape, .the total nunb f,

doses (531 RIPXICSS i R PAGCT: Jo 4 BFARS SORISE CPRAHNG of gy sugh as 20 10 40

fracticABOWRicK cdrPbeli@Hin PadidtRerdR)V @ERnehtTWSABE anll 1&ions. TYREALLY, the
2,000 to 4,000), and nore likely to be a few tens

amour(tjof &me ngbdad: to poovide 4 0ysetad protpe yadimiyer rsetable for radiosurgery or

radiotherapy treatment (or a fraction) typically lasts a few minutes or a few hours depending on
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(i.e., about 200 to about 400). [0085] The direction
(i.e., angle) of each sub-field (beanlet/aperture) is
Wwa ypsosi7by  determ ned during the initial sel eRtT/o$2004/040724

the tot'éhcfosle Nk 4805 alRERMEili2fonWFice, tHE bOAR UMY RcRAgHe, and the
met/aperture will typically have a desired energy

venﬁcspem:metmdlusedgrder to achieve a uniformand conform

ofR2E; RaleskoiRetel ah et PLOR S A AP Qe MR IR uniform
dose 1H"ﬂie§ﬁﬂg}:t WiuBaaionh edniheldemnRfet tibeof the 1a¢pi-ac2kleyat@liproin€ ATypically,
e., nhodul ated accordingly to achieve a uniform

(i
polyengrgetic pnoton hearosel different engrgienare selectogusing s polypnesgetic positive ion

beam %I;tlgal sqgrﬂ'/tg ﬁﬁZ%ﬁlg lirggégéalk%?ﬁ{ff %nttdg?trl}gﬁg%ﬁ’géen%r $issue-like

east one

materxhbéﬂbaﬂ&mb)blusair modaidtors yeandissiiedheloded iankke poem beams to shift the Bragg
pically in three dinmensions. Beamet nodulationis
peak tt"ybﬁdéB‘F $Kin swifacedd NeRESSABY- rot ati ng and positioning of a

SHoB3P! gnﬂ%ﬂf&‘f&ﬁﬁ&ﬂ%er a&@p?otohhﬁaﬁma%t& médulated in providing a

rta nt's elnten5|t|es of th
dose qﬁq)themmdgmbn acqrding o theanteatisn cBnamktma)bbe modulagtistnultaneously,

vari ous enbodlne . of t thods of th
sequeq Rt \<SHPPIFRe M REBRLIBOBICEHE AIGHSH BESTF SaN fativuton s
typxcaﬂ? géﬂl@\te%q)yméhvaﬁﬂ/g mtotna Qt ﬁlﬁtt%lle RERERAYifeL HRRC orRREMple, by using
aser pul se by usi ng erent nunbers of E;Ises

dlfferemt cwqbomm grcmtnyoang@fs Ebfferenmch@nglﬁs pirdogapiryfang e gevep gise to

modulﬁé18 h¢ :l?aar{lfﬁ? op Oln'Ir’] ese zsll %qu (Eaﬁlrbte v;%gac) hg rot?t%neg he couch the

gantryl, 8f lg&h Ab;)damhﬂrg réthtis pdrpéiﬁllcuﬂhiil’t@ﬂ%t;ﬂir&, in shich the patlent lies is
changi ng_the | aser target configuration, or by

called@ﬁmh@anngﬁ@Otp&%r@éﬁelﬂra@ﬁegqm@gs CGRPAe Ush darnngreying the
optimBIRRELITRO hiscifheidh %(ﬁ]dd ggion in a patient is
PHIEE A ﬂF I?bn (g

esi'red prescriptive dose of proton
r F0084} i Bnch vﬁcﬂbnlrdifdctlgn wsfcalietafiealideaxat pprll whichigdivided into sub-fields,

proton beanjets is n he t etedreg| n.is
whichiape gl egge%rnlﬁrstq{ atPﬁ‘é“fﬁ? ?Ehaquc fgﬁlést Ray 6 P@&% size of cross-
sectloﬁzﬁ AANandd§ g KLY Sre rdglBar RdAE AL k@nBhiat %s@ﬁ&h@ﬁ‘s in the range of from

amlets s typi cal y conducted, as descrl bed above,
a few scplare;pmxlhnﬁtesae(mm nepxiord few aqhaeetostaneterSt(hm )tlaragﬁt &pth regular-
radi,ati o rou

shape‘i P&ﬁ@gl\iﬂ[ 61%@%‘? gforrﬁns g#glg S.¢an I?Fblga{l] m‘gﬁ? 3oe con{%rmqg typically increases

with tﬁ@ﬁﬁﬁb&'oﬁ@éﬁ]@ﬁ?&pehﬁ%? Bseldt Srhewdiiley esmpresettp ﬁndlbﬁdéﬂ%fry time also
is provided to a targetedreglonlna&etlent In

typically énrecases Wishl the nungieq phbsamjetofapertuges essdr Heppsking enythe particular

treatm'gﬁtndeglygn h%tb?m%fe?/agé’r&[\g %j r%datﬁae Itz?f%%t 0 e/%IaipE r{ﬁe H)t:tq I?1umber of

beamlét@la@éﬂtﬁ:f@s ty@1dal‘l? viidsi festh atfew |0 @vab@et ﬁt(dﬂﬁi)hS)’de{'@ﬁlaﬁousand G.e.
ast one of the depth- npdul ated beamn]

about 2&0%%409% ami proge likglwosre fblfepvetem (m rBewH0e 49bt0t'=hféw hundred

(ie., aBﬁﬁt'ﬁ)@tto'éQo-.grél@U de a lateral - nodul ated beam et, and
targeted region is irradiated with at |east one of

t [O8Eht @heldirambul (At.cahgld)ad ehat sibtfield (leapddtiaperture )ik egecally

deterquaﬂggu tge &péﬂﬁa%&;b(?rg?fgﬁé mcH%m @qr,%hé%&gpn% é[ﬁ')xg iﬁgtoXsem each
beaml M52 RuFBL MY Bic IR h e SUeBRe £étel 4 y2beitim Wh blieAYach¥RE a@hiform and
conform dose distribution to the targeted region when combined with other beamlets/apertures.
The intensity (or weight) of each beamlet/aperture is typically adjusted (i.e., modulated)

accordingly to achieve a uniform and conform dose distribution.
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positive ion energy distribution, for exanple
nonoenergeti ¢ beans as provided by conventiona
w@ynshsoss on and cycl otron sources, as wel |l aspCT/US2004/040724
PRIBEN CESET bfGhOBEdnk e Qrd §PRaly ﬁi&ddﬁﬁédﬁﬁ at R8&fone dimension,
accel erated positive ion"sources. Conventiona
typicalpritd dqast tyyot dimepsionso and eieh Inhar expiesdly ipshrpedinfangigns.t Beamlet

modulsfll bt % dg[%lltB% rl\épaké)&/ omg rétékg%l rf osgt{q%w su.lt}gﬁg gantry that provides

scannin
the beﬁilﬁlé‘t/serlhlc@ﬂﬁh efiboA@RALY Hel lﬁteﬁﬁués:@’&h@p@wemgetﬁ piblon beamlets can
techni que in which the Bri% peak is_ scanned through
also begepulaisddn varoysieanbogdimpents ofghe methods gh HieqyeseReneeniigy. The

mtensﬁ’g?}(thléllﬁ“&ﬁrg g%agﬁgg} lgég{fl'fshulat%g 'Bé b/?lrﬁﬁr?ﬁflhg\éﬁttgl a}?}}ﬂty%“?}ﬂegge Igegqaser pulse
or by wshandiffegent h@nbelfr@bf)pulsdfseama tcomlsnsemosfhodh. r’El&I tlomlh p((h‘;orgfluence per
vertically) varyl g t he @ﬂoton ener gy

laser pujse CaIBP%@@‘ltHg]gH fop exdtap @ hyrrgodlatme the }ps%rem§n51t)t t rleggh%s the laser
N e e
changingrthe @ede) prdpertieexanpl e, by using a rotating gantry.

005/ 057738,. PCT1 US2004/,040724 3D _scanni ng of . .
h@ﬁyf ﬁ}be;‘}( WFY OGS acta%?dtrF%“ A gat Z}S ‘&%Prﬁf‘é” ith a desired
prescript9€ HoRCTProoA rRHatfAU I Fﬁnrality‘f’ of PoahiafeapolyeHEetic ﬁx‘éton beamlets is
provi ded hereln Latera scannlnglcan be carried out
providgrang-#e tasgemtrhglpawmdla@dewé? the elrplity 1o the, podyrieepgpe proton
beaml&ts a‘i‘ﬂé Hl%d gf g‘%rﬂ)r B@arrﬁl'egq%\g}lﬂfcaﬂg cgrgdl}apetd as deanbed above, to
aser-acce era ONns as conventio
give rip¢ @l @S miiethe dose tb@@ﬁﬂ’afketddhégldﬁ Pihile Swialnizing rhdiatior @uasounding
of the present invention enable conventional protons
tmmm%o be used in providing | MPT. [0089] The present
99} ' A ;tmer Qﬁle&l?&nk '?hIEF ﬁnﬁéﬂ%ﬁ}nﬁ?fﬂenglfty ﬂloldultabéﬁ%?‘otgfl therapy is
seases t are currently treated usin
prowded v & mrgemﬂhiegemtm rarpatierie dmthescimethlods, anyldmhlyglfrhygh d?mrgy positive
ment sites,

. mber of
fon began ATRPFoVRaRk & Ia1eC Pui bt B TpErey mostiah o Iarmits fgnodulated in

depth f@éti\)@rﬂé‘ﬂk ;(a'tle& to pPAIGES @p-nRIuMRld bedmIQSR1ERt SidBHtRe depth-
090] The nethoég of the present invention can al so

modulb@d dransletiad maglulrecahinarlathiag Hireation rrglytl poloftbe patgmt facprovide a lateral-
than pr.ot

modulgrgaltbtgl?r\éﬁé. E%l&m hehad region is 15{61@18& var/]lgr @ﬁeﬁs ?fttg? Hiteral-modulated

beaml€E &P thic FRE . tﬂh@sdlﬁéth@&b cah belcariediongwahRas lt}tpe\tﬂ? pb§ifive ions, for
radi ation dose rises the steps of providing a

exampl¢ prokAnst §eugiroRse IOS/@?H e hesegaeiheds\can alsq bscarricdioyt with@ny type of
posﬁu{}\z gH eﬁérh? EIS{A})% tiB ;ftiSI‘P R % glgm%}% eéeln}é %eﬁrﬂg aesgﬁr%g?ggg gg ézonventlonal
synchﬂbkmh fahdd bydletior( sdurezl, asawelm mﬂ)tehefgeﬁhpsmmﬂ 1oﬁ£ prov1ded by laser-

bi o] ogi cal l y equi val ent dose dependi ng

accelerjtehpGsEhie i1 8QWFESo rCoaIV%mmnhlngl&fangé%m%en ftaslhgei ¢anghsy modified
to cmflygbupﬁ&bg'bg nglgaff%g%e @é%@n{arﬁth%@ gprgblhs%éaalﬁ@éanhﬁigaaabyb%my IMPT

he nodul ating dives rise to a
using otasnenMapmsoenepgatw sowtosseprovides a BRrteminephe ne gnhmh theBragg peak is

bR I B TRSh B koL B ghE bbb ccn voe
can beQIchﬁ:'VecPQ? Ho'v}’n% th@BﬁleﬂPﬁ]e(;n%rcﬁtegt%rp 4. Wzoﬂﬂaﬁ%nmnblthe proton
typically have simlar characterlstlcs as protons
beam ixasgpond dmctlph €48 am“uhaib\h amd varying therpedton én¢rew| to medulate the
tr.o ne i eld a t
srss 36 BESE IRTELLF o ShEReb CEBART Y orBEl iy con'

scanned in both lateral directions (horizontal, vertical), for example, by using a rotating gantry.
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and optim zing of treatnment dose distributions for
hi gh energy pol yenergetic positive ions other than
W(pn(ms/omsw Il typically use the sane, or sim |BCT/US2004/040724
3D scatlin e&?ﬁ?él?@r@r%‘ﬁ"c DoSitivd Yos CRE E¥amplP PAs¥ERLEREd Lsources, is
posi |ve I ons her than protons are provided using
preferaily usaie approsided hewity lofterabsanning aargbet earfied oyrpoimatily gith laser-
accelc%?edd&o?opt&lrﬁ%eg sc%%ggr] gllg 5 g%grr] B%?%l‘glr accl%l]%r?%}h ?aser-accelerated
protorBfaf Qeli%s 86BRatiaAA Protbiid) THEMAY kard i Feptt aniBE fQHRIgREs of the
optim zing and providing protons as provided herein
presenér@eam@berﬁtbl@l qosxentionglprotone fo lpﬁ)@ieﬂ iy provishing IMRR\VPL ES

n@@gﬁa £ ﬂi'g A\%ﬁ%lgr? A &gd Pn hggfeagl?ern?ﬁﬁ m g@es 015 cP iseases that

are cuﬁélﬁB}CﬂhtdtHd u/saq gﬂaﬁneemfonabémanelrt@am r@dlptmtm/shm eFér dxample, and
prostate tunor. In _these exanpl t he energ

numbariof sreatgnsaLsiiss d4mioss, 45 A9 By A1k mssésm@réﬁarea%ﬁe%%cgﬁméwdmg
th m zed of each nodul at ed
mahg:ﬁa‘ﬂfjm et%grtl(%)ep(gucs ?g%gpg%g%l%&uwém ty (i.e., a uniform
p[’(EQO]’ i Phe methdds ef the-p2&3eMion AHiohH @517 7138 be extended to heavier high
| US2004/ 040724 %)q_@ ﬁJ Ener lcm)du a Hn .
e“erg%%‘? ¥TNCEES G ROSIUXE jons pfef Hiap rli’“&tg ‘(rlfl"éﬁnpif’B fHerQps or ggroon ions.
Accoréilnér +O@Ptain é?h@o?ﬁ%exﬁ@ytﬁ 1R&th¥d 8f SBVRIKIES poitie iBh k&f‘atron dose
aw- Hi |1~ Book Congm Si ngapore) ~ sinulation code
comprésgh theestaps ofi proyiding e p @it_y oﬂe@lwnebgfzﬂw(nbemw &n leqarréd:ts and
modulralp %%e&&g %ﬁ%r%érﬁ ]i)%efxtﬁ]veelﬂn h%aﬁrgllr g1notgbm|%gﬁgngg £l vef 9se toa
desue@ﬁoie@stﬁbﬁtﬂrﬂmhléf&ntﬂé%lth&ﬁﬂi’y%n@ﬁ]l(?& Hadlogioally étﬁl@ial@fﬁ dose depending
kinetic effects nmake anal yti cal nethods typica
on thedfeptmeng desigor plamyngieeqyireenis) ta@ targsiciniboth @ngwdmal and lateral
d1rect1|oﬁlssl%5at1§/le g(?]ﬁl% Ufegﬁgfe{'ts?\(;’féﬁe?rgg?ulg &ﬁ %ke@cxggﬁqg hﬂgélﬁﬂ gﬂ]?SCBEh‘% dose to a
targetddregionipbothdvregitudinabirehiatead] dirasiéons pelasveetoithg bﬂfamléﬂs OMAs protons are

The protons comng out of the thin foil are
a type g6 pel Y08 qthﬁrtpﬁgtw%%@%?%ﬁrw@% by &ﬂﬁev'oe)a%aé Wil pidally have
snmlalekl%% ka1l dCprbiof gx&i)t ﬂ"lg?t'hgf al%%g&l@f érﬁﬂhéx@ﬂﬂg %ﬁum{ stronger

t he h| Intensity laser (Bychenkov, Y.
magnetiEIf'ehisnm theAmradle seledton apg baars laoHitmaieh albvwe sAccx)rdmgb/r the planning
and o;Lléqllzmg og gs%r%egt; nstg ﬁgsfmlgg]{?:nggqr% eéoﬂsergy ﬁ%@ige&? }éfpsit&ve ions other
than pRR6sOH1IYpisAKLIRIthd §idse, Of siRliRS TRethddsal WBQFHed WEleRS Typically,

protons are typically accel erated to the relativistic
polyengngetigipesitive HmR Ot HaRipiRians aramwxdqdatsmeq@émg opa variety of laser
targets f%%[ §{o%gq11§lgaﬁlte??8§1tnkg %nlé I%zlggl?% %1 lla%?ﬁ& rea§1§n %%gitel}rc{%g gvel ght and

perhalislce’ﬁmdymm)céffemedidlhe&iwﬁm hbhﬂexpﬁbﬂiﬂs ah&methodebf optimizing and
simul ati ons shows that the protons reach stationary

providingarotongas popded dateyn en%@.wah%k oSt PositisgpHs-ar )
EXAI\?EH gove in a formation together with the el ectrons.
I'S preserves the |l ow proton enmittance, shielding
proddbh ’fpnamm;ﬂaf dpscribvldi belovotelpersent 2. S\Buhcoﬂuﬂmmuloqbermzat]on for
. unreasgnabl or the emttan

al ues
providing.a pdforgy Ef’ ¢ é PB{YSP%%“%B(HW& tlegquri%fog BiPEspte tumor. In
these MahiplesdaReRd gy Wﬁxtshﬁloﬁﬁlg{eg Yo achTa)% tHe 9@!3@" fot é&ﬂq)e'cuﬁlet and then the

such t hat the i gher the energy of the accel erated
intensivy staptisyizednad emir motlileted deamlet to achieve dose conformity (i.e., a uniform

prescriptive dose).
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emtted in the forward direction. The energy spectrum
of accel erated protons conming out of the foil
wo emsnbl7es a quasithermal distribution, arisingCcT/usiw4/040724
t 098P 2Eh&dyYmbdRIaiTBs eARAIASioRS.CA AR édnl €11 (PIG«)' erdsall etal.,
structure, which accel erates the protons. (]
1985, {Rlpsiha Bloysécsdiia Computer Simaation] a\MsHngB |CSDIBW@GT $msapore)

simul 8 S S Slaaf PRV RIRE SRHBeANLR o F5%0hY totetemmine the

interadtRBVF 2 deGEpRVerBEr with @tseRig high- deﬁﬁt}afdllo ﬂ)lhﬁﬂﬁlaﬁk}hty of the problem
However, to renedy this deficiency, g@rtl cle

and the gnpertangmobyelsRuand kinssic géeets make anatiea! Fﬁéh%lﬁ &yrigally difficult to
prov1d%%ecf‘é[alllég1d9§¢cnﬁﬁ8§ %)Ffagérgagl sgi : 'g%? I%llg{r?sa Vi %S]t {ﬁglgﬁgéﬁ) in this case is an
effectip@kdol ,Olidcts @drﬁihbd (bllghlsoﬁsme remalicatad m@bléesajf ldsedpliasma interaction.

I nt er nat i onal l'ication . PCT/ US 004 7081
The profgng OB Y oﬁmeygwépﬁéfq maiplyacegle Esgweﬁﬁlélrepw by the
electrdgﬁﬁggﬂ(}ﬁ&%ﬁ égéo Zﬁﬁgﬁon41%agcﬁg gtﬁile Tﬁt@%%{: Eﬁ%h%ﬁl@ov Y.V, et
al., “Elevoon peretmdobpy nsher Rebdvisec Easer PAlss at thalfirentof SobdiTargets”,

i, 7SS, 05K S e S, S SR o

frequeRE PERINES, @d?lrs Atdgp fc@ll% B&lelerated &y @Y r@htihidRMhkfies reaching maximum
distri bu ion. A suitable spatial distribution of the

value wﬁbqlfmqeds an seyjetal fagtors mﬁbldmgdhe lasgrmﬂwelpﬁh andintensigy.eand the

plasmgj ? f tﬁ?c‘i(g(gs .atfh? ?}a%@h%r dS'h%xﬁg Co%§crﬂ)%3{)|y thé @3&1{‘]}% iff Sé] %ﬁ’lullatlons
axl's, and as the "proron energy 1ncreas

showsdBdtltiCprotns Geeh sasietary @imelm?daldd])eﬁdmm)’diﬁthbﬁtl(brs(energy, angular) and
achieved, an -23 WD 2005/057738 PCTI US2004/ 040724

move Hformakon iogetper with fhy clestiant. o Tlis Psservgs hedn pigtomemittance,

i ENEE IR R VA ATy Vo ol L ThIEh oy By s for o

emlttagd:a/ él’heezmgnlgydrsm’tgle))n of hetansteyhibatatHeyspraad IWhldjedepends on the energy.

m xin . fferent ener rot ons, once the

The geglsraﬁ HeBh Brsueh Eﬂaﬁﬁwgﬂme& theicapEEy o e Aesplgralky FHPES’P&HE fore they are

emitteMih the@0rviRd BlREcHRY Im%n%9 rssectnlﬂﬁn o &Belelraeerdqsfo@ﬂg tdrRin®Dut of the
are, and vice versa). [Tmt this effect, an

foil resemittlésed queithdrmat dlembdevm aeising fiom thedpateadly inkomegenkous electrostatic

r ot.on desired angul ar

field S[C{P%tf"fel’ th{o[h Cel%’??eﬁtﬂ?ee%rﬁﬁ) Sof this feature, the spatial

NfOODBD The B¢th @6 didtAbet@dd dalculdted usthBrySspeetrith &4 the high
(the smaller the initial collimtor opening the

entrangedosg\aad theHeng Fﬂl]@a‘ﬁhl\ﬁh Mouldygpm tg mepkie At 1gmg)ssgb}9é<p, use laser-accelerated
V.er

protong F@{Afllﬂggb I?lge%s;hf qzlé?% (5 trg:/rg atHSyddr;lol%Pg}lyﬁ gé)%ﬁlc?yfeﬁ&}ﬁon system can

be usedne esshipeIthd etce,rgjos;techam cﬁ aswlfﬁ'atﬁd praomctoiyield the SOBP requlred in
characteri sti c energ general distrihuti '

protongiggigtip ierappe Syiakle ﬁéﬂweﬁﬁl%%wswr% plep deseri ed in International

£ S
AppliGREh HCPCIAYSRRATIRO81 ST EfcrBP PEREnéBaR TodSeREAMOStems, Ton
Beam Ahgfapy Sgstamg,)andrlomBeam Taeamantt Cahedrs’ ¢l @doraBine 2 h2004, the entirety
netlcfled ner articles.. The )

of whigh S B Bo It e o ATt et BeF bt (vgin'i & partite

selectidf BEQCQQWhl"éH ra\fﬁ?gn@@@ﬂ@lﬁ i Qied@@@ Ai¥1ly S&paedt@pidddhs according to their
cal cul ati ons. a result, ept h” dose curves w |

energihandeangalas dﬁhﬂlupoﬁall’sl thblp éyambl distripaitien pEtheipyetosy laggch that the

lower g?egg%ﬂimc Egg% rcgeglﬁ tlgd tap g?rf:l?]tg £8 F]tgr:):cae‘;’ %nguwgf?&‘g ﬂcgrqt ax1s and as the
protorféiefpyl inére @RS the dphtlﬂ&l&ﬂedtfbnm%cﬂé@sébf Dade §uvh sepdaiion is achieved, an
i ndi vi dual beanml et of the
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given portal. The foll ow ng procedure is used in the
ener gy nodul ation cal cul ations (Fourkal, E., et al.,
wO Rasosube sel ection for | aser-accel erated propOnNuUS2004/040724

apertul@"i@ 'iﬂﬂéfallfyfiﬁéd Ri sJele'prr%Ed%ﬂthh MeGuir&¥ifergy spéOPdn. Due to a relatively
0-70): 94] The portal of interest is divided

broad amgunbarsimmgmnzf thﬁ acaelgramhprcto@s sfos agivien anrey gange), there kypically

will bep? %qagqus i r a fg(lilﬁfgre{l g}er%@rogr ﬁceea%?g tgg 9nr8 tﬁﬁ :n%ﬁta%tw field (low-

energyt %@tdn@fvﬂﬂfgo td thegegiohwhereand Iﬁkh@ﬁa’gsilpﬁﬂkﬁs (aie alyd vidBeersa). To
e thickness of the target (z- axis),

ch
limit tb@pgmtaqmlttaégplﬁglapﬁn deviee isintrodusad. gidrieh tvi,ll colhmate protons to the

s} GARIPALGE OSBRI, U388 g g it

will al(Maps bdgrestmp(the einaerttheinjtil edibmitorepehing thepiadtodrer empgeyad will
range required to cover it. Using the depth dose
be), angiig@py Biyen @h@laﬂ b}cafaorgﬁh@yﬁvwé?a@l} the pregen enspgy digipbution N, (E) is

te the or, each i ndi vi dual energetic
typwa@xsﬁﬁf%&ger WPP‘I’F “Cag%ﬁ}}?ﬁtau%ﬁa RERUng B8 CQ%?@‘ stcsneggye The

generali’ @ﬁ[ﬂtﬁﬁlow‘lst Shch g %eﬂrgﬁbng bthnbpert dh‘ﬂfhcte‘ﬂgﬂl&gheg i¥€Raveemuch
fective Bragg peak at the distal edge of e target

smallqr splggt thian th:qu‘ptopS) @%]hl gher Charectersticwmengiass Ta(ple:all}qohmhi gher energy

protons e 3 A TR e At @eld Runt Mter Shirey pbisRles. e

presen@é eNtic lehérgy 8ped effedd eiidiriali theaspt® Bodef REved ne€iedddr energy
am et) can be cal cul ated by convol ving the weights W

modulathrEgalwlthnﬁ hésafesudfy thgidepihi dose peves wilj have)lesgsharp falloff beyond

te crBR ML TP BRABART B R i oriptarpigps. ageordingly

the enavige evdulatien calculatisnst willaitgd td bemedified iferscaoh mdil\adual beamlet of the
. pol yenergeti ¢ proton beanl ets needed to cover th
given a?féi’i ?

dhe follosripg procediire isgised H the engray }nodp@@gvfalaulaw (Fourkal,
E,et d\ilmb @ﬁ%u%lte‘%eﬁc@&?f& @%@@%&glega%d ﬁ%fiﬁ tgfﬂ?%fﬁﬁﬁhu? Fﬁ%é 2 ded. Phys.,

coor di nat es y;) of a e portals
2003, 1660-7@®: pl anni ng. Once the SOBP energy spectrum for

BP9 abeThehel ke’ VidetianigSyliREioa; L given s section (e.g.
1x1 c?)g?.rrg;t fa tramgg)ﬁlsgra-rﬁ s &&9&@%6‘&% he cﬁ[g?]sotgeﬁcﬁﬁgﬁﬂ%?tro tg@%wen beamlet

ons ornmul ation 1n
pass thraughi thé eargetf ffesoe titeibehmizn eowlrﬂatd{any)amdnh@gmﬂmm of e target (z-

) esurfa nd.solid an orresponds to t enper gy X
axis), }.‘KP‘L‘%PH? B0 Engr}gn‘EH’ 4Cﬁ0t%admffeaﬁltx 5@5@%@%@ ygfori the patient

CT daMdhidge@kd&@ch individual weight is correlated to the
physi cal nethod associated with the actual energy
niﬂ@ﬂﬁ]at 2ofhe g@mecstscal 91z Iméth%hlect (i theglppthetinectiong daterméles the
ation can he achi. e

proton et T nEER AR sRich T Sanaihs Sebhiloss RlHEBR or gaiven enerey
range, WAk 9 Sorfputd¥helldi Sigts ﬂ)rfdad:ﬂ indWhd\fD p6BBnergetic beamlet, with the

assumption that the weight for the beamlet with the energy distribution, which gives the effective
Bragg peak at the distal edge of the target is set to one.

[0096] 3. Once the weights are known, the proton energy distribution N(E) that will
yield a constant physical or biologically equivalent dose along the target’s depth dimension (for a

given beamlet) can be calculated by convolving the weights W, (E) with the energy distributions

N, (E) of polyenergetic proton beamlets to give

-4 -



nove along the y-axis in the region where protons are
spread according to their energies, and the tine
wGepmshsi7ee a gi ven |ocation will typically be PCT/US2004/040724

proportional to the v hWﬁfght for the given
energy. Convol vi ng th‘g %\‘)el Y‘}s&(\z )t he ener gy M
distributions for each individual pol yenergetic
where lyedepr i gunsabroyghl |th¢9erle('g1&pf3h¢ poly¢rkygeticipsotan tgainlets needed to cover the
e e \stribution that wll deliver the
areaog'%ﬁes?&fl%eﬂg ‘E%té%“)t arget's depth di nension and

bRBPYEt 4.STEE abSveGRipdiafte@pealdtl for ehendlyidliabbdanddéettwieilcoordinates
differs fromthat cal cul at ed usi ng nonoenergetic

(x;, y praftablrof teapastals used ihihe planning. Kricg hhesSQBBepengy épectrum for each
represent the actual energy distribution) because of

beamletripcpwaeAcibisgised i the Maene Cafle Hossralayiationh iy Shidgit eropasient

ociated with the weights, which is typically a
i“fect consequence of the initial angul ar

di0§98] bThé¢ erergy mobeladorc pleserittiod for mbwns usd§|a@orr(11lllﬁt)'on in which the

shows t ener di tribution for ot o .

incide Rt diTectier Ui SPUse TeETRIEY ORI Ne AT A5 a&éﬁ%‘&bﬁf@#e

corresﬂ&ldly%/ tHalenels thﬁ@tl&n%&:ﬁh@djlrﬁﬁpﬁgoﬁ . pf‘l%ng)%gﬂte value of each
selection syStemfor an initial aperture opening of

1nd1v1@4a6werg@grse:@gela1rddeo plreeteysicel methbémsoalamdrwmctlhegctualmmm

stributio

modu Gttt B el ESaiet g e oBufS bt acfichea by citer

using Ae§peetutcONhee debRetictstape iBebBlhtealto tHRavddEing or bpedHg a slit, which can
Thi's introduces sone nodul ation in the cal cul ati on of

move alRag {iisi Yyitis imidie demion where pEotpnoATe SPregbaordingin their §pergies, and the
cme st yon B SR AR LT el U bR FRLEL0E VBl BEP AR or e
given eixsgenCoeniving e vdightsvithaheaierfy disribhdses foakbahl 1ﬁdhediual

usi ng. nopoenergetic_particles. [0099] NMonte Car

Polyereageélel bggmlshaccoring ko Ranaign { Be Higiagakmadylated easrey afribution that

R
i afEH NS or ROk 80 UGS L RALGHI AR olges. i
energ)pdhsm‘xbntldneduﬁﬁers MEDOBE calvblated.usivig re¢ncehergluk rotuinebe@as (for which the

welghiﬂtgeﬁme | %%ég%%%;gp thtﬁ/gtgtua]%%rg{gyrc? %58%1 %ggautgéseﬁa t&ygﬁ?eéence of particles
ith E%%ie@ bERHR thER ddSRfhted With ¥ \%QQI% QRIiéB typically a direct

v eP us2004/ 040724 t oe score the dose ldepo%lll)ltc?eoly b lrechgonsequence

of the 1IBt1Wn9lhl@t distribotion phthe agBlqsated pretorsh elﬂﬁo fdf) ﬂ‘@ws the energy

a ose di s rot
distribyiaf Hordidiond Wi B SRR 3ol R bV ihd Blerfl BHE of 14 Mev
FWHNIL-éalculatéd usig tidl proposb sdlectionrsy teldeesh iR apatiré bfdhing of 0.6
Dose Cal cul ation for Proton Beam Radi ot hera

Med,

degregshThe preseqpe, of  ogep partiglesc rin the 45%1§é@tl<ahvvtlh1@afta%d&ﬁﬁ§ham dose fall off
t ' |

vevon Y LB AL 000 LRIt Bk oy MR g o e s

peak. %isﬁh&ﬁdl&eﬁfmmahm)iu]afﬂmmrﬁhat:almylamﬁn oft the \A@M&Tnee;l&i fomthe proton
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Monte Carl o proton tracks. Monoenergetic
photon beams. MCDOSE (Ma, C.-M, et al. “A Monte Carlo dose calculation tool for

geom

radiotherapy treatment planning”, Phys. Med. Biol., 2002, 1671-89) Monte Carlo code was used
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used for the calculation of intensity matrices.
powertoé genipepl endteyiah adéle k@@plmﬁle@@mafrdﬂmmmwameégy each step. The

tracks greoxl%f)a?eeddba@% 53| l{e%‘rect (%rhof C}he i t rotd% %cf)‘?ne %Qgt%eh‘ﬂg ?iﬁgc'lgs are

Ing a 0ose-Vvo rairn

adjustédi‘iﬂ thefiuatom AARBialsI2d didRzent Friond ‘hater dPipy Aig@dthinhie about 13 times
objective function is a sumof objective functions

faster fh@P GEANT 3 foyamiforn phantamepmstry aagd @WS{ 1QQQ, firgesyfastgifor
hetero «%nebﬁ]ﬂj &gngg(ﬁnétfy (§Ps°h%“}éghé Q& Wsead}&nﬁﬁﬁédsffé} 80, 150, 250
oSeé-volune/ ma to

ruc X1 mum dose “constrai nts
MeV pretudearnh & mbbxdogamdusmatelsnﬂlmmm paltidetet asige bothothe GEANT3

and critic structures.re ctivel e tota
simulyg gqs el e PR i Ak e eg methady %’H aggeement (~ 1%) is
obser\}eh betiveeh both daflulatsh Methdd. I 0( X) +pc’ sn(x)+p* " 1) (x) -26
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+m1ﬂ(h})/ @pﬂnyﬂdﬁm Qa(cdlatpaa.oAn optmhzjatm@mclcedthre ibaded; onlthe steepest
descent method1 (Jiang, LS %‘Develo&)m@lt of a corr\llgensato) based intensity modulated
radiation therapy system”, PhD thesis, 1998, Medical College of Ohio, Toledo, OH) was used
for the calculation of intensity matrices. The technique is based on the center-of-mass analogy
proposed by Spirou, S. V., et al., “A gradient inverse planning algorithm with dose-volume
constraints”, Med. Phys., 1998, 321-333. In this approach the objective function is a sum of
objective functions for the target volume and the healthy tissues as well it includes the target
dose-uniformity and critical structure dose-volume/maximum dose constraints to reduce the cold

and hot spots in the target volume and critical structures respectively. Thus, the total objective

function to be minimized is defined as:

Fy(%,7) = [0 (%) + £33 (%) + P (%) + P (%)

=26 -
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is mnimzed when its derivative is equal to zero.

The optiraizetéon Rreblsm Yl yarigusiorastipss Boeomeanaipsotlep o yaeanstraipgd
nﬁninﬁ&&%g? )%?m(e)%tbi ec{ﬁ%éo@ig() ;l" h@ Q?adgcg‘eardﬁﬁ %I'} V\f] wﬁs}rahn)f ¥un:l:tlons will

typicatlpba inctemssdds itesation protee® ODEd M haaitiBCHIdIERGE 46 (dhfeidvt

remm‘s n¥ p} tbgrcg{cb\gﬂs)n of L?bie:él qlt%Tl 2)f-mass of tEe syslerrll w:-tﬁ\i(wnz)wzl si)atlzal distribution
of masses. It stems from the fact that the objective function Equation (2) is minimized when its
derivative is equal to zero. The center of mass of the new system is represented by the beamlet

weights after one iteration:

(k)
F,(x",r) 3)

where the total “mass” is:
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=1 i=1 k=1 i=1 N("ir) 2 ~ Wecrii) E Wecrit) +2r n
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met hod, i s,Gcvén s, LOkAA) <t |Ln 2 i Nighis | uPs
f or aﬁdzakilc%%&fgenitlai r%%zwk [E(é]TaZ
Cal cul ate tiHe total mass NF(x (k), r)k=l [0103] 3.
Cal cul ate the gradient of the objegtive function;

[0104] 4. Calcul atgx(kt ) [Q10%5, |1 F2(F, )
(x(k+)) - Fobd2x) )Wy 7 Ebbw, (i ')5,.|Jai< E, stop; @
otherwise r -*10 *, 51 and @Q; back Lo step 2 . [0106]

The overall optimzation process can be separated into
three stages: [0107] 1. Pre-optim zation. This stage

and a ir&préRat iheRIdke-8&iositioR mdithe (dRE igived & thepoalt @ Bohd thebeamlet j). The
~consi sting of three-dinensional dose cal culations in
algorithay foe the' cenigeohrapymeyed iSgVeémast i al unitary beanl et
Lght distributi. i.aRt | .. 1he
JRAPLY,, P BERL SRR RRS B s b Gk BRFlce ¥

s@qy%ui.e@)ilchﬁwsm@[&g rhdds dspkrantyom fil e obtai ned from
the data, which is subsequently used by the Mnte

dan03)] s3.nChitiiatthe pradat cfithabbjettie fiastomeposi ti on

matrix. This is (me stage at which the beam

dg@dfek r 4.cerlcplateoxmati on is defined including the

nunmber of eans, beam margin d.prientation, nunber
COTBSE S 1l F g0 T (KD B MRS € aEeb Rttt Thi * rand go
proton energy spectra (for each beaml et) needed for
Seektastep Br.ecal cul ated using Equation (1). [0108] 2.

hpd zation., JIn this.stage, the dose-depositiagn .
0068, “Fh Sl Sogiie Bt bAF o6 SPELTHPlubleB Juomes:
CleN67Y ai Nbfe-cPtiniB@RA. Bhis3thgk MXUE ifpak dith €oraBt 6ptirBiza@6h algorithm
_of the optimal weights of each individual beam et i
consisfingplthederdimgnaiendl dege cajaglaions &1 patigat's ggampatiyAgs therinitiphunitary
Pigiv o . , S '
beamg iR REAR RATE ol Gy 1B BSy's ptpmisal iformation
(targetadiitidah &ryn@ds)iis storedlin atphahtomi filg obimdd Sontlie T Bigataawkich is

se- volune histogr 0110] Results. Two different .

do ans. )
subseqyepidy wiee bydheMonin fearfedmuinigns Wralcyratt the desk-derositon gagrix. This
. - . . .I o -
s the e 4 95 AESELRGESAL BTN 40 0L A R s o
beamssbeaatdymargimeped omxtntationpeumisdriof bebiRis5a2, Thisxehlse itheestdge®b which the

poton b PR B s s B AE e Bf b Bavaion 0.

d@f108Eed2 (ORFhMion. 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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and right fenoral heads). Subsequently the CT data set
w0 300605m138¢ or med i nto the phantomdata fil e fopCiVos1084/040724
bladdeFaEft ‘ﬁn& ﬁ%ﬁ&'ﬂeﬁfokﬂ Meads. “§19¢?3s ﬁ@n’ilg)fhé)@’f détal s@ﬁls 1A 8sfSrmeBinto the
pi xel size 3. nm and [ paration 3 nm.
phantaah data ifibeyfor Mcgec Cadd aateula@ind)(imegs matkiapet gided 28 Kd2& Pikel size 3.8

mm ari.lc\f IF% ge&;?fsabl{g{pﬁzr%fn}g n%gpgltn \}@'ggt{\{? Vn% m \%ésrtaf(erpto%e the CTV with a

5 mm b4Te§grkin: nodul ated  proton and photon therapy. Both
nodalitres used the sane 7-field arrangenent as well
a1l Thafiest plenireiresenische mmm‘@r%udyg?eé\gm igtengity-modulated
do BRIV, .do voI [

proton anﬁ%%gf n the%ra 2 t%_cr)tg grg%dzigl usléH?l'Il g‘}l\l/”’c’:(:?r ﬁ%g%g%e%ent tcls well as the

same (i}ﬁlfﬁrhlgzﬁﬁﬁi paganfdttrs v Predcmstionf doséy for aRtPTV dob&volume requirements for
ptim zation procedure are shown in table (1)
the cnl«??ehsgrg?tgreéﬁn@ TpleH s inRestapes 1ssieneditamlt WlFIHES ofyjgfegespin the
optlrmg:gca Jé#&l{[f?e 4k 3%‘]% g{@bl@ (@Ylﬁ?z%l] sgs?\!éfg%‘l']s ﬁ%ggrvég)gmd with the
help oPd@&sevolyphé mst/oigninm @DhdH s psdculatnd faveagihbesant oloda#gand volume of
vol une of interest for the first case study. Vol une of
mteres% of Prescription/tolerance Relative interest Vol unme

dose (O )rapPpr PARRGELORNEOREAES AGIEY addWeithtsFoleh

Prost at GVBMéonm%?espfo}ﬂ% fnP{@a%é %Q%PTV 10.0 76.0 1.0
Rect um 90 Rectum 50.0 20.0 0.5 Rectuym

10.0 30.p UoBmeBbfac d%rofgbrﬁscum(ﬂl/tolezancm aBdetivé0.|0
20.0 0.2 Binadesr 1VolnigD. 0 do EbNor al| hepmendd. 0
10.0 0. 2| Pk RtTVheads p0.0 2040 0.2 |Fenorel heads

10. 0 40. PpRsiatd PRI slgn [Tabl e §ip the doselvgl ung
constr ai fbs{ager Ve {GHIFT Wergggeftned astygNo |nore

than5°JU|gtuc aTOEL v pTruhe Ut Trgcetrveza se
aYa ook ~f

ol
| ower th ahtherpre A—3 ef—the—tar get
shoul d rbceRestuy 4150 i Gher f?Qﬁ 76 Q" AP o t%e
target chnsResivmts |hA48 hn i mp@Pt ance weidhd of |1. 0.
The critj caBladderuct|uP@0cbnst r al®dds wer d defG.2ed as:

"No nor e| t hBladder 50.0 20.0 0.2
Bladder 10.0 30.0 0.2

Femoral heads| 90.0 10.0 0.2

Femoral heads| 50.0 20.0 0.2

Femoral heads| 10.0 40.0 0.2

[0112] In Table (1) the dose/volume constraints for the target were defined as: “No
more than 5% of the target volume should receive a dose lower than 72 Gy, and no more than
10% of the target should receive a dose higher than 76 Gy”. All of the target constraints have an
importance weight of 1.0. The critical structure constraints were defined as: “No more than
90/50/10% of the rectum/bladder should receive a dose higher than 10/20/30 Gy
correspondingly”. The rectum has been assigned a larger importance weight to prevent severe
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 superior dose distribution within the target and significant sparing of the surrounding
healthy tissues. This signifies the possibility of using a limited number of ports to generate
clinically acceptable plans, which would lead to a significant reduction of treatment time without
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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aser-accelerated versus t
procedute arbyfile dasiensg used in the proton-photon 7-field comparative study and are shown in

table (1). Comparative isodose line distributions and DVHs for the PTV, rectum, bladder and
both femoral heads are shown in FIGS. (8-10). As in previous cases the DVHs were normalized
so that 95% of the PTVs volume received 74 Gy. FIG. (8) shows that the isodose line
distribution for the ideal case of monoenergetic protons exhibits somewhat higher dose gradients
(line compression) than that for IMPT based on laser-accelerated protons. At the same time,
both IMPT modalities yielded almost identical PTV dose coverage with 12% dose
inhomogeneity for the monoenergetic case and 14.5% dose inhomogeneity for laser-accelerated
IMPT. All of the critical structure DVHs exhibit slightly better dose distributions for the
monoenergetic case consistent with the isodose line pattern.

[0118] Discussion of Results. The results of treatment planning comparisons between
IM proton (laser-accelerated) and IM photon modalities as well as a comparison between laser-
accelerated IMPT and the ideal case of IMPT using monoenergetic protons have been 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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it is difficult to judge the relative importance of critical structure DVHs. As a result of this
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case spdiél the daahm R HeafladdeSBBPgoet MaecteeMesughtife fimtaal tRaleft femoral
of the targeted region is the |ower the absolute

heads.y As gaessit of fais Seldprignpemes, the ppmberqfiheamisfs dakgasthroughthe rectum
t he hi gher
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the proton energy, the | ower the absol ute height of an
i ndi vidual Bragg peak (see FIG (2)). As an exanpl e,
wo-bd8s/04738 a) shows different spread out Bragg PEBKS2004/040724

and th& ﬁfaﬁ&'éraa}gg?éﬂe?%fg o3 fe%";t gﬂ satfifd {181‘? ofegﬁl{ s@Yin®RIGhER critical

rgy |str| I ons
structu(rﬂtﬁrﬂltm@drgutecgegmhlny tlfeldpﬂi\mxtdt@nqmd)aeﬂumn to the

AR -Pror TGt sbrset gt B matelgPRdted P Srrangement (case
study ?)' dXH] Rl 'ragt?\)elyy‘ﬁlrgﬁ dodd &éﬂo@ftegidtr g)%{h fe R M ind b mmﬁatnée dose to

the I M calcul"ati ons [ ect the internal
these senuetugqp aslppted dt Foxn€hasatCancertCentes cPlaladelphiasPAt isrsuch that no more than

r d earlier. The e height. of each . .
10% GRECTbe Saeaseeive i g€ PLS0 Criarmaarenbior br&l Bfteermiap of 14 Gy
and prlas%ﬁgtl&i)re%ﬁneﬂ{ %@Q%Wﬁ@étﬁm? OPRe fhiraliHeBd DVH ok BisB 26w that only
targeted region. If there were no critical structures

0.28 meéﬁeritzft ferherablptaidend dt4 #nofthe cighivare resgiMing @asimsfyhlghqrdhan 50 Gy,

WthhtlSoWE]]] aflj]tl?)t rtbggtl?rglgceglpggc?ﬁ%st r\e;%lﬁfag%a ta}o?lgt ?]nc\lflﬁ%on that mgensny

modulh@a wtsﬁiz daf@h@Bhddl Brovittel exc @Rt ViRlicildh theth d;s,k plhmima small number
be such that the height of each individual

of ﬁel@se élilhe@[x'a@ ngaper gbiiglds aeeded o gengratg an aogpptable @}ansm,ggﬁds on the target
volumg n?s S t lg&ﬁlog'l I#@l‘:%{{vg?o %I?fﬁaggt?ﬁqtﬁkg) %E\Dﬂ?@ Wl&ychmce of angles for

rovi des
1ncomdig5fldlcﬁ;(.tdma‘t&tby ;ht:l geernd@ﬁ:ewoiﬂhﬁce/ﬁlt@fhtﬁtmaﬂtmcoheal thésckan be
% Si npl e normalization of each individual SOBP to
accomplishedcor r espondi ng to the coverage of the nost deeply

lBWiQJI]e dTP@f{rﬁg}E Btl(grh@f ihRhas} m'ilgﬁid?ﬂm tTl@ Riir8cfon perpendicular to

met we Istribution needed to obtain a
the prates beaaul prqpawmnb mhmquaﬁcfsepmtcmtthcl‘agy cmalwb@pﬂowdtd by@sing an

w 0.68 0.56 [0 Th f
IR ETNEO W RO 0T S T
the tlrﬂé'Hoﬂsuﬁlﬁg obtifiatibf prdceiuré®i Bith 1ﬂdh$fdi1hh§€ahﬂé’[ S(Wéiﬁllltlc@htbe

he dose in the critical structures), so that t
calculatai gsengdleraégﬂmn hgigbe obhibe SABP toadeldian mg@m@lwlgsmﬂvnrmuptwe dose

in the F ar%gllég? e(ljl asé arrn%l%l%e tlhg dgé pr glléé/ cnt cal ﬁg.l Eu%g &lﬁ‘bugh the wise

choiceddf’p@RY@AEREL i N case study 2, yielded a better target
dose coverage. The two fi el d arr angenent

(19423} | Aninfprsstingiissyegelatedda bathdaprsds thet wluraessf thggritical structures

s LA A B 09 i BBl B

the dotdsiof 45 iG] ahddtigaen darproton anth phdstun‘nmenswy mehidtet plabdat abypoost the

t hrough th -35 2005/ 057738
same. AT Bt BT b & PARIFOIR BBl FOPTeAIoR: fasor Beftinchis similarity

seems tt@ bé ﬁJa@fHe‘PqIWoﬁ‘éi‘ﬁi?s 9&thipaft@6f he Re @Em/BRRRIEF Rhire afAcent to the

hese criti cal ructures and the targeted region in
posten'ohvcanmpm portian pbhe pargeted cagéon. The optimization conditions used for both
cases, required the highest priority for conforming the dose to the PTV, so that those parts of the
bladder/rectum that overlap with the PTV receive prescription dose, which is seemingly
independent of the particle modality. This leads to a correlation between the DVHs for critical
structures and those for the targeted region. The reduction of the volumes of the critical
structures irradiated to high doses will tend to reduce the dose to some portion of the targeted

region making the target dose distribution more inhomogeneous. A highly homogeneous dose

(i.e., a highly desired prescriptive dose) in the targeted region on the other hand is achieved at the
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[0123] From FIG 7 one can see that the
paral | el - opposed beam arrangenent (case study 2)
wexdshstrss rel ati vel y high dose deposited to bokdir/us2004/040724
expenbEMhainchagsisdosd iethe RbiBiEARGAcHRSE Thd fedtDRSRIIR Zbl‘éﬁl‘l)“ﬁ@ﬁresent as
adopted at Fox Chase Cancer Center, Philadel phi A,
long as theseietists AR PVertapREdetHean tha gvkel strusdires sl theargetryolume.

pﬁfel§§¥e éts I@Eov%) ? t?gfeégp t}%/ 18%'§r;ﬁ 'dgglae{o tﬂé Brnfaf [195%% is %r]gatéy reduced

i"loh 0 rescription reg

for préagh beasd as%}npaﬂ'dal&oftl@lmahe pestendMhiavérage feﬁ&alo'h (Efimnbst three

that only 0.28 %of the left fenoral head and 1.4 %
Umes)ofTheWém’fCP’glﬁ%POﬁt@éceerd@W\ﬂPF@ tp fasge hIBMES FFRng 1§ imyestigated, but
there AM&? &41; \xﬁmle bé {é@fu%ﬁ%ﬂq%tgtﬁg %@I{agﬁ %OL(?}rﬁltgg Rla-l/-t}ies‘?fmﬁcant role
(pedlatmdwsed, edatpteatswisecuarnessdradiothdrabyin (Wnﬁiectﬁ)m\eith eldmotherapy or

radi ati on therapy plans with a small nunber of
surgey)-e| ds. The exact nunber of fields needed to generate

aﬂ) 128FeRha P*e@erﬁlll"f\féng%’?f&gl?dee ek {tsls R)?Pﬁﬁ/‘idm%’ H‘Jt%utld dGses of laser-

ape and [ocation ative to crit ructures)
acceleipated priotdn radmatiem ic pmncelaofastarvgbdsratadrprouons: f;:mmtgns‘inyeh@thllated
av0|dance

radlatlgd Itlﬁ%%%ys gl;})beyp L %geg n%tﬂéys s Bquuglp( scqbgﬁémFthrﬁlZﬁOOMOUOSl

are capdHK SMROH@Ih PN iHEally RISt PYotol bédFhthhi @R beiuded Monjunction with
direction perpendicular to the proton beam

the oppirmaztiga techniquesedaseiibpdeierdin fo produenexchldens pidiation therapy eatments.

MontPERIS B8 B fing sdrfh £ 1J.RAE i SleeBlst BOLE St optimization

algorithini Weretuse@soralduldie tose difigibiitione f@mtpfbnge @pdek it »at foumd that the
procedures. Each indjvidual beam et's weight can be

use of &R arcsicatied BTG StoRBIdBeBIYImPr o (hhtargst dptrchaspggengity and reduce

mean Xﬁaefngerﬂl digtt dosOR éﬁtgﬁﬁtﬁﬁgur@sr WhG éO%ﬂaY&i I%QEtgn51 g}nsm?}ed photon
targeted region as we as to mnimze t

treatmentst iPeatbn siid plodtorr egeniiti nmdglatek:lhechmcmes delheralsimilapdoses to the

.. angles). 012 i.nter [ el ated to both
crtical fisEib yoluies phpaRreinge Fhe Aioce FRbaIbEsegeRiahIE §1ans can be
generdtéd' asth atsgRtrRntvep br ﬁ’&é@@% peamathéar) f&)nt&ﬁhﬁg%dﬁ%@d ®Erapy using

he rectum and the bl adder irradiated to e doses of
kmevmsd@w&dndmnngher for proton and photon intensity

t ed an [ nost the ame. Wthout hbei .

BT b eultlsTpdie 86 | hcet e Pas Fishe PhaiedTsne e
method€ Béseflbédhereii tdiptvide Sopers@micaPra@ritibh @erdpyarddiivents that will

overlaps with parts of the rectun bl adder that are
signifiganthciamroveghe pranaggsaang pf eanceti thytensiong thgse meiods jea variety of
tumor% gx'ticgl%h%gss @%lfxgn@lﬁnﬁe ﬁﬁ&iewh@h%sggkﬁgﬁgé h{ %??Woltﬂ’? B tefefit of the
present discsieng t he dose to the PTV so that those parts of

the bladder/rectumthat overlap with the PTV receive

prescription dose, which is seenmngly independent of

the particle nodality. This |eads to a correlation

between the DVHs for critical structures and those

for the targeted region. The reduction of the vol unes

of the critical structures irradiated to high doses

will tend to reduce the dose to sone portion of the

targeted region nmaking the target dose distribution

nor e i nhonobgeneous. A hi ghly honbgeneous dose (i.e

a highly desired prescriptive dose) in the targeted

region on the other hand is achieved at the -36
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WD 2005/ 057738 PCTI US2004/ 040724 expense of the
i ncreased dose to the critical structures. This
wo embusa3sm | | typically be present as | ong aspahesmo4/040724
What%&ﬁhﬁedﬁn over | appi ng between the critical structures
and target volune. [0126] As shown in table (3),
1.  t Aenéthodofr generiting atpositive iandensl sequense éoripsoydimgtal prescriptive dose of

. d dto f t
high ChFTBY BRReIRC AP UER DB e A SOAr oz rsinadte {ERsat)
The cl proviailg 4 pRENEAECEeaaT adgtay pias Eﬁes&@pticﬁf 818 Yske ¢BRraints;
remai ns to be I nvestigated, ere are cases where
t b r epro¥idingn pipn pn@mﬂ@tlﬁ@prwe%sméedomzsfebmsq@nwga‘equence
gﬂlr :!@)C ntgg gzﬁtli gl ad‘flﬁ(gaglla%}: I' eglg% ?0 Sau{ Beea% gi?%rf% pl%n prescnptlon and

dose c@h@fﬁiﬁth&f ERyraty plas Uﬁt@ﬁfzﬁbmn fe@dl&?] The pr esent
i nvention provides methods of providing therapeutic

ddses ¢mpasingibe plag epwinization FEBitolR theaataapreéﬁnptm, and

rtic
Blul ot edflal SR bRER SRR AR Ay P ERE seps ). ) and
d) unts yiet arsogineiz atborsieyul gese adcbpteblen PCT /1JS2004/ 017081
are capabl e of producing clinically relevant proton
beans that can be used in conjunction with the
2. OPhd fehdl bPBlafif 4 NWhEREShE 884 sadind8EGidhcé @orﬁﬁx‘i’é@k‘ qgteral scanning
excel I ent radiation therapy treatnents. Mont
of beatndet s dlepthesaammeng onheamigth g esanmiag of bexgeletseer amytclqmbmatlon thereof.
st eepest descent optim zation algorithmwere used to
cal cul ate dose distributions for two prostate cases.
3. | A i@Bod e pbvidiag a phscriptbe dobe bAISEHR e8¢ b6lyatiesktic positive ions to
protons could greatly inprove the target dose
a targgh ypbgen eorppriangithestape 6f: nean and internedi ate dose to

Bl oyl bNESRy WRAE ARG bRLAERShid dose consrainss

) ensprbyldﬁﬂyulblaﬁ egtihention proesssdatddvar £beasi sdahaing depeace;
tog the critical structure volunmes enclosed in the
. ApRplying F%‘ﬁPE%‘PISSﬁnét‘tgéﬁﬁ%F%mp%a&hée%ﬁ“%‘és plan prescription and
dose BN & W?Itana Ilﬁaﬁ thiZaepREwet fields (2-3 per
treat msnt or 1nt S|ty modul af ed t herapy using
I dser - Gmmﬁirmgaheemlap optimivation Gialey toFEbspllan :prasmuiptumt e
at | aser - acctil E}rat ed rotons can(g | at ed. usi I%b d
t nPPfiYaungibe F?’Bé&a greeicRuTIGC AR UFTGEV f@el’f“é’n‘g steps b), ¢) an

d) unti? lmelmsr%ptﬁﬁﬂh@ﬂ RSulises aR¥phbledddEnt s that will
significantly inprove the managenent of cancer.

E&)t ensiradiaghg thedergetreelnod svitho plutadity eftBeagrlets pependisg taridie plan
ontimizSt nornsullss well within the purview of those skilled in
P m’tzﬂéo S Wi th the benefit of the present disclosure.
- 37 WD 2005/ 057738 PCT/ US2004/ 040724 What is cl ai ned:
A net hod of %ener ating a positive ion beam sequence
4. fEhe meded of algim 3pvhershy the Pean seaBINgfsCqUENgH CRARIYY, lateral scanning

of beaglg&n%ﬁagtﬁl%gg t%neé)&sﬁetatn\f&? 'S(qué:ahﬁin of %fgﬁkts ?rl O{n)l/)mg]pon thereof.

steps o providing a plu
beam angl es, plan prescription, and dose constraints;

5. A method of providing a proton radiation dose to a targeted region, comprising:
providing a plurality of modulated polyenergetic proton beamlets; and
irradiating said targeted region with said plurality of modulated polyenergetic proton

beamlets.
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b) providing a plan optim zation process based on a
beam scanni ng sequence; c) applying said beam scanni ng
weemseswss t 0 sai d beam angl es, plan prescri ptipor/esgmhos/040724

6. CABE bF Salth S, aﬁe@mﬂa&%ﬁsa@ég& O bdic2RbMRA is modulated,
results; d) conparing the plan ¥|n1zat|on results to

md1v1ddaﬁy,picawdpm9cat lepsti cmn of :ehredmigt ermrgyl Idgstriitvgion hleeapdetrintensity, beamlet
sequ iteratively repeating steps b),
mﬁmﬂeyaﬁﬁ@ﬂ9&¥”uwﬁ? n?%ég HCan optimization results are
acceptable 2. The nethod of claiml1, wherein the beam

ann| n es | at.era
7. pEbeiEd OfiEaIR o v BRRIA 1! HRetipRP Sa@@?'g%!ﬂﬁﬂf Rgdypted
polyer*é?g%ﬂt%&énle%ﬁs%ﬂiﬂu&%ﬁlh@%é @itnddpngof . 3. A nethod of
providing a prescriptive dose of high energy
pol yenergetic positive ions to a target volune,
8. C’i’l‘i@’ﬁlbﬁlbp Of El'ﬂﬁP St GREref at 1A @g&ﬁbﬁ bf‘&u@gﬂh&lft? bf fpd@ihted
beam angl es, ah prescriptio and constraints;
polyerie)gepcbeam]etsg'smq@bhﬁltcdopnmtﬁnsztat| on process based on a
beam scanni ng sequence; c) applying said beam scanni ng
sequence to said beam angl es, plan prescription and
9. EMemnd fof a]iaml §, whergmre leabtea pdreion oPsdidpliatlitp nf modulated

l resul } [I%ﬁ t he ﬁgan 0 I|n1zat|on results to
polyeneggetip S’i‘i‘n Se‘§&‘} lgyn eggTe 4%y t he beam scanni ng
sequence and iteratively repeatl ng steps b), c) and

unt|I t he pl tjmzation results are acc bl e;
"lﬁlae ppt Pﬁpga#agtlgntjgg 610 4t feAgeA PUBPRRESAA P r%llqspﬁgsﬁ plated
polyen‘&fgeﬁ@ PEAAlcE @MEIytéﬂﬂotnanlﬁ}@ tiR @fbetcARbbilh Z@EHe MRpth direction.

results. 4. The nethod of claim 3, wherein the beam
scanni ng sequence conprises, lateral scanning of

ggg{gn@&ﬁd of ERIH SS%ﬂ%inrﬂlcpﬁluBﬂm%géc.iulégq E%@@nﬁr%g%?mlets are

ets, or any conbination t
modulpted o optitgiza tlpa’dltselm mardimate iondidoereof argans exteyedled said targeted region.
region, conprising: providing a plurality of nodul at ed
pol yenergetic proton beam ets; and irradiating said
12. tohgmtddd oégiaon Syivhéreissaill plhtatial oft iodflated gdolyatezgetic beamlets are
pol yenergetic prot on beam et s. ﬂg WO 2816/, 167738
modulgied g mpnimizejradiniien of areas exgernalia spdageica egion| m 5,
wherei n each of said polyenergetic beamets is
nmodul at ed, = individually, according to at | east one

13.  ofhe methed of claia Sgyherew seidulpradhy OfUBa‘i‘HIéth PAlyenpsgtic beamlets are
t m et sh 7.
modul 388 il f Bl B WG s ilkerciredBRTY 00 P oR e

said plurality of nodulated polyenergetic beamets is

14. n:?géjm#x@‘}h%g OH,J a rFrS Pglje Sor tplﬁ[ﬁsahtaﬁof r;l;g IEEF% pgﬂlf%g(ﬁk%emnlets are

erern a
modularedud aptédize the dose to minimize irradiation of cntlcal structures and maximize a

prescriptive dose to said targeted region.

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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pol yenergetic beam ets is nodulated in intensity. 9.
The nmethod of claimb5, wherein at | east a portion of
W(smod/ophw ality of nodul ated polyenergetic bepai/es®oi/e10724
n{lﬁ £ 2l 1810 B efdteRitibh Betinh Q8ing A QollifhigionREReE, Of
|n15 wherein at | east a portion of said plurallty
of nodul ated polyenergetic beamets is nodulated to
[ [ t
RS ol b B ARG B bk O BroGR ecHUTRT i cncrey
niedelk atieg a fivstyeapmegefield; beam ets are nodul ated to
optim ze the dose to mnimze irradiati on of organs
external to said targeted region. 12. The nethod of
chaduuting thbepatially Sepadatpd highlenengypblyenehgbiid prdtons using an aperture;
pol yenergetic beam ets are nodulated to m nim ze
i f%di ati on of areas external to said targeted region.
13. The method of claimb5, wherein said plurality of
nodul at ed ﬁolyener etic beamets are. nodul ated to
iERPP RN ghp FiodulaiqdthighoenrsgerqlyeneagHicPEIgRY weng dficgRd magnetic
The method of claimb5, wherein said plurality of
m)o}u] ated pol yenergetic beam ets are nodulated to
optim ze the dose to mninize irradiation of critica
S
16. ’ia“lﬁéérg)%ﬁ’lgﬁ ?)g glqurl] %E@e@ﬁea@h OP%:] g(gfhg eﬁﬁ)r%g%ﬁgr\%ﬁ éfi’)'tcg] beamlets is
modulated dingividually tiy eoérgpradd irmémypol yener geti ¢ proton
beam ets are provided by formng a | aser-accel erated
hi gh energy polyenergetic ion beam conprising a
17. pl“lwer akihbyt obtlainh 5 gWwherer gid ipatiang giyes rise radesited peadribtive dose
ener gy pol yene etlc rot Qns characterlzed as
to the Wégﬁtqggregloailg quhﬂgrtnglglgl ]@}e@%} dpl‘ggtéqrg relatpee t@daid polyenergetic
beaml&805/ 057738 PCT/ US2004/ 040724 collimting said
aser-accel erated i on beamusing a collimation device;
spatially separating said high ener gy poI yenergetic
18. fllkgéégﬁl 8{}19]@951 e[?(%ltwgqgrt fagt{h?ing)ﬁoﬁe s efé?l %,qof'f‘, comprising:
separated hi gh ener gy polyenergetlc protons usi ng an
aperture: (o LA er.gy
BB P SRR B TR RN ol bt BRELR,
16 The nmethod of claimb5, wherein each of said

d -
Rt O SR et FRE i, i R BrdRERY Fdulsteo R e Giposivve
ion be@hletd.ai m 5, wherein said irradiating gives rise to a

desired prescriptive dose to the targeted region in
both | ongitudinal and lateral directions relative to

19. SBhImBObLY SPERERYBCwhdiEiAhE Sf said polyenergetic beamlets is modulated,
individually, according to at least one of: beamlet energy distribution, beamlet intensity, beamlet

direction, beamlet area, or beamlet shape.
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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18. A nethod of providing a positive ion radiation
dose to a targeted region, conprising: providing a
w@baesabizsy of nodul at ed pol yenergetic positi ver@¢musS2004/040724
be AR &g saidMatgeted kesbrwith 9ail Pldalitgrof eicdidlt@Openet defic proton
said pluorality of nodul ated polyenergetic positive )
beamlgtsywhazeini setdsplurabity of reodwiatebplpgncegesic pratgn bogreletsi maxdméges said

of .sai d.po [ N Ll o
protor g G- PRSI 8T dh S ttyibTac RAM A BH rydiaign dose to areas
extern@NOIBY tadictdd riePiohi on, beanl et intensity, bean et
di rection, beam et area, or beanl et shape. 20. A
met hod of providing a proton radi ation dose to a
21. tAnA&hEed of HBVmg £peRdriptive Bose tBaQiiglied ge@oinud Bdtiehl, cOiprising:
nodul at ed pol yenergetic proton beam ets, wherein each
of said polyenergetic beam ets is nodul at ed,
i b GG OF gbIendrLetRiprbeAdbafiee; @hd beani et
e%gP?y%% é?lrulr%u?l og, I9beagn}i etp intensity, beam et
di rection, beanlet area, or beamn et shape; and -40 WO
299%40%?&%% s8¢ PolyeR 0944 OpBiAbeamidi @ W RkdiN 9aid Mddlulating gives rise to
targetecil region With"said plurality of nodul ated
an accppialyle mesgdisiribupomtothe bargettdtegjonvcernding te sieiprpsamptive tigse in both

.. of. dyl at pol. eti t m et i m
tongieging] o e ghe PR IRV S bl B FMES ar got ed T gt on and
m nimzes said proton radiati on dose to areas
|t h ted ion..21. A nethqd of : .
22 Hhe mfieg 2 ol 2dr Ve Feratnliliine i s Speuufinghree fimensions.

a patient, conprising: a) providing a plurality of

p energeti c.protopn beam ets; . and_b). nodul ati ng sai
2. Db Ediodarhifed: Shewtit fi&iifaer st PolFuS kst prain pgamless are
moduic¥€s rise to an acceptable dose distribution to the
targeted region according to the prescriptive dose in
both longitudinal and lateral directions relative to
S . : . e r
4. TN GRRR R R ) wROFIRL PRI o) RIS ppegi R0n beamler are
moduldtedensi ons. 23. The nethod of claim 21, wherein the
intensities of said polyenergetic proton beanlets are
nodul ated. 24. The nmethod of claim 21, wherein the
25. efMké¢ giedwdaif cham@ 1 pwhgreimesagipal genergetio prdiemhtamlstsareemodulated to
) _nmodul at ed. ﬁS. The, met hod of claim 21, wherein said
irradigde, the dafgfigatt ecdwtbﬁ%‘ﬁmﬁ@am ets are nodul ated to
irradiate the target in the depth direction. 26. The
nmet hod of claim21, wherein said nodul ating steg

P . .
26. cEhpmethod of slaimiZl; W@efﬁﬁ’esadjo%léd‘%létmgﬁt?ﬁ FRIBRIISCH PRgMEFINESRe dose to
‘o | [ t. 27. The method of
minim o B S B st ep compr | ses
optim zing the dose to mnimze irradiation of

27. Crl"hé lncé?rlodsotfrcija%)%l,eélherein 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.
-4] -



30.

31.

28. The nethod of claim 21, wherein said nodul ating
step conprises optimzing the dose distribution based

w@mos/oprrescri bed physi cal or biol ogically equirel/est004/040724

dPREmEM 08 B BlalrARYSVherd® saill o1 7EERRHC pfoté Béamled are provided by
wherei n said nodul ating step conprises optimzing the

dose to mnimze irradiation of critical structures
AR d ML Ree1tRR 88 et fd1PbHet Qfic BaPBnPEorRprising a plurality of
prescribed physi cal J?ﬁgg§ébgigalI%ﬁgquivalengﬁ%ggg;?glua{yo
shiighl energy eolyener getinpra@ns, sakii gig eeely pEIoBA¢QUWETotens Geracterized
The nmethod of claim 21, wherein said polyenergetic
ormee g op o P kP by ormi hg o

| aser-accel erated hi gh energy polyenergetic ion beam
conprising.a plurality af _high enerqgy. polyenergetic
srebaane Sif e isheleriacion Bty dER g lmoB i He:
characterized as having a distribution of energy

l evel s; collimating said | aser-accelerated ion bea , i
ushaHgllwseparatinggeid SrehdgreyeProwpspseardiye %@s&r SPRY Telsepsing a first
higbh i protons according to their energy |evels

ugﬁ g aq%?¥st magnetic field; nodulating the

spatially separated high energy pol yenergetic protons

g : gy ch Gfdinfiafperture:
ool ol ST sep @t DR IRCleD 1o DR oGl Rind o Aperture
farel d. 31. The nethod of claim 21, wherein the

energies and intensities of said polyenergetic proton

beam ets are nodul ated. 32. A nethod of providing a
presombinéng tha nicaldlasdd logh elasgy pagenmrgaicgotony uging®y sationd magnetic
a,glurality of pol yenergetic positive ion beanl ets;

afl db) nodul ati ng sai d pol yenergetic positive ion

beam ets, wherein said nodulating gives rise to a

desired dose distribution based on a prescribed dose

t Sheymethod of clapm Bds wherginghe ergraiss anghitensities phgaid polyenergetic proton

bemmg$r ﬁ%h&naﬁaelative to said beanlets. 33. A nmethod of

32.

providing Intensity nodul ated proton therapy to a
targeted region in a patient, conprising: providing a

radhibld ¥ Aoy R BRI Phaf ARAK AL BOBPAIE 1 ve

ion beamets in depth relative to the patient to

porPios g R RE ey iy R R e o
t he depth-nodul ated beam ets in a lateral direction

' g)l ?nt(;d\dﬁti%(g) said polyenergetic positive ion beamlets, wherein said modulating gives

rise to a desired dose distribution based on a prescribed dose to a target in both longitudinal and

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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the patient to provide a | ateral -nodul ated bean et;
and irradiating said targeted region with at |east one
wobooshsr7bat er al - nodul at ed beam ets to the patpPEnUs2084040724

Th8dMBLERO 1645t 6P MhS8eptiipgidaldledtRiathigth T @latdri dfechib@felative to

energy positive ion beanlets conprise high energy

pk petient gepioyidsadpteralanqdgipted mmligthandyet hod of clai m
34, wherein said plurality of high energy positive ion
beam ets conprise high energy pol yenergetic protons.

3iGradiptiog sait ihdetod regian witl3 gt legdi enephthe daterahmgdalatedybeamlets to the

hh%h energy positive ion beam ets conprise high
e Fab nonoenergetic positive ions. 37. The nethod of
claim 36, wherein said plurality of high energy

pasitiye i be ets . conprise high ener e
. b ntoger P Ra ShiSeingg pivaTHR I GFe) ogsiivegon beamlets
compr @i & shesd) shIRALHRAEHORE I CioROSi tive ion beam ets are
provided by Torm ng a | aser-accel erated hi gh energy
pol yenergetic ion beam conprising a plurality of high
35.  CPR! S¥hBAloY BIRRH 981 W FerBAShid pi€raliB Gt hi g‘rﬁérﬁré(}l SHitRREbYYeamlets
pol yenergetic positive ions characterized as having a
comprgsedigh dnergyopolysinergete gyotdrsvel s; col i mating said
| aser-accel erated i on beamusing a collimtion device;
spatially separating said high energy pol yenergetic
36. pbls methed iobnleinadad.ovkkireig shid plmality drheghggnergyepasiteveisn hepmlets
a first magnetic field; .nmodul ating the spatially
comprisg gt SnSEEaRPegREF S P B get | ¢ posiLive i ons

using an aperture; and reconbi ning the nodul ated high

energy . pql yenergetic positive j.ons. using a second
37 obReed et elatim 36, ufionpin 3aenlislite highrordeB0Rs e eamlets
compraQ higeFB! RBkbeAtroeli@pi@k, Wwherein said pol yenergetic
proton beam ets are provided by formng a
| aser-accel erated hi gh energy pol yenergetic i on beam
. CPRPhERoA ST Y& 2whEXiPdaid PhIgEn BRI PosROL Yl RES Gr ided
38 ﬁ?%%oﬁgkaga?%ﬁﬁigh ene}g;npg+3ene$g§g¥glprotoné © provide
by characterized as having a distribution of energy
| evels; collimating said | aser-accel erated i on beam
using a collimation device; spatially separating said

hioginiregeelagpy-apcdlgrated high énergyr mil pamergetic dordbaagh ¢oonpiris@iga plurality of

energy levels using a first netic field; . e
nle}gh %g&rg% QO]FYE%erg‘ﬁ%& ngQ}qv);.l%p garlnggggu RETSH p@&ygp@rﬁeuc positive 10ns
POl YRBEB8hE Faveh P AREIDISLAGE AfbraPRIEILS €;

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.

and reconbi ni ng the nodul ated hi gh energy
pol yenergetic protons using a second magnetic field.
WO 205/057738 PCT/US2004/040724

The method of claim 21, wherein said 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;

collimating said laser-accelerated ion beam using a collimation 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.
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