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Rel ated Application This application clains priority under 35 U S. C

119(e) towa@/exssvi sional Application No. 60/378, 433, fidadusvay4@2 2002,
the entirety of which is incorporated by reference herein. Field of the

I nvention 15 The invention relates to a system software, and nethod for
sinmulating interactions between a nedical device and one or nore tissues
during a medical procedure, such as a needl e-based procedure. Sinmulations
can be used to plan a treatnent reginmen using patient specific data.
Background of the Invention 20 |nmage-guided nedical procedures, such as
mnimally invasive pSMULéﬂ"é@NsSYS?ﬂ%YId%PRMEB%L@ﬁO(E@aUW use of nedi cal
i mges in conjunction with delicate and conplex hand-eye coordi nated
novenents, spatially unrelated to the viewon a TV nonitor of the

i nterventional devices being used_to ipplement the procedures. Depth 25
percepti o is I acking on the flat ¢ IgBP—]éQ?,LO&nd it may be difficult to

|l earn to control the tools through the spatially arbitrary |inkage. A

m stake in this diftid Hplidationviemapretity wder 35eU.Sdagdep@)®. U BaPovis@nilo

properly orient or pasition i cal j Wi t.hi n e patient result
in the seri oudPBlsp ¢ 30/3@§§@T§?ed§€@’a(g?&%%’eﬁq’fﬂy ‘?é\"i’q@?}ﬁﬁﬂncf’fpg?@y
structure of gheferddthash. Wthout performng the procedures often in
patients, it is difficult for a health 30 care worker, such as a physician,
to maintain the high degree of skj| . [}E&dﬁ{j to performthese procedures or
to inplement new nethods, oper atiSggoiihe lvention - oc |0 addition, there is
currently no way for physicians to realistically evaluate different 1 WO
03/ 0962551CT/ USO 3rht4bARtionTrehaep toaghes, saftware abdmmathod fiirismmsatingr pat i ent

;gte ICIe‘:;It ¢ sit ui?i%elra%agns %{\X%%ng%legﬁ:gluc%ucg an OeI{CfO? I;nrgrentgssﬁeg%ugﬁgg%gaﬁléﬁs in the

procedure, such as a needle-based procedure. Simulations can be used to plan a

treatment regimen using patient specific data.

Backeround of the Invention

20
Image-guided medical procedures, such as minimally invasive percutaneous

medical procedures, require use of medical images in conjunction with delicate and
complex hand-eye coordinated movements, spatially unrelated to the view ona TV
monitor of the interventional devices being used to implement the procedures. Depth

25  perception is lacking on the flat TV display, and it may be difficult to learn to control the
tools through the spatially arbitrary linkage. A mistake in this difficult environment can be
dangerous. Failure to properly orient or position a medical device within the patient may
result in the serious injury to vessels, organs, or other internal tissue structure of the
patient. Without performing the procedures often in patients, it is difficult for a health

30  care worker, such as a physician, to maintain the high degree of skill needed to
perform these procedures or to implement new methods, operations and procedures. In

addition, there is currently no way for physicians to realistically evaluate different



Systens for sinulating nedical procedures have provided inportant training
tools that allow physicians to develop skills that can be transferred to

t he oper awprig/o9626dm Such systens all ow health care wor kePsTiusopr4eli ce t he
delicate eye-hand 10 coordi nated novenents needed to navi gate nedical
devices while viewi ng scanned imges of a patient's anatorry on a. di spl ay
screen. Simulation systenms have been descrlged whi ch .enabl e user to track

the pl acetrerdPPERChES fRsarapagnt oRIgRTOT PatleniifgrriiGatupgions pordo ﬂﬁt%a;]}P'ay screen

whi ch di spl ayl%r@mﬁlgme Bt iR heRhtight.pat i ent' s anatony. See, e.g., U.S.
Pat ent No. 6,038, 48 15 99/ 16352, and WD 98/ 03954. Systens al so have

been descri bed mhlch provi de . hapti ¢ feedback in resgﬁ se tg 2 si jul at ed
medi cal pr ocedur e.Syajsas Ty symulatiy megdga] pragadures have providgd RPOTiagt fyRIng )

describes a r@gisehfaHow PhRidias S ANRRHALUS @ dan wan@me@tosthe speEhtings noCk
medi cal instrunments, for sinulating performance of a mnedical procedure on

a virtual patioem: Surhsystamsadlpydealiforsnekerrdn PRaics hoddicgl cyerhardst em

peripherajs a%r&ﬁaﬁ&?ﬁﬁ@énénﬁ%@dé@@%&%gﬂ@er§1c¥l' RvRePHRELASWng kangedredi cal
procedure sinulation system WO 98/ 095 di scl oses an interface for

si mul ating a inmgetidle trdiseid ansioing ah agisplagdeicen.such as the admini stration of
an epi dural anesthesia and describes that haptic feedback may be used to

sinul ate profiles @fylaiss k&%te%ﬁ%b'é‘%&h'd@ﬂzri%@@wﬁﬁﬁ‘éhﬁﬂe 28sek B @dithd on,
Ander son and Raghavan, Mn. Invas. & Allied Technol.6:  111-116,

1997, report plncmnméeﬁﬂemdwéﬁvwea@mgbgy L@? ali displRy scaeenvylHeh displgys 2
per f or i ng Vlae f«‘eyérﬁaru g%tfasaﬁél%aﬂﬁoﬁpdseen&grvﬁ@tpafeﬁaﬂqor@@zsods@ gwapr ocedur es

in a virtual patient augrmenting trai ning and enhandi ng pretreat nent
pl anni ng. 13 n 9911363(53, andi¥p 933{05'39@411 Systemsaidedrese bees dagsaibpdwhigBpERyidencr ement al

Finite B et MoRlbid if Fiduttld ot kA388hcaf frotBhle, | Seol eRIfREN od bY 2

pot ent i al I'ning a region i S ng the vessel A catheter
interface devd¥&726§. prS PaeiNmiti16h,38bdssimhes asidiclopogictiaesrappurts push

measurement s Srlt Rlhis & nﬁgshn%]cl Crgedﬂcsa}/%%&ml %d & ]gﬁqnﬁe{tﬂl 91%&8&1& le a A virtual
catheter is Uireprayed®o pl ay rmn uter, is
advanced, ret madnbaﬂqbrc&adﬂreon 2leQﬁﬁﬁ@.G%n@ﬁ'ﬁtdﬁ%ﬁ@ﬂ@tdﬂpulatlons of
20  system peripherals and transfers these measurements via a processor to a medical
procedure simulation system. WO 98/09589 discloses an interface for simulating a
needle-based medical procedure such as the administration of an epidural anesthesia

and describes that haptic feedback may be used to simulate profiles of tissue

encountering the needle.

25 In addition, Anderson and Raghavan, Min. Invas. T} hér. & Allied Technol.6:
111-116, 1997, report an interventional radiology simulator, da Vinci, for performing
vascular catherization and interventional radiology procedures in a virtual patient for
augmenting training and enhancing pretreatment planning. In the da Vinci system, a
catheter is modeled using incremental Finite Element Modeling (FEM) while a vessel

30  wall is represented by a potential field defining a region enclosing the vessel wall. A
catheter interface device is provided which consists of a position/rotation
measurement system, a mechanical system and a micro controller. A virtual catheter

is displayed on a display monitor of a computer, which is advanced, retracted and/or



5 twisted through the lunmen of a blood vessel as a user manipul ates the
sinmul ator catheter which is part of the interface. Kockro, et al.,

Neur osur g@ny3A%6235 : 118- 137, 2000, descri bes preoperati vePCRAsOPs4082i cal
pl anning using a virtual reality environment using the Virtual

Intracrani al Visualisation and Navigation system (VIVIAN) and reports that

the 10 system.i.ncl est s fo Iatln bone dri| tissue
oroval - The bYRERITERs Belyer oM YA a R eropipis Fiefries

t hr ee- di mensi eﬁﬁéterdzalhalﬁ@hrtof(th@ﬁk@facet aI describes difficulties in
using the systemto nodel soft tissue int eracti ons and bone. Summary of

the I nvention 15Tere| eedtof yste o] rOV|d|n a highly
realistic simulati cm%ﬁv?ﬁé\%ﬁlgﬁ?rgf@r ?T:UI% ]t%‘”t7 %HOB eé&fbe%ﬂre@?e %V8edi cal
devi ce t hr oughe@osirgical pRALIng usitgle Sirtudlfredlieebddymesucing d@% igadlr s during

i mage- gui ded peedl| e- medi c yocedur es , _such a

vert ebr opl ast@“ aﬁﬁn’éfﬁﬁB Eétb?ncangh\{ﬁgléﬂf&ﬁnesyétﬁ’ﬁ? (V&@ﬁ%)l@é‘a rep‘f’ﬁ%ﬁ’éii%l ation 20
system pr qyi dgﬁst@n HSRidesVob1B fdrkpniaRabohd dllihOandrtasid eRoRNdTRY sypefRban a

di agnostic and/or treatnent nmethod using patient specific data sets pri or

to perform ngragferaMRlaMRéy dddidag infop tﬁreﬁéiﬂm@ﬁtonal il BEgskRetalthe

i nvention prowb@asesaif%atieh u§19% 1Ry Qe RImBES BoXE tidsRE intdMREBHI 446 bofM, €T act i ons
bet ween a nedi cal device and a tissue while taking into account 25 the

bi onechani cal properties of a tissue as well as the physical properties of
t he nedi cal device. Preferably, f n tware sinulates the
interaction of a nedical device with a tissue or organ having

het er ogenddus bi omechani cal Pro perties and/or sinulates interactions
between a medical §esre Ba ngpritodors syptamifesprayiding a digbly TAliFHngm 9T er ent

bi omechani cal exan%Bﬁl'éﬁt'f&smmi?’ﬁuﬂ'é]ﬁse%%%to%@n%&!{l &oRe ﬁné/dg'htoH@!)r rhé¥BGikdags and
surgery environment for image- guided medi cal procedures without exposure

to X-Ray. |n afiéirbpdinsuch appesirsaiirios lma@mgnslﬁqi geefiechaend mesicghresedaisdl pr ovi di ng
mechani sns thﬁ Bdubp @eﬁt'éﬁ%f)laétf ah BHESs %ﬂof:&iur SR AIkE). B8 \YhfB8od'sed in

i mage- gui ded rapy, ator al rovi des active haptic orce and
tactile fé@dba@knum%@bmemmswﬂuhenﬁéﬂmdnpm@mp@M&npﬁahmaémgwﬁgemﬂnnated

treatment method using patient specific data sets prior to performing the actual procedure

in a patient.

In one aspect, the invention provides a system, software and method for
modeling interactions between a medical device and a tissue while taking into account
25  the biomechanical properties of a tissue as well as the physical properties of the medical
device. Preferably, the system and software simulates the interaction of a medical
device with a tissue or organ having heterogeneous biomechanical properties and/or
simulates interactions between a medical device and a plurality of tissues having

different biomechanical properties.

30 The system provides a virtual imaging and surgery environment for image-
guided medical procedures without exposure to X-Ray. In addition to providing
realistic visual feedback and providing mechanisms that allow a user to interact with
essential devices used in image-guided therapy, the simulator also provides active haptic

force and tactile feedback components to enhance the total hand-eye coordinated



3 WD 03/096255 PCT/ US03/ 14042 5 experiences encountered by health care
wor kers during actual intervention procedures. To sinmulate the various
types of woosmgirzses, the invention also provides a novel OISO M042 0
easily configure or custom zed the training or pretreatnent planning
environnment to neet the needs of the user or trainer In one aspect t he

system provi des vi rtual S or tient sp ecific

tKr ee- dPr’rénsFéﬁ%ﬁ%n‘Ee? Q%Ct%mﬁ;ﬁ‘a@ﬁ?% ‘illimﬁg a"ﬁlgaigte“ée(ﬁl? POy and t he
l'i ke) createdrd sﬁﬁmatetdi@vaﬁaﬁsltgwes omshea@bs me&gbﬁt@n diey proiSes a00d sélitfoaue model s
addi tionally may include s of fluid-filled spaces, cavities or |unens

wi thin the bdagasdy cenfigureopesiomized thefpugg B RresHmER NAEHEEEVEIRTPHPe a
nunber of di ff gk 8RtheldREteRer oPERGEIUr €S, i n Which a nedical device may
need to navigate/be inserted into different 15 tissue types, includi ng
ti ssue types havi ng di fferent bionmechani cal properfies, For exar’rﬁ}(_5

P cécoplc

simul ation syst emIBape aseechdusystem STovidess wrigal dispigy gereriaPr paisniip

procedur ey bi ﬂ%féé WiméH8Hnd1 lﬁﬁ‘sué nk&ls (EE 1€ st ¥ 54 B, 3bS BsshiBMndaBe M&?&eét&l fedmirul at e
the delivery vari ous therapeutic and/or dla?nostlc agent s, 1ncluding,
but not i m ttb@iVﬁtr@uS m@phcraémagmaéme%( Sugh tissypapedels adgitiprally ey dppludey| es
ribozynes, trphefs A}glu'lcf(ﬁf@ll EdéL %§v1t199Q§r@lH§Jn§ witkih 18 Bod of Ph&eRi. NS,
polypeptldes pept | a small nol ecule; an’imagi ng agent, a
chenot her apeuti c Haent a radlotherapeutlc agent and conbi nations thereof.

In one aspect, ediupntion fap be Head te pimylalg eaumbss obiliEEeEi wRes of npact  of

delivery of %}Sc&ﬁremﬁ ShicR9ERdRca P vRREn B neBPloSal eSS ME s@iedlifte diesdhtand/ or
of the effect’s of a therapeutic reginen(e.g., such as_a regi men enpl oyi ng
heat, |ight, tisses typesyincludingtisssie tpgs haungdifferentdipsmeshanisd! PERHHS Ut 0 an
electric fiel fgcﬁ pﬁo{h%‘é%ﬁlﬁéﬂo shdGh 8Voe d%(f{o%‘ﬁﬁﬁ’i% 9ve>1>fe‘b1rd’p?a)ét¥t REEARYeo ﬁ:nd heat ,
etc.). In ano aspect e  system provides a nedi cal device in erface
with inserti oprochmenb@péyoandrtb@leken%g systere dise aley Hevded & sualatedbe delivewd| e
(e.g., such a r

proc edur e, bi oﬁ’éﬁg'gsrt{é%a 31}1%2(1%0& \%glr?{;ﬁgé%épEn%ﬁlﬁﬁ’gr%pt)g%%n?éggg%%%gt C.).
Preferably, tztmim(a’gegérws,emhm*eudfdsmﬂest m‘mzkmnﬁg tripde hediringrieculeh.aptagers, r ecei ve

and/ or t rﬁ{ls mt(tl ) Sp'n%&%'s,spofypep ldCSn geptl%es edrtpg?g ﬁlal?ﬂlO%glgé (%51 lﬁlgélﬁé Qé\eﬁl{ gns of

chemotherapeutic agent, a radiotherapeutic agent and combinations thereof. In one

aspect, the system further simulates the biological impact of delivery of one or more
agents on one or more tissues of the body and/or of the effects of a therapeutic
regimen (e.g., such as a regimen employing heat, light, microwave, ultrasound,

25  electroporation, exposure to an electric field, photodynamic therapy, microwaves, x-

ray therapy, and heat, etc.).

In another aspect, the system provides a medical device interface with insertion
points for receiving a medical device such as a needle (e.g., such as used for a
vertebroplasty procedure, an orthoscopic procedure, biopsy procedure, delivery of
30  atherapeutic agent, etc.). Preferably, the interface includes a tracking mechanism
that can receive and/or transmit signals relating to the position and/or interactions of
the medical device with the interface. These interactions simulate interactions that

might occur during the procedure, by providing haptic feedback as the same



the nedical device with the interface. These interactions simulate
interactions that mght occur during the procedure, by providing haptic

f eedback we ohgs2same 4 WO 03/ 096255 PCT/ US03/ 14042 5 i nt @CaatiSoyn®4ar e

nodel ed on a graphical user interface of the system Preferably, the system
i ncl udes tracking software that provides for continuous tracking of the

medi cal device as it nov nd/or i.nteracts . with the interface, ~.enablin
the syst enﬁe t omF?B%EPnSaﬁﬁﬁmogﬁﬁ@%r“a@gfﬁﬂBc H%?ﬁ&ttﬂgfc? ﬂ{]tg? Sty rifgre%lfagg'h@edevi ceg
\ﬂ)t ¥hone g_r W?/@fﬁﬁib&lﬁ&@&raaﬁ?é fgtwRad thepiovides b@d:ysgmoﬁm%cgfngprmmedfcm fer face.

e nmedi cal device interface may ¢ rise a biqmechanical no of a
patient (e. g@‘?"l@&él‘f%e%arﬁlﬁ’r‘iFrﬁ?rﬁﬁtgwtggﬁ)eﬁ%?&?q%ﬁn&}ﬁmﬁ thesystanto I'f“E)d%E‘i"'Pﬁlance t he
real i sm of thgspisy) ddtRhsiADintetREORD] BRRBHE wikiléhe Dt MdledistuR oSN SHABALRT OVi des
at | east one force feedback mnechanismthat consists of an assenbly of
servo notor abriyerdsdsinbicaldptedisreai r  pressure controller that can be placed
i nside the mani kin. In another aspect, the force 15 feedback is

directiongd, i.e., THhddsRIevMtdrRYEHSLortpritd B@Bedhiiicallinb@6 bf Ppaient y OF
rate/force of notion when_the haptic interface conponent senses an
obstruction ofeg-isHi asgareiin) pbe pavEor fepatieat ivsvkaresite srighoiter t ed devi ce.
The mani ki n n@¥,iaR6). Ul Sne RP&:tQhe SRERLDOSRIH RBviB&QI R ledsthbE fr@oBidhag One or
more medi cal devices. Alternatively, the interface may nmerely provide the
necessary hapmpehafisadhucrusisrfan assemblyiof syvaraetoaAdmsodees B8Ry for the

si mul ati on. F}S{Jéssﬁfé%gﬂioﬁer thefd Barl BARIEPREINRY maSRAP T R6ther 5RO tHCrofeM
programred to provide resistance to a user's manipulation. In one aspect,
t he i nt er ¥3acefeedbaukiis dsectionslaive, thesh cineyauten change &l darepiénrbity ohi ng

| nStrUment t Moo Rld Aol 8y hOnARE i ebD G dRRER 400 A3baNRAGI & of need! e
pl acement and/Or i njection. e Interrace alternatively nmay conprise a unit
25 substi t ut i mgpifgement torthe frarhrddeowiement Oéamgingertsdiddyicas The panyigh gk incirdeise, or
other instrunents) for receivij hapt.i Cc e f .t he system In
certain aspec?l?,or em@f%’?@?#%%%ﬁ?ﬁ%é% Oélg gﬁ%&gﬁﬁf]?{lg&%&di cal device
interfaces. In one aspect, the system conprises at least a first and
second interface. Alereativtihdhe insrfectmayimirecly providd the meeessarycaptiq fsedbagkot e fr om

the first 26 nt aGnrdftraa%ﬁnga %gch%hgﬁg\gecgss§r§ %%nge sﬂﬁlﬁgﬁogf FBF%%&SE%Q iﬂté}%a% In%e to

comprise a robotic arm programmed to provide resistance to a user's manipulation. In

one aspect, the interface comprises a frame which includes a needle-positioning
instrument that allows a user to define the insertion parameters of needle
placement and/or injection. The interface alternatively may comprise a unit
25  substituting for a medical device (e.g., such as a joystick, mouse, or other
instruments) for receiving haptic feedback from the system. In certain aspects, the
system comprises a plurality of medical device interfaces. In one aspect, the system
comprises at least a first and second interface. In another aspect, the second interface
is remote from the first interface and allows a second user of the second interface to
30  experience the same haptic feedback that a first user is experiencing at the first

interface.

The invention provides a unique software model for image-guided medical

therapeutic procedures. This physical based model of patient body used to generate the



30 experience the same haptic feedback that a first user is experiencing at
the first interface. The invention provides a unique software nodel for

i mage- guiwedsmedstal therapeutic procedures. This physi cacThssgttonndel of
patient body used to generate the 5 WD 03/096255 PCT/ US03/ 14042 5

vari ables (force and slight vibration) necessary for haptic interface

control a realjsti.c visualizatj.on made of. vol unetri ¢ spatial data
struct ur e “der{aYes (:f?ff‘ﬁ aﬁé glfgltb!%\Yﬁia @ BB Ltl%&fl?ug Hﬁ?rﬁ‘éencg n{ﬁ(g ﬁ%d%?ah %t i ent

speci fic. Col+ijusiizafiordgide ap bfomluedetric Bgatiniaidelstricurel@drieediroie chedicdl kmaggesfiret r i cal
nodel of stiff .needles. Surface def limation of {] e h Iid nd .soft. tissues is
conput ed usi rRFtiFHLFOE Bonse. @RtisHt SPRRLEG SPllision dREHgm B ‘5%?18 IsA5HLRP S due to

friction and gedfe@icahdd¥l of H¥EnsMRE. eSS RabAA gR Haasad ssyGdkeits t 0 rel ate
i mge variables and to make. recommendations on _the trajectory, and

def or mati on ofmphied yeipg Buie cleaenivaghes ssyymipgPhypisa copstrint due 9rtjdicrand and
bi ol ogi cafg t agLgalk, treat ment ti ssue properties The system provi des a
functional environment to train individuals in needle or 15 instrunent
gui ded di agnostic and therapeuti c procedures usjng a virtuyal patient
setting as opposedespiameseakioydgdsprhisedstemsrebicdpash V&P%%esépg&%ake

i ndi vi dual s t,.@.qiRerabi@fhs ¥k %ctoxg/raﬁgﬂéf@ﬂﬂaﬁéﬂﬁﬁﬁ@ﬁl%&l 45¢ietd uRBeli eNt
specific data sets in order to reduce conplications or inprove therapy

del i very for wsskadbephysicdand piglogisaltagptdigeept sSUPECRSFem al so may be
used in a tele-nmentoring or tele-educational function to allow individuals

fromrenpte 20 sit@R si@ndfbs|iass «MindtiohA bdGloninBnt kdWeai® indivdabhls @hepdlO6£SS 1N
order to g(reov_l de expert advice or b expose to educati onal  opportunities.

I n one aspectinstfuenkguided ﬁia%f&sr%‘rqnéé@?"@ﬁ‘élc ogegies usgig aatiual paieriseting

connect abl e tQ A0l WhKaell ¥flent Orhb3fstdnl 4188 Rlo¥s WRINiduARkEHFBPR tarioh Mul at i on
that can be used for training and/or pretreatnment planning. Accordingly, in

one aspect, tiratoheryaRRTORENS Wit A tes spaciEy datesrisd pigeT Bireryce gomplisalips gbase
conprising dafa, {0k, glgﬂ%){}%r ﬁlg?éﬁtg% tdal ﬁ'ﬁh@ﬂ%hﬁ&flt e kQA alQNRayteSSUE OF

organ and a bi omechani . he at” | east one tissue or ordgan and a
program for widislatylemypntonng ontgle-cdicatinel fanction tsallowriedivifups feorpremofyan  and
for simil % I NGhed ﬁataﬁl;i?ecérlilﬁéﬁct in the simulation process in order to provide expert advice or be

expose to educational opportunities. In one aspect, the system comprises one or more

client processors connectable to a network server to facilitate a web-implemented

simulation that can be used for training and/or pretreatment planning.

Accordingly, in one aspect, the invention provides a system comprising: a

25  database comprising data for generating a geometric model of at least one tissue or
organ and a biomechanical model of the at least one tissue or organ and a program for
displaying an image of the at least one tissue or organ and for simulating interactions
between a medical device and the tissue or organ. In one aspect, the database
comprises data necessary to model a tissue or organ with heterogeneous or changing

30  biomechanical properties. In another aspect, the database comprises data to model a
plurality of different tissues and/or organs, taking into account their biomechanical
properties and interactions with one or more medical devices. In one preferred aspect,

the database comprises patient-specific data relating to a patient to be treated enabling



bet ween a nedi cal device and the tissue or organ. In one aspect, the

dat abase conprises data necessary to nodel a tissue or organ with

het er ogerwouws/ooi25€hangi ng 30 bi omechani cal properties. | nPamaiSagi40aspect ,

t he dat abase conprises data to nodel a plurality of different tissues

and/ or organs, taking into account their biomechanical properties and
interactiqns with e or re di cal. devices..ln one preferred aspect,

t he dat abase ac‘bgﬁjb?fﬁ SR Pélmu-li%?)%g‘leéllceg paoactegur? By &SPRE %% R Bgrtt%?ngln?lpt o be
tr ealt ed enabltgn@aiﬁenm&&f@%%ﬁa{aﬁa’sé WSH3lAtd @dlected amesetervals, ¢. fipatsyst em t o
simulate a nedic rocedure he or. she i oi n o perfgrmon that patient.
Preferably, tfst %%E%Vw l‘fesrnlﬁ?btﬁ%taélﬁaséf‘b@zfsﬁ E}gP“%@]: -G?SL@%O?&V%WQ', gg%ygp at

| east about axedndsf e prBbEScolRétidn@R& s aheuttingy eid/infiiceuidre, at | east about
every thirty seconds. Nbre goref erably, collectiqn occurs in real-tine, and

i mges are  rEOREIGICYAEE BtepEidywedsl Hpmeransl AMEH BRBENEH cal
interactigns REISaRd 4 RelicHMGLS dveRBledled Ml mRthvallOideRriB¥Eibose! ected tine
intervals as described above. In one aspect, an expert, renote fromthe
user's site (i.e., the site of a processor being used by the user)
interacts with thdnsysaseept\ingxperivendiaten thaisers giedi-c+tBe fafifeor and/ or

al ter various,aspegt, BBE BE SuusthdByth 1R Bvdtéin Ginva bR 15
provi de i nput r?%to aa{lgiésgt ngnt S‘%ér&lﬁlnen elﬂil:’l]g p?’annelg)a. I'n anoltgﬁgf?%spect,

t he system its monitooamdion altcatvdeuswhitebts of the gserspireulatisnde g ¢ tepreyeor f or

i npl enenting . i i a f stem
recei ves insgptp?%&l?e:g‘h‘g@@% % e?%tegﬁﬂgg%{énf%ﬁ{ﬁgﬂagg%bi gldaél gt%gri% ?:%’tt}l%)gr}@%ﬁ%/h t he
one or nore rigbotononuidsaticewith bme eitmdrk rabotic Aevicea Spémplemehting artvegmpdnd n

provi des a syst.em conpr.sing; an er 20 A h.Sd dat abase
conpri si ng dai(f’%m}eglogg}% ﬁ%en% ) %%ﬁ%‘(’:efﬁgensiytétgp rg‘%e%gwf“’ﬁ‘é’gg%? £ék§§£ﬁ%1g% one

ti ssue or or gateifagnd cammpuoigatimvitrthsonvdr atdraigpbatid deyaesrent et hod

i npl enented by a nedical device interacting with the at |east one tissue or
organ. Preferabl t-he e ' ing.to. st one
tissue wth het e)rhcl)étéﬁr]l%nggl?o g%htg%gllq%glogﬁ%?r\gc gr#%%ﬁ%@%ﬁ)e% ?ﬁe?s)!.p% n one
aspect, tie dabvabasen2bingeniptabse sompdisng daltatelatigg todbiemgrharried] ptopentiks o f f er ent
ti ssues and . t '

conpri ses a gaglle%r&%gigéssuﬁgrf c?%%a%%? gggrogra%lh%r gi%nuia%ggg Hgﬂr%e;[lt! methd type

implemented by a medical device interacting with the at least one tissue or organ.

Preferably, the database comprises data relating to at least one tissue with
heterogeneous or changing biomechanical properties. In one aspect, the database

25  comprises data relating to a plurality of different tissues and or organs.

In one aspect, the at least one tissue type comprises a pathology. For example,
the at least one tissue or organ may be from a patient to be treated for a condition
using the medical device. In another aspect, the at least one tissue type comprises an
injury or wound. In a further aspect, the pathology or injury is a pathology or injury

30 affecting bone. For example, the system may be used to simulate injuries related to
osteoporosis or cancer, such as compressive fracture of the vertebrae and the database
comprises data relating to biomechanical properties of bone effected by such

pathologies or injuries. In a further aspect, the system is used to simulate



the at | east one tissue or organ may be froma patient to be treated for a
condition wusing the nedical device. In another aspect, the at |east one
ti ssue tyywe sopgss ses an injury or wound. In a further a®PeaaiSos/i4ve2

pat hol ogy or injury is a pathology or injury 30 affecting bone. For
exanple, the systemmay be used to sinulate injuries related to
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ef fected by sk depphbhiodne gésemption, as npaurs mﬂ(unimeladisaa@her aspect, the system
is used to sinulate 7 WO 03/ 096255 PCT/ US03/ 14042 5 osteonecrosis, a
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syst ens accorgiokdedsd bhdd@edatiRibibMBchaticilpspeaREPf the et 18ast smaishiedgerdase
regar di ng_ bi onmechani cal gr opert| es of the at_ |east one tissue_or organ. 10

Al so, pref®r adlsg, prefgsblyn Qiyedgshase commpistsLlata THAFRS P HFPETHFy Of B¥oper ti es
of tissues Oroﬂfr%Q%oﬁlrmhﬁllﬂlldf E)Qtién%sy I@Bn@a@;{;éc@@ﬁeﬂmobvﬂbd@@%s@%&ﬁﬁﬁsest he

know edge base conprises data relatin he_interaction_of a nedical

devi ce with t¢aa wlatingesthe mﬁ@actnp@gﬁ@nﬁdwﬁrdgﬂﬁe with Giahleast aBGESSHNY P& ent . 15
As di scussed ghQVfieadi B S¥shem nay conprise an interface for sinulating
contact between a user dl t he medi cal device. The interface may be renote
froma conputer nenory corrprl sing the database. However, generally, the

i nterface;: comuni [gﬁg:{g ssor in
conmuni ca%5| on wt h&a&ﬁﬁ Sgg%a Vtaersv(i;le Q# Exng%tﬁggngr%%ﬁgag%% nvention
conpri se progeatact mvm@tusmdﬁhﬁrme@qamvatq e mﬁer@p@n@y poremyfe omedi cal

device on t he, Do HlonfrPBlfilling i diR8le. hSievRabhelly [ infirgndi L on.  The

operation may ¢ rrprlselnser I'Cal > devicE into the at |east
one tissue orcamgmncamswlthrthmnmmammy thngugb ipoovessbr ia cpmtnenicationiwitho a 25
patient and/o vaI of a biological naterial froma patient (such as a
mat eri al n{l}F “at | east one cell conprising a pathology, e.g., a

cancer ceto ). In one
Preferably, systems of the invention comprise program instructions for

simulating an operation of a medical device on the body of a patient to treat the
patient for a condition. The operation may comprise insertion of the medical device
into the at least one tissue or organ and/or may comprise injection of a material into a

25  patient and/or removal of a biological material from a patient (such as a material
comprising at least one cell comprising a pathology, e.g., a cancer cell). In one
aspect, the operation comprises insertion of the medical device into plurality of
tissues, including tissues with different biomechanical properties. In another aspect,
the system simulates movement by an organ or tissue upon interaction of a medical

30 device with a tissue. For example, the system simulates deformation of a tissue as a
needle is inserted and/or movement of an organ as a medical device is pushed against

or inserted into the organ or a neighboring tissue.

In one aspect, the interface comprises a medical device and a manikin for

35 receiving the medical device. In another aspect, the interface comprises a robotic



aspect, the operation conprises insertion of the medical device into
plurality of tissues, including tissues with different bionmechanical
properti e&0 Biv@rdt her aspect, the system sinul at es novenPOl/USy3/a04Dr gan or
ti ssue upon interaction of a nedical 30 device with a tissue. For exanple,
the system sinul ates deformation of a tissue as a needle is inserted

and/ or novenent of orga S, a di cal device | shed agai.nst or
hserted | ut ouH@BRG s B derghugenn gt et PrOYRECA SRR he
interface conpgiR@SsetblE dreRtabHebe Geeddibsemtptbinkprived DEurvedlfran@Gei vi ng t he
medi cal device. |n another aspect, the interface conprises a robotic 8 WO
03/ 096255 PCTPIGS9BIRPAlsas 6 dseiepRidEsi™d to a nedical device. In still

anot her aspect, the interface conprises a needle assenbly. Preferably, the
needl e assenbly CORPIdfERE Rpstl ofeih iivenien, thednh@mhddi ddghpateslagrshafisnifgr ees of
freedom In preferred aspects, of, the invention, th int&a%/%ce conpri ses a

. t )
mechani sm f or ST&|aHnE EelgcsT wainginrRonFgd PHapvenrakeh thome BYceeiFent of

the medicah dg\iesdly, M BechdBsRiapiAdbMrarikeheRERAR ST dsporsaRap! e of
varying the resistance in response to a feedback signal froma system
processor. | nfesfacksigenl fiom hysewsrateaioreneae pwsct e ESISHINAYYAISS t he si nul at ed
placenent of theEdh 4Rl sifeMles Slabdnéht OF HEMelita Aicd ¥REivdntissRNPINes aspect,
t he mechani smfor varying resistance conprises a device for varying air
pressure wi t hprpthenespeeit e mgekanispnios varying saststanes comppieesta deyice foryesinzace
conprises a 1 ' I i gl i ARG JBRdaAcK.
Preferably, t légﬁg%ﬂ%c%ﬁﬁé%%fﬁésg{sagl?ﬁg@%ﬂaﬁﬁgﬁﬁ%}]‘lor provi?gr?ng di recti onal
f eedback. 15 n owmehaaispdot providmgsystinumus kaptic teddhack. sPrafsrabtye therintereege- gui ded

d . Vari ' J: ' t ed, k inth
Bt et uci ng e b ATEl B T AT T ohy (0. 01 CT. PET

etc), X-ray, fluorography, and the like. In certain aspects therefore, the
system addi tional |y includes one or nore sipulated scanni systems which
resenbl e devi ces USSR PR L LERS S?%%les t.sﬁ({etg .Slmluggle%e S %%H@eésglgfeedﬁes) may be

novabl e t o wi VatitusdoraGafimiginglinsg Bndmulafed zas aiernbah édthe pef inelnding butabt as a
mani kin and mpverPRtvRE MK, SmSeabhy Bl ISBET! Y, RUSY, HiBroBhbny Gnd the

like. In certain aspects therefore, the system additionally includes one or more

simulated scanning systems which resemble devices used in such procedures. The

scanning system(s) may be movable to within a scanning distance of a simulated

patient, such as a manikin and movement of the one or more scanning systems may be

25  controlled by a system processor.

The system generally includes a graphical interface in communication with the
database, such as for displaying an image of at least one tissue or organ. Preferably,
the image comprises a plurality of tissues. In one aspect, the image displayed

30 includes an image of trabecular or cancellous bone of the spine. Preferably, the image
is a volume rendered image. More preferably, the image is generated by Finite
Element Modeling (FEM) or another imaging modality which is used to calculate the
interactions between a medical device and at least one tissue over time and which

displays such interactions in real time. Preferably, the graphical interface displays



25 controlled by a system processor. The system generally includes a
graphical interface in communication with the database, such as for

di spl ayi ngoam/operayie of at | east one tissue or organ. Pref@cahisg3/140the i nage
conprises a plurality of tissues. In one aspect, the imge displayed 30

i ncludes an image of trabecul ar or cancell ous bone of the spine.

mage 1S GbncPREBF YRRy 5! DeITERieh| SUBHE TG CREONSE RS AP Thgl ng

nmodal ity whi chssh$ortz@sh. to calculate the interactions between a nedica
device and at | east one tissue over tinme and which displays such
interactions in real tinme. Preferably, the graphical interface displays 9
WO 03/ 096255 PCT/ Y303¢ 4404 Fhe Ssteiaeifisls lidiadtiohd veevdss SinplatddiRsudBylr@al devi ce
to treat a condition of the at | east one tissue or_organ. In one aspect,

t he system noaediel ﬁ@ﬁl@(sé@hat QFRY W APEIsedI S P‘&Eléfaeftt‘?ds‘%’ﬂ@(l%‘)on@}}%ﬁm‘ﬁedl cal

devi ce(s) 14 haA AN R0 SR A En InSy BB SREALBE tiloBQk tynePMP! i cat i on.
10 AIternatlve y or gﬁ@???oﬁaﬁ?y,<%he sé%ten1na nodel interactions that
occur when coemiglicationsersun sushes whendhe @ylcﬂh@ﬁkstﬂiéoﬁémsébcw eigkfras bl ood
vessel, cuts ﬁ)srsueid Blfe srgi craEl%sso%Hégor cgftﬂ:a%g 2tPn ﬁ{oﬁﬁa&{ ch ntﬁe %@te&%{lﬁdli‘[&% etc.

I'n anot her aspec em si mu €s i he  MOVeme a tissue or organ
t hat occurs umovemems@ratusm opbrgan tetchicoms upe wiserion gtﬂ:methgll deviggech &2 i nto t he
ti ssue or or gan 0.a nei [ 15 In a further
aspect, the g’[r1 Sﬁi lf:lé'gl%e b e %el?grm%% nte oogégggsurrgg(%g%nont rols for
controllimng§ the novenent and/or operatlons of the nedical device.
Preferably, the face enapl e S8l stemto reconfigure t he
interface to dlspﬂgﬁ%@@ﬁ?F%FQ &' %5?1%F§mF Fpﬁﬁs¥nsrﬁﬁﬁ%% %bggél rel ating
to an appropr bcﬁlhelliﬁg(ﬂle&ﬁbvedﬁﬂﬂ ame/obepamloaﬁomedleanai/damcapheﬁmbbat}e for one
or nore peripher runent in connunlc tio stem such as
nock or real Y& Fﬁ {?é?ﬂl??ég theysfety QHFVH q%eﬂé#’g% t%glssl%%ccinﬁ? ntion
further conpr hﬁﬁoﬁﬂte'fﬂfQﬁffﬁiuhféﬂtpdﬁ&lﬁ@@ﬁr@tﬁfansmbﬁﬁﬁté fedicAdagtdigigat a wi t hin

one or nore databases of the system
20  used and/or appropriate for one or more peripheral instruments in communication

with the system such as mock or real scanning devices.

Preferably, the systems of the invention further comprise an information

management system for managing data within one or more databases of the system.

25  In one aspect, the information management system comprises a search engine for
retrieving data relating to a tissue or organ in response to a query from a user of the
system. In another aspect, the information management system is capable of
comparing data relating to different tissues and/or organs. In a further aspect, the
system is able to search for and retrieve selected image files in response to a query,

30 such as a query relating to patient parameters. For example, the system, in response
to a request for images of tissues showing similar anatomical and physiological
parameters as a test image (i.e., a patient system) will deploy the information
management system to search for, select, retrieve and display the appropriate related
image(s).

35
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25 In one aspect, the information managenent system conprises a search
engine for retrieving data relating to a tissue or organ in response to a
query frowoasmsess of the system In another aspect, the ipafrarSosi4oen
managenent systemis capable of conparing data relating to different

ti ssues and/or organs. In a further aspect, the systemis able to search
for and retrieve selected inage files in res e tp a guer 30 such as a
query rel ating toTg‘ﬁfrfvéﬂ‘i‘(mﬁésr"gﬁ%‘flg?s?.COEBW%B?E%% ,e‘ﬁ%%onga&%‘fl PEFH r esponse
to a request Hh@fuclisRIBSpMnidel Sisdabhiens heiod gnlbmtited bypanmbdioildavicnth

physi ol ogi cal paraneters as a_test inmage %i .e., a Pati ent system) wll
depl oy t he i rB@maedls-o ongaspaelethe sPmRYfetTEfablg ed i ORAS PTOgA oct | retri eve
and di spl ay the.RRRsQBRpAliRe: MR4RbAGutel (TBESM0Tbde BPidbRINA03/100E20M

PCT/ US03/ 14042 5 The | nyen%l on al so provides a conputer. readabl e nedi a
cont ai ni ng presgramidation itk e pesesspioheemyihe ntpriac is sarahlenf sHatB8 i npl enent ed
by a medi fal  devEGRwEHGRserdfd thetR&Hafdevide N8 s@IRESImpulidi GrdppiiPstiasr

readabl e medi a contalns program instructions conprising: first conputer
progr am code foorunhide b epplicattpnatheiapplispficnoeniprising insiruetionaior sinulfting am
processor, wherei.n I f I : i i -act

bet ween a useorpelgllrtllan %’ﬂ@e %gﬁélaq%%g%\lﬁ%@@agn eglsg%cozr?@%g{n%gfg ‘é‘?’p"éﬁ %3%% code
for running afor mpgifyicas camdjtiontod thepetiént.at i on conpri sing instructions for
simul ating an operation of the nedical device on at |east one tissue or
organ in the body of a patient for nodifying a condition of the patient.
15 I n onellaspect, Ihbge aped)thé amdapnpompess a pphology aghthaogtrdtioe oper ati on

conprises a nethod of treating.th ol ogy. erations th . be

sinul at ed usi WFPIEFHS B ?f&eg?%tﬁsgﬁgﬂ%i maner @é’eefang’ﬁ%‘mg‘ﬁaée%ﬁ‘g{ngl i mited
to: incision;thétaaatérireddable mdRed inclade, puinadhstdimitd td: invgsions dissectiongy,
vertebropl asty;, an orthoscopic procedure; biopsy,.angi.ogra . venogr aphy;
art eri ogr aphy®9egeqm: B¢ g’ﬁﬂ'%@glfgﬂfrln&d'ﬁft%?r@?l?%’iaBr?rtB?SCg]ﬂc gwcgdr?f\éést hetic such
as during an gppsgUinmiogkdph§GlehOftaphyehrieriOinipldf, vérisdiApennire; Adgeistation of af ti ng,

transpl antation, 1| nplantation, cauterization, reconstruction and the |ike.
P 2 an anesmrtciz‘gic such as during an eplc?uralzmajectlon, delivery o?ﬁlerapeutlc agents,

grafting, transplantation, implantation, cauterization, reconstruction and the like.
Operations may also include release of heat, light, ultrasound, microwaves, x-rays, or

an electric field from the device.

25 In one preferred aspect, the computer readable medium comprises program
instructions for simulating vetebroplasty, including at least a first computer program
code for displaying one or more images of the spine, a second computer program code
for executing a simulation of placement of a needle into a vertebral body, and a third
computer program code for simulating injection of cement (e.g., a radiopaque

30 biocompatible bone cement such as methyl methcrylate) to stabilize the vertebral
body. Preferably, the computer readable medium contains program code for
simulating bone cement injection in real-time. Also preferably, the computer readable
medium executes instructions for modeling the biomechanical properties of the
vertebral body and for displaying a volumetric data structure representing the

35  vertebral body on a graphical user interface of the system. In one aspect, the

11



OQperations may al so include release of heat, light, ultrasound, m crowaves,
x-rays, or an electric field fromthe device. 25 In one preferred aspect,

t he conpuwerodne@dabl e medi um conpri ses program instructi @e3/UdSos/1®ul ati ng
vetebroplasty,’ including at |east a first conputer program code for

di spl ayi ng one or nore inmages of the spine, a second conmputer program code
for executjng a sj rrulg i,on (gf pl acenent of a neerglcgdeit%% oal%la\{i%rtebral body,
and a third COWBTER %11%5* HPEGHBISCE FOBPHSH PAPETAE CPH QLTI O "0F cenent
(e.g., a radispagueri@cbiorgapaick b Luseosfthe smahitios sietena Sormeitiiyting

met hcryl ate) tq stabiljze the vertebral b -~ Preferably, the conputer
readabl e rredi@ﬁ%ﬁ?%?ﬁfgleﬁfB’QF%t?ﬂdXBﬁd‘@t‘F%Srangg’%ﬁﬂ’ld %"g bone cenent injection
inreal-time. Also preferably, the conputer readable nedium executes
instructions for nodeljng the bionechani roperties of the vertebral
body and for di spIIE;?P‘P‘FBeré_SRPSF E}Wéf’?l?‘g&terdﬁfégtat’ﬁ‘i%[)% W?%W%ﬁtai%ft he 35
vertebral ;po ted pEeRbhEdeR Forte@ivingdihpid 86 R intdiceandifemodifingike aspect,
the 11 WO 03/0 62_5@ CT/ US03/ 14042 5 conputer readable di udén conpri ses
conput er pr ogiimmlatenieaseden b imyfsalt HETHHFATS ﬂé‘ﬁcolnﬁ’tuf?ér@taéa@e‘n? Yhack to a
user of the sgmjlallBRsis gﬂﬁnédaéf&%c%wk dnB ProcBR @Al 84ta, QlictoRe or nore
body struct ursi}élgyang%gr Slf%lﬁlito_ flow. 1In anoﬁerggoscpeé%paﬁ]e conput er readabl e
nmedi um f ur t hedataxsagvddsevst the iriernet. Pofediperchdatscogpases deaeclstvie 1¢ ecei vi ng
inputs fromt ' r Mea 0k X0 9r bREL isth&tRhL4 ON based on the
inputs. In a @ﬁrrn%%ﬁm;é@g%&ﬁ,&gfﬁ%l%aorrputleru réa abi e erg%ji um further

conpri si ntp program code for receiving and processing patient data, such as
data received over, gt GhNElonibl BLS1A0L HedllE B fRhAing amREdRRS data
relating to bionmechanical’ properties of at least "one Tissue or organ in
the patient. ihiplohakalitadibyraahddical tdwicei(suekns 2 oeedjs).oln de ssmctthemgthofior pl anni ng
a treatnment inplenented.b di cal .devi S Q. one
aspect, the HoHes: Blif’ﬁfgilll}%ae a:targgsreoc\‘/)fnaflsﬁn %ﬁgéﬁ(‘%ﬁgg"e@%gﬁgﬁg?dﬁgk 3# a
relating to blieadtoge i’le @roags: pér&smin adlteast beastep ofsemtlatbmibe Dieraptigaof

perform n?o at th!e gﬂ.aealtcalo e%’icg EN%B tl?ef at ?ela@“(l)lng %1'35?19 ort ct]rgal{, Ql&c%rag‘i\’&s&%gn gff the device

into at least one tissue; and operating the medical device to effect a treatment based

on the simulating step. In another aspect, the method further comprises the step of
simulating insertion of the device into a plurality of different tissues comprising
different biomechanical properties. The method may comprise simulated insertion of
25 amedical device into a lumen. However, in one aspect, the method comprises the
step of simulating insertion of a medical device into at least one tissue, and preferably
through multiple different tissue types comprising different biomechanical properties

(e.g., such as skin, muscle, fat, bone, etc.).

30 In one aspect, the method comprises the step of simulating injection of a
material into at least one tissue using the medical device. Alternatively or
additionally, the method comprises the step of simulating removal of a biological

material from a patient (e.g., blood, tissue, such as a tumor, an organ, etc.).
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20 the nedical device with the at | east one tissue or organ, such as
insertion of the device into at |east one tissue; and operating the
medi cal O0wo0iemIdes ef fect a treatnment based on the sinul aPCagSss/ep42 | n
anot her aspect, the nethod further conprises the step of sinulating
insertion of the device into a plurality of different tissues conprising

di f ferent Dbi omechapi ca operties. The t hod. conpr.i se, si. nul at ed
i nsertion bf 25 aafgﬁrgfaﬁ?gfﬁjagﬁa 48° PHPRSE® ‘IE%W% nggoya a%‘?g“? }%}e Bl UsEECt | the

met hod conpr i ;emetiidgl desicep of sinulating insertion of a nedical device into
at | east one tissue, and preferably through nultiple different tissue
types conprising different bionmechanical properties (e.g., such as skin,

nuscle, fat, bone, pefefably, thdQichBf ARBlaAEP B intetatROnTRENIEA tHo@eTIEd &Rt he step
of simulating injection of a material into at |east one tissue using the

medi cal devi clast ane ESRReqMREISGs EFPlaVAEANE CHIATY §RagtsRd IHEaHions Rewsites t he
step of sigul gtding JEEEOMAla: REstdndhighogi cal material froma patient (e.g.,
bl ood, tissue, such as a tunor, an organ, etc.). 12 WO 03/096255

PCT/ US03/ 14042 5 Preferably, the database conprises data relating to a

patient to be treated. Hﬁ;‘e&?tgg‘th{éﬁloﬁ‘é‘%gﬂgségﬁ%‘éidﬁ?g-anﬁ’l'iatt%ffé’c:é@@sﬁnul&thl% step of

sinmul ating the interactron ween ( ce and _least one tissue
conpri ses di s@integt brgweme: wer andrranddiralieyice fwhersineqoateei wits thp antxtenby e 10

medi cal devi Ct?seaﬁ%]xsa&ig!lz%ﬁcﬁttheo e atcku?r;f] Sﬁefe{arﬂlyo @?Plg%it%ﬁémd fGar N gwc onprises

providing an interfac or sinula cont’a ween a user and a medi cal
devi ce Whes ei usecimrrantsd with thh intbréack addorfaa die systemn epdela bmmeghanesakandi spl ay of
the interacti P

n... Preferabl di splay.is red inreal tine as the 15 user
interacts wi tﬁ‘nf%oé’afﬂ’f’%gefsé‘}c/@eﬁlﬁa ‘?%BF X%tée?af%lg Jtgyst em nodel s bi onechani cal and
functional changes in the anatony of the patient. In one aspect, the nethod
further conprises providing.haptic_.feedback.to the user ough..t he
i nterface which RS aﬁpﬁ& ?‘38{%?110@ ﬁﬂﬁ‘ﬁ%?qnmgssp%‘f’l&gg E%rgurc f%%ﬁ’?"lr‘]l‘g‘) f5e 20
treat ment opexagsdt ihgdighBid igferfRiRsetithahodels i tattile ekpegionic@s of a user during the

20  treatment operation.

Brief Description of the Figures

The objects and features of the invention can be better understood with
reference to the following detailed description and accompanying drawings.

25

Figure 1 is a block diagram illustrating a schematic of a simulation system

according to one aspect of the invention.

Figure 2 is a schematic diagram showing a simulation process according to

30 one aspect of the invention.

Figure 3 illustrates manual segmentation of contours in a simulation method

according to one aspect of the invention.

13



The objects and features of the invention can be better understood with
reference to the follow ng detail ed description and acconpanyi ng draw ngs.
25 Fi gur ew0 3s9@sHl ock diagramillustrating a schenmati c ofPCa/tEs0340aL i on
system according to one aspect of the invention. Figure 2 is a schematic
di agram showi ng a sinul ati on process according to 30 one aspect of the

i nvention._Figure il lustrates manuyal,.se ntation of co rs lp a

si mul ati or® et hod F?i%‘ééts “ﬁggef“?)ratbor?eolfgg BZ“&?S%E?&‘F eu?gfr%lr?\%nne |0§%80%1(§n%

03/ 096255 PCldndIe@cildiiiRinvintibhgur e 4 shows generation of a 2D nmesh in a
simul ati on method according to one aspect of the invention. Figure 5 shows
generation of a 3D in a sinulation nethod according to one aspect of the

invention. 10 Fi gurigurf 5SheViSgc@RinaifiaGb iafa shiliginiadthsl e dingitd¢het 0 One
aspect of the invention. Figures 7A-G shows that varying the nunber of
nodes in a suisBestal HeiEBlia® node differentiation can vary the accuracy of
t he subdoqgi n characterization. 15 Figures 7A-Gillustrate increasing
accuracy in each panel with Figure 7G representing 100% accuracy. Figures
8A-F illustrate hdiieuhé skowagenepiinn of sehdogingasserdingie s amseiafthet y  bet ween
di fferent tisgug.ghements during the nodeling process. The different panels
20 illustrate sagittal sections through vertebral bone. In the FE nodel
shown, two regi onsFigures tA-&sshowh thdt vaaying the apmpa@if opdesira subdempaip bgioem

(colored in bLAUMaH RS vafi il SRGIA M LLBMmARL AR AP ] es.

Fi gures 9A - rates a sinufation process for simulating a target
regi on 28 coRiguies7Ags dlugtrate Bicieasingdccurneysineschmanel vditf Figure A6 rénrepenigtgani cal

properties. 100% accuracy.

Figures 8A-F illustrate how the simulation process maintains connectivity
between different tissue elements during the modeling process. The different panels
20 illustrate sagittal sections through vertebral bone. In the FE model shown, two
regions are classified, an outer region and inner region (colored in brown) which are

assigned different material properties.

Figures 9A — G illusirates a simulation process for simulating a target region

25  comprising a plurality of tissues with different biomechanical properties.

Figure 10 shows a medical device interface and system workstation according

to one aspect of the invention.

30 Figure 11 shows a medical device interface and system workstation according

to another aspect of the invention.
Figure 12 shows a medical device interface according to another aspect of the

invention in which the device interface comprises a robotic arm.

35
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Figure 10 shows a nedical device interface and system workstati on according
to one aspect of the invention. 30 Figure 11 shows a nedi cal device
i nt er f acewarid/o362st em wor kst ati on according to another aspegtusos/140he
invention. Figure 12 shows a nedi cal device interface according to another
aspect of the invention in which the device interface conprises a robotic
arm 35 14 WD 03/ 096255 PCT/ US03/.14042 .5 Figure 13 shows a i cal device
i nter f ace accor di g‘FBEI%ﬁ]%O"%?saﬁ% Cabgevf‘??énﬁeﬁvgﬁf?%%m%g’m iagqeﬁtg&%eneedl e
assenbly. Fi gikentibf cohpmsin@anebkasgedlyvi ew of the needl e portion of the
needl e assenbly shown in Figure 13 and tracking and force feedback
mechani snms provided 10 in the nedical device interface. Figures 15A and B
show syst em wor kst@ki0n04 shidis aflefldtRl VR & thBick &b peiloA ot the ne¥dRcedur e
according to one aspect of the invention. 15 Figure 16 shows a force
f eedback mechassemshly seavnindiguentd aid eppkiag and fopre deadhpck meghamiss onided gure 17
il lustrates byiddipg.aqatdarihased potential field according to one
aspect of the invention. 20 Figures 18A and B show nappi hg paraneters for a
cenment injection nodel for sinmulating a vertebroplasty procedure accordi ng
to one aspect of t I %I'icgn I | at &g I | rences
in a vertebra. Zsﬁéiujagir/%[] I %hog) %%@n‘%%}{%d ?{“@ég{ram ﬁﬁ?&%ﬁ“ﬂ@%ct ors
af f ecti ng cenpwotedudi sstorlingtté one adpaci sffhainyentiosbr opl asty procedure. Figure 21
illustrates steps involved in cenent preparation . during a 30
vert ebropl asty procedure.

15 Figure 16 shows a force feedback mechanism using a controllable air pressure

mechanism.

Figure 17 illustrates building a volume-based potential field according to one

aspect of the invention.

20
Figures 18A and B show mapping parameters for a cement injection model for
simulating a vertebroplasty procedure according to one aspect of the invention.
Figure 19 illustrates density differences in a vertebra.
25

Figure 20 is a schematic diagram illustrating factors affecting cement

distribution during a vertebroplasty procedure.

Figure 21 illustrates steps involved in cement preparation during a

30  vertebroplasty procedure.

Figure 22 illustrates an ideal needle position for a vertebroplasty procedure.

Figures 23A and B illustrate complications which may be simulated during a

35  simulated vertebroplasty procedure.
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Figure 22 illustrates an ideal needle position for a vertebroplasty
procedure. Figures 23A and B illustrate conplications which nay be

si mul at edwowsiongssa 35 sinul ated vertebropl asty procedur e PCTHSUE1932 096255
PCT/ US03/ 14042 5 Figure 24 illustrates steps of a vertebral venography
procedure which may be nodeled using a sinulation systemaccording to one
aspect of the invention. Figures 25A-C illustrate geonetric nodeling of
contours a body structure to 10 sinulate structures which conprise
branches and cavi tHi@fe 2atdt@dtdpe 5£4 Vepicbahvebograplvgndedome whidMhaes a syst em
for the sinulation of inmage-guided nedi cal rocedures .and .net hods of using
the same. The™8 n(,gé‘rf’“g‘éla St aCqor e forfire ARRECt A A TYIEQR | on,
pre-treatnent planning, as well therapeutic device design, devel opnment 15
and evaluation. Definitions The follow ng_ definitions are grovided for

specific terns whiligray e Arsdlpsipte grametiigmodelingpt Grieureef ahody stustyrg e As
used herejq, gaullcSHHEuits WASLAPLGARERYS Al eBshani cal properties” refers
20 to a tissue conprising regions having different resistances agai nst
deformation by a nedical device. In _one aspect, a tissue having

het er ogeneous bi omechani cal prop 1 tioles 3 tissue having at |east
two different regions identifiable by an inmaging process such as CI, MR
PET, an el ectron Spielnvea&onpheries £6famintifte theasirdulatién oflinkge-giddedABedict d
herein, "coupled to" refers to direct or indirect coupli$gﬁof_one el enent

of a system t¥FosdytHrend mafhods afhsie thasimise The sBeBesr Redtipt 8 B8 ranent | y

coupl ed to anQifielatieh P& RbatRbntphnES AR MSrapsert daeice@idign, development
re-configurable control panel” refers to a display interface conprising

one or mole sEMdSyRBiN options (e.g., in the formof action buttons, radio

. Definitions

The following definitions are provided for specific terms which are used in the

following written description.

As used herein, “a tissue with heterogeneous biomechanical properties” refers
20  to a tissue comprising regions having different resistances against deformation by a
medical device. In one aspect, a tissue having heterogeneous biomechanical
properties comprises a tissue having at least two different regions identifiable by an
imaging process such as CT, MRI, PET, an electron spin resonance technique, and the

like.

25 As used herein, "coupled to" refers to direct or indirect coupling of one
element of a system to another. An element may be removably coupled or

permanently coupled to another element of the system.

As used herein, "a re-configurable control panel" refers to a display interface
comprising one or more selectable options (e.g., in the form of action buttons, radio
30  buttons, check buttons, drop-down menus, and the like) which can be selected by a

user and which can direct the system to perform operation(s). Preferably, the one or

16



30 buttons, check buttons, drop-down nenus, and the |ike) which can be
sel ected by a user and which can direct the systemto perform operation(s).
Pr ef er ablwp oshgs2ehie or 16 WO 03/ 096255 PCT/ US03/ 14042 5PEOIGESIypoDNS can
be sel ected by touch. The control panel can be nodified by a user (e.g., by
i npl ementing a system pr ogr am which alters the display, causing it to

di splay different sel ect ble o "re-copfigur.li t he control
panel . us‘@ﬁreWBP‘érfsr?an E‘?ﬂeﬁ 30 % i—E Or"g‘g]epaagtcﬁlbg %‘gglffgﬁ?&guﬁ %
providing a S(@Ige%tya;lab@m@mﬂgmyaantphgradh splcayliet i@ disphy, desher tovhi ch, when
sel ected, cauges the 10 systemto disp I}brsén%ges Qr, data ored W|th| n the

dat abase, or HsRedffpiat Sék’c"ﬁ]ﬂ? gptiqus)Rerel TS B

sel ected, causes the systemto display the images or data. In one aspect,
t he system di spl ayss ise@B&6nprodadisy acléss kd NBaliaee" irefag @sprovidigtaa, in

response to a gqu of, the systemb ser e a t he di spl ay
interface pr%’ﬂﬁcﬁéé Oatl‘”h%@?/gisﬂﬁm’f %/ &1 %""’l‘ier‘f‘f}ﬁ"q‘a\ﬂgwefé S’LFé‘}E*‘ies ﬁ’é?n i nput a
query andig¢ hesysehas uablag inlie @6t da@iktdréd FithiaGhd AMbie! 6rQBude®bnd dramsdi tting the
gquery to the system used herein, the term™in comunication wth"

refers to thelBite be displaved whishevaan sslecledrepbise the sptena todjsplayihe Bnagerei ve

input data from ageLbeheGVal §MeBI disIAIRARNREbr &fta, 3r ﬁﬂétt@iﬁla%'agoﬂdataﬁ)frpv' de an
out put response in response to the input ~data. "Qutput” may be in the form

of data or neipsHeEsq tq arqueryfod thnspftera Ry a@‘e‘qroﬁl englasechihe dmplay hedacst em or
component  of kBRSS!l it HAEURAY RbRhe vARREPKIRN quely A RRlbeaRbie ! ef er's

to either inflation or l'at 1 on | oon. As used herein, "a
bi omechanlxal on'mloopiearltaﬂlonbﬁfen@rmnanlﬁmﬂhﬁqwrwmlﬂ@rﬁwtémat es 25 to the
structure or anatony of a tissue or organ which is neasurable, generally

Wi thout the aid OfAsaus'e@p&&ﬁ%mhﬁ%lc%ﬁmpmla&onmr" r@féﬁwhﬁ,abﬁwfeacham cal
properties of a blood vessel include, but are not limted to: elasticity,

t hi ckness, st3yelagtds compongaimiaisysi¢mm ito xeemve apetideirdiomansthgr Bistemedi st ance,
fluid vqurre I er related
SCOO%HéIﬁ%f oLt andr{ygl%@fdg 2 Eutfﬁntggséplbﬁs%tlﬁ lelsgaﬁse gng? Db

par anet ers. used rern vol ume IS a stac
t wo- di mensi ondata. ("ZDYput hmagels in the form of data or may be in the form of an action taken by

20  the system or component of the system.

As used herein, "deployment of a balloon" refers to either inflation or deflation

of the balloon.

As used herein, "a biomechanical property" refers to a property which relates
25  to the structure or anatomy of a tissue or organ which is measurable, generally
without the aid of a labeled molecular probe; for example, biomechanical properties
of a blood vessel include, but are not limited to: elasticity, thickness, strength of
ventricular contractions, vascular resistance, fluid volume, cardiac output, myocardial

contractility, and other related parameters.

30 As used herein, "a volume image" is a stack of two-dimensional (2D) images

(e.g., of a tissue or organ) oriented in an axial direction.

17



(e.g., of a tissue or organ) oriented in an axi aI direction. 17 WO

03/ 096255 PCT/ US03/ 14042 5 As used herein, an "interventional nedical
devi ce" iwoloadeesh device for treatnment (e.g., needles, SPEMUSP3/14042
stent-grafts, balloons, coils, drug delivery devices), for diagnosis
(e.g., imaging probes), and for pI acerrent of other nedical devices (e.g.,

gui dewi r es Some eV| such et N functi ons.
As used Ter ei n, %gwlg’cfﬁle lrg%rg%n Dna 5% 1031 %evme I}Plai\{l %S;%He%ig?r%cgl sing facts

and 10 rul eStr&’aﬁhaitl(eﬂg, ieadlas, Stehis extdnt- gfa(ﬁIB taleonp)] w@ils, alrugmh:hmrbrdewpa’s));fmft i es
know edge bas dat a. structur risi acts I elat.i n

properties of ?@%s@@gg‘gpﬁg’ W ?i@ qg e Vgﬁ heﬁ‘é’?%l?ﬁélﬂ%?‘? tgi’ssue and
cel lular prOpQﬁadvﬁﬁes) tHoaRdeticaysuchasicdiitgers, ickiehas ehultipld fdctioas. correl ating
facts relating to vascul ar propertl es to interactions with one or nedical

St at oment  assoct aUSHRARERG P isies b Qi RO APEIGOhGraFTy

est abl i shed byilds aégting t@%ﬂﬂﬂed&&ﬂﬂ’kam@}épﬁma&ula@@fd‘peﬂhm nevasdpe bhsstiitas, by
obtai ning data from dat abases .or of her know 9@ ?ﬂases an even by
obt ai ni ng dat dia $BIHUE PRy SnE Mt Eerte @lﬂr‘?ﬂ‘?&leéo P eﬁieﬂsoﬁuc 29 As used

her ei n, " eqR@iclty, b on OIS 4 dxﬁ%@lhﬂarﬁfr%ﬂaﬁ@d@ Hlevd faplayd 0e likbend ul es  of
one or m)re know ecige bases to _data provided to, or staored within the

know edge badissdar COPﬁ]éP%%‘CtéWa%!ngﬁ‘gv%sﬁ‘éawm&bmf?aascé‘?%%“"f}bor}ﬁ’é)fquer| ed
and to grow. pBiefiecablsy, an expert system conprises an inference engine
whi ch enabl es the system to manipul ate input data froma user to arrive at
one or m)re possi bl e answers to a 25 qu stl n a user. More Ereferably,

an expert 3yst em ahs¥ed B & duleainig WPWW? £8P%2€8r i ng t he

current stat ewfifi a 3R ko Rﬁ'lk@ar@'g@r%lwdsﬁabﬁsﬁé‘d&/ mfeﬁh@&ﬂn@ﬂmhﬁh prem ses on
which the rule is based. As used herein, é\ﬁ}em whi ch "sinulates a path

represent i ng APeTtH RGHOTMINGFFPEHIBHILHPY ab%w datfromy daggbases pEAther s a system

whi ch di spl ay&o@vlédé%%@seﬁ“aﬂ@@@n%@%btm Ja%&ﬁ%ts%térﬁﬂs&f ddefd@ al Nt er nal
surface of the alt "'east 'a portion of e body cavity or
simulation.

20 As used herein, an "expert system" comprises a program for applying the rules
of one or more knowledge bases to data provided to, or stored within the knowledge
base(s), thereby enabling the knowledge base(s) to be queried and to grow.
Preferably, an expert system comprises an inference engine which enables the system
to manipulate input data from a user to arrive at one or more possible answers to a

25  question by a user. More preferably, an expert system also comprises a cache or
dynamic memory for storing the current state of any active rule along with facts

relating to premises on which the rule is based.

As used herein, a system which "simulates a path representing at least a
portion of a body cavity or lumen" is a system which displays a three-dimensional
30 representation of the internal surface of the at least a portion of the body cavity or

lumen on the interface of a user device in communication with the system.
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| umen on the interface of a user device in comunication with the system
18 WD 03/ 096255 PCT/ US03/14042 5 As used herein, to "determ ne the best
fit betwewo wlogs2gtonetry of the device and the geonetry offCThsopaton refers
to displaying a representation of at |least a portion of the device and
simulating its pl acerrent vvithin at least a portion of the body cavity or

| umen. As used herein, " devi refers to a h C roperty
of a device, 10 éysed ]éfiﬁ?,lﬂ’ tasgeft?rg&‘i‘aﬁgeé’?s&ﬁtwp © §RYE fthe g‘ﬁ ‘% and
the like. As 44aegk ieh@irPof thepi %%!f&@ﬂo d@@@ing@fre;ﬁeséﬁmme f dt $east aqxaﬁhmnati on
of a recomended geonetr.i ca}D nodel POl ogy,. and materj al |s al so the
basis for ne¥ithydavie apd $1§wlaaégit§;wawea Wﬁ]élpéfalF’aSH%P?@gn B’%@EBO rpavity
patient-specifigngdata. As used herein, a "software suite" refers to a
plurality of interacting prograns 15 for conmunicating with an operating

system As used herei "clinical data" refers to si cal nat qm cal ,
and/ or  physi ol ogl"t\:gd’rse‘i:l]éﬁfﬁnse?c(jlﬁYlF%HarH?etﬁ‘ea?fEréFo?Hﬁ‘f’ég]rm%qﬂiyto adeYigRy| udi ng,

but not |jgr ted &@n a?%léxﬁﬁhty'\ﬁémogrmat%ﬁﬁ shabd, bas@bnre.(US) , angi ogr aphy,
vi deo canera, and/or by difect physi caf nd/ or el ect ronl c and/ or opti cal

measurenents, and the I|ke 20 Siul ati Syste Fi i S bl ock
di agram of a si mul 4 $s5f hesg ey ehp Wé@&l’&}f’ﬁ% ofa dSYiéemd§bg ’6‘!3“01’( i nventi on.

| nput into th&ceﬁﬁﬁkﬁd&ﬁ%@ﬁé‘t&i@&l rﬁodk@rtblbcﬂb%yaﬁn@inméh@lt 101} dl% thebanafot ed.
Generally, a simulation includes i rraﬁ% a patient and _also can include a
Vi

di spl ay of 25mpking &stiirgisiesigniof 2 mpdia H’aéfv‘éi Y. patiggictpegidic dpni cal
informati on and nedi cal history). The patient inmages can be obtained from

a database of patignise$RE6ihfd GoftWRG8Gited refeils ARYFIGralit] @tinteGcting prograps!l at i on
of dermgr)gohl cally sim]ar patients (e.g., such as patients sharing a

pat hol ogy for epramyrpling wi éploB?F?tl%sé(étFlF%c i mages are obtained froma
patient to be treated for a condition (such as a pathology). Such images

may 30 be stored iAkdsB@h&din) @ihicsl datas yeférem hysicasmatontdatl/aad/onay be obt ai ned

inreal-tinme rior . to a procedure, r I

conducti ng pr@gfﬂo@g{w a%qulred v medlcal lmage mo?laht%g&r;[cﬂldmg, l’)eut\ggt lli(n%tedq;ay be
X-ray, MRI, CT, PET, ultrasound (US), angiography, video camera, and/or by direct

physical and/or electronic and/or optical measurements, and the like.

20  Simulation System

Figure 1 is a block diagram of a simulation system according to one aspect of
the invention. Input into the system executes a particular simulation to be enacted.
Generally, a simulation includes images of a patient and also can include a display of

25  patient-specific information (e.g., such as clinical information and medical history).
The patient images can be obtained from a database of patient-specific images or
images relating to a population of demographically similar patients (e.g., such as
patients sharing a pathology). In one aspect, patient-specific images are obtained
from a patient to be treated for a condition (such as a pathology). Such images may

30  be stored in the system in a system processor and/or may be obtained in real-time

prior to a procedure, i.e., the health care worker may be conducting pre-treatment

19



19 WD 03/ 096255 PCT/ US03/14042 5 planning as imges are collected froma
patient in an operating roomor other health <care facility. Preferably,

t he dat abaoesagkdssi onal |y contains patient information, ePgT/USssitdd4ns data
relating to physiological responses of the patient (e.g., body tenperature,
heart rate, blood pressure, eI ectrical inpulses of the brain, conductivity

of neuron data 10 rel ati n tient . nedical stor d r aphi c
char act er |%t i Rlannipe qsﬁ@a%félafe %106 map%ﬁé‘t e PR E ngra?ﬁ%lcﬁlf ﬁﬁg@%&ﬁ@,
occupation, et faciiftyef er ably, the patient information relates to a patient

to be treated and whose |mages are being di spl ayed. In one aspect, patient
information is up ted as nore_ patient

ti ssues is updat g]defer BYTW@%??]%?’[SEE&& ab?’ 8?‘\’5?"? aggﬁﬂﬁq%agloﬁn Fit'ot #at i on
managenment  sygdtLmlatikls & phykielERE1Sspdhsed ULTht psticat @. gl ,dotRtcthiperatufc, Abart
appropriate | anguage understoaod by the _information mﬁ%gmwﬁs qsé stem t hat
processes t herafebiogd prsssase ?lﬁﬁlc%l%P‘flﬁsé\‘?g'ﬁlbran? RPUPARYY S DEHa+ 38 dat abase

of patienfpi "RAGSg Wuaﬁ%e%mal Kabsy, déﬂibg@diﬁlcaeﬁ%@t%mstfcbefthwa&kﬁmgormuni cates
with one or nore external databasés which provide access to 20 data

relating to a2gsagdnder: fapdldistorsrpepanaion ek abeterable fisdigiay mfgmatign same or
other treat nﬁﬁttesrtc?%hgﬁﬂﬁf b@@e%&mﬁ WiEhse ﬁhag@@&@belﬁgﬁfsﬁﬁ%doﬁn St RpdcficC

literature (e and the |ike. The system generally operates by
means of a sopatm‘rrlefogmttoe i indlated freveal thse asrfhaimage peng|or mﬂw@@nté@ﬁﬁﬁﬂt er such
as a PC or g patible device. Preferably, the 25 system conprises at

| east one proce sor (e.g., as CPU), nenory, graphics adaptor, printer
controller, hard disk and controller, nouse controller, and the like. The
processor 15houl d cEhepyiter addifiensiligemprisea pbinforgati BInaggunt Tvstens dftehar e

suite of the, gyslemGHIP Efema@tecpfn%raﬂﬁﬂoﬁ)ﬁatglan%@algg:uﬁ&wgb? Ry ogr am t hat

controls the ystem’s user I nterface and data t% provi di ng one
or nore of semlfcuinaﬁqnm@nagmentSﬁtmﬁrpmra‘tqswﬁ thewgenyito perackthe relevant

rel ationship- gl%r%amnn(!r% ﬂIe%&%ﬁs%%? %’aoafnd &')Qt?ent ii]aﬂé Orlﬂ%ﬁé SPedianagene nt

system for accessing and processi n
system communicates with one or more external databases which provide access to

20  data relating to a patient condition being treated, responses to the same or other
treatment regimens, epidemiological data, sources of scientific literature (e.g.,

PubMed) and the like.

The system generally operates by means of a software suite that operates on a

general purpose computer such as a PC or IBM-compatible device. Preferably, the

25  system comprises at least one processor (e.g., as CPU), memory, graphics adaptor,
printer controller, hard disk and controller, mouse controller, and the like. The
processor should comprise a minimum of about 8 MB of RAM. The software suite of
the system comprises a program (e.g., a C langnage program) that controls the
system's user interface and data files, e.g., providing one or more of search functions,

30  computation functions, and relationship-determining functions as part of the
information management system for accessing and processing information within the

database.
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dat abase. 20 WO 03/096255 PCT/US03/ 14042 5 Preferably, the system al so
accesses data relating to one or nore nedical devices. For exanple, the
syst em cawoimoparde data files relating to the shape and paygiSoxi4042
properties of one or nore nedical devices, such devices include but are not
limted to: a needle, a catheter, guidew re, endoscope, |aparoscope,

br onchoscaope st

, t ol bal | gon, a _bal n-1nfl at | i a surgical
tool, a vascul ar Eecf?rﬁ@?/b ¢ iﬁ%crfqe%/lf'%%{c esgeﬁtqa{(:aggla%#%%é),ﬁé gﬂg?%g%ggcﬁll very
devi ce, and cde¥iaes)dtor exanyild) eliccsyiemican onkde atefiles redaling $gpthe shape bhed medi cal
device is a needle which c rises a lugen.for i.njectin terials into
and/ or rerroviﬁ%j“?‘?gﬂ’éorpieﬁlle%of‘g%r?f Mree IBS%VT‘@?W?S’SH?]? hitees ‘f’ggldg@%ttaéefﬁqts able to
model the i ntighig@tib:0needt, ddaktictep| Ridd@itt,eRGossbichlapaoitopgbiwchosbepe, exanpl e,
the system can nodel the similtaneous mpvenents of a needle, a. 15
cat het er, gui @hicPB,baflpdy éﬁ%@éﬂfg"é\?gé@fw%ﬁ&“gﬁ%l ol VaspiRteRsgipsion,  of er abl vy,

the systefy dogsicBptio® peibY, Siriy ahery RVRERAY cQhibiRAtRES teftbf. ah oge devi ce in
the body of a patient but sinmulates interactions of the device with

tissues of t HeelERlaspeah Bneedicpdetice pacedls ¥highpompisrsa ST BICHE a
medi cal devi Cﬁm&ﬂl@ﬁlﬂ%@/&&Mdgrﬁmm&mher’ﬂa&ﬁmaﬁeﬁf at |east a portion
|

of the device through nultiple fferent types of tissue (e.g., 20 |layers

of skin, muscle, fat, bone, etc.) and/or enpty spaces_ in between tissue or
Henged %‘?ﬁrﬁ

| unens. Accor di nglipe syshan spbledpmedelfheipterae ¢ dyires WHR GG di f f er ent

bi omechani cal ot OpE dxa BB leMME PRI rhdlR] ihBbidfufsidofNBoRimARDI Amedil, @ NMedi cal
devices wth the different tissues. Preferabl the system nodel s both

bi omechanl%al cathgtepaiderirs, therapdue desics) e taalies Horrierppiy Srabl. thsrsyperti es of
the medical deyig n%‘?él?gim(?zéa)t?igm&én?)gr ﬁ&be%llgﬁtof'a@teﬁﬁéﬁtth%bﬁylaﬁﬁﬁﬁ{%ﬂt t he

medi cal device and tisSue(s rgan(s reflects changes that may occur in

the tissue(s)bussigaiates)interaciions ok deviea Withtissags| odthediedpr In e penpet thef cel | s,
fluid flow eségt)am%od\éﬁli{nsegﬁ)n%@Q%ﬂ§altcﬂ@i§:e {ﬁ%ﬁgﬁ%%gue! ﬁbgeiaﬁeﬂ{%'v&ﬂént devi ce

(e.g., bendin novemnen one or nore portions of the device,
def or mat i on, ofet east a pbriiopoé theslpeict thraugk meitiplecdifferoidhpes eblssneete.of ti ssue(s)

and/or or ﬂ?n(ﬁéeasic ﬂf sﬁgl, I}’nﬁlgc%) r%a?tebc;[ng,fe%.f ffor g&pgyrggiJe?ﬁltbeW&L AWt th a nedical

device (€e7g., a sertion o
lumens. Accordingly, the system displays images of tissues having different

biomechanical properties and models the interactions of one or more medical devices
with the different tissues. Preferably, the system models both biomechanical
properties of tissue(s)/organ(s) and physical properties of the medical device being

25  simulated so that interactions between the medical device and tissue(s)/organ(s)
reflects changes that may occur in the tissue(s)/organ(s) (e.g., deformation, ablation or
removal of cells, fluid flow, etc) as well as changes that may occur in the medical
device (e.g., bending, movement of one or more portions of the device, deformation,
etc.). In one aspect, the system models movement of tissue(s) and/or organ(s) in

30 response to direct or indirect contact with a medical device (e.g., such as insertion of
the medical device into the tissue(s) and/or organ(s) or insertion into neighboring

tissue(s) and/or organs).

In another aspect, the system models an operation of the medical device such

as injection of a therapeutic agent, removal of a biological material, placement of an
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the nedical device into the tissue(s) and/or organ(s) or insertion into

nei ghboring tissue(s) and/or organs). In another aspect, the system nodels
an oper atworsope2shie medi cal devi ce such as injection of &CThsSosp®ulic
agent, renmoval of a biological material, placenent of an 21 WD 03/096255
PCT/ US03/ 14042 5 inplant, transplant, or pacenaker, and/or exposing of one

or nore tissues, to a therapeutic regqipen includin but..not .limted to
exposure of dmplant fransp nf’ngg?afcellnfi a%d/rgﬁ?’?lp %&%Q/fej?neg)fr fn roées%%ﬁeé ,té!‘l

el ect r opor at itRtape@iP RSN ihcluding, duBek tinited toadxdosuet af.a tishadd heanrght,y, t he
system simul ates an effect of the operation on o?rie or ‘g@(raeﬁ%ti ssues of the

body, for exdMEIOWave RSPy PERIOPPBHOTL FXROSHR & Al eleRiEh into one or

nmore cell's 10y LhitidnbRy, BRI stemNirB@lhte®ih dfecPof MRS &etatibn ofi 6f8tahorOfissBeste or
nmore cells, destruction of one or nopre cells, ger nmeabi | i zati on of one or

more cells, dhebadyefor prammple, suiatrodyptaqniof adirEaneyds agent 1Bto pO8 4T PECLPi)| at e

and/or pl AN &R} ARREkH of AMREEHY HenovABofUSHE oPRIR] dills, AestRBAGHIIAAEOUS
procedure™ refers to a procedure which is perforned by inserting at | east

a portion of mpsel¢elel perasabilization of opper mere sells aghibe Bke- 15 nore stages of the
procedure. For exanple, injection of radiopaque material in radiological

exam nation and t hg Pyl thOfystelnSis HRd k@LimBia@nei/ A pRAERkicERRDuDY a needl e
are percutaneous procedures. 'Fhe out put data resulting froma sinulation

(e.g., a vol umecederddsesed vt 20 PercHenePBHEPCeIRE” F91e% it? B Fatieh s body
as 1t inter a%?forrRJdGJ fl&h{iﬂéaat t3sta§Rkioh I0FE meWchiedicd thtd B iskiglat 6iR\WrCe) can be

di spl ayed on "any graphi ca Isplay interface on a user device connectable
to a systEm pneeesgerof e mocedured For exampleomisatiay of rediongquemaierialiny whi ch such

a computer | Sracﬁ?féggglﬁﬁgigm%%ﬁ%]l and'thE QHﬂgbalto?ﬁssiuQ k& beb?%}) accoblibd & $ysSt em

processors inc ro, ni, or large conputers using any ‘standard or
speci al i zed opedlatiengreusmedugprasadiresas a Uni x, W ndowsTM or Li nuxTM based
operating system System 25 processors may be renote from where patient

data is collect ed'ThI%ﬁth#Me&ﬁﬁn ﬁ&ﬁ@@iﬁ@a@ioﬁkég, T50tuRE rdnB8Ped fndok @M One or
nore system processors, for exarrp% e, the graphical interface may be part

of a Wi rel essatthastione tiswwnnée patlshds baglytah & interagiemieferably, in real time, with a

20 medical device) can be displayed on any graphical display interface on a user device
connectable to a system processor (e.g., a digital computer) or a server to which such
a computer is connected (e.g., through the internet). Suitable system processors
include micro, mini, or large computers using any standard or specialized operating
system such as a Unix, Windows™ or Linux™ based operating system. System

25  processors may be remote from where patient data is collected. The graphical
interface also may be remote from one or more system processors, for example, the

graphical interface may be part of a wireless device connectable to the network.

Accordingly, in one preferred aspect, the system is connectable to a network to
which a network server and one or more clients are connected. The Network may be
30 alocal area network (LAN) or a wide area network (WAN), as is known in the art.
Preferably, the network server includes the hardware necessary for running computer

program products (e.g., software) to access database data for processing user requests.
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Accordingly, in one preferred aspect, the systemis connectable to a
network to which a network server and one or nore clients are connected.
The Net wowb ogmge2b® 30 a | ocal area network (LAN) or a w @®€TArSes149¢1 wor k
(WAN), as is known in the art. Preferably, the network server includes the
har dwar e necessary for running conputer program products (e.g., software)

to access dat abase data for processin ser reques 22 . 3/ 096255
PCT/ US03/ P4042 5 HPREVESR f‘lé?nP“aﬁ@ S W@?@ﬁ%Sya%nﬁfé@r’éﬁ%@%‘&%f( e.g., UNIX
or Li nux) fOreﬁ%ﬁiﬁgﬁﬂsﬂﬁcﬁdﬁSfrbﬂlceldaﬁhlb&efnﬁaﬁﬁgamdﬁaﬁy@f&ﬁsdn oRnapetehd system In
one aspect, the operating systemalso runs a Wrld \W . |.i cati on,
and a World WPH@tIV&WSt%?I%WPSﬁN\éﬂr@t}yld&%M}I%O?’ﬁax\é&??fﬁ%f‘%%e%et wor k.
Pref erably, tgg@eﬁxl%g@dygoﬂgécgg@ﬁegaeer%aﬁ&w@ﬂyser devi ces that conprises a
10 graphical display interface conprising interface elenents such as

buttons, pull down nenus, scroll fields fo ent@rin t.ext, and the

rs,
like as are routi dapfsrably,thg system Qj}cg‘ £ AT PO USPHEICPRTBCRBEBW 2 n the art.

Requests gnt egrﬁgli&'l‘dﬁplw BferfaBt E8thREMgiterfade cRRfeMs sh@thstbattans, @PiRlowaat i on
programin the system (such as a b applicatjon) for forpati{ing to search

for rel evant memsyseeallkers fipldpfas cperingied. g1 the ikeds srearpiinghaloeda. 15

Requests or %Fﬁﬂi&?u&?iﬁ&ﬁ%%o%%ﬁ@ affBRepRstS Ateicl Bh b @eriifterdiRY afeUi t abl e
dat abase | anguage (e.g., Sybase or Oracle Sg_bes.a}_ll n one enbodi ment, a user
L

of user devi ceanpmitted fieamspptieation praginainthe Histe agecbdsanghitaiondPhg an HTM
interface pr Ofx)hﬁiﬁgn% .S%Ph gf!?!’ré?%!\%ﬁ{ AfoARLHONER 0 8ES MBS re BF thE B&t3Y 84tfMes.
t ical displa

Pref erably, e gra y interface is part of a nmonitor which is
connect edl o Requestboaqudriesrnteses] bysauser opt beroastrugted jp ampt siptablo detahagy or

scanning devi 1&@%%%@,%@5%{%3 brocid$o15y 54 618 BERMHAES, AstEdh0aedcPhat for m

enabl i ng one or mul'ation to be perfornmed renotely.
For exanpl e, théeysteni Brabkdedintctlly acdvapdatansinged FEIGUL derface prwovideg b &ebn a

different location fr conputer nNemog i Si 2 t abase;
and/or from a rﬁ‘gf‘?r%?'ﬂd()&?@?ﬁwvﬁ%?n S S Ehit ré%é%lsgi ceg?g | ﬁt@%&éﬁ@%ﬁ%ﬁgbei ng
col | ected. Sugiit &f anednibastidh i @hfietahtab keybbad] hbisatand, ¢ftienallyeprofter t he

systemb l'tiple user for exanple i i i
i%to yzdru and/%rscannlengsd’ewce. npl e, allowi ng an expert to provide input

In one aspect, the system provides a web-based platform enabling one or more
aspects of the simulation to be performed remotely. For example, the interface with
haptic feedback controls may be in a different location from a computer memory
comprising the system database; and/or from a patient from whom patient specific

25  information is being collected. Such a web-based platform also facilitates the use of
the system by multiple users, for example, allowing an expert to provide input into

pre-treatment planning and/or training and/or to modify a simulation.

As shown in Figure 2, preferably, the system implements a program provided
in a computer readable medium (either as software or as part of an application
30 embodied in the memory of a system processor) which comprises computer program
code for identifying an interface in communication with a processor which is capable
of simulating contact between a user and the medical device. The computer readable

medium further comprises program code for running an application comprising
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pre-treatnent planning and/or training and/or to nodify a sinulation. As
shown in Figure 2, preferably, the systeminplenents a programprovided in
a conput eworisagabs e nedi um (either as software or as part pefi/tza3/aqpt i cati on
30 enbodied in the nenory of a system processor) which conprises conputer
program code for identifying an interface in communication with a
processor which is capabl e .of _simulati caontact. between a user.and the
medi cal deVi c:‘Bs.'tmfﬁ‘énS%g%@’fﬂéPng [ °ﬁgme§}%a¢<f?ﬁcﬁé“r “TH 'rlr%lrlclaﬁ%nswgﬁogr am
code for runnhéhtéficapphileat dbenisaenpd/bsoragh R3NP BP&ERRE PCT/ US03/ 14042
5 instructions for sinulating the operation of a nmedical device in

comuni cation with_the interface on. at |east one tissue and/ or_.organ in the
body of a patient .hm?ﬁgn@iﬂ}?ﬁlpé?ﬁef‘?ﬁsB}US%aécgiln}égL}rf ? VST PAred S?ell‘? ° flfb%re 2,
conprises a SdcqRistibn dakBich ARGYStEN hdq@ites adansbibr gdneratiyss eshuacamieced a

dat aset for generating a volune-rendered imag% 8f a% | east, a P rtion of a
pati ent's anafBfy ol ARESRRBER LR RAlES FIAIAP e d 0P FYRTE! 996 P5RDBEY HoBunber  of

I magi ng mMuplal ioio?s nGHbEihYeisSa6dalifled FHRGRHP@SE th ifREE-Baed pledicadur es, e. g.,
x-ray, CT, MR, MRA PET, electron_spin resonance, etc. However, the data
used to produkecedness; sgeratey AR MisA-dit Tarlselion PeherRsaate: ¥ eOWO used to
generate an i{gBEga QedibfoludOndiPlagtlinaPhRY b@bbthiiB Lo imddaEick nbFuseBioa | S
provided to the system i.e., datga relating to |ight and/or heat emtted
by a tissue ageitwtc aramags Irovhich domepdisplpean magaattth%g% data isreyidediie thsehavi or
of bi onol ecul n; I . } N1 Kol } vol ume
rendered i mag .te’Bé%%’&a aZ%l-Aﬁ% b}agﬂf)%t\d??%eeadtqﬁ%%wgg_gnﬁé ﬁagfa’f)t)ﬁgg%? dat a

acqui si ti bh nudpsrii¢s ofs tisfaer andfee thslbehaying obbiomolecwiehig, a tspie TeRISEEe can be
obtained fro (e ' 3 d , il : ms, or from
one or nore hrqﬁatrtfg%r ég{ezraglggsa %’b@or r%rﬁgreggrg%%b? aﬁparlggﬁir% atér?ﬁe@ﬁatl&gffghﬂi ng, the
dat aset pr ef econldliyatioss afcigtsi acedsifieromodeliies i ent to be treated. Through
observing interactively rendered fluoroscopic i nages on the graphical

di splay interface, the site of the pathology and a proposed treat nent
strategy are det efdritieguirpo&of training, the dataset can be obtained from the various kinds

20  of models, manikins, phantoms, or from one or more human patients. For the case of
pretreatment planning, the dataset preferably is acquired from a patient to be treated.
Through observing interactively rendered fluoroscopic images on the graphical
display interface, the site of the pathology and a proposed treatment strategy are
determined.

25

In one aspect, data (such as optical data) relating to one or more tissues, body
cavities, and/or lumens are obtained and provided to the intervention simulation
system. The data can be displayed directly on one or more user interfaces or can be
stored in a system database as described above. Because the system user devices and

30  processors are connectable to the network, patient data also can be accessed from

remote databases.

In creating a geometric model, a user of the system performs image processing
tasks on a plurality of scanned images to create geometrical structures and a topology

which corresponds to the contours of a body cavity or lumen belonging to a patient
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In one aspect, data (such as optical data) relating to one or nore tissues,
body cavities, and/or lunens are obtained and provided to the intervention
si mul at i oWO 0893¢265n The data can be di spl ayed directly onPemaS0s/14902 € user
interfaces or can be stored in a system database as descri bed above.
Because the system user devices and 30 pr ocessors are connect abl e to the

net wor k pﬁat et %?fé{z?m dlsqoge%g‘rgte baeVO %‘% ﬁ’ﬁ.gg {a&%flj{x% &gns%ﬂﬁﬁ I'n

creating d georlrr%egcar a‘use system perforns | proce55| ng
tasks on a plidfagtsit yolteﬁteébﬁammlnmgdg\ew ihen exiebdircipomdtis isedto ﬁstnn actures and

I
bel ongi ng_ Lo HEAEREoTS B B Buazss per 0eagr LRk et fibherlied Voea. To

generate a v Oz{thﬁ&hd:dIfB@@neracﬁilﬁﬁdﬁceﬂleimmﬂ irha®ges bianaa brc(dﬁ@ imiap@gh cars
col l ected by a scanning .device .in an i di rection an used .to forma

|
t hr ee- di mensi BrfeRvEEppasilyt %E}flﬁlr“é‘a%eée@““%%gscam&ég Aol HdeFﬁ‘éflf\ree%OtSA and

3B). Almogd  @hited B - Pa%ldesl@@mﬁﬁgrfeu@@agor&h@amglngi@m&) @¥icad, uiteg@s or can
produce inmages that can be converted easily to axial inmges. Suitable

scanni ng devi @@ dpyjeqsyepaaputstizediomoggphy 6 1) id?ﬁlfeédofaﬁ‘on%l 2RGGETY ces,
magnetic resonance ghﬁ@ﬁihﬂlgeﬁweh MR ¥h&EESapidevicasQuRA), of bRr ik8¥hEesS,

conput eri zed tom)gra@l:g devi ces, rotational angl ograph devi ces,

gadol i ni um enhedrdidias (vR--aA¢i @d’rFérpﬁPEféﬂﬁ@sgsl MFRRpXargRic, setidqnal (r giapgprs
modal i ties (e fure %EH]%H’: Ei) 15%@ form gﬂmec’ti%n%ll esFBY u@%ggmhﬁeredrﬂétc@t ional CT

scanners capt atient data in the formof projection imges. By using a
Filtered Bac kPmEC‘ﬁmnqemquonr Aegmrii Recapstrymtion Wﬁ@@li%le Ré%@hﬂlﬁméﬁlpon

Techni que (AI%Q e h%g%ﬁsl'lﬁ ted TRgES can be constructed. Three-di mensional
(3D) georretrlc an iromechani cal nodels of a target area (e.g., a site
of a pathol ogy, injury, wound, |esion, etc e built fromthe i mage

dat aset. Such a tame%@meb‘éoﬂah@ﬂ:ém%ﬂcaém&iﬂmw@amw mdels of et i vel y. 20

Ceoretric nodgl a'sﬁ, oﬁﬁp&ﬁ%%ﬁn Nk M5, @fegqﬁéumﬂsﬁ@mhﬁg@s such
prol ectton t h I gues have tra

as ray casting a itionally been used in
t he dataset. Such a task can be implemented automatically or interactively.

20
Geometric models may be generated using volume rendering techniques such

as ray casting and projection techniques have traditionally been used in the
visualization of volume images. Ray casting methods shoot rays through a volume
object from each pixel in an image and employ algorithms that trilinearly interpolates

25  samples along each ray, providing complex shading calculations and color
assignments at the sample points which are then accumulated into final pixel colors
(see, e.g., Kaufman, In Volume Rendering, IEEE Computer Science Press, Las
Alamitos, CA, 1990). Real-time volume rendering with hardware texture mapping
(e.g., SGI) for UNIX platform or with board card (e.g., Mitsubishi VolumePro) for PC

30 platforms are commercially available.
The simulation system may be connected to the output of one or more

scanning devices, €.g., collecting data for generating images from such devices as

these are acquired. However, in another aspect, the system may include a means for
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vi sual i zation of volune inmages. Ray casting nethods shoot rays through a
vol ume object fromeach pixel in an inage and enpl oy al gorithns that
trilinearwg odno@spol at es 25 sanpl es al ong each ray, provi @CRESOPMOUEX
shadi ng cal cul ati ons and col or assignnents at the sanple points which are
t hen accunul ated into final pixel colors (see, e g., Kaufman, In Vol une

Rendering,_|EE uter Scie ess, .las 90 Real -ti me
vol une rer?dequfETéc hﬁﬁ?g ‘?edc‘fl‘é:'i?i i g( r&mﬁm%ﬁd)to%l s%’fj

p: at ; orm or Vﬂﬁohglb@@d’adnfrlads@r&@de? ag laﬂi\/inﬁ@tdlﬁllés buchl\d@hqmﬁﬂbpt)) chotruBl@ 3[30
platforns are ner ci a aval | abl e imul ati on

connected to ‘f"iﬂ%n%’t!ﬁa]g&t Tht ecgmetrsmagghing are’c%ﬁl?ﬁ HERSH E%@lp?eé“%% col | ecting

data for genegabielthy MMBLH defeRiing YhidordRote @ﬁ%eagi@ommﬁwpolagyeommu ed.
However, in another "aspect, the %stem may i nc] ude means for 25 WO

03/ 096255 PCTROISHiSyues gaeasurementy elging Wganwa%lalpé@alff%'ﬁﬁ HPS WP MEE anned

i mages (eyg. ,sg@Amuni cated to the systemthrough a scanner, or provided as
an image file, such as a pdf file) to construct a 3D volune inage. The
geonetric nodeling armof the systemcan be inplenented renotely by a user
to determ ne one Q& DLE;,R avaﬁlg‘cﬁ Qlﬁ%g?}orc&{& g@&h@gﬂchoics PH&@SIB{)TM dRre tissues,
nmeasurenents relating to a ath atures of the one or nore 10
tissues. Commaattoahﬂtryuaﬁwéxawmt‘éeshmgefﬂ)ﬁé‘@w@p frgmteaeh ssanngddhages Phot oshopTM
can be used n the SHaRs o t fﬁ’%f each
scanned i rnatge\tjam\r‘glgl IH%}IQPSC(%%%&EI?SC)%&% ng lﬂfsﬂk aqu%%g)g no&ﬁ&ﬁlﬁlg the art,
can be pers orsyetﬂmbfortem;ila segsdnétipn tmbesbsadrp%af@rahmgmmdatgpmhma}ﬁmbe used.
Several inproved orithms us ) n ng

t echni ques tos?/Flgff’gﬁ'igzoévo L&y ndeg? t8%§1 1%‘#%%%%%n§%3%a8%?ar§g& nadS%%gl\%é been
descri bed i n sbd bgKeave Bbenadescribébimflirieke, & 4B, Gpinpwsr &&h’aﬁhzcsmz 26, 1994,

1080, and_pui 46 MRS, ef e s ROGCHAPT I TBIE 0 ot Sy

exanpl e. 20 AdbosRchagecdl, Preede) Visslgemer'ot, ¢f 4by4ds \fmmgplan i mge set
into voxel s,
20

A biomechanical model is generated by dividing an image set into voxels,
each voxel a unit of graphic information that defines a point in three-dimensional
space, and defining biomechanical properties for each voxel. The biomechanical
properties defined for each voxel include tissue type (e.g., skin, fat, muscle, bone,

25  etc); tissue subtype (e.g., dermis or epidermis for skin, compact and/or trabecular
bone or cancellous bone for bone); and biomechanical parameters for these tissue
types/subtypes. Such parameters are employed in calculation by the system to
simulate interactions between at least one tissue or organ and a medical device, e.g.,
to calculate deformation, amounts and duration of force feedback and other

30 simulation-related data.

Biomechanical properties can be determined by a number of suitable assays,
singly or in combination. For example, ultrasound may be used as described in
Krouskop, et al., J Rehabil. Res. Dev. 24(2): 1-8, 1987; Clark, et al., J. Biomed. Eng..

35 11¢3):200-2, 1989; Ophir, et al., Ultrason. Imaging 13(2): 111-34, 1991; and Zheng
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each voxel a unit of graphic information that defines a point in

t hree-di nensi onal space, and defining bionmechanical properties for each
voxel . Thwowsopeshani cal properties defined for each voxeCTiusos/ude2ti ssue
type (e.g., skin, fat, nuscle, bone, 25 etc); tissue subtype (e.g., derms
or epiderm s for skin, conpact and/or trabecular bone or cancel |l ous bone

for bone); and bi orrechanl ca gse t.i ssue .types/subtypes.
Such par aret € Mgke %FW%EZOP’ﬁdgﬁﬁzg 7a¥’|1§§|6 ?tﬁ%m ea%‘?%?ﬁhf%lgqsi nul at e

i nteracti ons HEHRRDT 84St liRaklan® EMbdes Blé6d ﬂE)WOlSﬁasfs sasif carveeidt daliesdami ce,
e.g., to calculate deformation, anpunts_and durlglon of force feedback and

ot her 30 si mhealerwod ang|usedsi celalate MBS ANERTE NSt eyt uEmats sra an

det er m ned bysn%mfle'ﬁgﬁg?rde%ty%'d&@ﬁt@d RISAES, et alslﬁgio)heg{anicmcsts’msmtl on. For
exanpl e, ultrasound ey bé used as descri ‘bed o sko et

JRehabi | . Resl98Bdinjiepat aiZ)J Biongch. Faygre. 18,3 k; 21&1983 for %amgieomoel@ﬂg. . 35
11Q: 20 111- 34, 1991;
and Zhengr@ZG&%%bﬁ%@Gﬂfgg&%’é%WS 1%6#@2%503%%]{?&3%1 %%E Trans Bi onaed 43

9):912-7, 19%pmtedmadwalemqpent@s lof bersabayrtiedigicrpingp by eqrensession &5Hing (eisdoes and
to nDdel bl OO%lcUa?em ugnslga %Jr%%s%%%gﬁlﬂ‘f gfasﬁd l’ﬁéédlﬁ% U t¥ler . derl Ved and

used to cal cuf*at'd hodL é ‘strengt J e strain and
strai n ener gyA@tmnmaﬂy,,mﬁsomi»g&phy beylbé useErccamc@}lreénoraetCh@mth pPRpertiecdfani cs 16:

553-564, 1983 | 1y 1993, for
exanpl e. Vi sc‘B{éﬁC«Eu(jtS? cé§0 éézr éfoégmrra?"ﬁd %ﬁ%}%%?%gogas%%%r aphy

(opti cal , 19VRIrehastsh, assﬂyﬁtm)ay be ﬂedeMmedmimthmﬁe}ﬂ piopertief oflsbimdsaensipe

det er mi ned by £ r essi cal cul at e maxi num | oad,
conpressi ve stAEMTR Py 2@@03%9( f?s?(’é’%b energy). Additionally,

nyot onogr aphy may be used to measure bi omechani cal properties of nmuscle
(see, e.g., Eur. Anohe a@ﬂ;ﬂibmmﬂhmiwigmﬂdels ﬁfsﬁsﬂyed fi@8 haabthy pg@®Rls. Stress 15

T s s
bi omechani cal coneich sudra8 agetholsgd uijmtynm’rmainﬂh yomaam@m Isiomedhomealanqdeisn
anot her aZS ecltnéy e usgs%ohs%r%{lﬁ’%labgg)rggimes of %e 1'1Ysee efgr %(Pe%%eltr?smetsal h&\ﬁEn g a

Trans. Med. Imaging 21(7): 786); spinal cord injuries (Stokes, et al., Spinal Cord

40(3): 101-9, 2002); skin disorders (Balbir-Gurman, et al., Ann. Rheum. Dis.

61(3):237-41, 2002; Seyer-Hansen, et al., Eur. Surg. Res. 25(3):162-8, 1993), bone

fractures, Med. Biol. Eng. Comput. 40(1): 14-21, 2002, the effect of tumor growth

25  (Yao, et al., J Biomech 35(12): 1659-63, 2002; Kurth, et al., Skeletal Radiol.
30(2):94-8; Kyriacou, et al., IEEE Trans Med Imaging 18(7): 580-92); interactions

between a tissue and an implant or a graft, and the like. In one aspect, the system

provides a database of biomechanical models correlated with one or more patient
characteristics, such as pathology, injury, age, gender, weight, cholesterol levels,

30 HLA haplotypes, and the like.

The geometrical and biomechanical models are loaded and registered to a
virtual human body that is displayed on a graphical user interface of the system. The
models may be stored, generated from stored image datasets, or generated from newly

obtained datasets. In one aspect, image data sets are collected as the simulation is
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condition such as a pathology, injury, or wound. For exanple, bionechani cal
nodel s 20 may be used to sinulate abnornalities of the heart (see, e.g.,
Papdenet rwo,03@96284 ., | EEE Trans. Med. Inaging 21(7): 786pcTdapmsonadoszord
injuries (Stokes, et al., Spinal Cord 40 3 : 101-9, 2002); skin disorders
(Bal bir-Gurman, et al., Ann. Rheum Dis. 61 3 :237-41, 2002; Seyer-Hansen,

et al., Eur. rg.. Res. 25(3):162-8 993 bone, ., fractures. Med. Biol.
Eng. Conput | ABpEpIcs midsotl bt s CReEl B- Fulst OGP SRS E a0, et
al ., JBi onechprdfetabd), at 126bGc6 very Gdite, e preferdblyg bt leasBhsleeval 3Radi ol .
30(2):94-8; Kyriacou, et al., |EEE Trans d |.magi ng. 580:92) ;..

i nteractions SeE¥dik R 2R0ther 2858t l:-fﬁghsa[?yi“??&fl A thgys %tefg Frgf/#‘id}ngafh%ig%mcqli ke. In
one aspect, t{gr SVt 6aisiyR hARS withdatRhAsae 6f atditoIFERR®S peddecdi@del s
correlated with one or nore patient characteristics, such as pathol ogy,
injury, aigocla_, gender, weight, cholesterol levels, 30 HLA haplotypes, and
the like. " The geonetrical and bi onechani cal nodels are | oaded and
registered to a Vinfohe plefdiedBdpeOMlY sydial gérbratis Sl ymetriomadelgmdphi cal user
interface of the system The nodel .be stqred, generated.from stored
i mage dat aset @omgghagisplanodelate F?‘BW??ZW%E%I%YIQFﬁé‘Ha%%? QEELIOTP 5P aspect
i mage data Seﬁssi’nggd' BnifeQldn@et AA1y8S phddars, B AN RMUBA BT (HHEdif) Ba086R 85

PCT/ US03/ 14042 t aki ng pl ace and nodel s ar e updat eg at .intervals (e.g.,
at | east onceS&gRsey Inc hopirdase a Pl yplmsiicyfinitg elepsatdpesyy cibisRyagess “r?f‘??ﬁte, nor e
preferablys abphRaRh iRH6EpsF Y mdkhal SRERMABIN ofl BnBRQ! BPAuRPREEIolutiohe

di spl ay nodul e of the systemincluding the graphical user interface

di spl ays i magdd mgshing and(@f 312 81eshieg.e of about 15 frames per second. 10 In
one preferred aspect, the system generates the geonetric nodel and

bi omechani cal nodel are conbined to obtain a virtual image of one or nore
ti ssues using a f$tep i & ibustntedin Biguk pswhich exsgmiifies e gl.oflelg%ﬁmaﬁlﬁs mBAQUS

(Fibbi t, Karl 3800 coRiBhe8 Sihouhliig bol AssBlOMEE fo@id/ RbiiEhdha 1 i te

el ement nesh. S process can / Into steps of. (1) nanual
segnent at 20n sgmeotatiouis ssed (@ putting paridns of esodrundre Assugio welsmcaepnted (3) 3D
meshi ng.

between adjacent tissues and/or between portions of a single tissue with
heterogeneous biomechanical properties. Manual segmentation may be performed

using a commercial image-processing program, AdobePhotoshop ®, USA.

25 Typically, the naming of contours used in segmentation is used solely for
identification of anatomy and/or changes in material properties of the tissue group
being segmented. In this invention, a specific segmentation nomenclature has been
developed in order that the software program of the system may determine the 3D
connectivity of complex biological structures and automatically assemble the 3D

30  volume and resultant meshes.

The cervical vertebrae and intervertebral discs shown in Figure 3 provide an
example of application of this nomenclature. Convex and concave surfaces are
modelled as well as branches, shells, and holes forming in various parts of the

35  anatomy. This technique is also applicable to other problems such as bifurcation of

blood vessels, even when these vessels are modelled as hollow tubes.
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Step 1 is illustrated in Figure 3, which exenplifies the nodelling process
for the spinal colum and surroundi ng soft tissues. In one preferred
aspect, MaPOWalIR2ss segnentation is used to outline porti on®Cafusosies0az nor e
ti ssues to enhance contrast between adjacent tissues and/or between
portions of a single tissue with heterogeneous bionechani cal properties.
Manual se ntation may be perforned wusing a conmercial inmage-processing
program AdobePhotoshop , USA. 25 Typically, the nam ng of contours used in
segnentation is uaﬁdhéaépebtys}foﬁm ini Bigtdei 3,i maﬁdabsegnfenariam oy erfdimord whanges
in materi al erties of e ti.ssu rou ei_ng segnent 2& LN th S
i nventi on, %@&3}101;951%‘@9 AOYIRE © BOH’ESL}F e RIign O4R¢ PHB e i n
order that t%o&@h&p{\ma@h Bordi AR 1@f ovir@nBys hae, Mhyredied @hiencieutdie 3D
connectivity of conplex biological structures and automatically assenble
the 3D 30 volune and resultant. neshes. The_ cervical verte rae and
intervert¥bral di Seestesndame FAORicgiNeme R BisaeNameldFonrecBrSE]l of appl i cat i on

of this nomencl ature. Convex and concave surfaces are npdelled as well as

branches, shells, Eengample&3rBedsi hig thabogsof SydhipkgerdoabyerigheeadheHideony .
Thi s techni q';;?enoﬁ Eﬂld%glnﬂlg.giké £2Rks dﬁﬁréﬁrtlgl@ iR %oﬁtﬁ@ Borﬁ&rlﬁbxfnlalr @af i on \C/’\;)

bl ood vessel even when these vessels are nodefled as hol |l ow tubes. 28
03/ 096255 PCT¢onR08y vl safe @bjbﬁeN@lB?)@@t usefh dowiorna singler ebigt.  Ariffergnt

segnent at.on hop. The nam ng of the contours
150 éN%ﬁe {ty %%@%Bécnfﬁ ?:;ELQ e .

is the nane gi ven t op. Each cont our has its own
contour nane, where the nonmencl ature is: 10 Contour

[ Obj ect Nane] - [ Ti s Ressiblospurtectivifyessenayios g5t prandy formatighp |°évﬂycf9maﬁw and s t he
body of the tm&% A\Ht?é vertebrae. The tilde, period, and comma are
used to dlfferentl fer ent parts of the contour nanme. Al contours
with the same Object Narre are used to forma single object. Different 15
connectivity strinybespbendhyforne sspmenivagrosresess. iy 98¢ BPTEOE 3 fhechinst ¢ y

scenari os ar eg; DL ARG A fTBohRBlrs B AN {¥odCEIBL TR is B8fdted by the first slice
20 have a ComnectivityStr = 1 and the second slice having ConnectivityStr =1.1 and
ConnectivityStr =1.2. Subsequent branching appends further connectivity numbers to

create 1.1 and 1.1.2 and so on. This process is illustrated in Figure 25A.

When a cavity forms, segmentation progresses from one contour in the first

25  slice to two contours in the second slice, with one being inside the other. This is
denoted by the first slice’s contour having ConnectivityStr=1 and the second slice
having outer contour ConnectivityStr=1 and inner contour ConnectivityStr=1,inl
Further cavity formation is denoted as .1,in2 and .1,in3 etc. where these cavities are

completely separate from each other. See, as shown in Figure 25B.

30 Branching of cavities occurs in vasculature when the hollow tube bifurcates.
The nomenclature progresses logically, but instead of a separate cavity forming as in
.1,inl and .1,in2 the cavity branches, progressing from .1,inl to .1,inl.1 and .1,in1.2

Further branches are named in the same manner. See Figure 25C.

29



branching of cavities. Wen a branch fornms, segnmentation progresses from
one contour in the first slice to two separate contours in the second
slice. Thwe m3matenoted by the first slice 20 have a Connecmivsos/yur = 1
and the second slice having ConnectivityStr =1.1 and ConnectivityStr =1.2.
Subsequent branchi ng appends further connectivity nunbers to create 1.1

and 1.1.2 and so . Thi s. pr.oce is.llustrated in Fi e, 25A, n a
cavity forns, seg H’tgaff’lj’%}?%?rgd)ﬁl%e eeilmpbg%fsgﬁnemg%ﬁ eoéép%:ﬂ%; tlT’lfgme”lors ° 25
slice to two thRdt@vics vieAetriewsle hendds latabeendplates, facet jdies, agd irmsvelse e ot her .
This is denoted by the first slice's contour havihg ConnectivityStr=l and
the second slROSEIOHAQSERTS HiEtedPooRSHCHT2S EXNHEREI&HE VSt r=1 and i nner cont our

ConnectivityStr=l,inl Further cavity formation is denoted as .l,in2 and

.1,in3 etc. where these cavities are canpl etel% separat.e from each other.
See, as shown in PYYiple rosgintiomD meshingisigplsmertsd by FPEvEERg e ssgepidcul at ur e

when the fipl | QwdukiBsio RiskidtCddfists ustia SHAPRAE aphbiD AP EREHES Famrd £9i cal |y,
but instead of a separate cavity formng as in .l,inl and .1,in2 the

cavity branches, progressing from.l,inl to .I,inl.I and .1,inl.2 Further

branches are nameq i fedAGerd Hﬁsiﬂ? i ppro%@f?h;ﬁbgégnqo%ﬁqp be ShoRuH 1085255
PCT/ US03/ 14042 5 I ng conbl natTons of these si [ified scenarios, the

conpl ex st r uckEMenajsis. HisetRaber Sehreidessal|l 9% Indhiidalasef digorithen sothe, arch,
endpl ates, f StordQ) %ﬁlexrc]z% aiﬁl@ﬁ%ﬁ%lﬁets?%ﬂ inpé?ﬁzgqffz‘ﬂp(f'o;ﬁ};zﬁ&ﬁs\ﬁﬁ._sl were

reconstructed as sho Igure resol ution 2D nmeshing is
i mpl ement Bd  by68siEdinwinel aspgott foe cwey AR mticechf aBD ahast Geg-Jisbust orgell, seedisel
el ements using a gri | ane._appr : ' ' . 3
gener at odusi Wy cehrarepyAOeRRRe AtdnRRas R ittt Y ERRRR oy
anal ysi s. SeeesdRuvargtid Gobaeludditg of d886)s. The flekiblt-rBadddn Aridellowshmsefsor t he

T2 15 65 19T e RERAET PRI By apyroBian Rty i RPE, o7

ti ssue, organ uRe thadys@emb deprmiaocitaeitsizof i nterest are subdivided with a
flexible resolution grid or variable resolution grid into a plurality of
el ements.%%The flexible resol ution grid allows users

In one aspect, a 2D mesh is generated using a two-dimensional marching cube

algorithm. This 2D mesh consists of regular quadrilateral elements as the core and
triangular elements are found at the boundaries. The nodes (comers of the elements)
and elements are numbered to construct an FEM mesh system for analysis. Figure 4

25  exemplifies this process for the L3 vertebral body.

For generating 3D volumetric mesh models, 2D planar meshes of adjacent
image slices are joined together as shown in Figure 5. A 3D-grid frame structure
establishes the topological relation of any two adjacent grid planes. The grid frame

30 approach depicts the geometrical closeness of the contours at the adjacent slices,
provides an accurate and convenient means to identify the topological connection of
the anatomical contours, and builds the planar meshes into volumetric elements. The
3D meshes are therefore built upon the grid frame by connecting corresponding nodes

at adjacent grid planes. The system executes a linear interpolation to connect two grid
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to increase or decrease nesh density as desired and has intervals that are
adj ustable by a user of the systemto determ ne elenent size. 20 In one
aspect, awbD3feeBlsi s generated using a two-di nensional maPCRIUSY3/c4obE

al gorithm This 2D nesh consists of regular quadrilateral elenents as the
core and triangular elenents are found at the boundaries. The nodes

(corners the ele .el nts a ere 0 n FEM
nmesh syst mf@nt%ﬁﬁgf? “@hcﬁﬁgﬁvﬂ%gazﬁ%n&@ﬁﬁ% S &r ﬁgg‘%{gg{s’l %f? the L3
vert ebral boobbmtl?cpmgwwmalﬁP(fg,kﬁa[t)thaﬂoumatasﬁrelglmhagrmdecbmecmspl anar neshes
of adjacent inmage slices are joined together as shown in Figure 5. A

3D-grid frame structure egi(kmush?eﬁjyfgeat (R(@# )j eaLk+¢&) ati on of any two
adj acent grid planes. The grl d feédaiﬁe approac depicts the geonetrical

cl oseness of the contours atf acent slices, provides an accurate and
conveni ent neans to identify the t opol ogi cal connection of the anat om cal
contours, andWhetel Rl e, ptigisalsoeshes: peitdosathg atghe ¢xdensionp tiieorigindek 3D

meshes are ther for 0n t he fra o]y ondi ng
nodes at adj t8 kgﬂf%ﬁf’ §lent1‘ﬁélu&/' ﬁlg S%xeéeH Gang Rrgﬁneag?qpa% Jerﬁ%e& ation
t 0 connecto tV‘Kbugdidryi codflectibh,03hi3A 6B affest/ 1S3l Odf2 stahdapdi FEM al¢ma acent
slices having at | east f themat the contour. The definition of point
P(k+l) to V\hlg?ﬁerpt“?r}atﬁ Qk%ﬂ“ ‘%’i% contour of neighboring slice connects is
P(k+ 1) = P(i, j, k) +a (P(i +n, j +rn, k+ 1) -P(i, j,k+l) Wiere P(i+n,

jtnz, k+1) i s;3cRR BifP HeQBhdiRsh: nt Iocatl ng at the extension of the
original to P(i, j, k+l). The coefflﬁégnt a_allows the user to select an

appropriate path for the 10 boundar Frfee tlon which will affect the

resul ts ofs stgpdands El@%%hﬁﬂé%ﬂée% twgea'aj?a'&éﬁt'sﬁ&s ad:ndtcf'i@ tIROUBEhRe Yoetweh iUl d
satisfy the condition <-a<_1 15 where h is the height between two

adj acent sl i cle,poargPdHr ¢rne1lped Ridekbet Tieegenerpigd meshes are formed using

hexahedral elements (Figure 5).

A whole domain defined by contour lines (for example, as shown in Figure 3)
20 is subdivided into a subdomain that is segmented (see, e.g., Figure 6). In one aspect,
the subdomain comprises a portion of the whole domain (target region) which has
different biomechanical properties from other portions of the whole domain. For
example, bone (such as a vertebral body) may be subdivided into subdomains of
cancellous and trabecular tissue (Figure 6). Subdomain segmentation comprises
25  obtaining contour data such as coordinate values of the vertices of the contours of the

subdomain.

These contours are used to determine if each node of the whole domain’s
mesh falls within a subdomain or not. To do this the system implements an “inside-
outside test”, receiving the coordinates of the nodes and the vertices of the contours as

30  inputs and providing output in the form of a determination as to whether or not the
node lies inside or outside of the region defined by the contour vertices of the

subdomain. In one aspect, the number of nodes per element which lie within the sub
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two points P(i+n, j+na, k+l) and P(i, j, k+l). The generated neshes are
formed using hexahedral elenents (Figure 5). A whole donmain defined by
cont our |wpas/0¢d263 exanple, as shown in Figure 3) 20 is Pardises/o®d2i nto a
subdomain that is segnented (see, e.g., Figure 6). In one aspect, the
subdonai n conprises a porti on of the whole domain (target region) which has

different bi orrechanl cal rties from her ons h e domai n.
For exanpl e, J958EAe Q‘Efélﬁm ‘?Dgn gRAthez BFReFt WTb%éﬁg iﬁglegttfo%ﬁg\% gg%lw%lf‘
subdomai NS of e GANHERlaOMHS e3R8, THAREGH Adhd Saeell yibigsmereiccurti bebanai n
segnentati on conprises 25 obtaining contour data such as coordi nate val ues

of the vertices of_the_contours of t uhdomai n., The contQurs are used
to determine if eﬁﬂﬁ‘eﬁgﬁépwg’l%éhw IBEJ‘?PEF% g ar‘?'rtcg-s[’ﬁ g‘ tg hin a
subdomai n or Malnﬂ_éfo@%etdﬁélﬁentshﬂnﬁyﬂa@ﬁﬁédm@ﬁ @418 Bécarag . Tlnl§$d siewn @it si de
test", receiving the coordinates of the nodes and t he vetﬁ1 ces f the

contours as 30ZiEH(AE whigh Jlustates ngreringsge sy R arehpgpal i Figlge{@r ni nat i on
as to V\’hefdﬂ'erreﬁreséﬂﬁﬁg ey a&gﬁgy,lﬂle%amg@ﬁ'8Q1%dé%rof tetrskaediaf folhal @ def i ned
by the contour” vertices of ubdomai n, I n one aspect, the nunber of
nodes per el eioind adameemqaﬁ@law% Hﬁeﬁle@tﬁéfe%be withipghepyp é%zlaseamwaéses/ 14042
5 domain are dRLHMA bl BN FdNRs 78R s 418 ALADRY, Wiy 6lieGRNoaL aces
that lie within ]he sub domain are tested for mer " et hod” general |y
yi el ds nore awedyddp be irethe Bltbsioma@@n@f%ﬂhb9lem§1pté$:i>1ﬁ§§iﬁ$é ag Wethigdfber of nodes
that are to bg, X\ér}lﬂﬁ_nTﬂJ@Vosc%gmﬁgdm's QP&QEIQmEﬁW tﬁds@ﬂﬁﬂ%%he%ﬁﬂddﬁ%upl assified
can vary accuracy. This 1s shown iIn Ei gures 7A- illustrates
i ncreasi ntp aceudrtbmsy ontside drehsuipdonein, wetstzedﬂii@mceordl@ 1c0thmeb1|oe'@elmucnlg 100%
accuracy, neani n .al | f et atr j oi ned
adj acent quad?l eesraét1 glag?qrga prgIEfgr%}eﬁ%@ziQ\;ﬁﬁ grﬁ"lmlilg Ee sﬁl lﬁgplrf%ﬁﬁltyr egi on
before cl ass(Figuead). on can be done. Figure 7A represents 12.5% accuracy,
with only one node needed to be in the subdomain before the elenent is
classified as within the subdorrai n. The two classification sets of the
el ements, those i By; domai n,
are specified accg?%ﬂ(% f’r arflﬁgtlgér? bi %rrcé)(;ilﬁec gq%ﬁ&sc%n{fwn%kéﬁ%nﬁﬁﬁréﬁg

20  no interfacing problems resulting from generating separate FE models of different

tissues and/or for different areas of a single tissue.

Figure 9A shows the meshing of an entire domain comprising a target region
being simulated. Subsequently, subdomain boundaries are meshed (e.g., soft and hard
25  tissue boundaries, such as for cortical bone, cancellous bone, skin, fat, muscle, etc.).
In certain aspects, tissue and fluid boundaries (e.g., such as blood) are meshed. See,
Figures 9B-E. Using the inside-outside test method, these subdomains of interests are
differentiated, thus providing a complete model as shown in Figures 9F and G.
Figures 9F and G show the method used in an iterative fashion for the differentiation
30  of the subdomains. Figure 9G graphically shows the elements (dark grey) which
represent the cortical bone after the first iteration of the inside-outside test. Figure 9G
shows the elements which represent the cancellous bone (brown) as well. After a
plurality of reiterations, subdomain regions of interest within the entire domain (i.e., 2

region being simulated) are differentiated. The elements differentiated into each
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properties and FE analysis is perforned while maintaining FE nodel
connectivity (Figure 8). Unlike prior art nethods, this connectivity is
not conprwpicseok2ahd there are 20 no interfaci ng probl ens PCadaisos/i40g2 f r om
generating separate FE nodels of different tissues and/or for different
areas of a single tissue. Figure 9A shows the nmeshing of an enti re domai n

oundar 6 artoiERT O 1 G AR hEpGtles BHIRERIO e SURERAREL 1 o

for corti cal damaeussw@cge,lmcﬁmhmmprophmtms)kﬁm or mydy Hegermenal. ). In certain
aspects, tissue and fluid boundaries (e.g., such as blood) are neshed. See,
Figures 9B-E. Using the inside-outside test net hod, these subdomai ns of

interests are dlffere Jat r ovi | e l as shown in
Figures 9F and G “ &MY B%O%S%Wqég g%‘?%gmus%gabasﬁ an T erative
fashion for th@edidviRt €. lemdr@me&ﬁhr@knmﬁnmbdmmmﬁuy Evailable) @Gogr aphi cal | y
shows the el enents (dark grey) whi ({eggﬁaeg e cort:ﬂ%‘%’Li one after the
first itekhtiPHuighonofe dexice.dot Same ed%'s n‘é}ér ogigional “PRR el ements
whi ch represegtiai N6 0BT b4 s PRRE 6f 2009WA) voREndEIahned b &Y ofahe q@bvide al ity of
reiterations, subdomain regions of interest wwthin the entire domain (i.e.,

a region beidi cenkeEenceEgd ume teshnfapssimilaie hoserdpseriied AMEs di f f er ent i at ed
into each 32 WD 03/ 096255 PCT/ US03/ 14042 5 subdonmai n set can be assigned
material properti ggeftfaly, @ﬁl@kw@]&ﬁé&%isﬁi@écﬁol@fnﬁmﬁéﬁdasceafasedaﬁltthal tissue

(e.g., bionechanical properties) knaow r ne rm.ned.. A sinmulation of
a nedi cal deviusBtitatys Eﬁély%f’%ﬂ‘%%‘é‘aefer“é%e 11’&?&?%11‘5%@8’ eégyiaﬂﬁ’@é@o’bf’%lgt or ed

devices (g50., eoYMaeg Qogdi@g%ﬁaﬂr KBAWorRARE O the BV SuRdblymaviadl dakitee) or from
a 10 sinmulation of" a device, for exanple, as described in U S. Provisional

Appl i cati on Sehirkranys. sirgeptod mcirda, but ate sett Ipgitediio:@: nesdp frocat, § BAFIE: scanned

I mge of the éﬁd’ erﬂllo%pé;%aﬂﬁc(g)%r\?ﬁﬁﬁl@goﬁbs ik, $AE BRoaHashaBbst-l ar to

t hose describ above. Preferabl a physical model is used to SI nmul ate a
devi ce based mﬂatmelevqgazrwrglcati tooﬁ agrrbeyesyascudar oggdptioredavish credrag delivees,

fol | owed by de?fﬁc élevbﬁ’lﬂmg forks R %Dq' %@%ﬁeﬁﬁs alIORhQRY the FctatPYS bE A

properties of Ice Urtapl e nedical devices
20  multiple devices with each other or moveable portions of a device with other

stationary or movable portions of the device.

The user can manipulate the medical device manually or through the computer
with reference to the images displayed on the graphical user interface. When the
medical device is in a desired position and orientation outside the virtual human body

25  relative to a target tissue to be diagnosed and/or treated, the user can advance it to
“insert” it into the virtual human. The position of the medical device is detected
(preferably through continuous tracking via encoders and detectors which are part of

the medical device interface) and displayed, preferably in real-time.

30 Real-time interaction is an important feature of the instant invention. The
immersion of a user, and therefore, his or her ability to learn from the simulation
system, is directly linked to the bandwidth of various components of the simulation

system. An acceptable bandwidth for visual display is in the range of about 20-60 Hz
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whi ch can be sinulated include, but are not limted to: a needle, trocar, a
cat heter, guidew re, endoscope, |aparoscope, bronchoscope, stent, coil,
bal | oon, woOlalob@sh- inflating device, a surgical tool, a pcahspe/atonscul ar
occl usion device, a drug delivery device, and conbinations thereof. The
systemis able to nodel the interactions of 20 nultiple devices with each

ot her or veapl e porti of devj c i th ot.her stat.ipn vabl e
portions tH H‘Bdaé’\ficf:"é’."a nﬁ‘é’g?h @51%&1’%&}3158@? éﬁlg?qﬂgn%gﬁg%ﬁ%g%oé@qogggﬁanuaI ly
or through theheRBOOIESis theiffdd haf giRRcReguendy eTwopaaaeteissipt ayed on t he
graphi cal user interface. Wien the nedical device.is in @ desired position
and ori ent at | BHIGHATL; iBRROTHNE fRF AP qugAle PHERPEAR BORYSeH 8Telpusy i2pd copPUation get

tissue to be @haonasRy A& th iR beHeerd RBsH &Ik (8@Y alu@inglihd ©  "insert”
it into the virtual human. The position of the nedjcal device is detected

(preferably tbpsiioglef & simulaieronedieal devigen and systeBricberble £ dARLIEREERSPS whi ch
are part of fhe afg%;ﬂ?ﬁ(g' c&fﬁg&%& Hhek HRE Shodh r ths Rl-a¥ Pl deREBRHEADI Yy N

real -tine. 30 Real Interaction 1s an inportant feature of the instant
i nventi on. Theyuilibmirerstitoef aftruatuses; 2aspdeserialiar agaleviae andgavipdlumgn) ity to

learn fromt hﬁld%{) Hyc(i)a?et t;hggasgl?ﬁé% B! '?hegé;/zfrggévle%k&rﬁlﬂﬁqin e l{sg@of%&g\}%dt h of

various conponents ation system An acceptable bandwdth for
vi sual di spl aipcludingrbut het lingited do:dimeabquited 2g-c6MniipicgBNBNSHIgEPET ices

PCT/ US03/ 14042 while an t ] i Gy di isin
t he range of %1’615}3 Sy§%81-pf8°(765%lg|§gge( @’ﬁée"ﬁ%‘g‘@ﬁ%wﬁggweﬁ%pﬁ r eé;%ﬁsgire\lg Qg@sﬁfs ure
frequency)s Tsystepyiraseadoerting foatommenigaivt betwear thy vismgd disphpt(e.§.othe 2Dcur at e
perception b | at en nd co

. : ti e lat
Phe t1me bet vianoan B St tdn B o uortibiechblTime SLEREY, CT751 2°

position of a
si mul at ed medfeeddacilaud tmp fandmpysigtafantii@nmidely.Latdnaplépendsenahdly ong or 10

force feedbac Co tagi ime. is that amount of ti .needed to

det er i ne thel!gr%"(‘ﬁﬁ? %‘gﬁ’r?{?m%&%? &St %?ngir’??f@?@? Ea?té{)‘a{t,lg'g’ltf g‘f)sggrsent ation of
a devi f:e and _ﬁ:%‘{ﬂag WhhseHi®Rh wiﬁ}ﬁdflk@muameﬂ eystéﬁf(eégfs,smﬁlﬁlmgltéfmd@% @d_aThgr e are
several contributing causes of |atency,. including, t. not limted to:
time requé? edcmn%ﬁﬁ{]W%h%@dﬁ%@%%&ﬁop%fﬁ&feaﬁee\}?@?é@ Hﬂ&*&&“‘ﬁ‘?’é system

processor, ti gRufafd dePio¥Hl el dyoBmPeiceRen RdaBsh anlidoGmpbsak.ayergdget,he
real-time interaction and realism are correlated. Preferably, the simulation system

according to the invention provides a visual feedback of 12-15 frames per second.

In certain cases, the graphical user interface displays a reconfigurable control
25  panel for controlling one or more operations of the medical device (e.g., balloon
deployment, injection, etc) necessary for performing a required procedure. When a
medical device is selected for simulation, an image of the device is shown in the
virtual space at a default location outside the virtual human body. Preferably, as part
of this process, the system also builds geometrical and physical models of the medical
30  device for simulating deformation of at least a portion of the device, e.g., bending,
flexing, movement of one part of device relative to another, interactions with fluids in
the device (e.g., such as materials to be injected into a patient) and/or in the portion of

the patient’s anatomy being simulated (e.g., blood, lymph), and the like.
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15 system processor, tinme for comuni cation between the visual display
(e.g., the 2D display) and the processor, tinme to conpute collision

det ect i onwotoses2fdr force feedback, and tine for conputi RETASHBI4v8L | ON
nodel s. Latency depends greatly on hardware and preferably the system
conprises an at |east about 16-bits bus for internal transm ssion wthin

t he enbedded system (e.q. . ni kin_interface), d a 20 conbi nati on of
serial and USByt r EW@’%F%WE%FBV@EIE @Sp’églé%]ta%ﬁ‘iaﬁﬁl?r}‘ﬂ% 98¢ WEEH 2% rrul at ed

devi ces and tHgubN&t SAIR RSSO forcRERIbERYdg@iral Befictiaeilant simiRtiyn &f t en,
real-tinme interaction and realism are correl ated, Preferabh| t he

sinmul ation syelaiatedmmd speliaddhioneh ptic fdhck BRCIEREPS duthe 1%1,6]8?’“’? eedback of

12-15 franmes primnse@fRtised ArkeeRi). FARBRK Hdss A8 aNiIRad bddsesn that er f ace
di spl ays a reconfigurable control °25 panel for controlling one or nore

operati ons of bipmechapigplquopettiasof Bsspes. vghich tha fevdesrpomyge prioganst With dyregt i on,
etc) neceggary. (hufphhRi fleflaily, JR0Yh ﬁ%%thg%&g BRiESies WiRDa&iceedi cal devi ce

is selected for sinulatioh, an 1'mage o evice i1s shown in the virtual
space at a default location outside the virtual human body. Preferably, as

art of this pro otk i . ge i : si cal
godel s of the ﬁediclg%% %ﬁ%gle@%@z%q%?ﬁ%%%‘égk ?ﬁ%&dg@%{r‘%&?&gﬁ@nggyl east a
portion of thendsviuteclding, butmenliitag, to: ifjeeticnr(g.g., nbecatresimedfung peamgpdrat  of
device relative . to anot.her, .interacti ons w fl ui-ds. Hi ice (e.qg.,
cFirioR BRBHARE » HePLEN A M enlthbllela ¥ i R WY 0, (= 9

such as materf i ortion of
the patiem' sogndt)prissiealisasgetonmntisivedinching; sutbringpapplibativplof heaghight, he |1 ke.

34 WO 03/ 0962@5 PC%USOF/@%% 5 The inter_act'kogl? bet ween t he nedi cal

devi ce and on¥VEPUHBAB SEFEE IS RO fra B IR P he andunt of force

f eefl bag k L eq Uﬁzﬁﬁﬁlaﬁt@ﬁ(ﬁf; %@aésg@wﬁ@ﬁ bﬂcﬁ tiéptoymieitibiat dedite (Sg., LAloonindatiah, and

a ied throu aptic fee C chani s in the di cal .device interface
(grscussed fu‘%’f-h%?an?@aHWF.OuFZI@éB‘g'SﬁOCFW% e‘é?fzreca&gpggll aa’iegléftlﬁg%“éiEFYSn t he

bi omechani cal cqk@RAEd é:9Sridtce b GBS PRSedfd A1 chilevallew e pab aRbtrdatibdt cont act

with during 10 the sinulation and preferably, also on the physical

proper t i 30 of stiafRgy debs E@plemgntedre nedi cal device is in the targeted

position, further operations can be carried out including, but not limted

to: injection (e.g., of contrast nedium cenent, a . . . .
In one aspect, the physical properties of a material being injected is used to

calculate and model changes of one or more tissues in response to contact with the
material. For example, the hydrodynamic effects of fluid flow and/or the therapeutic

25  range of an agent (e.g., the ability of an agent to diffuse from a delivery site) may be
calculated to model effects on the one or more tissues. In one aspect, delivery of a
labeled therapeutic agent (e.g., such as a labeled nucleic acid) and its introduction into
one or more cells at a target site is simulated. In another aspect, the system models
the movement of tissue(s) and/or organs upon direct or indirect interaction with a

30 medical device, such as insertion of a medical device into the tissue(s) and/or organ(s)

or insertion into neighboring tissue(s) and/or organ(s).

The system may calculate optimal paths for a medical device during a
procedure for pre-treatment planning and may do so automatically, with user input, or

by a combination of such methods. In one aspect, once an optimal pretreatment plan
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solution conprising a therapeutic agent); renoval (e.g., of fluid, cell(s),
tissue(s); 15 organ(s)); tissue dissection; incision; pinching; suturing;
appl i cat iwp osfosdrent , |ight, wultrasound, an electric fiel @dCTRiSOs/oMaYES,
x-ray; inplantation; grafting; transplantation; reconstruction; etc.,

depl oynent of a device (e.g., balloon inflation, etc.) can be carried out.

I n such processes, the user can obtajn a.realjsti.c hand- or di nat ed
experi encé ofis Planed: dheswsiPR A FORANTISHS I“G@taerolf’% lﬁsi?lﬁie%fey‘f“lt%a? 20

strategy to hgpicRhEARMRE fbcede RAHaBEREGT anothBeaspéty, S e offiieieeict i es of a
material being injected Is used to calculate and nodel %han ges of one or

more tissues SPANUES froesva heptie fredhack Tating f9fle ipplerasntation oftie PECSHHF e, t he
hydr odynam ¢ o%hfefagﬁnﬁ tﬁ{)uiﬂ b ehpblioMstaREnPo thixand fef RERIS theprbRage of an

agent (e.g., 1ty of an agent to diffuse froma delivery site) may
be cal cul at ed neegssandilireadfifedet s on the one or nore tissues. In one aspect,
delivery of a |abeled therapeutlc agent (e.g., such as a | abeled nucleic

aci d) a“glo' ts int %%8\%%1? 9, diR}a e SBRiedORIrh Saridus Arobi@EGTMS t e | S

simul ate I n anot her aspec he system nodel's the novenent. of tissue(s)
and/ or or gan§ys,tp1@|¢ndlif€rdé@t3k t@rothqmod@é% ofithe wistgex iFoncxample. dataobtaised fam devi ce,

such as '”Sertﬁé Q sthuldi og%%d(ﬁﬁelof%\é &&nhﬁ&z%fr&%w%&W%melm%ﬁule%gan(S)
or insertion in o nel gh oring ti ss organ(s). The system may

cal cul ate optmodify quatage lﬁresenwdr@hnsoabned@m‘%élamqrmg signulation Bowhielea f or
pre-treat mantusQr &l r@rlg;pﬁglggé/s 24895 AVLD | fi@lnb¥elin rﬁdaufé%ﬁ‘c'i gnput, or by

a conbi nati on of "suUC I'n one aspec once a Op 1 nmal pr etreat nent
plan 35 MD (BSREELEHIBETILSRS LS 0ubdeling of thesbmagadditsuct Aatagyesivsdfvny

comuni cate wi t%egﬁ%gp a&lpggl nst ugeghbaq{m%%{g dls(i@r{ ste ngaéerrentl ng the

procedure in HB° er- aspect, a use te continues
to recei ve hafpgeinkeieciyaetn toebdaateun@gémfdﬁnetmn”qui@mﬁlamodﬂmgﬁnqdhb procedure

onapatient hr ou ero t|C|nt t hat tnrlg user nodi fy the
pr ocedur e ﬂ%&eéglgﬁ(i @Wﬁ‘c‘i" aﬂea'ﬂeﬁé tra i @%0‘6\%% e Pay be f%gat a may be
obtai ned fr OrBa\ﬂafd 1@el systeadwl tfggedhew hiage ﬂylﬁhamiﬂlﬁuil dnéd nbmskmﬂﬂlont(he,r nmodul es
of the s ySt © nglloxlfvcl)r{g aet)é%tment met atd %n g%&t?‘e‘nt toq)e 51murpated while the patient is actually

being treated, to enable a user to evaluate the possible outcomes of modifications to

the treatment as the treatment is ongoing).
Workstations and Medical Device Interfaces

The medical device is generally coupled with or an integral part of a medical
25  device interface of the system. In one aspect, the interface is encased in a housing
comprising one or more openings for receiving medical devices, and means for
interfacing with tracking unit(s), feedback mechanism(s) and a system processor.
Additional devices such as syringes and balloon inflating devices can be provided as
part of the interface, e.g., simulating balloon angioplasty proceedings). The housing
30  may be coupled to a model of a patient’s anatomy, e.g., a manikin in which case the
interface housing can be displaceable for some distance from the manikin itself or can
project from the manikin (e.g., being an integral part of the manikin). To further

enhance realism, only the opening(s) of the housing may visible from the manikin
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the the sinulation nodule of the system may be received by the nodeling
nodule to nodify an i mage presented. Thus in one aspect, data froma

si mul at i owoin/opd2sEh a user of the system damages a ti ssu@Crasopesiuyed by
t he nodel i ng nodul e and the 15 nodel i ng nodul e t hen executes nodel i ng of
t he damaged tissue. Data received from pretreatnent planning may al so be

fed back to dat.a .acqui sjtion,system,k e.d. Arjggering t systemto
updat e i ne?geaﬂeﬁ’f’ﬁ)l?erfﬁ‘ie%‘f? SRUSr CEH0G Lt %l%erp?rﬂ ni‘rg[gﬁpeea}S%e‘ﬁaqﬁ%m eé%%‘:i ved from
actual treat neai eldbeddedaisted) tvith dpérangéantd deehs ofthe mbsikinFayulitthglaeds oback to

the systemto %d',i ger new i mage data acquisition and a new sinul ation

(i.e., 20 al I8 l??glrﬁerf’?‘@’éf‘-nent net hod on a patient to be sinulated while
the patient is actually being treated, to enable a user to evaluate the

possi bl e outcones of nodifications to the treatnent as the treatpent is
ongoi ng) . Wr kst atQnsres mesmRRitrLn bpasidde disply sinydaed inagessEpt etng thevi ce i s

general |y Ouiﬁkﬂﬁl Wbt APhtibit SP6R asPéd, 12-BudrolBRicGAbws APdisivfcaat
interface of the system In one aspect, the interface is encased in a

housi ng conphé sAnmtinnthabiD eevmstrispaerdeligse displayed byisyiteny sivpdirad #perdevi ces, and
means for i [ | | k: R ggﬁé@% and a
system pr ocegﬁé%%é@egﬁ\g%lf%%%ﬁ J%gﬁagglse%?h%@aag%yn ng%ggland_ bal}ls%?[

i nfl ati ng devincesfecenmibg, collimatiors dotation, prk the bke. tlheombinatidnaith 31, g. |

simul ating bal | oon 1.opl ' - O4dS | coupl ed
to a nodel ofvoétu p%fei%g%te 8@“%%%%’%‘%,%82‘58# Hﬁgﬁw}%}%c% #Edrf\%g? ﬁ:&ﬂm%:%ééo@f fie

i nt er f acelhousengnodaw the ankitepy aftembibg ffoor vaDrepditenancagles along ke ynani ki n

itself or can_.project. . fromthe mapikin (e g.. hbei I | part of
the mani ki n).2g" PRt 121 OPHOTGH 28 OF major ‘s"fgr%le %mg?%“@g@%ﬁ%“ﬁ ?Sg#géf t he
housi ng may viskiblag cid e tlidegstemms &valuaBaliiibeftedDEADppREIHLBHRI 84042 5

(e.g., the interface "haousing".can be.part of the manikin). In one aspect,
t he interfacepqrjxé’nﬁwgéﬂﬂgldﬁtgﬁ'gwgﬂ%ﬁ?%ﬁgﬁh openings into areas of the

mani kin sinmul ati ng areas of nedical intervention. One or nore nonitors can
be used to di spl ayoms sruhat sichuiateigesndngddvides adlitidmelly ¢ bhenirevidal, egnat ony of

a pati ent20 | nin(%}rl]eefo%%%?%tmocE -(Par}cnl e‘dﬁfp%gf o Gn yclrg}\fl\gmlé%t%g I%IO%Q las?p\égtgth%‘t
mock C-arm can move along the long side of an operating table on which the
patient/manikin is placed and can rotate around the table to simulate capturing a

patient’s images at various lateral and angular positions.

Peripheral instruments also may be provided to enhance the realism of the

25  simulation. For example, footswitches can be used to simulate activation of a
simulated x-ray device as well as image acquisition and storage. In response to this
activation, one or more monitors simulate fluoroscopic images obtained. A
footswitch is preferred for scanning and image processing, since user(s) generally
have their hands occupied with other equipment, in actual practice. Preferably, the

30  system provides a re-configurable control panel (e.g., a touch screen) to enable a user
to simulate interface manipulation, image acquisition selection and display, and the
use of shutter devices to limit the extent of the field of view provided by a scanning
device. The panel also can be used to implement the various operations of a medical

device discussed above. Preferably, the graphical user display is programmable and
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the sane tinme that 3D geonetric nodels are displayed by system graphical
user interfaces. Preferably, the user has the option to adjust.

f | uor oscopp@3iopeges by one or nore of zoom ng, collimati @CI/Usoy/aounn, and
the like. In conbination with 3D volune-rendered i nmages generated using
di splay interfaces described further below, a 15 user can view the anatony

of a patient fro vari ous po - axes.
This optio 5 2 %rggfm’f?ﬁf%rg @5?’1318&1?5 815?1 %t gscr o X%sr?ﬁ%/"r?a ,easaily s ePa

physi ci an canccmaeextlhagsy@memahalsemkdiﬁgmthhnfcﬁvamqmretmmat ment appr oaches
prior to perform ng actual intervention in a patient. One or nore

si nmul ated scanni n .devi ditian i 20 in the
formof a nock C ﬁ\lgéﬁe@“ﬁg a onfﬁma 1x rrlta) awor S‘ttace ng(%%egﬁ%lgn%pect t he
nock C- ar m cagimolvensadcosiding eethe orgntibinde  of an oper ating table on which the
patient/manikin is pI aced and can rotate around the table to simlate
capturing a patiept' es._.at v us Iatera 0|t|ons
Peripheral instru tsém‘alfltl 5 temBVeakSL[a%on et s enﬁgﬂ%gdﬂ e&pteoaﬁ |§sm of the
25 si nul ato Onsurg'-i@el‘l tabtaandl other fraxﬂm@whapﬁdqdrsncxeanAB@ \uﬂmﬂpattganmsmddalbé awttivation

of a sinulat ay device a a5| n_an age In
response to t‘ﬁﬂtasrelaa‘(‘?gft‘?/ﬁf’ et %‘H\é\g r‘lﬁ‘%ﬁ}“ﬁ?r éSij? W%?sgr% $copi ¢
i mages obt ai ngflicalsteréObSYY. 1€ thid ﬁapmeﬁlefrrsysﬂelﬁ,me mamh n ungedamckdmage

processi ng, since user(s) .genera ei ands cupi ed vvlth ot her
equi pment, i nSTAE “0695&%31? wage gy 1@%@?%%?@ £eh PERIediony gﬁ‘? tB‘éf\}f tsd oy

re-configur abi}@wc‘&ﬁ@rraﬁhh Rethvs 685hGhs thrde-Hiiéa oSt hoasof e @%ﬁh@re@mﬂsel’ to
sinmulate interface manjpul atjon, jmage acqui sition seJectl nan di s Iay,

and the be apssaea@qr@}plaawwan%r llof*ﬁlﬁ’i‘l’st Hae B3k degices 38 Fid%‘f PE¢ vi ew

provi ded by ag§62bmhfatial§aVAiESle phiifoRd8bt AP odeMBIPRcisRUetlied. NPl enent t he
vari ous operations of a medical = device di scussed above. Preferably, the

gr aphi cal user dis a/ gro ram’r%gj e ﬁ@g 03/ 096255 PCT 803/ 14042
5 has a |arge stor gj’éeé Ut MpTeTRARISEC ‘seﬁFSt?P 1aitog, the yentiqn Users
can easily sefrobies @Q&m@&ohﬂ@&ﬁgﬁﬁﬁbﬁ%r%ﬂ@ﬁ&wé&cor ding to the' r own
requirements.” Figure 10 illustrates one enbodi nent of a workstation for

per form ng . .
Tracking And Force Feedback Mechanisms

20 Figure 11 shows an embodiment for tracking needles (including syringes)
during a medical procedure, such as vertebroplasty, needle biopsy, etc but is generally

applicable to any type of medical device and/or medical procedure.

The workstation in this embodiment comprises a 3D position sensor to track
the location (x, vy, z, coordinates) of the needles in real time. Such information is used
25  to determine the spatial relationship between the needle and the virtual human body.
The user can move these devices in the virtual space to the desired location.
Subsequently, the needle is inserted to the virtual human body. The needle is
registered in the virtual patient and displayed in 3D space and the simulated
fluoroscopic images. After the tip of needle is in the desired location, the syringe is
30 inserted to the virtual patient as would be done in a real procedure. Subsequent
processes such as injection or removal of material from a patient (e.g., tissue

extraction) can be performed through the syringe. In the present implementation,
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simul ati ons according to the invention. The sinulation system workstation
conprises a PC with dual nonitors, a 10 surgical table and other

t racki ng/wepBioge2devi ces. A 3D virtual patient is nodel ed ®cd/uSda44z el ati ng
to the patient stored in the conputer and is visible to the user through
the optical stereo glasses. In this dual nonitor system one nonitor is
dedicated to _ sijul ate fluoroscaopic . i.mage at usger-define ngl e .of

proj ecti om. 'Ill'*Pé“‘g‘?%é’P mjectefbio g f ac@ﬂ&ﬁmgﬁﬁﬁg?suﬁ (R éﬂli}mﬁg%'%%sﬁé as

t hr ee- di mensi @Ratharae ef sydifigd. Mae SRAIA Hongea@h ddtect Bl whansvahecind enabf pl anar

vi ew and/ or roadmaps. The tracking_devices can be deyelgg}gﬁq from
commer ci al | y BipgHIHBIt@ctmAnEahiime-oBys dPrmalen ARpuBEpipe ¢ SRR ces. In

order to achigygiRfGhd R s SF hich RaRGuRYenRAQslkikalatRe cffdde JfRYANt i ON
further provides several optional configurations for haptic device.
Tracki ng And Fetisenthedied kumeebedii sns 20 Figure 11 shows an enbodi ment for

tracki ng needl es (including syringes) during a nmedical procedure, such as
ver tebropllasty, ndedldifitspns pahodiment a5 grownsindéhes b pyobohpist Wk EK degetsany type
of nedical deyife;anl Rk B‘Sféﬁﬁﬁﬁ REQCEHM BN iG] KSIR IR T S

embodi ment conprises a 3D OS_ItIIC))I_’l sensor to track the location (x, y, z,
coor di nat es) wfr mhwipwletesithe devieesae &l the poieel pRgedurs. rl@YeTas theee deyicgsed 25 to
determ ne the ' ' ' WESMHE D6 s Eos @R rteRhotik hikal human
body. The use?ﬁoglgetrila&n‘geé?%g@ggp%g/@%@ggl n ?R}te &(Srt aF sspace_toothg_ desired

| ocation. Sulssesitearsel ymatipidativacpiowiding résiptance uice foedbhek apdishight vibdienn body .
The needl e.is. regqister in.the.vir I . g .0, 3D space
and the sfsrml Biet d'?nlcﬁgr%géh (?osbl{l%atllon 6‘2‘%%1[1A@ ééjr(’%?%gg({}?lag{%?&ntg%%ggle?ss in the
desi red | ocat tegisterddtie tieywitnatyspacsardQispieyed ingble tnonitdie vi rtual patient as

woul d be done in a real procedure. Subsequent processes such as injection
or renoval of material froma patient (e.g., tissue extraction) can be

per formed t hr ough Inhaothgtraspegeas showh eFigure $ &t systam|venlstatiat acnordiBBto B

03/ 096255 PCT/ USQ3/ 14042 5 liquid can bg injected .t [ .extr ed fromthe
i ssue ¢ hr oughVTeR eRaPar F g v RE Mt HhleRE AyfeB0 ofilh b ne

si mul at ed2@yr éurgel e, dite @cddld b enseaddin® ashbaile waith sinallaesaf syringe barrel

and which comprises a lumen. A syringe handle slideably fits within the lumen of the

syringe allowing a user to simulate an injection procedure. In this interface, the
position (x, y, z, coordinates) of the needle is detected through an encoder and the
positioning sensor which can slide along the curved frame. Each end of the curved

25  frame is placed in a channel of a support which it can slide along in and rotate.

Figure 14, shows an enlarged view of the needle portion of the device and its
interaction with encoders of the interface which allow the position of the needle to be
continuously tracked. A force wheel in proximity to the needle implements haptic
feedback in response to signals received by a system processor. As the needle

30  advances from virtual skin to a site of pathology in the virtual body of a patient, the
resistance forces are calculated from data in the system database concerning the
physical properties of the tissue around the needle. Such forces are encoded and
transferred to the servo motor that controls the friction resistance between the force

wheel and the needle. In this way, a user who is pushing or pulling the needle can
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injection/extraction in real tinme. This information is comuni cated to the
conputer to calculate the results of such manipulations and to sinulate the
ef fects oogaops255 esults on the virtual human body. 10 | nPaTdiSh$/etoent
enbodi nent as shown in Figure 12, a robot armw th six degrees of freedom
is used to perform precise operation involving a needle placenent. The

user mani pul ates .t he devi ces a3 itn thft t.ual fi?} oce(éHrree I5|8V\‘/§veelr, t hese
devi ces art HPEESINE P ISHHOC HPIY P SBOITCEPHF FRECT S Sont? oF "By a syst em
processor. ThRakipWetel Gadlidlly ah@ GeteSort Caniievidsa realistio hbhnd-eyercooydimteddi ng

resi stance force,feedft;:ack agéj slight vibration 15 in accordance with the

si mul ati on prE@FHFACce PhieRrocedure, oor di nates of the needle is registered in
the virtual space and displayed in the nonitors. In another aspect as shown
in Figure 13, a sySheineikiatdiddin tiecanmulationgaridthet bet of iravkéntand foreonpri ses a
medi cal device interface. conprisi .a_needl e coupled_to.a 20 .curved frane.
The needl e isE"’Pﬁll%aé]Ff"@ apﬁ%@@%@%ﬁnm%ﬂulwﬁwﬁﬁ%gﬂy IWARASTSP el and
whi ch conpg i Sgs dRtetiE Polue &Y VoMIRe R BHIfRIGH isdgading itb tissuad dnbiwill t he | umen

of the syringe allowng a user to sinulate an injection _procedure. In this
interface, throvidesgsistagee qoxrespnded to s agnaupuaiong pu br?et%ﬁ‘g’éﬁ? weghanigm oct ed

through an engedgyivadfh th.5epatddPAbhlicARbSLrRERS Oro/081i7a8), feMsichde2qakong t he
curved frane. Each end of the curved 25 frane is placed in a channel of a

support whi chln the giayylasid; syrengss dpRve Mo@hend yoArEs conmrijipe e bbar PAdhefes an
enl arged vi em&fauém %bﬁ?&ﬁ a\%ﬁ?%h&%e@é twl o Bmd §36l B fnedidd trbisch thBhRERAL i On Wi th

encoders of e interface allow the position of the needle to be
conti nuousf y geazc ear] ivinftaledeongtrerio najorpPoitiisng drjver. oWherea fraedpulbadkpl ement s

haptic  eedba idtelBRABIHR ERoMANASari SR LA Biicnd URIRMANMCESSOT . AS

t he needl e 30 advances mvirtua Into a site of pathology in the
virtual body ofataclpektwisntymi hed Amekwill splayend tregebbenpads that pastedoadhef r om dat a

in the system dat abasg, conger ni t he. physj | e tissue
around the ng%eW e d@ﬁou&bglggg &lggghegﬁr&%%‘e?ga% Ofﬁ?é;ﬁlgutg% (rfrzcélg{]’gﬁ%he servo
nmot or t hat costrgansyitl el fhe iresistamoe whei Isttdecte pbgt avpel thethendspikee Thevheel and

%eogfggg% o Baes he{jggg‘“’&ﬁ@%f‘ﬁ%ﬁéed"é’gx?bé SRS N Qi Lok gD §Pgk e can 39
servo motor. Then if the servo motor rotates in clockwise, the two arms will close and

the user can move the handspike freely again.

Control parameters such as injection volume and rate can be controlled by a
user through a control interface such as a touch screen, enabling a user to choose the
25  rate and total volume of injection. The injection process can be captured, and selected

images of the process saved, to provide an image on a separate monitor.

The simulation workstation can obtain input of various types from one or more
system processors to more closely mimic an intervention procedure. For example,
input to the simulator can consist of patient medical history and diagnostic data

30 including, but not limited to, data obtained from X-ray, MRI, MRA, CT, PET, images
derived from electron spin resonance data or ultrasound images. Data can relate to a
specific patient, e.g., where a user is training to perform a procedure on a specific

patient and/or is planning a treatment. Alternatively, data can relate to a "symbolic
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5 experience a resistance simlar to that felt during a real procedure. The
device is mani pul ated manually and therefore can provide a realistic

hand- eye woasabarat ed experience of the procedure. |f a syCrngesis®4: nvol ved
in the sinulation, another set of tracking and force feedback nechani sns
is enbedded in the sinmulated syri nge The sinulated syringe 10 can detect
the volu and .v of fl inpecti nd will
provi de resis a&?@e’ 80‘?‘?@3%’0%%@%@?8‘% sﬁarﬁcuzarrfge}rﬂo%rﬁhq? gllg H{) 81’5&5%%%?e§d back
mechani sm i spatiess,ishdred phtientd HavinRattgretof ppfhblogat i on Serial No. 10/091, 742,
filed March 5, 2002. In the sinulated syringe, a servo rmtor and two arns
conpri sing rubber ads are . i.nst n.fro e two
arnms are connecte ﬁ‘r’é%ﬁ dte%ned%ﬁl?oavisgb@'e%?{splgz‘fegsr :}%ngl rPsF? IS%&g&on a
servo notor. ifserdah bbaltﬁadﬁired\tceaﬂter ‘tﬂ&eﬂmﬂatfomrpaﬁm’femdthmldirs@smal |s recei ved
by the servo notor, wi || otat?e angd rotate

cl ockwi se. Ar?ﬁelé?‘?ﬂmﬁr %ane%&Eﬁ%rgﬁ RE™ BB FOIBB’asseSPﬂea?mb‘ggted on the

two arns W | | mb@teedicontpeisi bhe &fmdrb eecoid udeg BisplBemeifacesddr 4 drablanli ng
friction, the surgeon w feel the resl tance\/\%nhetrlesto push or
pul | the hano%?b‘?ri@élse‘“ﬁﬁé 2@"“&%@%’@0 for p siogtlation tha p EFSt BE SF<REIFOHEE ad]j ust ed

by control |'i npheddgonkiQb@litailr Bpedvidedwithi8lectaBIE ¥HLidH® bR Ehe dIFHEI off histohBerser vo
nmotor rotates in clockwi se, the two arns will close and {he user can nove

the handspi keuseriatsripoedy anable e prep usshioet riatradueavagadblesidot i on vol ume and
rate can be coplhftd 8EpHRYioRgickiSRFiabley) Hieedto @é@fﬁrre‘?ﬁuétélﬁﬁrr@@6&e§éi0h as a
touch screen, enabling a user to choose the 25 rate and total volume of

i nj ectionls Th@clsmné@fﬂiﬂtgrﬁbﬁﬁ@%é%@e@aﬁloﬁéﬁ@dﬁ?@r Ademnafinghc@ addifigppllynhiges of
the process S&E rusbn &Y Clg%"’lo tgﬂhht?%%e%eﬁt SISRA A HecARE e f stend B be

simul ati on workstati on ut of various types fromone or nore
syst em pr oceswdrbastd throeeondlusgdpss 1ot hive tahe inthesamepbysen] incaiieadgitke.  For
exanple, i np{;i'xts ]%8 the sinulator can consist of patient nedical history and
di agnostic da including, but not limted to, data obtained from X-ray,
MRI, MRA, CT, PET, inmages derived fromelectron spin resonance data or
uItrasound images. Data can relate to a specific patient, e.g., where a
user is training to performa procedure on a specific patient and/or is

pl anni ng # t rﬁgiegpmdMé%L@FpﬁﬁérfﬁWzg Aot RetriplastEPREEYO @ " symbolic

Vertebroplasty is a minimally invasive, percutaneous procedure for the
treatment of osteoporosis and cancer related compression fractures of the spine. The
procedure involves a physician using real-time X-ray imaging to guide the placement
of a needle into a vertebral body of the spine. Radiopaque biocompatible bone

25  cement (methyl methcrylate) is injected trough the needle to stabilize the vertebral
body, relieve the associated pain associated with the condition and prevent further
collapse of the bony tissue. The physician, usually a radiologist or surgeon, relies
heavily on real-time X-Ray fluoroscopic images to determine the position of the
lesion, to align and monitor the passage of the needle through various body tissues

30 and to directly visualize the radiopaque cement injection process. This is a complex
process that requires considerable hand-eye coordination and the physician's
understanding of the 3-D anatomical relationships between various paraspinal tissues

and their spatio-temporal intraoperative relationships to the real-time advancement of

41



40 WO 03/ 096255 PCT/ US03/ 14042 5 patient”, for exanple, representing a
particul ar denographic group of closely related patients, such as patients
havi ng a wgpa/of2spat hol ogy. The systemis designed to al | eeTases/bsw42rul tipl e
users. For exanple, a second user can be introduced to alter the

sinmul ation paraneters that a first user is experiencing. In one aspect,

therefore, the systemfurther c ri ses .one or nor noni. t or onpri si ng
one or nore stE?:’é‘?I?H"eBE%T}a&JH‘?eB%F é‘}‘%@f"é?'f BEIPIETS Q08 %5%1?‘? ?‘ae%em%g‘@ﬁ'ﬁd user
(e.g., a traidgedtylRoNBl thRugRosihBdbatditiAg by akistng dxpeitts AiSRE abtGal

experiencing. _The second user/trainer is provided w ip sel ectabl e options
on the di spl aptignt pracedugss of dproughgusctice sessipusaising Gadaye| LNFRL ALHGHd user to

al ter or intrQdues,¥aid faliRaal(hyScian aiNBlRHMmatiie PPV&EtBtopBsgal vari abl es)
in order to test or evaluate the responses or 15 decision-naking abilities

of one or normsodeilyres andaesimulatign wptaethay etegt nofentigde thisaa el as for rafisabnd user

may provige i I nt -pent pl anni ng. Because the system can be
web- base Q) h%gés%%%%gl%ﬁ@{ee?ﬁggg@%ot have to be in the sane physical

| ocation as the first user. 20 System and Method For Performng a

Vert ebropl asty Procedufke Wogkstatioropl asty is a mnimally invasive,

per cut aneous procedure for the treatnent of osteoporosis and cancer

related conpressi @fhutdsashunes Mbwlah9stomichprishiies whikoRBsiEBoring @ Y@s a
physician using real-tinme X-ray inmaging to guide the placenent _of a needle

| . p
into a vert ekfseict pighgingention dorgsripmnmngd YPRREASY BT B HBal POV EkpigHR 25 cenent

(methyl et haioylh At )auhiSndnMbRCA BnikinOMaR sihBatB P8 Ee #Ahif bARhEd gindihe
vert ebral bogy, relieve the associated pain associated with the condition
and prevert fugedlped userdpadapsesedhat consisiotiyc Tiandoy MRITRlsHipages; &M, thefsual |y a

radi ol ogi st qr..SHI.080 @aserbglo: S3vind B Ytk c BRIy 18Rerdd iBraSedpaYinfabibUagE 0PI C
images to determne the position of the lesion, to align and nmonitor the
passage of t Hiomseatlyeicvhmounigh. The hsusenydepexeming fesipdaiga gatieat-wlatedct | y
visualize the,[ag RIPOLY b BloBE blA0r® hOFEIR: or BUicPorl e ScbRITP! €x
process that th%§%°g§§%§%%| g%r a]lja%e Nahd- e§é coor iorliat I ocr’l and tﬁe
physician's morder.sA aemd goofiortdispla3s Dolama raxtredimages atd wrfadvirpwletrdt ween
various %r ast‘gclzorﬁg‘i‘!ruct[eldsr%"d%f After examination, the user inserts the needle attached to the

simulated syringe into a selected site surface on the manikin which comprises various

insertion site locations along the back of the manikin over the spinal region. The user

advances the needle through various body tissues including skin, muscle, fat and bone

and then performs a simulated vertebroplasty on the simulated bony structure. After

25  validation of correct needle position, e.g., with contrast injection, the user simulates
the injection of cement by first removing the syringe with the needle intact and filling

the syringe with cement.

Figure 16, shows an enlarged view of a force feedback mechanism provided in
30 the medical device interface shown in Figure 15B. A control signal determines the
amount of resistance the user experiences as he or she pushes the needle through
various body tissues. With a custom phantom, accurate feedback to a user can be
achieved. The phantom comprises commercially available orthopedic models, or in

certain aspects, models of collapsed vertebra or models of vertebrae exhibiting other
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and their spatio-tenporal intraoperative relationships to the real-tine
advancenent of 41 WO 03/096255 PCT/ US03/ 14042 5 the interventional needles
and devi cw®.030M285 r equi res consi derabl e experience that | PCTUSOFMOUY

provi ded through on the job training by assisting experts during actual
patient procedures or through practice sessions using cadavers. There is a

critical need to praovide addifjonal physician a t echnici an training for
vert ebr opl %st@ﬁmogqgibei?éﬁﬁr é@ﬁ‘iﬁﬁ{@' “sai'“ﬁ‘?ﬂoégﬁt‘?ﬂl?oré’ﬁ’g)f rell(r:'rlﬁeﬁea O‘gfilse%ﬁl %ﬁ&“e ntial for
this as well @siefiod: thpbd &fth hadd) &RPOGEiet Corthopedid Batuiidts 4l arero@onlhe

Workstation Figures 15A and B show a _system conpri Si’?q{%ﬁ \Af/cr)rgstati on
accor di ng t o bRen syegiead skilly cqupss-i IMAGATIRBAN FOTaFd? £ 30 $8rt ebr opl asty

procedure. ThgeMBlks hthiANcleAQNS tey@fed Uitk nHaBk LA Pary f JORGYitE] Whigeile
sinmul ated syringe within attached spinal 15 needle. A user |oads a case

that consi st sgivf traireea eing fhevRItehyenlatesimpatye bettes kepwlpdas of ieatichddbe he case
Py observiig Lhtdshaf blkolorlo PG ik { ARAAREOR! ThidlRgfsIsoRkhe
fluoroscopy view nonitor. The usér can also exam ne the sinulated

pati ent - r el at extebrghayespladed g € etlstopamadeslomiusy ivlden Widownfres tntheshapeart rate
or ECG on the c ' - i [ render ed

i mages and su?f?g%\geq‘?}érﬁgg? !é%i&%ssﬁée%gﬁg? lrgsaétﬁ?ghcfgl %%%IC?HJK?%{%?@%?% nation, the
user inserts tdugponadkoll mlaitydcliedde amdtalmuidgilastitiatr sehtisaate endre. Poft tissae sel ect ed
site surface gn the.nani.kin whi [i [ hisertion site

| ocations alo er{l%%mgsggﬁtlﬁo oug éijfrr%dr%\ll rsr??\ng%@g?o r(l)iép%%iqug fé?}gﬁb%n. The user
advances the gmedted byhagtgthy anownt sf piolhat¢ esses tethe polylingl ehdprslki Mhis muscl e,

fat and bone and en rforns a sinulated.vertebragpl.asty on the simulated
bony struct ur@?geﬁ’iﬁ@nﬁgﬁ{%{ﬁlﬁG%Yefsoﬂalaﬁ‘o%?brog&s S%@%ﬁﬁfe)c tlﬁs(‘)usﬂg'ti on, e.g., with
contrast injection, the user sinmulates the injection of cenent by first
renoving the syringe with the need| e i.ntact d filling. the ringe with
cement. Figure 16,%%%“3?"@4‘?? argial @}?P@w (iffsﬁa%qflf)??:‘!em%%gﬂﬁdﬂ?ﬁhchani sm
provided in gatd®oMBliagaCoffiéreRd ToMBEhASH CINBMbroddofy gideaghbi: A control
signal deternines the anount of resi stanﬂcje t he user. ,exPer_iéan(ies as he or
she pushe%o t hBesqpaye gnqgaﬁxg)@@lﬁl). The process of the bone cement injection is displayed n

real time.

Modeling Needle Insertion

Needle insertion during vertebroplasty can be modeled using Finite Element
25  (FE) method with high performance computing resources. The finite element
formulation for needle insertion, is based on the assumption that as the needle
advances into the vertebral body, its movement can be divided into a finite intervals.
Each interval can therefore be assumed to be a static step. In addition, another
assumption is made in regards to the mechanical properties of the cortical/cancellous
30  bone. They are assumed to fail on the onset of plastic deformation; further analysis
after plastic deformation is therefore not necessary. Thus, the FE analysis is based on

a static linear analysis.

The weak form of equilibrium equations in 3-D problems, subjected to the

boundary conditions, is given by: -
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vari ous body tissues. Wth a custom phantom accurate feedback to a user
can be achieved. The phantom conprises comercially avail abl e orthopedic
nodel s, owoOim/09@eFtai n aspects, nodels of collapsed vert emca/usos/model s of
vertebrae exhibiting other 42 WD 03/ 096255 PCT/ US03/ 14042 5 pat hol ogi es
(e.g., weakened by cancer or osteoporosis). These nodels can be cut,
drilled, or tapped wth hhand,- or powered- orthopedic instrunents and are
commonly fised in surgi daV \Qkdd s JyOusesy bidt addi t -om;—-1P contrast to
enbal med or fresh specinens, mniml clean up is required. The nodels can
vary in por osih§re vihircabifieryl weightwecteraail helds foy epneprsitivestquatinngpi dsisy

si mul at or bet&ﬁ{atr&rlf?ﬂérgﬁjﬁ?oﬁetra&ﬁe “feel' to be 10 expected from an
osteoporotic patient and a nornal patient. These nodels of the vertebra

are placed in a cu ; k | i r ; shape

of the vertebra. #\%ﬁg}gﬁgﬁ@gggﬁ %Sﬁﬁg}ﬂl gﬁgﬁaig{%?&%%ﬁit?#gﬁsﬁﬁct ed from
a conpound ofalyss|dpsingithe ne¢dlompatiiorsintd the Vergbiabbaslya Hefiging eglobplshingl at e
ester. So t LSSL l,i terl al.s, . : ' rom CkPa
fo 1 ook cBRERE el R lBBaL i bt Ot Al b BRI " O o T
t he pol yvi nylischl oride. This range of Young Mddul us covers many of the
body's soft elastic tissues. The system provides a virtual display of 3D
bone and soft tissue nodehsNxreated from X-ray, -Conpuf2eri zed Tonography
(CT), Fluoroscopy and Magnetic 20 Resonance Inmaging (MRI). The process of
the bone cenent injection is displayed in real tine. Mdeling Needle

| nsertion Nee i rij i : , si ng
Finite El errentq}h%?gﬂe(sglc:%dlgn%pgg&d{ C%Q? ﬁlgﬁgﬁﬁ%gﬂrle?%%%n%%%@ %glrlfp%?én’ggrﬂ&eésour ces.
The fi nit &5el otantmbéref ndeatin ta FEonodebefdhevertlmel hadyn questititased on t he
assunption that as the needle advances into the vertebral body, its
movement can Deingihei@Ghdatkinmiathaal, fhierweight vestos visithoserHaeprordanes wih can
therefore be assuned to be a static step. In addition, another assunption
is made in regards to the mechanvedfe properties of the cortic@/cancel |l ous

30 bone. They are assuned to fail on the onset of plastic defornmation;
further anal y#sg is arbitrary , matrix ¢ is arbitrary, from equation (2) we gather that

Vv=Bc  whereB=VN = —mem (4)
20  Inserting equations (3) and (4) into (1), provides: -
T T T .
o (Jprodv - [N"tds- [Nb av)-o
As the c is arbitrary,
T _ fNT TH AV
[BTadv = [NTtds+ |NTbdv ©)

b has the dimension 3 x 1, Nb therefore has the dimension 37 x 1. The right hand
25  side of equation (5) is the forces acting on the nodal points of the FE model of the
vertebra by the vertebroplasty needle. The forces subjected to the nodal points have

components in the x, y, z directions.

At this point, the required constitutive mode] are introduced. This model

relates stress to strain, of the vertebra body, and vice versa.

30 c=D¢-Dg, = memememeee- 6)
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after plastic deformation is therefore not necessary. Thus, the FE anal ysis
is based on a static linear analysis. The weak formof equilibrium

equat i onswor3®9@spr obl ens, subjected to the boundary condCriusay1404s gi ven
by: 43 WD 03/096255 PCT/ US03/ 14042 5 J (Ov) TodV= fSvTtdS+ fVTbhdV
---------- (1) where v is an arbitrary weight vector and holds for any
constitutive equati.on and 0 is a matrix di.fferential .operator.. An FE
formul ati oh o¥hese Bighgspnsgfutye F@Wéf%@&tafrg ﬂgee?g’ralﬁ%@st ﬁrggaéls{’aégssl-sst rain
val ues duri ngdeia&ﬁieﬂﬁﬁﬁh@cdnﬁ_ﬁ%htolfﬂﬁ vbitdbeal bb&y MRIWIREeals shigedted tHRtHeni Ng a

gl obal shape O function Ni belongs to node point i, the displacenent

vector, u, ovierces.meioetetiepde Bsefionis: Uy = Na ---------- (2) Where the gl obal
shape function matrix N has the dinmension 3 x 3il, where nis the 15 total
nunber of nodBesaiss &t he/ wEOlvipgenuasipng Beanddt). @pieaf =By i n question. Usi ng
the Gal erkin nethod, the weight vector v is chosen in accordance with v =
NC ---------- AiBhow ggnation @) hedoimegary , matrix c is arbitrary, from equation
(2) we gather that v = Be where B = ON ---------- (4) 20 Inserting
equations!Q3) and (4) into (1), prowd®Ba-Déx (f BTadv - f NIt dS - f NTb
dv)= 0 As th 1S i TCYdV = f NTt dS + f NTb dV

----------- (S’jﬂmﬁe%gtsﬁ{sﬁg)l{iwn%mngi{l%sﬁ 3 x 1, NTb therefore has the dinension
3n x 1. The right hand 25 side of equation (5) is the forces acting on the

nodal points of the F&%&Vrﬁfaa{yﬁgdsx?ﬁel%@ﬁgB&Bg a/\;er__t__e_{%?]opl asty needl e.

The forces subjected oi nt's have wonpdhents the x, vy, z
'?'Ihr gchi)ggls ) Aﬁo&/mo%nrﬁ)a% Qgﬂdit}orr]lgw[)&lg %!3 Ea%gn 1% oncsotnisitdézjrta..'Sln(.a ’fﬁ%}q grle u"g‘ura?lyi ntroduced.
15 expressed in terms of prescribed traction vector t, natural boundary condition, or a

prescribed displacement u, essential boundary condition. Using Cauchy’s formula, t

=8Sn,: -

t=Sn=honS;
u=g on Sy
20 where h and g are known vectors. t is known along the boundary Sy and the
displacement u is known along the boundary S,. The total boundary S consists of S,
and S;. With these noted, equation (7) becomes: -

([pDBav)= [ Nhds+ [ NTtds+ [Nbav+ | B™Ds, dv
which is the formulation sought.

25  In compact form,

K= _[VBTDBdV = stiffness matrix (dependent on mechanical
property of the cortical and cancellous
bone)

Il

f, = JS N'h dS+ IS N'tdS boundary vector (dependent on initial boundary
30  conditions)
fi= | Nbdv

insertion)

load vector (dependent on speed of needle
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relates stress to strain, of the vertebra body, and vice versa. 30 a-= Ds-
Deo ----------- (6) 44 WO 03/096255 PCT/ US03/ 14042 5 where Dis the
const i t utwoesfed2ss X and Eo contains the initial strains. poTtisab1®4zains is
dependent on the condition of the vertebral body and whether is subjected
to other forces, prior to needle insertion. Because E = Vu, solving
equations (2) ang égﬁ) ives E = Ba. . And now equation (6) becones 10

a' =DBa- De®® And" dgBdfshs (5) now beddhglstrpin vBtoHYRHRIL 2610NTt dS + J NTb dV
+ f BTDso dV ----- (7) Now, boundary conditions would be taken into
consideration. They are usually 15 expressed in terns of prescribed
traction vectigg id the kil wimbedsFuoda iy the FRAhddeDOF, thever@brapihes Krtiabthd

di spl acenent y, essential houndary condition, Usi ughy,' nula, t =
S S oA g Tob Ao 4hdt gL HE RTIRRT VEE s b BRES known
al ong the bouggaidond¥ 3a%d. IR foldbssddé aman@Ntolh JisplkReMVveatbong t he boundary
Sg. The total boundary S consists of Sg and Sh. Wth these noted, equation

(7) becongp: (f BTDBAV ~ = f sh NThe=d§g+#f, f-fo NTt dS + f VNTb dV + f V
BTDeO dV 8 which is the formul ation sought. 25 In conpact form K= f
BTDBdV = sti f%@?sgwr?ﬁfhrei%@ff’ﬂ’é ndent on nechanical property of the
cortical and cancellous bone) fb =f NikfdS + f s NIt dS = boundary vector

(dependent o r-|\7\,7lhcrelrle tf Ihg'sI th(ta) gllilr?e%girc.)}l/ of force. Standard principles to solving these equations
can then be applied to solve the basic FE formula.

15
Modeling Cement Injection During Vertebroplasty

Most bone has both cortical or compact and trabecular or cancellous

components. Cortical bone is very dense and tough while trabecular bone is a porous

20  structure. In the modeling of trabecular bone for the stress analysis purpose, it is
characterized as a cellular solid or foam. The process of vertebroplasty involves the
distribution of a cement fluid under pressure throughout the trabecular bone, filling
the gaps within it and providing strength. The trabecular bone is modeled herein as a
structure like sponge with the following characteristics described quantitatively:

25 relative density, vacancy density, resistance, the potential value, the potential contour
region, volume filled by potential value, determination of the region filled by cement

volume, and the calculation of the potential field.
Relative Density

The relative density describes the volume fraction of solids at each point. It
30  determines how much cement the bone can absorb at this point and at the same time
the resistance for the cement to pass it to its neighbors. The determination of the
relative density at a point is based on its intensity in the volume image. However, the

cortical bones behave signiﬁcéntly differently to the trabecular bone, and the image
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sh g 30 conditions) f1 =f v NIfb dV = | oad vector (dependent on speed of
needl e insertion) 45 WD 03/096255 PCT/US03/14042 5 fo =f ,BTDeo dV =
initial swopaBmazertor (usually zero) If n is the total numwogruses/14eezies in
the FE nodel of the vertebra, then K has the dinension 3n x 3n, a has the
di mension 3n x land the right hand side (fb, fl, fo) have a dinension of
3n x 1. The forces are su d.into a single.force vector £, 10 f=fb+fl+fo
Wi ch gives tREER %&%P&rﬁg@f&nﬁw&? @W&H%ecfﬂlﬁﬁg}fﬁéﬁ?g?so r;[h%rFPQF% .

St andard pri ngpddfse béhetRbnéinigt bd\@FiRed Ortairbiaie degdty 4 barbdrpapplagd to
solve the basic FE fornula. 15 Mddeling Cenment |njection During

Ver t ebr opl asz%%%ﬁ%?&c%%?’{@%;,%corti cal or conpact and trabecul ar or

cancel | ous one is very dense and tough while
t rabecul ar banevhich Axpgr)is the iRegesihtensityrisle (nyizhis thotpd atpgind{x,yrzabecul ar
bone for the stress analysis purpose, . it is characterized agf@ cel | ul ar

, t
solid or foanherpreesH sdaeis dgpsityds dedinpdan bebyspn O8Il Ped deREY oFPOhsaBRit i on of

a cenment {d uiflaipRd pdRhieR KoBol hWaug 1 benchrsthaquis anyeene, filling the
gaps within it and providing strength. The trabecul ar bone is nodel ed

herein as a structure fiLlg.aRppegsyi th the follow ng characteristics
descri bed quantitatively: 25 relative density, vacancy density, resistance,

the potential val Uge vhbiRcP OSBRI EcneSRI BMED cdnfBt Quld BebkETBed dt bbiadl by
potential value, determ nation of the region filled by cement volune, and

the cal cul at i @¥-2f Thoeacapyelensifyat tisgroint cppbedstiped Bensity The rel ative
density describes the volune fraction of solids at each point. It
v(x,y,2)=1.0— p(x,¥,2).
15
The Resistence

When cement is flowing from a first point (x;y;21) to a second point (X2y222),
it must overcome a resistence experience at the first point. The resistence at a point is

characterized as a function of the relative density and the type of the bone material.

20 r(x’ y’ Z) = r(p(x’ y’ Z)ﬁt(xD y’ Z)) *

The Potential Value

For a given target point (x,y,z) the total resistence the cement must overcome
along the path from an injection point to the target point is defined as the potential

25  value. Potential may be defined as

p(x,y,2) = [ 7(p(s),1(s))ds
in which C is the path from the injection point that cement is taking and s is the

increment along the path.
Potential Contour Region

30 Given a potentioal value F,, the contour region of potential may be defined as:

RP(PO) ={V(x,y,z)IV(x,y,Z) ER3/\p(x:y:Z) =P0}-
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30 determ nes how nmuch cenent the bone can absorb at this point and at the
sane tinme the resistance for the cenent to pass it to its neighbors. The
det er m nawoma/ 0258 he rel ative density at a point is base®CaruSod/s4ount ensity
in the volunme i mage. However, the cortical bones behave significantly
differently to the trabecul ar bone, and the imge 46 WO 03/ 096255

PCT/ US03/ 14042 5 intensity of these two kinds of tissues cannot reflect
such di fferences. Therefore the type of the bone tissue nust be defined.
;I'?)e(, r $|, atzl) ;/ei gecwsq:'fé%y{c))teel? erﬂ con ours r S(ﬁ%n% %es thQ gét‘trné)gtssiuffzce\',\f%ﬂ céljner%t%an Z)
the type at pmiacﬂicoﬁmspoytdmg)oagﬁFdﬁQ)dt@mgk-:vahfe ﬂ‘hb aatomse oﬂmmnt wjectondief i ned as
between 0.0 to .this 0|nt is
hol | ow. Wi | éuatéh%faﬂ‘i}‘la%oﬁ Oh%‘éﬁgte?%foqq&rf gorfeﬁrl’ ‘1“9‘“%5? ﬁ'a m“t“ﬁ‘%m gnt(t,y DenS| ty
The vacancy dgmsdsty defines how much cenment coul d be absorbed at point
(x,y,z). The vacancy density at this point can be defined as

V(X,y,2z)=Mg 0-p(x,y,z). 15 The Resi stence When cenent is flowing froma

first point (xlylzl) t secon |nt 2z2), it must overcone a

resi stence experience SKO?’P%%E’?IF’?EE ﬂB?'H’th e resistence at a point is
characterized as a_function the relative denS| f the
bone material. 20 @t Br’p%t?m}a? 9@’% e Wi‘&nevf’fi’?‘ﬁcan I"F@r gf‘ dieé?i[‘g% ue For a
given target pgint (x,y,z) the tot aI reS| stence t he cement nust overcone
along the path froman inj ection j/ rget point is defined as
the potential 25 val ue. Pot ent i A} H ‘(:I as p(x, vy, z) =1 r(p(s),

t(s))ds in which Cis the path fromthe |n ectlon point that cenment is
taking ants is thétheinetentizhalue 4} ohevelwae phibp vacancy Fihe cement filled i

Vol(B)= [ V(p)dp

IS

Determination of the Region Filled By Cement Volume

20 If the amount of cement injected into the bone is V,,, the region filled by the
cement can be determined by:
R'(V,)={R"(P)|P< P}
Vol(P,) =
The Calculation Of Potential Field (Illustrated In 2D)

In the previous section, the formulae are expressed in a continuous form.
25 However, in certain aspects, characteristics are for each voxel. For simplicity of
expression, an implementation algorithm is described below in 2-D form. Thus, each

voxel in the volume image is converted to a pixel in a plane image.

nl n? n3

ne P n4

Eight neighbors of the point P.
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Potential Contour Region 30 Gven a potentioal value Po , the contour

regi on of potential may be defined as:

R' ( Po) ={ Wy»,03/02253/( X, Y, z) ER3Ap( X, Y, z) =Po}. 47 WD 03/ 0962F6TRSI/UBOB/ 14042
5 The potential contour surface determ nes the outnost surface that cenent
can reach corresponding to a given potential value. The process of cenent

injection s just_the cal cul at.i .of the potential .cont espondi ng
to the i ncér easi ng lnglﬁfclﬁoeﬁ ° a\Pé’f‘gZ’sl%’ e O%féglr%l H tﬁ? eelégté)ﬁ}?eﬁé{)(feg(r&ltt&lﬁ éﬁ' Val ue
G ven a potengi gk oMal \easRhowit fdvy ahd e s forkiag b feih if BénotddItlyiNgg).i Bhe

determ ned by; V(P) = M(p) v(x, y, z) dv 15 If the potential value Po,
t he vol ume ofpotdutiavaberfoyeatinpoictemgrtiield is kadulated frvimltherbytebutivn e P) dp

Det er mi nation_of th i on. Fi.lled By Cepen. Vi | f
coment | nj eoUBIPISEAnT N8 cBLrasy, Bl SRS pRINREs fild ) in IR T

can be det er nib figbnbigy usSd Ut the f&RP)d vkl ffom Yelinjedeh psinVO.tp a pdine Cal cul ati on
O Potentj al ield (lIllustrated. I n 2D n.the. previo sect,i on, .t he
fornul ae are g%’ 'e;éeeﬁvq ‘ﬁSt%PCE Wﬁl%lhﬁtéﬁée *‘?{WPMV%%“%@@& Tfj)le delal ¢ ai n

aspects, char@gdn8bisatd £surdato bOW, 8aCH feggf&{ivelf%etﬁﬁgw ) EdptaterRihe €Xpr essi on,
an inplenentation algorithmis described belowin 2-D form Thus, each

voxel in the resibtence valmgepdig Powith éhetnsighbering phickelluitiated aphbove thtrage. nl n2

n3 n0 Pn4 potential value of P can be computed within two sequential raster scans, one forward

and one backward.
15

Forward: from left to right, top to bottom:
L(P)=min{L(n,) +d, *r(P), L(m)+d, *r(P), L(n,)+d, *r(P), L(n)+d,*r(P)}
20 Backward: from right to left, bottom to top:
L(P)=min{L(P), L(n,)+d, *r(P), L(n;)+d, *r(P), L(n;)+d, *r(P), L(n,)+d,*r(P)}

If there exists only one point 7, € N(P), which satisfies:

L(m)=L(P)+d, *r(n) i k=0246; or

25
L(nk) = L(P) +d2 * r(nk) lf k = 1735537;
point 2, may be said to be adressed by P or that point P gives reference to », .

As to the determination of distance metric d; and d,, many kinds of metric
can be used, among which Euclidean distance is the best to guarantee isotropy. Thus
in one implementation, d, =1.0 and d, =1.414.

30
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Ei ght nei ghbors of the point P. 48 WO 03/096255 PCT/ US03/ 14042 5 The

nei ghbors of a pixel P in the bone region are the eight pixels denoted by
n, , i =WP030962557 as shown above and the set formed by wregFmSeyidenot ed by
N(P). The potential value for each point in the field is calculated from
the distribution of resistance and the spatial distance. Each pixel Pis

assi gned a value L(P) that to the gner used for the cenent to
travel fromthe |rﬁ$’é‘€{“’lcc5?r‘f”6"6f"ﬁtéyé‘?#/6” ’%FWE 0%y, z). The two distance

wei ghts for the horizontal/vertical and for the diagonal neighbors are
assumed to be d, and d2 respectively. Letting r(P) represent the
resi stance val ue altat1pﬁtispéc1ﬁ?; voMrhdddthetn@-ghdh @7, ngMBi[x«ah}scdnhﬁrissWrwbﬂd as

above, the potenti al ue _of .P can.be co te tial
raster scans, S“Hﬁ@relsoar%q%d”&ﬂ‘@r fieesgnd ﬂ%}’%ﬂgﬁ Wlﬁigie l‘lf%)r}? Teo[] Itg
rLI( 92; t gp t %Ipqqév%%r Ll(é?))actuﬁl vertebio Iaéty f)rd&ess*XIré}Pl)luord;.s(cﬂpﬁ: mtagdﬁafé r( :3)

n + t to left,

i *r(pP), Lé?? + d2 * ré rd

bot t om t ol@ opeften(usgdisr fiephysicians ¢, 3‘[@1811116@% msmq maza E PIALE n6) +d,
“r(P), L(n7) "'ﬂgmfyr f()a)s}on the sptﬂé%ﬁ‘ﬁle%h&ﬁ SIrFUh'e)ésﬁb@ﬁﬂiéﬁHfd}E tHé‘teEleNng)of whi ch
satisfies: 25 L(nk) = L(P) . or L(nk) = L(P) +

d2 * r(nk) i f vaturae tendering7s enpiaiwﬂd aﬁ& Hﬁﬁ?lnﬁéeds‘%:ﬁf‘éfeﬂlt? sRulafiangeesEdIB o P or t hat
point P gl VeSuk@her et ddndlt paid dhl ohitee 6Hvel B 13d 100 vofiebispnce metric

dl and d2, many nmetric can be used, anpng which Eucli
di stance is tlbreCddG@t to guarantee isotropy. Thus in one inplenentation, dl
= 1.0 and;gd2 = 1.414. 30 49 WD 03/096255 PCT/ US03/ 14042 5 G aphic

Rendering O A Ve rﬁ,ﬁﬂ{gqgé ﬁgée\ﬁuxp PEEHUH: fhjection, the intensity of voxels of patient-

specific data sets from patients with osteoporosis or other fractures of the spine is
modified (e.g., increased) dynamically for a real-time simulation. Before simulation
~ procedures, an intensity value Ip, which represents the full density of the bone, must
20 bedefined. A pre-analysis of vertebra datasets can be applied for the determination of

Ip according to the maximum intensity of the data.

However, in order to enhance the differences between an area of cement and
other areas of the spine, the cement-filled voxels are labeled with a different color
25  from other areas of the spine to allow a health care worker to readily realize leakage

or to determine if insufficient amounts of cement have been injected.

Therefore, it can be useful to use color in the rendering of a data set. Since
most datasets do not have intrinsic color values assigned to voxels, only intensities,
30 transfer functions can be employed to map a voxel intensity to a color (e.g., red, green
or blue). This process is called shading (coloring) in the volume-rendering pipeline.

The transfer functions may be represented as:

Ri=T. (I ...)
35 Gi=Ty (T, ...)
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Patient-specific volunme data sets (X-rays, CT, or MRl scan) conprise
vertebra structures, as well as other tissues and organs such as nuscl es,
heart, Kkiwpeg/osqds so on. However, in an actual vertebroplPaItusopr4erss,
X-ray fluoroscopic inmages are 10 often used for the physicians to determ ne
the position of lesion, and the images mainly focus on the spine of the
patient. g one as&esﬁt_, t herefore, the technique of volune rendering is
enpl oyed d inple ieth Befdre the simulation procedure so that the
representations of patient data can be showed as in the real vertebroplasty
procedure. 15 During the procedure of cenent.injection, the intensity of
voxel s of patient _ngggi,ffgenqj'gqage@@ttrgn%f?r %QP?%QH&@C%O’ESW HAEBFOF osi s or

ot her fract urgge @dspbdiRel§P TH e ifree ARMETE FiRLtR cBn be diffsreEEtl act iRl cal |y for
a real-tinme simulation. Before sinmulation procedures, an intensity val ue

| o, which repFxpieatly $hoyiee qnly 2 fupetios efyheofoxehipteptife, nust 20 be defined. A
pre-anal ygj s of vertebra datasets can be applied for the determ nation of
lo according to the maxi numintensity of the data. However, in order to
enhance the diff erlamey apriceléans ofivolame rendéringdeabiniquesiged Bithsinventiens of the
spine, the ce -fi . . i if I 25 from
ot her areas otgg{%]ﬁeamsflﬁél ﬁgth\[ﬁgﬁg ?’8 Ogldﬁggﬂoﬁﬂué}z;\%}g&\?\g? %2? feﬁfg@c{‘g%rg%tgé realize

| eakage or t oclabsifientionstage fo assign télocitegsthenwish npasity in mestresses)iavexebdain
injected. Therefare, i.t.can he u I . i r I of a
data set. SintSEHEL? thglart%ggrés% ?S'dggﬁ%tselh%\?g%?#ﬁ% %fslféc??ecs% gﬁheﬁpﬁ%léﬁgssi gned
t o voxel s15 onik gxpeatednsbd irdqie. 30thére davsdrethanome phasasr tepoflsementphiestod t o nap a

voxel intensity to color (e.q..,. re en. or .blu .. Thi cess is
cal | ed shadi n’é‘x‘flc‘f%c}’ g‘? °A aic%“’flﬁ'éﬂjscg‘fﬁ%g{%% &F PR m%ililrggeqsllt%-% I, t%sg transfer
functi ons maydiffereheiptcasadtied rapseselliditferdit phdses of cement injdGiowalse ndgl thbe, .. .)

S0 W0 03/ 0962(‘,{565%1115 urlli(L]JuSe y3 /1"1]'1%%1%% Wor5ds,Bs;uch:in1_et1)1si(tiles§L do riot 'e;?ist in the volume data.

Thus, the cement-injected voxels can be labeled with different colors and the

20  simulation procedure can be more precisely controlled.

Generation Of A Biomechanical Model

To build the potential field based on the volume data, a shortest-distance

algorithm may be employed.

25 Shortest-Distance Algorithm

For a known graph
G=(V, E), V={ vy, V2, ... Vo }where vy, Vs, ... V, represent all voxels and a
distance matrix:
30
D= ( dij )n xn
(v,,v;) The distance fromv; to v,
dij = 0 v, =V I
) Otherwise
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VWhere Tr, Tg and Tb are the transfer functions for the colors red, green,
and blue, respectively. These three transfer functions can be different
from eachwotodmpa2ss Typically they are only a function of tRE€THSR&4042
intensity. 10 In many applications of volune rendering techni ques used in
the invention, these transfer fractions nmay be provided as | ookup tables,
whi ch are used during the classification stage to assign color (together
with opacity in nost chd&sy2to-Poxel data according to their intensities.
So the selection of To (which represents the full density) 15 is expected
to be unique. If there is nore than gne phase or step of .cenent injection
i nvol ved, to rendéerhegompwainnql shasteptahistanss Betwesioy itV e PERisdR HEIsaPR sty to
To, these diffglignheintensities that represent different phases of cenent
i njection al so need %o be defined uniquely. In other words, such
intensities do not exist in the volune data. Thus, the cenent-injected
voxel s cayy be | abelk: 140 Adi ffyer emt, €0l or i i rocedure
can be m){be preci gzll%} 1‘@%&;}1{8# ol(%'é)g“’ %Ggﬁ‘@?’é"f %8%8%&t%%§3%@gﬁgﬂﬁiﬁgdgigﬂlﬁgdel To
buil d the potlenieifiaéd 4si el d based on the volune data, a shortest-distance
al gorithm may be enpl oyed. 25 Shortest-Di stance Algorithm For a known
graph &G(Vv, E), v={ v1, v2, ... Vv" }where vi, v2, ... V" represent all
voxel s and a di st ance QraAifBx ( 30« P=(cgF mimxdpi t i}, Vjj ¥ ITRe.dist ance from vi
tovl dlj =0 v, = vj 5P O herwi se 51 WD 03/096255 PCT/ US03/ 14042 5
i,j=1,2,...,n

15 AV B = (min(aj, b;) Jnxn

Letting

D(l) =D, D(k+1) = D(k) % D(l),
20 and
D'=D®VDVV..VD®=(d)nxn

Then d;; represents the shortest distance from v; to v;

25 Alternatively, for an initial distance matrix D;
do {
for i=1;i<=n;it+) {
for (j =1; j <=mn; j++) {
for (k=1; k<=n; k++) {
30 dij= min{d;;, dix+ dig};

}

} while ( at least one dj; is changed)

35 The computational complexity of this algorithm is o().
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The conputation of shortest distance between any two points in the graph G
is as followng. 10 Gven matrix A=( aij )n x n, B=( bij )n x n, the
conput at i wo BePeeENn matrices may be defined as C = A*B =PCTAig3/)494X n ci |
= mnk {aik+ bik}, i,j =1, 2, ..., n and 15 AVB=(m n(aij,bij))nxn
Letting D(1) =D D +) =DKk) * D(I), 20 and D = D(1) V D(1) V... V
D(1) _ (d*ij)n x n Then d*ij represents the shortest distance fromvi to vj
25 AIterna§iver, for an initial distance matrix D; do { for(i=1;i<=n;
i++){ for (j=1;j<=n;j++){ for k=1:k<=n;k+#+){ 30 dij= mn{dij, dik+ dkj};
} 1} ) while atB’f’@}é{gﬂ’t/;E’ﬁ@"'&iﬁ“S?"s”%ﬁﬁ’ﬁ ’dg" 35 The Jcorrput }{atijonal 1
conplexity of this algorithmis o(n3). 52 WD 03/096255 PCT/ US03/ 14042 5
Bui | di ng A Vol une mBaseehtiigtagmiid wikelkiethd vilene asant, ngvabkid ddfi@ingaxel s in the

volune as vl, v2, ... v,,, and defining a distance matri x:
distance matrix:

10
D= ( dij )n xn
(v;,v;)=Cost; If v, andv, are neighbours
dj=q -0 v =V,
+ 00 Otherwise
,j=1,2,...,n
15 Voxels in the volume, except for those at boundaries, have 26 neighbors as

showed in Figure 17. A total 26 voxels are the neighbors of the center voxel.
Suppose voxel v; and voxel v, are neighbors, and their intensities are I; and I
20  respectively, then the definition of “Distance” (Cost) from v; to v, follows the rule:
Costip =disy + (L -1 )*t
Where:
25  dp>p =dy>1, a positive value. It is the real distance between v; and v,, and it is one of
the seven distance-values (d, dy, ...dy) as shown above.
The positive value t, is a coefficient, which is related to the material type of
the bone. This coefficient determines the proportion of distribution to the cost from v,

30  to v, between the distance and the divergence of their intensities.

It should be noted that the Cost;, could be either positive or negative.
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10 D=(d1 )nxn (v;, vi) = Cost; If v; and vi are neighbours dlj = - 00 v;
=V i +00 Gherwise i,j=1,2,...,n 15 Voxels in the volune, except for those
at boundawpDes/09d28ve 26 nei ghbors as showed in Figure 17. PATIUSOEN4025 voxel s
are the neighbors of the center voxel. Suppose voxel vi and voxel v2 are
nei ghbors, and their intensities are Il and 12 20 respectively, then the

definition of “Distance" (Cost) fromvl tq v2 follows the rule: Costl2 =
d1>2 + (12 - o e G D %e%“iﬁ‘%ﬁie,zd% LAt o a P 19O 5 ¢ he
real di stance gieiaBBMa¥he 86 vildes (BAHdY vbRelPRBy Rive 168Pand@YE Do cost value, _

di stance-val ues (dl1, d2, ... d7) as shown above. The positive value t, is a

coefficient, whictheisgraadltped to the material type of the bone. This

coefficient determ nes the proportion of distribution to the cost fromvi
30 to v2 between the distance and the divergence of their intensities. It
shoul d be not ed t h&tconlily, fotlstvibz thxabode dhertestiiseancepagorithmethe findlegsaiti ve. 53

WO 03/ 096255 PCT/ US03/14042 .5.Thus the initipal distance trix.Dis
Hor i ved baboq Eea g ls ohBingd Byt ey i ok e aiandt, MeRr i die gotps
val ues ( boundalie/d™y GepeésentsEie 1vssecdsefbth vaxdl vodany othecastl wal ue, and ot hers

are all +co. Secondly, follow ng the above shortest-di stance algorithm the
final result 10 distance matrix D* is obtained. For every row of the

matrix, for exanpl ®inalig thd fosftidwof tHeligedlion brigi@ [y @oaMtte defifed. OV@Bthe cOSt from
voxel v; to arg]‘\és ot her voxel vj . Finally, the position of the |njection
origin 0 shoul®ft5ee Bakimed 2l Werapste frem b Bicqhieieorit 1R o+ OMeNROISES cost s
fromthe i3] eqhbom Phds@bdbtshrd MtRRM 18R IestRAIS] FoxsCandkReyddOWBarddd1@se costs
are attached to the destination voxels, and they are _reParde as

the potential value. Thus based on the volume data, the potential field has been

derived. Different injection origins will have different potential fields.

It should be noted that in actual applications, only a sub-volume is involved in
20  the computation of the shortest-distance algorithm. A subvolume is a portion of the
volume. Instead of working on the entire volume, in one aspect, focus is on a subset

of the volume where interaction between a tissue and medical device is taking place.

In this way, time complexity can be cut down remarkably and optimization of
25  the process achieved. Additionally, in this algorithxﬁ, the surface definition of
anatomic objects is not necessary. This feature enables a user to the system to
discover the leakage or insufficient injection of cement during the simulation process
because no surface is defined and no boundaries confine the flow of cement any
longer.

30

Rendering Based On The Potential Field

During the procedure of vertebroplasty simulation, in the every iteration of the
rendering process, the voxels with same potential value are rendered into “full

35  density”. To provide a more realistic simulation procedure, iteration of the rendering
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t he potential value. Thus based on the volune data, the potential field has
been derived. Different injection origins will have different potenti al
fields. Iwogbnowd28s be noted that in actual applications, oRCI/EBIFu4Y0l une
is involved in 20 the conputation of the shortest-distance algorithm A
subvolume is a portion of the volunme. Instead of working on the entire

vol une, in one aspect, focus is on a subset of the volune where

i nteractioh betopesers dividebmtresensral press.cad teewkde with sarakpatentipl wbe.ard n t hi s

way, time co it .GU rk . t.Ldm i.on of 25 the
process achi g\%gﬁééeﬁ%ﬁ%?%&%@yl,%pﬁg%wnggﬂglda%ﬁwwﬁr?g? ﬁgaséstrjgrteﬁ%&é efinition
of anat om c bintlechere] m thxodveneiteg®a oy the Tdrdsridgabensg vexddwalsmaredsar to t he
systemto discover the.|eakage..or. insuffici i nj.ection of .cenent during
The i mut at i ofhgwsel AR EBSugRL s P et R SRS AT TR | oo
confine the ftawiofotariabrilusamy finikiedgeihg reddemier drviongs Bik aclgiBoridhie Pot ent i al
Field Duri Qg %hg rocegur of vertebroplasty simulation, in the every

i teration ®f PigBer RolRbR VNG 25 Benduo PIKESSyoxel s with same potential val ue
are rendered into "full 35 density”. To provide a nore realistic sinulation
procedure, iterati t . ering 54 WO 03/096255 PCT/ US03/ 14042 5
process is divi dedﬂlﬁﬁ%gs@\?lgﬁlg phases, and the voxels with sanme potenti al
value are increased to the o (which represents the full density) in these
phases step by St eRpucfyEA NS BliraloYalibR MBI MALAL LRk, Lhe fendering
process, voxels with nore than one potenti al ue are considered. In

ot her wor d§, Bettmriningpeopetiy velnes fpoxaiels. viihe magping &mctigns aproimpletieated wal ue ar e
finished being fendering, the voxels with neighboring 10 hi gher potenti al
val ue are taken into process. Mpping Functions Figures 18A and B
illustrate various mapping functions useful for 15 determ ning property

val ues for voXeagUCthe mapping functions are inplenmented as foll ows.

float a=1/ (Fmax-Fmin);

unsigned char b=UCmax-UC min,
20 Jor (intx ...){

for (inty . ){
Jor (intz .. ){
UCdata = (unsigned char) ((Fdata-Fmin)*a*b + UCmin); //arithmetic
casting

25

UCmapF()

foat a=1.0 /(1.0 * (UCmax - UCmin));
float b=Fmax - Fmin;

Jor (intx ..){
30 for (inty .. ){
Jor (intz .. ){
Fdata = (1.0 * (UCdata-UCwmin)) *a*b + Fmin,; //arithmetic casting

With these mapping functions, the properties at every part of the vertebra can be
35 visualized. For example, in Figure 19, the blue region on the image indicates the part

of the vertebra with a density value greater than 8.0.

Various other properties can be modeled by the simulation system, all of

which are factors affecting cement distribution as shown in Figure 20 and 21. These
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Fina UC float a=1 / (Finax-Fmn); unsigned char b=UCrax-UC mn; 20 for
(intx ...){ for (int y ...){ for (int z ...) { UCdata = (unsigned char)
((Fdat a- Fwaioa)p9é2as *b + UCmi n); //arithinetic casting 25 PCT/USU&ZmaptO
float a=1.0 / (1.0 * (UCmax - UCmn)); float b=Finax - Fin in; for (int Xx
...){ 30 for (int 'y ...){ for (intz ...){ Fdata = (1.0 * (UCdat a- UC ni n))
*a *b + Finin; //arithmetic casting Wth these mapping functions, the
properti esS at inelyds, pupaie notdimited do:y/ide fpp erd sizriiee mwdle; forpgifeedbatk. For exanpl e,
in Figure 19, it he: ' : ' 1 ndi : e
vertebra wt hwg&)glgaéﬁﬁ 35%113)% tg{]téﬁla?gﬂl?ﬁi nt%ﬂ‘%ld"@%rﬁfdg%@&é? ﬁ’@tf’mﬁﬁfﬁfgt I es
can be nodel everighrat Kismshirmiscasityon theytneeafiinjedtion af inflygncestbyasueh fagiotsas s

affecting ce bst.ri but i i | .QUre. 55 WO
031 096258 PCT UL A 30l 3P 2 PofaRARloR ploc B St AhhnrPRSRy 2 T
si ze of the nthedipe of tanaeufededbhagieed vi the pdymyrizafion precasedeendsatn thdhe ti me of
the injection_and. bi onechani cal properties of e vertebra. nt
Ui 'scost £y 10t "BRESkRERERon At BRPaRrh Frodi b PERL R Bt puflt o
pol yneri zat i ofualiBjstedivert ukdte 26 ajsdigutall. o opé apes sthel sitduli@ion eyseni
preparation and, the type of cepent used. The _speed aof the, pol ynmerization
process depen‘é)‘aéabﬁlﬁ3 ‘“ﬂ?&%ﬁgﬁ glafine o one At MERE @ fheger?ﬁpéﬁtas tf’(?ﬁ]ﬂ)%’?% re, anount
of free cont agduty b tBé simABEHOA NMEhe simulation system can be used in pretreatment

planning to determine the ideal needle placement as shown for example, in Figure 22.

15  Instill other aspects, the system may be used to simulate one or more complications
which may ensue during a vertébroplasty procedure such as shown in Figures 23A

and B.

Although the above modeling exemplifies a vertebroplasty procedure, the

20  same principles can be used to model other types of medical procedures and to
compute forces at each node of interaction between a medical device and tissue. For
example, the system may be used to simulate vertebral venography as shown in
Figure 24. Other medical procedures include procedures involving operations of
medical devices including but not limited to: incision; dissection; injection; pinching,

25 cutting, suturing, vertebroplasty; an orthoscopic procedure; biopsy; angiography;
venography; arteriography; vertebral puncture; administration of an anesthetic such as
during an epidural injection, delivery of therapeutic agents, grafting, transplantation,
implantation, cauterization, reconstruction and the like. Procedures may include
release of heat, light, ultrasound, or an electric field from a medical device, for

30 example, as part of a therapeutic regimen. Therefore in certain aspects, the system
database includes data relating to biomechanical properties of tissues after exposure to
one or more of heat, light, ultrasound, or an electric field, and/or after exposure to a
therapeutic agent (e.g., such as a drug or therapeutic molecule such as a nucleic acid,

protein, eftc).
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quality of solvent used. See, also Figure 21. In one aspect, the sinulation
system database conprises data relating to one or nore of these variabl es
t o enhancwotodmoe2stcur acy of the sinulation. The sinul ati oRCIYSOHMean be
used in pretreatnent planning to determ ne the ideal needle placenent as
shown for exanple, in Figure 22. 15 In still other aspects, the system may
be used to sinmulate one or nore conplications which my ensue during a
vert ebroplasty prdystur @tsicinclade shigione ieprefantptioasol2@licabdeyidss asAh¢yhough t he
above nodeling ex lifies a ver 0 st r [ the . 20 sanme
principles ca %eetgrurgsﬂgfa alf%mtr%aﬁ%elwéég ﬁ%?e%t @SFS)%SS og gﬁnglg?%aglfmtpsr% c?((:1 ‘dures and to
conpute forces at each node of interaction between a nedical device and

ti ssue. For exanple, the system may be used to sinulate vertebral

venogr aphy as showWiriationsringdifieatidps, a@ biber impttineatatipnsofedhat describddude

i ted to: e ko bbbl i e SPVHRF s PPl

sut uri ng, 1ver irdiseqfal Ashieyinventiowsad deosibeparel qiimed Hereid;and suwwhsyriatagi ogr aphy;
venogr aphy; arter.iography; vertebral puncture; . admnistration of an
anest heti c su’t’?ﬂ‘ﬁﬁ%at%aﬂrafl%ﬁnéﬁn FHeET 4l G?WFQETSF%W‘,C{H]WB% F8PS°'81° t her apeuti ¢
agent s, graf tinfghtiohr anspl antati on, inplantation, cauterization,
reconstruction and the like. Procedures may include release of heat,
l'ight, ultrasound, or an electric field froma nedi cal device, for 30

exanpl e, as part ofacR of the patIREHdSE, fRatsBilent IHRTceIdAE St Inté@EdoRhIN aspect s,
the system database includes data relating to bionechanical properties of

tissues all erampkigriony eiyrepcedhaeiyarefpsorrasgtediggheir ¢ntigriies hefpily asound, or an
electric field, and/or after exposure to a therapeutic agent (e.g., such
as a drug or {HheriaraitddGs:mol ecul e such as a nucleic acid, protein, etc).
56 WO 03/096255 PCT/ US03/ 14042 5 System outputs include real-tine
representations of medical devices as they nove through and interact with
different tissues of a virtual patient's body. Variations, nodifications,
and ot her inplenentations of what is described herein will occur to those
of ordinary skill in the art wi thout departing fromthe spirit
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10 and scope of the invention as described and clai ned herein and such
variations, nodifications, and inplenentations are enconpassed wthin the
scope of wbas/oparsenti on. Each of the publications, patentCTASI®NL042
applications, and international 15 applications referenced herein are
incorporated in their entireties herein. Wuat is clainmed is: 57 WO

03/ 096255 PCT/ US03/ 14042 CLAIMS 1. A systemconprising: a database
conprising data for generating a geonetric nodel of at |east one tissue or
organ and data relating to bi onechani élAIMSperties of the at |east one
tissue or organ, wherein the at |east one tissue or organ conprises

het er ogeneous bionechanical properties; and a program for displaying an

i mge of the ?t % Qﬂgb e or organ and for sinulating interactions
bet ween a nedi cal Ice a € tissue or organ. 2. A system conprising:
a dat abase conpr|5|ng dah&mmmmom@ﬁﬁngdﬁmgngmgﬁnmgh@hmnﬂﬁdﬁhdabfmlmmturality
of tissues and/or rgans and da el t.0 blOﬂE hani 1%ogq es
lural ity of t1 ssubE aa D Peah Bt Blbe By e 2ptpsyen e iifasheor
the plurality of témsises oaﬂﬁh/a@rwhe@ahgalem @i ohOfissBé BAUrgdnl ddghptisek er act i ons

bet ween a nedi cal device and.the sues and/or organs. 3. A system
conprising: an exp¥OFABERNS Pl fﬁﬁp eftiggaihase comprising data relating
to biomechani cal prOpearﬁrbgam%r@gpwyﬁ@%lﬁa@ctﬂtﬁesmea@tronerugs%eora@ﬁfei n the
at least one tissue or organ conprises heterogeneous bi onechani cal

properties; and a W&%%ﬂ??ﬁ‘?g@%ﬂ%ﬁbﬁﬁve&n? medicatericranddatissupPenent ed by

a organ.

2. A system comprising:

a database comprising data for generating a geometric model of a
plurality of tissues and/or organs and data relating to biomechanical properties
of plurality of tissues and/or organs;

a program for displaying an image of the plurality of tissues and/or
organs and for simulating interactions between a medical device and the

tissues and/or organs.

3. A system comprising:
an expert module comprising a database comprising data relating to
biomechanical properties of at least one tissue or organ, wherein the at least
one tissue or organ comprises heterogeneous biomechanical properties; and
a program for simulating a treatment method implemented by a

medical device interacting with the at least one tissue or organ.
4. A system comprising:

an expert module comprising a database comprising data relating to

biomechanical properties of a plurality of tissues and/or organs, wherein the at
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medi cal device interacting wth the at |east one tissue or organ. 4. A
system conprising: an expert nodul e conprising a database conprising data
rel ati ng wo o3pp@sechani cal properties of a plurality of tiPSIUSe3/as0dl or
organs, wherein the at 58 WD 03/096255 PCT/ US03/ 14042 | east one tissue or
organ conprises heterogeneous bi omechani cal properties; and a programfor
sinmulating a treatnent nethod i nplenented by a nedical device interacting
with the pluralitylegf obd Ssues oagad/composeg hetstogéneoThldomyahtmpal pfopertigs;of ¢l ai s
1-4, wherein at Ieaanﬁt one tissue or organ is froma patient to be treated
for a condition using the nedical device. 6. The systemof claim®6, wherein
the condition is a pathgirogym for. sinkiiietigy:stremaift nethat imfemehial g n t he
condition is an injur. r .wound. .8. The system of any of clains 1 - 4,
wherei n the dat aba%‘% lg%ﬁﬁYlf%@@raﬁ‘é‘i‘%Wl ﬁﬁeﬁq’fﬂgyPgnsﬁP?fﬁg&?]i U&Sf tissues or
organs froma plurality of patients. 9. The systemof any of clains 1 - 4,
wherei n the database conpri ses dzlita r el ti_ngFfeo the.interactiop of a

medi cal devi cé wi t hresetemof prpeficlagme 1¢h wherangf leag oge fissps e 1§ 982 one

patient. 10. The sysitAMm 6 wradidd Bf a 64rAitih uding it mddidal MeicecONpPri si ng an
interface for sinmulating contact between a user and the nedi cal device.

11. The system of claim 10, wherein the interface comunicates with the
conputer nmenogy thﬁ%”sg@tefi’lo%Bﬁﬁ‘§,isﬂ{eréi1@t}1%%?ﬂiﬁ61§ﬁtalp9ﬂﬂ01‘6’g§.h the database.

12. The system of any of clains - 4, wherein the nedical device is a
needle. 13. The systemof any of clains 1 - 4, wherein the system

conpri ses program 4 t] . Sl i i f the medical
p prog y’ﬂ{%]?s&gt% I[;Jf‘aﬁﬁn 8,%he§%§"§ie%ﬁd]ﬁoxﬂg )a{?rﬂﬁgr?lﬂ %ulﬁ.

devi ce on the body o atient to gnhose and/ o Feat the patient for a
condi tion. 59 WD 03/096255 PCT/ US03/ 14042

8. The system of any of claims 1 - 4, wherein the database comprises data

relating to properties of tissues or organs from a plurality of patients.
9. The system of any of claims 1 — 4, wherein the database comprises data
relating to the interaction of a medical device with the at least one tissue or

organ from at least one patient.

10.  The system of any of claims 1 - 4, further comprising an interface for

simulating contact between a user and the medical device.

11. The system of claim 10, wherein the interface communicates with the

computer memory through a processor in communication with the database.
12.  The system of any of claims 1 - 4, wherein the medical device is a needle.
13.  The system of any of claims 1 - 4, wherein the system comprises program

instructions for simulating an operation of the medical device on the body of a

patient to diagnose and/or treat the patient for a condition.
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14. The systemof any of clainms 1 or 4, wherein the operation conprises
insertion of the nedical device into at |east one tissue or organ. 15. The
syst em ofwoloaiopa23zl, wherein the operation conprises i nser PCErUSO$/140he

medi cal device into a plurality of tissues. 16. The system of claim 15,
wherein the plurality of tissues conprise tissues having different

bi omechani cal properties. 17. The systemof any of clains 1 - 4, wherein at
| east one tisbue cBrpyitsesf bord claims] offh evhesegt therppdrativh &pmprises inskréiori n t he
bone corpri ses cortigal .o, SQARAGH PRNG enfAdOL: Sl gbecul ar bone. 19, The
syst em of claimi13d &rern the operation conprises renoval of a

bi ol ogical material froma patient. 20. The systemof claim19, wherein the

bi ol ogi cal materi conpri ses. | east one el |l suspected of.conprising a
pat hol ogy. 21i'The ¢¥§§H935m~a%%ﬁ&%ﬁ?“ﬁ%@%@ﬁﬁnfﬂgpﬁgfﬁﬁ?1&@0?@ecancer. 22.
The system of cl aimiedichl 6¢vidkSnto Wpiralith of fi8usdper ati on conprises injection of
a mterial. 23. The system of claim 13, wherein the operation conprises
vertebroplasty. 24. The system of claim 13, wherein the operation
conprises an .t NOBRQPEEm oPEIFBED. kercBithe JlARLSYSTRMeObortdrdb Miskds Wher ei n
the operation conmprises_a biopsy. 60 WO 03/096255 PCT/ US03/ 14042 26. The
system of cl ai m 22aviggdifirent ploaieshanical BIPPEStpri ses one or nore agents
selected fromthe group consisting of a nucleic acid, a virus, a peptide, a
protein, a drug, a small nolecule, an inmaging agent, a chenotherapeutic
agent, and altadi Bersstapetiayolshang 1 - 4vhergpatdgast @iatisue SATAPHIes Boug s 1 -
4, wherein the nedical device conprises a probe for delivering ultrasound,

radi owaves, photodynanmi c therapy, an electrical field, mcrowaves, x-ray
t herapy, and heat .The system of claim 17, wherein the bone comprises cortical or compact bone

and/or trabecular bone.

19.  The system of claim 13, wherein the operation comprises removal of a

biological material from a patient.

20.  The system of claim 19, wherein the biological material comprises at least one

cell suspected of comprising a pathology.

21. The system of claim 20, wherein the pathology is cancer.

22.  The system of claim 13 or 19, wherein the operation comprises injection of a
material.

23.  The system of claim 13, wherein the operation comprises vertebroplasty.

24.  The system of claim 13, wherein the operation comprises an orthoscopic
procedure.

25.  The system of claim 13, wherein the operation comprises a biopsy.
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28. The system of claim 10, wherein the interface conprises a nedica
device and a manikin for receiving the nedical device. 29. The system of
cl ai m 10, watvafed2as t he i nterface conprises a robotic arm ®copisesi14oa2t he
medi cal device. 30. The system of claim 10, wherein the interface conprises
a needl e assenbly, 31. The system of claim 30, wherein the needl e assenbly
conprises a curved frane. 32. The systemof claim 10, wherein the
interface conprises a mechani sm for simnulating resistance agai nst

I nsertion and%\ﬁ Qltno?élaittﬁ"@ TRdichithe Hﬁi@rlﬁﬁcom Aises ohB 6r S¥RLgM@ccor di ng
to claiml0, erein e nechanismis capable of varylng t he resi stance.
34. The system of acleatemﬁmlthmgremmsmmﬁeigmglem@ yEinses pedideradi ng to the
si mul ated pl acene e i 1 WO
03/ 096255 PCT/ USO ri%‘aé ﬁﬁgggs %@5%15@%%? aaf%lren?{tﬁﬁe?‘%g%?dp\%\%gﬁ‘gf’rﬁ t he
mechani sm conpr i semda redivtherepdutic agenair yi ng a|r pressure within the
interface. 36. The systemof claim 10, wherein the interface conprises a
mechani sm for providing continuous haptic feedback. 37. The system of
claim 10 or 387. WiHiesystet b€ anynifeidiace - G;O)Vﬂ’mréiﬁﬂﬁ medtmbcteafciesommﬁs@sapr ovi di ng
directional feedbac 8 The system an ai ns 4. further
conprising a graphf e] ?llgf’rf%'éa?sﬁumgBMVE%PE%?’]&WIPW DRy abase. 39.
The system of clai é&&&;al nblersichwahes, ghanhéegy, ahdhat.f ace di spl ays an i mage
of the at |east one tissue or organ. 40. The system of claim 38, wherein
the graphical interface displays an image conprising a plurality of
tissues. 41. Ihe symdeMlofcht 10, Ihefin A intddhRE Edribrisbea @kditRAsticeuid ti ssue

conprises cortical or_conpact . and/ or cancel | ous or trabecul ar bone.
a manikin for receiving the medical device.

29.  The system of claim 10, wherein the interface comprises a robotic arm

coupled to the medical device.

30.  The system of claim 10, wherein the interface comprises a needle assembly,

31.  The system of claim 30, wherein the needle assembly comprises a curved
frame.

32.  The system of claim 10, wherein the interface comprises a mechanism for

simulating resistance against insertion and/or movement of the medical device.

33. The system according to claim 10, wherein the mechanism is capable of

varying the resistance.

34, The system of claim 10, wherein the resistance varies according to the

simulated placement of the medical device in a given tissue type.
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42. The system of claim 38, wherein the inmage is a volunme rendered i mge.
43. The system of claim42, wherein the inage is generated at |east in part
by finitwoeBemest nodeling. 44. The system of claim 39, WRIEFUES0n140ME
graphical interface further displays an inmage of a sinulated nedical
device interacting wwth the at |east one tissue or organ. 62 W 03/096255
PCT/ US03/ 14042 45. The system of claim 44, wherein the graphical interface
di spl ays i magéd si i SEER@Lgletn 3 of Fe vheginche maehprise cBPPREsadedce Bdi ti on
of the at |east ongyyihj 85 PRsRke PHiliAMe ifirfacthe system of clai m 45, wherein
the images are displayed in real tinme. 47. The system of claim 39, wherein
the graphical interface displays one or nore controls for controlling the

movenent and/ gg OP@RALLERDS Clairh 16, WHRAIE e 1EY¥IcE SomprkRs o MBnam¥R{HM Of any of

claims 1 - 4, wherein"the systemfurther conprises an I nformation
managenent syst em prooridimgreagfimiguctaptic edbeck t he dat abase, 49. The system of
claim48, wherein the informtion managenent system conprises a search
engine for retrieving data relating to a tissue or organ in response to a
query from a @%er The dybtemofshioml0 6036, Mheregythe mbarfate cingirivesdBnechieismi N t he

i nformati on managepent stemis apabl e of conparing data relating to
different tissues gﬁa?"é@n&‘gfaeﬁ%‘?na %?&fft'}% system of cl aim50, wherein the
system further conprises a graphical user interface and wherein, in

response to t comparing, .the ste i ays a. .sel ected . e of at
| east one ti sgge 0 eosryétﬁﬁ.‘)f%@c’tsﬁ\{aé@ a&ﬁ‘%@é&%?%ﬂ%aﬁaaﬁ&%ﬂﬂq%?%ﬁﬁb pr ogr am
instructions, the gmagEddition Rehthecdatadis. conprising: i. first conputer

program code for identifying an interface in comunication with a
processor, wherein the interface is capable of sinulating contact between

a user and t hegnediTEsdysteR\of 6Bim 38 Gvherein the graphical interface displays an image of

the at least one tissue or organ.

40.  The system of claim 38, wherein the graphical interface displays an image

comprising a plurality of tissues.

41.  The system of claim 38 or 40, wherein the at least one tissue comprises

cortical or compact and/or cancellous or trabecular bone.
42.  The system of claim 38, wherein the image is a volume rendered image.

43.  The system of claim 42, wherein the image is generated at least in part by

finite element modeling.
44.  The system of claim 39, wherein the graphical interface further displays an

image of a simulated medical device interacting with the at least one tissue or

organ.

62



ii. a second conmputer program code for running an application, the
application conprising instructions for sinulating an operation of the
nmedi cal dwoismI@ns at | east one tissue or organ in the bodycafusas/pasl ent,
63 WO 03/ 096255 PCT/ US03/ 14042 wherein the at | east one tissue or organ
conpri ses heterogeneous bionmechanical properties. 53. A conputer readable
medi a contai ning programinstructions, the program_ instructions
conprising: af>firEie oompef ehimibgrheraie g rapbicalipferzcedipplays WnePnt er f ace in
communi cation wi t hydyREACEIIP e MUIRGEALYide MG b b 85A@ER df Thet@RERIGe OF

si mul ati ng contact between a user and the nedical device; and b) a second
conput er program cléges grorganunni ng an application, the application
conprising instructions for sinmulating an operation of the nedical device
on at |east one tissue or organ in the body of a patient, and for

di spl ayi ng: i #6.an Tiesystemfof akninh é5stheramethe irpsgee argdisplayetingeakpmiesi ng

het er ogeneous bi onmechani cal properties or ii) an inmage of a plurality of

ti ssues and/ or organs, wherein optionally at |east one tissue or organ
conpri ses het#®r og&itaystsmboif ol By wiesdin the geehicaldsterfind disphgs aenpuicee

dabl di f i m 52 .53, wherein t tj.ent . diti t
be-di agnosed and) ot EPEATSam By tH e BREFATTLah CxBO S L i Festabl 6

medi um of claim 54, wherein the condition is a pathology. 56. The conputer
readabl e nedi um of _cl aim54, wherein the condition i n inury. 57. The
conput er readadl e P?oﬁyﬁfﬁ’i“# any ofiolpims I - ‘@?eé?lﬂﬂ’tel‘%“%%frg‘lq‘éﬂﬁnﬁf’é ses

information management system for managing data within the database,

49, The system of claim 48, wherein the information management system
comprises a search engine for retrieving data relating to a tissue or organ in

response to a query from a user of the system.

50.  The system of claim 48, wherein the information management system is

capable of comparing data relating to different tissues and/or organs.

51.  The system of claim 50, wherein the system further comprises a graphical user
interface and wherein, in response to the comparing, the system displays a

selected image of at least one tissue or organ.

52. A computer readable media containing program instructions, the program
mstructions comprising:

i. first computer program code for identifying an interface in
communication with a processor, wherein the interface is capable of
simulating contact between a user and the medical device; and

il. a second computer program code for running an application, the
application comprising instructions for simulating an operation of the

medical device on at least one tissue or organ in the body of a patient,
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vertebroplasty. 64 WO 03/ 096255 PCT/ US03/ 14042 58. The conputer readable
medi um of claim 54, wherein the operation conprises an orthoscopic

pr ocedur ew0509/096Eke conput er readabl e nmedi um of claim 53, RaFESOH140ME
operation conprises biopsy of a tissue. 60. The conputer readabl e nedium
of claimb52 or 53, further conprising a third conputer program code for
nodi fying the sinmulation based on the i.nputs received fromthe interface.
61. The conputer readabVeersigdheahleast cap HisHe gooTasn ComPTisGHRetEZeBMPr i si ng
program code for nodi fybagHaigalPrdpstiRti on based on patient data received.
62. The conputer readabl e mediumof claim®61l, wherein patient data is
received over the internet. 63. The conputer readable nmediumof claim®6l,

wherein patient dahg GOMRE fafble ﬂ@&@@%@%@gﬁ%ﬁl ihétﬂl@ﬁﬁg?@%%gd ff operties

of at |east one tissue or organ int 64. T ter readabl e
medi um of cl ai m 52mnsiwméroas epmpnemgedi cal device conprises a needle. 65. A

nmet hod for sinmulating pro re | t . A _fed cal. vi ce,
conprising: a) provi diaﬁg a gg glgglg{é{gg 1S rﬁscfggeggéggg@gﬁggdﬁilﬁg %Cg(fn
bi omechani cal  proper tdoesmmfcatién Wilag prooeseort whareia tigrinteriganis cdppblpef f or m ng at

| east one step of sinulating the interaction t he. di cal .device with i)
at | east one tissue orSI%'rllatél% ¢ %ﬁgrlie 1979 aﬁ‘%?é?%glg ﬁé%{?%ﬂ%gfc(%h%lg hani cal
properties; or 65 WO O3/ 096 25bcddTobtdpitay pkdgidd code for running an application,
the
application comprising instructions for simulating an operation of the
medical device on at least one tissue or organ in the body of a patient,
and for displaying:
1) an image of at least one tissue or organ comprising
heterogeneous biomechanical properties or
if) an image of a plurality of tissues and/or organs, wherein
optionally at least one tissue or organ comprises

heterogeneous biomechanical properties.

54.  The computer readable medium of claim 52 or 53, wherein the patient has a

condition to be diagnosed and/or treated by the operation.

55. The computer readable medium of claim 54, wherein the condition is a

pathology.

56.  The computer readable medium of claim 54, wherein the condition is an

injury.

57.  The computer readable medium of claim 54, wherein the operation comprises

vertebroplasty.
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ii) a plurality of tissues and/or organs, wherein optionally at |east one
ti ssue and/ or organ has heterogeneous bionechanical properties. 66. The
met hod ofwoleaiopa28%5, further conprising the step of operat iPag/usag14o2li cal
device to effect a diagnosis based on the sinmulating step. 67. The nethod
of claim®65, further conprising the step of operating the nedical device
to treat a patdi,ent sed on t si myl ati.ng.step., 68. .The nethod of claim
65, further ctgr%ﬁ)ri Ps[? %ﬁo%ﬁu Ir%atta?lﬂanﬁenalggﬁficgﬁn %%’ vierqis heOPEratiop GOMPESESof  t he
device into a pl ur ah otthosedpichirbéedn@nt ti ssues or organs conpri sing

di fferent bionmechanical properties. 69. The nethod of claim®65 or 68,
further conprising simulating insertion of at |east a portion of the

devi ce into at9l eaShe Qtfputdr $EdELIO MMMV CRAABE, viHleRGn (HIRHEHAFEIBDHSes
bi omechani cal properties. 70. The nethod of claim 65, erein the at | east

one tissue conprisBSPHIHESSUPL. The nethod of claim 65, wherein the bone
conpri ses conpact and/or cancell ous bone. 72. The nethod of cl ai m 65,
further conprising simulating the injection of a material into at |east
one tissue. 780 Th&hggammyeer sfadehlemediom of glair 62 ar 13 &urther ¢seprisivgp tiises
operating the nedi | r fﬁf‘ﬁ“ y . 3 e tissue.
72. The net hod of %guﬁggéﬁﬁgggi%%e ﬁg%%}ggﬁgg%%%%égﬁ%g%@%rel ating to
a patient to be tredvediiemsihegntetiecenedi cal device. 66 WO 03/ 096255

PCT/ US03/ 14042 75. The nmet hod of cl aim65, wherein sinulating the
interaction conprises displaying one or nore i mages of interactions between
the nmedi cal déVi ceTkmabmpater readatle mediumiof slan 576 53T hethaetdngdlisinf polgginm 75,

further conprising. proeviding. interface for Jmul atin ontact between a
user and a medi cal Co?ilg3‘?/%1126({2%3%\%%%}%}%%{1%“8%?%&8@ patient Gafl recerved.

62.  The computer readable medium of claim 61, wherein patient data is received

over the internet.

63.  The computer readable medium of claim 61, wherein patient data comprises
data relating to biomechanical properties of at least one tissue or organ in the

patient.

64.  The computer readable medium of claim 52, wherein the medical device

comprises a needle.

65. A method for simulating a procedure implemented by a medical device,
comprising:
a) providing a database comprising data relating to biomechanical
properties of at least one tissue or organ;
b) performing at least one step of simulating the interaction of the
medical device with
1) atleast one tissue or organ comprising heterogeneous

biomechanical properties; or

65



with the interface by the user alters display of the interaction. 77. The
nmet hod of claim 76, wherein the nethod further conprises providing haptic
f eedback wo oBlhgs2eser through the interface. 78. The net hoscafusos/aiom 65,

wherein the device conprises a needle. 79. The nethod of claim#65, wherein
t he net hod further corrpri ses the step of nodeling tissue deformation. 80.

The met hod of claim 65, re| n further conpri.ses.t step of
model i ng the notion of a t1 ssu%plﬁﬁa?lg’rbf[éﬁsq?bﬁ‘ﬁ{/‘i’rﬁ{r%arnﬁ’c GB%HBWHOPE@' i ssue or
organ with the nedi cal devi ce. 1efsf one tissue and/or organ has heterogeneous

biomechanical properties.

66.  The method of claim 65, further comprising the step of operating the medical

device to effect a diagnosis based on the simulating step.

67.  The method of claim 65, further comprising the step of operating the medical

device to treat a patient based on the simulating step.

68. The method of claim 65, further comprising simulating insertion of at least a
portion of the device into a plurality of different tissues or organs comprising
different biomechanical properties.

69.  The method of claim 65 or 68, further comprising simulating insertion of at
least a portion of the device into at least one tissue or organ comprising
heterogeneous biomechanical properties.

70.  The method of claim 65, wherein the at least one tissue comprises bone.

71. The method of claim 65, wherein the bone comprises compact and/or

cancellous bone.

72. The method of claim 65, further comprising simulating the injection of a

material into at least one tissue.

73.  The method of claim 65, wherein the method comprises operating the medical

device to remove a portion of at least one tissue.

74.  The method of claim 65, wherein the database comprises data relating to a

patient to be treated using the medical device.
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75.

76.

77.

78.

79.

80.

The method of claim 65, wherein simulating the interaction comprises
displaying one or more images of interactions between the medical device and

at least one tissue.
The method of claim 75, further comprising providing an interface for
simulating contact between a user and a medical device and wherein contact

with the interface by the user alters display of the interaction.

The method of claim 76, wherein the method further comprises providing
haptic feedback to the user through the interface.

The method of claim 65, wherein the device comprises a needle.

The method of claim 65, wherein the method further comprises the step of

modeling tissue deformation.
The method of claim 65, wherein the method further comprises the step of

modeling the motion of a tissue or organ upon interaction of the tissue or

organ with the medical device.
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