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Rel ated Applications This application clains priority under 35 U.ﬁ$€.

119(e) to U.S. Provisional Application 60/273,733, and to U S. Pr 5§P3W§|
Application Serial No. 60/273,734, both filed March 6, 2001, the entireties
of which are incorporated by reference herein. Field of the Invention 10 The
invention relates to a systemand nethod for sinulating i nage-gui ded nedi cal
procedures, particularly those relying on interventional and/or diagnostic
devi ces such as catheters. Background of the Invention Interventional
radi ol ogy provides an alternative to open field surgery. Interventional 15
radi ol ogy began as a discipline for diagnosing and treating vascul ar di sease
(e.g., such as narrowing of the arteries). The interventional radiol ogist
typically uses a catheter inserted into a blood vessel through a puncture
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position catheters and/or other devices within a patient, or failure to
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scans, and the like. Depth percegtlon is Lacking and it is dlfflcult to
learn to control the O 6 SEP 200%¢ L gh the spatially
arbitrary linkage. A mstake in this environment can be dangerous. Wt hout
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simul ati on device for surgery and
through a puncture in the'skiii to gain internal access to the vascular system. Using medical

imaging guidance, ite catheter is navigated to a target site (e.g., such as the site of a diseesed
tissue) where it can be used as a conduit thyougli which to pass therapeutic devices. Minimally

20 invasive procedures relying on interventional radiology, including lapraroscopic surgery,
cardiovascular interventional radiology, and neurointerventional radiology, have tremendous
potental to reduce patient discomfort, complications, hospital stays, post-procedural recovery time

and total medical costs.

However, despite the advantages described above, minimally invasive procedures also pose
25  nsks. Failure to properly navigate, orient or position catheters and/or other devices within a patient,
or failure to properly recognize an anatomic area or pathology to be treated may result in serious

Injury to a vein, artery, organ, or other intemal tissue structure.

Interventional radiologists must perform the delicate eye-hand coordinated movements
needed to navigate catheters and therapeutic devices while viewing scanned images of the patient's
30 body cavities or lumens on a flat TV screen. The images are obtained from X-rays, CAT scans,

MRI scans, and the like. Depth perception is lacking and it 15 difficult to learn to control the



i nterventional radiology procedures. Translation and rotation of the

sinmul ated catheter can be tracked and a conputerized control system and
recording device are enployed to provide a programred proceduré}ﬁ/\ﬁﬁPc?{]US
provides a realistic "feel”™ to a user of a surgical procedure. WO 99/16352
descri bes using graphical representations_of a surgical instrunent and area
of 10 the body in which a procedure is being perfornmed to aid an operator
using the surgical instrunent. WO 99/ 39315 descri bes a vascul ar access
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mani pul ati on by a user and a portion conprising a second end insertable into
a simghated (53 Patent No, 6,106,301 describes a radiology interface apparatus and peripherals, such as

mock medical instruments, for simulating performance of a medical procedure on a virtual patient.
The mterface measures manipulations of system peripherals and transfers these measurements via a
processor to a medical procedure simulation system.

Summary of the Invention

25 There is a need to have a highly realistic simulation environment for {raining and pretreatment
planning of image-guided, medical procedures such as vascular catheterization, angioplasty,

embolotherapy, drug infusien therapy and stent and coil deployment.

This invention is designed to assist physicians in their training and in preplanning of
diagnostic and therapeutic procedures performed in the vascular cardiovascular catheterization
30  laboratory. In addition to providing realistic visual feedback and interacting with essential devices,

such as are found in a cardiovascular catheterization laboratory, the simulator also provides active



body cavity or body lumen in a mani kin. The mani ki n conprises an interface
for receiving the portion conprising the second end and for interfacing
with the sinulated body cavity or lunmen. The 10 mani kin further coggrng%uﬁa
directional force feedback nechanismfor exerting a directional force on

t he medi cal device in response to a feedback signal. Preferably, the
directional force feedback nechanisntprov?des resi stance to forward notion
but enables free reverse notion in response to the feedback signal. In one
aspect, the directional force feedback mechani smconprises a rolling
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‘inclugﬁ, but are not limted to, a catheter, guidew re, endoscope,

| apar dscope, brnoargl%ggrsz?sggct, the systertn further comprises a tactile feedback mechamsm which can

provide continuous vibrational feedback to a user holding the medical device. Tactile feedback can

be provided through a continuously rotating motor in communication with the portion of the medical
device comprising the second end. The tactile feedback mechanism can simulate such parameters as

25  blood flow, respiration and the like.

Preferably, the position of at least the second end of the medical device relative the simulated
body cavity or lumen is continuously tracked. In one aspect, the medical device comprises an
encoder for tracking the translation of the device and an encoder for tracking the rotation of the
device. In another aspect, the system comprises a racking unit comprising a light source, a signal

30 processing circuit, and one or more optical sensors which are placed within the interface. Light from
the light source reflects on the device when it is inserted into the interface and reflecied light from the
device 1s received by the one or more optical sensors of the tracking system, enabling the movement
of the device to be tracked. [n response to detection of changes in reflected light, the system will

simulate movement of the device in real-time on a user display.



coil, balloon, a balloon-inflating device, a surgical tool, a vascul ar

occl usi on device, optical probe, a drug delivery device, and comb) §HEPIH
thereof. In one aspect, the systemconprises a table on which the mani k| nis
pl aced. The table can 10 conprise a processor connectable to the network.
Addi tional ancillary equipnent can include, but are not limted to, foot and
hand activation switches, radi oopaque confrast dye injectors, hand operated
bal l oon inflation devices, and nonitors displaying various simulated
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movement of a catheter through a blood vessel (e.g., such as a blood vessel in the heart or brain or
another organ). In one aspect, the system further simulates deformation of the body cavity or lJumen

by the medical device.

The system also can comprise a simulated scanning display for displaying
25  atwo-dimensional image of the simulated body cavity or lumen. In one aspect, the scanning display
is part of a simulated scanning device. For example, the simulated scanning device can simulate an x-
ray imaging system. Both the simulated scanning device and scanning dispiay can be coupled to a

movable C-arm within scanning distance of the mamkin.

To enhance the rezlism of the simulation, a re-configurable control pane! (e.g., a touch screen)
30 can be provided for performing one or more of: image acquisition selection; image display;,
manipulating a table on which the manikin is placed; manipulating the position of a simulated

scanning device relative to the manikin; and control of one or more shutter devices for limiting a field



buttons, check buttons, radio buttons, dialog boxes, command |lines and the
| i ke), enabling the second 10 user to select or change one or MO SEP. 2005
anat om cal and/or physi ol ogi cal paraneters of the sinmulated body cavi%y or

| umen. Sel ection of a selectable option causes the three-di nensional inage

of the sinulated body cavity or lunen displayed to the first user to change
to reflect the changed anatom cal and/or3physi ol ogi cal paraneters sel ected
by the second user. 15 In one aspect, the first user display interface .
provi des access to a database and in response to this accessing, the system
di spl ays ad viewage seemding deviedilaatl withingcaghing diadnice nf thematiien. flihe systarsdso adinspl ay
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resi st anceniO: fiSoRichiPA et \RlecRUSHIHGRheNRAL . thus sinulating injection
of a fluid through a syringe into the body of a patient. 0 6 SEP 2005 6 The

friction-producing el enent can conprise one or nore rubber pads, each rubber
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cavity or mteniia. 10 of a patient conprising providing a syringe as descri bed
above and providing a signal to the syringe,

The invention additionally provides a synnge for simulating fluid delivery, comprising: a
housing defining a lumen comprising an opening for delivering a fluid,
a pushing element for pushing the fluid through the opening, a friction-producing element in
25  communication with the pushing element, and a motor in communication with the friction-producing
element and comprising a signal-receiving element. The friction-producing element will cause
friction between the pushing element and a surface of the lumen of the housing when the motor is

activated. Activation of the motor 1s responsive to a signal received by the signal-receiving element.

When activated, the motor causes motion of the friction-producing element, causing the
30 friction-producing element to contact the surface of the lumen of the housing. This creates fricuon
between the pushing element and the surface of the lumen and causes resistance to the motion of the

pushing element, thus simulating mjection of a fluid through a syringe into the body of a patient.



t hereby causing friction between the friction producing el enent and the
pushing elenment. Delivery of fluid to a body cavity or |unen can geSE}FL@&ed
inreal-time on the screen of a first and/ or second user interfag
invention also provides a balloon-inflating device for sinulating depl oynent
of a balloon 15 within a body cavity or Junen of a patient. In one aspect,
the device conprises a delivery nechanismfor controlling delivery of fluid
(e.g., such as air) through the balloon-inflating device to the baIIoonL a
pressure sensor. for nonitoring pressure of fluid delivered, and a
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conprising a sErondreerialiqryeyidesd mekas far Sinnaling @eid Borgnoiatpiatpdy pavidy umsnen
|2 N i el RGoRpY g%ﬁr%dxdﬁg%ﬁ%was Mesgﬁbédqm ol pF ALYt oG 1h es a
dlrectlona orce ack chani'smand in responge to a feedbac hal ,
the di recthe@hnlcawsmgérectfoe@d@a@rkthﬁémt‘iamp@ﬁmcn@gfé@m@é apdtbi pehmeelemgnt d?emﬂd of
mot i on of cal Oibe b QY5 E018E GVE | 06
Sep 2005 P TP Qlbe HLEN e ARE SRl b I o ioREute®, [
body of aingafarent. In a preferred aspect, the user experiences tactile
feedback as well as directional feedback. The first user of the system can
access a dat ab%qn%nzsmlﬁﬁpﬂ\ha@rasvafmlmnmg%WQJ fobgqmlaﬁns @éﬂl&)}n%ﬁt SyhalibHEENS
froma plurality of different patients. For exanple, first user can
requedt awithiapraedesnvay oohimeh o2 préieic freensiaserge th eb@e éﬁrsmsa%@ﬂlamtméhmsgpl ay
I nt er f ace et Hind el My bEia deyvises, asralr) HESRRRRahGont 1nh§marglgﬁ§esfoqge bal8&n,
exanpl e, the user "can select a Sui tab

i nt er f acea pssursasnion faImogitefinerpyess e of fé&ﬂ@é‘?h‘rﬁwd flﬂldrﬁe Ekiﬁmdfila?reégﬂﬁbmﬁter fr can

sel ect 2 SELACLARLE ARLLARI vPEAYHAGH Qfud: Bt lRGT Tl F5RABSR R Lhe
user's accesstng the database I n one aspect he system al so
superlnpogegmaﬂﬂhm@exdkﬂnnsﬂoﬁEHMﬁ@Hﬁ@gmnhanrﬁwﬂﬁﬁoKheﬂmewwdwheKdéV|ce on
the regpre [ GavL t

i mut 28 6P Rt S0e Sichh Gdfoct YLt Ued LFAL AL SR eic e SHR AT,

| umen in simalate therdepbrynteheofdibsiddomye. g ninfrficuoe deflation) within the lumen of a patient; i.e.,

the system can be used to simulate a balioon angioplasty procedure. .

The system also can be used to simulate other operations of medical devices, such as a
surgical procedure (e.g., such as removal or repair of a tissue structure), injection of a radicopaque

25  isotope and the like.

The mvention further provides methods for using the systeﬁ described above. In one aspect,
the inventicn provides a methed for simulating the movement of a medical device in the body cavity
or lumen of a patient, comprnising: providing a medical device comprising a first end for manipulation

30 by auser and a portion comprising a second end inserted into a simulated body cavity or body lumen
in a manikin. The simulated body cavity or lumen in the manikin comprises a directional force
feedback mechanism and in response to a feedback signal, the directional force feedback mechanism

creates resistance to forward motion of the medical device but allows free reverse motion, allowing a



as the user mani pul ates the nedical device which is interfaced mnth t he

mani kin. More preferably, the systemalso sinulates deformation mw mgdy
cavity or lunen as the first user sinulates 15 navigating and/or oy

t he nedi cal device. The user can experience one or nore sinulated

operations of the device, such as a surglcal procedure, injection of a

radi oopaque dye, balloon deploynment, and the like. The first user can

mani pul ate a plurality of nedical devices using the interface of the

mani kin. In response, the systemw || sinulate the novenent of each of
these deviisesseoly sxherichpe Be saseion st wingghagev2a in tedofnele paror. dxanpfeacdt he
system cap, §ét”igé g&?&dﬁﬁe&@%&f AaBx ROVLIPAL: A8 ol delBhciCat heter to a target
regi on of , en a balloon catheter, an then positioning a balloon
depl oynment device (e.g., such as the one described above) in proximty to
the bal | oon Ca'}h %Irgtr 54 ofltf{lf ksﬁ&rﬁ cg)n acge%g Lﬁ&tglfatspg{ﬁ?e doxgensmnﬂ etsh€§ spect
the system al so simulates ca navi g #e stent
cat het &r tzonttelslend kamgei frmreglpomalxtgamithlﬁaemgaamdmes tf@lrhompla;le‘;elfm;teehrbyn teheesbal | oon
catheter to de st ent rther ystem siyul at es
ol | enbol PETIRY Fhe 0 i b5 ey e SR8 Blatteiat poRE T Ve e s

I Nt er act sregpdnbe fohkis BBREdigN FoyexaRPRY thi: ek darCidaed Qiitablg tigteikrdsplagedorcae| wire
into the, sipul ated body cavi.t

t he system simul ate venment of
each of tHésEC @wa@e}gpwtﬁ%%mt@?mwra%rgﬁmsceag}ml%%wfa?n el R REPFTT st
user's di gphayd bniheifiatRe ifesheab alelueerQREdeosinOMe 8atgBd.r 0l interface
provi ded as part of the system(e.g., a re- configurable control panel or

t ouch ¢creen) rOV|d s the yser with a S, e%table ﬂptlon for ggacq E
the cOf1 fromT 656"3?" P T PHEPRPSE P EEICUR TS P H &R B ERY R E°dPTG S
the coil ﬁ@ndeealnelaélegretsmrfrbﬁ bethe Body cavityeorilimén ePréfanblyl e sy3enDdimtaRs g@r een of

the first user spl interf SEP 2005 8 A second r also can
i nt eract W’t’?ﬁne‘t"h%‘}’ gl C%}sdswcwa*uw% ?h%f“i%ﬁf tugIer yree aes %tgagﬁe‘ﬁrr
above. Fogs @Xad¥phenipthes ﬁﬁ@rﬁbﬂda]l-t&ef&e GBidh 6§ isRtadkdavihand 1|n§1m(1ﬁr Momageresdlyect ed
by the second user from § databfse on the first user's disp Iaé i nterface.
The secontle§¥dsm glspsigpiass dﬁ o of the Bpdy RXITY of IHFER P BR figh LT APEleF o t he

first j8ISefavifadhg SAATHcBloyRE tHRAkdAicaf dedict.l BhdlisBOca0X%RPeGk: SR ont Or FOCUNRMted he 5
progress of one or more first users, and/or _to introduce procedural

vari abl esORIRIONE Sfrthedevirsetich 65 ¢ wEtical proceslis TAEEOR Ak? PACRRATERIEnRIloon
deci si on- a@dya@nabid inkhigs of one or nore first users. In a particularly
preferred aspect, the systemis configured to resenble a cardi ovascul ar

por formed A { TP egron PPt REaPRET Iy B9 SN BT AL e S e IPCAE P LoE REREPor s

gui dewi r esn Bi@dnal fhersygmdwailmdmeltnﬁso&eﬂqehaﬁleaaiﬂoftthmdwuels en \hie \Mdt mgers display
patie é %hflc nedlc e data sets in a nner .si.m

encou Fh 2T &M %é ¢ 5&5%‘8&%?’8“”@#?%‘?“58% 7 pHigHine s %fsﬁéat?i“‘g’ﬁ? Bl Erhe

obj ects aﬂglohe,atmrb@ay,@fﬁentarmua)dmvcemeﬂep BnCAl Pithetdearalsedeploomeht Wetibe (e.g
reference to the

such as the one described above) in proximity to the balloon catheter to inflate or deflate the balicon.
In another aspect, the system also simulates inserting a stent catheter, navigating the stent

catheter to the target region, and using the balloon deployed by the balloon catheter to deploy the

25  stent. In a further aspect, the system simulates coil embolization in a body cavity or lumen of a
patient. As a first user interacts with the manikin by inserting a catheter, guidewire, and coil wire into
the simulated body cavity or lumen, the system simulates movement of each of these devices in the
simulated body cavity or lumen on the first user's display interface. A selectable option on a control
nterface provided as part of the system (e.g., a re-configurable control panel or touch screen)

30  provides the user with a selectable option for detaching the coil from the coil wire. When the user
selects the selectable option, the coil 15 released from the coil wire in the manikin and on the screen of

the first user's display interface.



foll owi ng detail ed description and acconpanying drawi ngs. 15 Figure i is the
bl ock di agram of a simulation system according to one aspect of thﬁﬁ P 900
invention. Figure 2 illustrates a perspective view of a system acco é? a}éo
the invention. A sinulated patient (6) or mani kin houses tracking and force
f eedback assenblies. Sinulated nedical devices are introduced into the
sinul ated patient via a user interface bok enbedded within the

patientl manikin (e.g_. through the groin or axillary area, ir_ the case of
a simlated catheterlzatlon lab). A first user (1) 20 navigating and/or

depl oyi ng S|nuﬁaﬁ@dddéWP%@§md@ﬁmﬁé“ﬁﬂh?QEF@EYB&“%ﬂﬁ%@Bﬁamﬂg@ﬁwﬁwgyﬁﬁﬁ@érd|ng
to one aspiet F@rfexgxlﬂﬁle Y &bAORer &h gHﬁlgy §pérﬁcﬁarm-nggé%e@ycég%9@&%@&% '[lger\ﬁ%l:n' ous
conponents of a system processor according t one aspect 0f the Invention.
Figure 4 it datablsook thdifagruasts skl imgerinas: |Hu§ew§mmcamﬁm pargoetorsdf thg one
aspect _of qr YLl nges,
S arm  hasiioef HepRiEN e e R kL R P €St e R B G YRR i
connecti opsogwist bf dreer spst Bt PEOCEESO 1A mﬁp@}ma erdsAdurdlvastlrlet thst cihbe nedhanrktcal
struct ure of &, L acklng, system.and,actiyg! of se feedback, oAl ructure
accor di ng °f 820RE BsFa ot K PAVEStE fof " TRAR of catheters and
gui dewi res. can be used in a given S|nulat|on. The translatlon and rotation
of each devi ceInaarwrtimbzslurpeﬂemsii asgec8 Ohel sysiemnerdrdizued coterrshle Forrdexawphe,

cat het er . FRSHERRP0Ehg S A ETHE Pt M bR AR Rl B, BREED et S
of the t ra&:rkmregacsyeslp eﬁmpaltad: thmpe\mc faolrec@s fgeei@lhaekarslynheemeawdl deheesm rea]-

trackifhy SErE deea e o B S pRer Bt Ao L TR e or
nore opti (ik&iclﬁﬁd’:lS@ﬂ'oSeduFd gure 6B shows a tracking unit and catheter device 5
configured as a | oop which can be used to sinulate pushing, pulling, or

twisting. Figures 7A and B sho :ﬁ?EEmQFH%L%? %hQW%sOf a directional force

f eedback nmechani sm according t nvention. As shown in
Figure 7A, a wheel coupled to a nmotor directs forward novenent of a
si nul at ed cat hEteetjchrod faruaesoh the trerntsoraeby eattet endetseood il refeenesao et er .

Forward a?ﬂeQBﬁﬂ¥%?%i§%£ A %j&Q&“&$U%Lmﬁ“ Qrces a rolling el enent coupl ed

to the ca I que s creates resistance to further
forward notion. A dlscontlnuously rotating hand - provides a sensation, of
vi bradfon. Fi gugwer Shblgk dlegipnEa gipubfior RstemIcPiigede erfetipect ol the inveptigpaf t )
and a cross-section through the oblique slot. Figures 8A 1 -3 and B shows

the structure ghue2sisuh@d @E’erﬁa}éétidﬂ@&%ﬂahyﬁerﬁ a&&mlﬁgg@dm@kentleﬁchamlﬁma
according to one aspect of the jnve %lon ure A shows a crgss section
gd

through t R&ep5(0) awg?rtﬂﬂaml&r:s ke g Wéfifém SSTRRPIE FigUipEd s1sdisHsges are
Cr 0Ss- SeCiduRBudeB iR BR sirifardd RAMANEE B¥d iSte@ice HoRemB@HeE &ithin the patient/manikin

(e.g.. through the groin or axillary area, in the case of a simulated catheterization lab). A firstuser (1)
20 navigating and/or deploying simulated devices can be monitored by a second user (19) according to

one aspect of the invention.

Figure 3 is a block diagram showing various components of a system processor according to

one aspect of the invention.

Figure 4 is a block diagram showing vanious system inputs according one aspect of the
25  invention, such as touch screens, footswitches, syrninges, C-arm, hand-operated balloon device,

feedback structures, and their connections with the system processor.

Figure 5A illustrates the mechanical structure of a tracking system and active force feedback
structure according to one aspect of the invention. More than one set of catheters and guidewires can
be used in a given simulation. The transiation and rotation of each device are measured using

30  incremental encoders. For example, encoder A and encoder B measure the translation and rotation of



Figure 9 shows a simul ated hand-operated ball oon-inflating device according
to one aspect of the invention. A pressure sensor is used to meagﬁég 'sm
pressure of inflation of a balloon attached to a catheter. The s '1:'
signal is processed and transnmtted to the system processor. A user can read
the 20 pressure value froma display nonitor or froma piezoneter as shown
in the upper portion of the Figure. A usér also can feel pressure
transmtted back froma catheter port fromthe balloon during the inflation
process. Figures | OA-D show re-configurable control panels according to

di f f er ent 2&gipelet. sespictivie Figyedl ioa bloch diagpguiwstratingstoows nentsefaheigciormysiem
simul ati O'Anc?élc%k@@aré‘ect%@cfb%@% !%191 AR EFINEGLHRE w'itp‘?né SJYUER é}r&@ssofl gure 12 shows
a desktop sinulation syste pretreatnent planning conprising a re-
configurable control panel ure 13 is a flow chart show ng the steps of a
si mul ati on protieys %&B?WIT%§ dﬁfgewﬁgaﬁ@tﬁe%’@te@famotfﬁeg frRreeneep! g igve8Em™ 2005
10 Figure i4 aélw&% AhieR Su€al Sk ATBAs @gu}édﬁ 80U L HEBBA &ni :Ind‘%atﬁ%;t%e@ﬂ:{eon
system accor d ing'to t I'nvention. Figure 15 shows physi cal nodel of
vascul ar denfazueddcs désdpoehichatan baiadhio sam latrepusinpgitpuBuigi ortteistisg. sy st em pr ocessor
according to the invention. 5 Figure 16 illustrates creation of a physical
model of a bodmgﬁéymn@@shé@%ry@éﬁﬁh vmggm&%nm fcs}@@fe@o%ea@&ec%mgrne
invention. Detalled Description The invention provides a systemfor the

si mul at i oncofdingragee gikded thretieohdn. pkobedurdszandA, 1 ohestseirbadso efmotrsidiertt he
same.  The (Y stam Galn0 A8 EOL A BhIS NS Sl B 1O muBLEL AL Tent
pl anni ng, "as we erapeutic device gn, devel opnent nd eval Uation.
Definiti orfswﬂ'marfckﬂdwmwanign@ievfmqﬁlﬂtq sowieer, a"m@eqmrlmhnaetbnfeor ccslpédntcf the catienarsntovin ch
are used i | upl ed
to" ré er é)Bltl%wgiort 9«&:] HW 8¥6a| 3 dcgv:: !!éilé{eelg Ffor\par¢ %%H%I}e %?scglft%q?ﬂgrg apxg%ha%?

anot her. Amvéles Hemi'satmayjf béraﬁeﬂDB@bﬂeWBcsbu\pd edonruppaé theembing Iel;mcmljplgeai siadr) and
another el enent of fhe system As used herein, "within scanning distance”
refers to aoéfg'?tcén%er?/\ﬁ 5 Pe%G 0% enough to the manikin to pernit display
of an image of the sinulat ed body cavity or lunmen on the scanning di splay
20 of the systEmrepA8Ausaedd Behevhthe smuotue elonfiinglated byrengsorithradbrep &agebatkr ef er s

to adi Splrr?eXhajnmnechcgrﬁgngQ o Jsﬁéc?gf B8 vention. Figure 8A shows a cross-section through the

15  longitudinal axis of the device while Figure §B shows a cross-section through the tranverse axis of

the device.

Figure 9 shows a simulated hand-operated balloon-inflating device according to one aspect of
the invention. A pressure sensor is used to measure the pressure of inflation of a balloon attached to a
catheter. The sensor signal is processed and transmiited to the system processor. A user can read the
20 pressure value from a display monitor or from a piezometer as shown in the upper portion of the
Figure. A user also can feel pressure transmitted back from a catheter port from the balloon during

the inflation precess.

Figures 10A-D show re-configurable control panels according to different aspects of the

invention.
25 Figure 11 shows a scaled-down simulation system according to one aspect of the invention.

Figure 12 shows a desktop simulation system for pretreatment planning comprising a re-

configurable control panel.

Figure 13 is a flow chart showing the steps of a sumulation process according to one aspect of

the invention.



or nore selectable options (e.g., in the formof action buttons, radio
buttons, check buttons, drop- down nenus, and the |ike) which can be

sel ected by a user and which can direct the systemto perform opgrigPiu(s) .
Preferably, the one or nore options can be selected by touch. The control 25
panel can be nodified by a user (e.g., by inplenenting a system program
which alters the display, causing it tol!8isplay different selectable
options) thereby "re-configuring"” the control panel. As used herein,
"providing access to a database"” refers to providing a sel ectable option on
the display ofigareddaiusgesd e igireahsm vighe neseitedftastinulgiarsesen hecosding terthe o

di splay innges,,or data stored wthin the database, or causes one or nore

i nks to be displayed which, when sel ected, causes the 06SEP2005 11 system
to display the inmages or data. In one aspect, the systemdisplays inmages or
data, or |inksFigere 1p seqyes riwsigd rzedeliof vissulpotisieandglerice dair yhigh carrhe isgpdie@imidy a
user. In isplay. L nterface provides a "query input field"
into mhicﬁgﬁﬁﬂéﬁgg%uggﬁ%Fﬂ%%gtgygtgﬁgﬁand the sel ectable option is an

action button for transmtting the query to the system 5 As used herein,
the tePm "in coawanlb dbswses apatian of epasisalmpdehed adisfy Fawty f blgod yessed pgegrding to
conponentdgaikﬁg§%gnkggm ecei ve input data from another system or conponent
of a systemand to provide an output response in response to the input

data. "Qutput” may be in the formof data or may be in the formof an
action taken by the system or conponent of the system As used herein,

"depl oynment of a balloon” refers tggiifel®hscriphibation or deflation of the
bal | oon. 10 As used herein, a pathology ~affecting the structure of the body
cavity or lunen"” is one which nmeasurably alters at |east one physical
property of thErHBERPUERRIOVIFeHT SYStRTRiPr thegunylating qf dpagenguided WF&TQFG%W&&&W"
refersot onRuREOPEIsIg MWa6R. MRL 3)RSn ER HeNBeStoF HEh ML AN LertiBOAORMie-BhaRROY
cavity or |unen which is neasurabl e, %enerally wi thout the aid of a |abeled
nol ecul ar P5REBS;2s EH thexapsplicede visyissigm de piepsent el valiatet| ood vessel i ncl ude,
but are not Iimted to: 15 elasticity, thickness, strength of ventricular
contracti gRSnitiv@ascul ar resi stance, fluid volunme, cardiac output, myocardi al
contractility, and other related paranmeters. As used herein, "a volune

i mge" is a stack. of two-dinmensional. D) _imges (e..g.., of .a ho cavity or
| Uneny or i ent el oA G VR PR et e G s St B8 g
"accessi ngriaebhodyngaui ty or |umen” refers to a device which can 20 be
maneuvered in the body cavity or |unen. "Maneuvering"” refers to the ability
of f"‘t 1% east abgyﬁ e§8g4%19,f "CE)ltbquF%t ?erfa{}glo. d?rlégtfo?‘%l%irgu{t cg%gmg%rbr%eel n{(gfta 5 t#rplt(p a
cavity or |unen wWhi l'e retar'ning rotational or or war ransl ational freedom
of novenentotheAs Auskdehignaibe, remavablyrrpepledertpeomakntreauplf whaeihcedlemanebiies a
devi ce forskkgatnent (e.g., stents, stent-grafts, balloons, coils, drug
delivery 3%V|Ces), for diagnosis (e.g., imging probes), and for 25

pl acenent of other nedical devices (e.g., guidewires). Some devices, such as
cat heters, canAhesge herein, "within scanning distance" refers to a distance which is close enough to the

manikin to permit display of an image of the simulated body cavity or lumen on the scanning display

20 of the system.

As used herein, "a re-configurable control panel” refers to a display interface compnsing one
or more selectable options (e.g., in the form of action buttons, radio 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 more options can be selected by touch. The control

[
L

panel can be modified by a user (e.g., by implementing a system program which alters the display,

causing it to display different selectable options) thereby "re-configunng"” the control panel.

As used herein, "providing access to a database” refers to providing a selectable option on the
display of a user device which, when selected, causes the system to display images or data stored

within the database, or causes one or more links to be displayed which, when selected, causes the



multiple functions. In general, the terns "an interventional nedical device"
and "device for accessing a body cavity or |lunmen" are used interchangeably.
As used herein, a "know edge base " is a data structure conpri si n@ef%‘:qi@ nd
rules relating to a subject; for exanple, a "vascul ar properties KndOW ([Ee
base"” is a data structure conprising facts 30 relating to properties of

bl ood vessels, such as elasticity, deforrétion, tissue and cellul ar
properties, U6 S E P 2005 12 bl ood fl ow, and the like and rules for
correlating facts relating to vascul ar properties to interactions wth one
or medi calsy@hexviocmlay,@m iusgcds dn@ntei In ong abpend, @it syniera disployd iadg@ dadste, crrérhmts to a
stat ement iaz?segglfl% i onse Certa' ptth¥ sEe?nC}gor Ser. ftx)monea ec 3\? ai

est abl i shédl goy § RtV °Adnd expe¥ or® A ATHY a pf”Fdj rgce

dat abases pedvidai kla:rue}ynﬁqyut ﬁdl@éxrhmsfé]sh t}ASisdI&adlnlpeﬂ‘ﬁquary and th@ét@euﬁb e 8ytidneiftin
conprises a.progr for | ying the rules of one or nore know edge bases
to data proiAPdamcn rng}smgﬁxggé aﬂmq}efﬁgmknow{ edge base(s), thereby
enabling the know edge base(s) to be queried and to grow. Preferably, an
expert 5syst em aonged haes, a tdnnf'er @rteinicangi wigh Weieasdto eltaddilzg ot heseysk em t o

mani pul ate i uttscgata froma.user to arrive at one or nore 12 gosm bl e

answer s taorap%ﬁa P O¥F 19 L CTEEHIPYL A R TEP SR P ET YO OR CURREFR oL § SR ﬁ}dstB
CONpri ses pewiRGHButp@irePYMR AR CesPRIDLYLS BPutFh@I I'OGphi enGWe ieiht fSindf eat@br ABY
active rule along with facts relating to prem ses on which the rule is

based. As bai¥ehe FP@FQF?’P‘“‘%E%%F%W%F}@ m@"CHﬁPa?eé‘éo%l PEEK™ epr esenti ng at
| east a portion of a body <cavity or lunen" is a system which displays a

t hr ee- di mensi onalised ape@aseRplalmen oo billen' wicey B althe wifiaies oddefafiort dfehetfalb@ASt
a portion of the body cavity or lunen on the interface of a user device in

communj.cati on hes ste ed "dter ne the, best fit
ot wedh the gemnbtr JHeR T Rutbn! dutdRE (eRES B s R T TR PR b ¢
di spl ayi ngneasult:e:er&srht Rhdtofie piiysibl frgesl ofthpbody @nitpbr lluhneﬂ.dew ce and
simulating its placement within at |east a portion of the body cavity or

| umen. 20 As u?xs usel(?% l n"asu%y? ?aqélro(é?@?'?gt%ﬁé %ropeg}t %{ﬂ%h re(?z]\tgs ok %%H,S&ure %I‘ operty

of a device,
i ke. As usze@lnheﬁaequy cé\atyphymmma»&hlqmdmleasofab’a gkemadie'w:uhsutahmdmﬁariawalamn of a
reconmended

molﬁ%glea?;i'ge r fog%xarrg&e (F#Wsnca?ﬁg)ae ofaeqooqae se mc ude %ut a{e not rmtgcbt%s basi s

for makingt esi Vi Ce base -specific
data. 125 ABastustg,dhﬂaErreen Brength g otdmane csmratceé'nsrefseﬂs rmstaacmlfhuuca‘&dhtrye ofrdiac

interactin c.onmu at n_operating system As used
herein, " 8??& g?cayilﬁonqaéﬁ’létf" 08’ S/ega?eéjé)rarame mat oni cal , and/or physi ol ogi cal
data acquired by nmedical inage rmdal ities such as X—ray, MRI, CT, US,

angi ogr aphy, videwdobemer s, vobmediynage" is a stack of two-dimensional (2D) images (e.g., of a body

cavity or lumen) oriented in an axial direction.

As used herein, a device for "accessing a body cavity or lumen” refers to a device which can
20 be maneuvered in the body cavity or lumen. "Maneuvening” refers to the ability of at least about 50%
of the external surface of the device to fit within a cavity or lumen while retaining rotational or

forward translational freedom of movement.

As used herein, an "interventiona) medical device” includes a device for treatment (e.g., stents,
stent-grafts, balicons, coils, drug delivery devices), for diagnosis {(e.g., imaging probes), and for
25  placement of other medical devices (e.g., guidewires). Some devices, such as catheters, can have
multiple functions. In general, the terms "an interventional medical device™ and "device for accessing

a body cavity or lumen” are used interchangeably.

As used herein, a2 "knowledge base " 1s a data siructure compnising facts and rules relating to a
subject; for example, a "vascular properties knowledge base™ 1s a data structure comprising facts

30 relating to properties of blood vessels, such as elasticity, deformation, tissue and cellular properties,



di rect physical and/or electronic neasurenents. 0 6 SEP 2005 13 As used
herein, "a best fit" between a sinulated path for a sinulated body gﬁgﬁtmﬁsor
| umen and a sinulated nedical device refers to one which requi res[]

m ni rum anount of deformation in the sinulated surgical process that takes
into consideration the patient-specific vasculature and conposite materials
of the device. 5 As used herein, an "FEMiéngi ne" refers to a program or set
of programs for performng finite elenent analysis focusing on vascul ature
finite el enent nodels and anal ysis of the interaction between vascul ature
nodel s anvledefideand Herthervéntdsdor cSirptnligt faan reBy st envdsigarrpeoderties teaintetaotdas

di agram OIV'[? ségrul %t iapcrg System according to one aspect of the invention. 10
| nput i nt 6"t A synéet &th eXEClites a particular simulation to be enacted.
Generally, a simulation includes imges of a patient and al so can include a
di spl ay of pathewtd speo)d irelel nfadmoatadgnbasereders tosutdherasit edsbaiatedaith & ndraimmat | on
and nedi cal, history). The pat.i.ent..i es can_be obtajned from a database of
ot ont - e RIS by PR o, TRPER v G SR BhREby ohioge 48 53n
denographiaalates os bkl abwikdpt €3¢S (e.g., such as patients sharing a

pat hol ogy). Preferably, the system al so accesses data relating to various 15
i nterventi onaIASdesvé ces. aFo.rex egigtasn}):ﬂl3 e, cotnp% system can a| nlcl léq d]at affi | es
relating to tHe ' SRape and “physrcal propertiBeeaf Oriersientt @ Ridical more
devi ces. Brosfieizabhys totdae soviiddad,icososdstitim ht Bovwiadde bdess ) aheretBreinkbiing (1)

ti tient) for interfacing with i mul at ed
el cal | GEAGEE: oo 8 yEre it Bighh PRl Sojer SRer PRt SPEh 1 he

Si mul at i ofhgSeSiadn daybledse systaigorainipalite ihpRdek Edndi SPt AYSIeR) onesdieibras 20

fl uoroscopi c. j rages of bl ood, vessel and rggni Eul ate the one or nore

si mul ¥t ed ‘&é‘@’iec?égwﬁfﬁtorae"é‘ﬁﬁ‘r?géy P35 atiers BEEIATRA b PER ESEFSHICHPED) Cadhe

I nvent i ONoCBRarficMbnRire fdr BB iRt QYenOfta @ of RBGICTilLruRalidn@RbithOmcts et he one
or nore devices wi|l be used. Sinulated Patient Interface In one aspect, the
i nt er vent PERISEF LVEIEY 85 rels &t onpri ses a nedical device with a first end
25 for manipul ation by a user and a portion conprising a second end which is
i nsertabl e i NtAs @es hdttih ad SetemOhichC il ytesaf pallD@yrebedtiBnatildhser [Sirtianl Ata@ddypat i ent

interface. Preferably, the sjimulated tient interface Is rt. of ni ki n
(6) whi ChERHET APEE. § &Yy PR par Lifiss Sgpens ot piepaei Bt TereabnTR
(6) coNPsiitBes 1@l d priredd Qe Kody civary of RGEn\6h Aig hidEaRTk newd dedegini si ng t he
second end and for interfacing wth a sinulated body cavity or lunmen within
the mani KFF™SUeRARYIR{EYHER al so conprises a directional force feedback
mechani sm for exerting a directional force on the candi date nedical device
in response t Asustebdbiack "édtgdde thectnsi fmednieyn tHageOnBrySH R @P06and the

geometry of the path” refers to displaying a representation of at least a portion of the device and

simulating its placement within at least a portion of the body cavity or lumen.

20 As used herein, a "device parameter” refers to a physical property of a device, e.g., such as

flexibility, memory, material, shape, and the like.

As used herein, "a physical model of a device” 1s a combination of a recommended
geometrical model, topology, and material. It is also the basis for making the first design of a

medical device based on patient-specific data.

25 As used herein, a "software suite” refers to a plurality of interacting programs for

communicating with an operating system.

As used herein, "clinical data” refers to physical, anatomical, and/or physiological data
acquired by medical image modalities such as X-ray, MRI, CT, US, angiography, video camera, or by

direct physical and/or electronic measurements.



14 force feedback nechanism This provides a user with a feeling that he/she
is interacting with a real patient. Preferably, the directional force

f eedback mechani sm provi des resistance to forward notion but enabllsSEP 7005
reverse notion in response to the feedback signal. The nedical device can be
one which is commercially available, a device being tested for use or not
otherwi se comercially available, or 5 ddn be a candi date device based on a
sinmul ated design selected to suit the characteristics of a particular
patient. Methods and systens for designing custom zed nedi cal devices are

di sclosed in W Sedpesy S wpdlt” ppiptincastihonteSenth &1 aNonuie®d BFS, <28y, orflithedand
Mar ch 6, gg%ﬁatﬁmgaga%e\’i& rgfeg% G%e »Zlﬁol‘cl?f:éﬂ i?es t]’lenrln%ri]rgu a%?)%&]%t’of Eié}g daltiléx(la J%ttkéj nal
force feedback nechanism conprises a ro P ng e enent e.g., SUCH a8 a
shaft) coujpudded @rditudpporst thentalods rtheorcaladitidathe pdeant-cecfl} vagnfnirs amigotpesite
second end. tAn i?@er nal surface of the sinulated cavity or lunmen in the

mani kin i A eﬂﬂl’sﬁ’ Sr%fﬁllces'es an oblique slot for receiving the rolling
elenent. In response to a feedback signal, forward novenent of the second
end cafises t heAs odeHihaginghre'tiEM ertgmeb) ecfere med pregralmyor sbref ptogtamsdaysifagning finite
resistance, to further forward ion.. Preferabl a, nofor, .such as. a servo
mot or, coftFST S RNV ?ﬁg'ﬁ‘ctmg TV %gagurr% ﬁpften‘ae%fné r%’rq%/l.k a%?’?[yéﬁ‘ﬁgglf HEHECHR shown
in nore detwmickn vRacdhitgdmeddldandMeeitea force 15 feedback control signal is
generated, the servo notor rotates clockw se, causing a wheel to rotate,

pushi ng a stgr%gn%r frgrlv\(%%% ng downward. The forward and downward novenent of
t he shutté‘-’r——pus-ﬂéé#-llre—rﬁﬁrng el emrent down into the slot. Because of

friction between the slot and the rolling elenment, the rolling el enent
nmoves upward aFigng ltihebletlodiagramd! asypufatot kstent mcwsling toroveaspest of tge invggiost ed.
I f the,user. w I t i t | n HAN" ve
downa?a” SRV IERRE stsRpEety BIE PR Rt ol SRl U@ SR Moty nc TR
enbodi mentmagehef 4 prtientfaac elscompndisies diplay od patisnegteribn alfoferion(f e aditasklinical
mechani sm. gnd tactilg edback mechani sm The ctile fe ack chani sm
r v des BTEp bR R feaLBRLOR o TR OUTS et P ol B  RaT

devi ce. | mpedife ims@pR ot imagenkianiupus peplin@in dfdamogrhgeditiacknilas ppieow (dedutihisough
a conti nuousl otatin tor, (€.40.,,such as the seryvo tar) in 25

commni caPtERea e TpBRLy S B at HE O r o s R THE St ena. A
di sconti nuaerstniondidatiteag Formbtapleabniys el dangnclvde damgseelbtingfo eheBhapd af S ee,

e.g., Figure.7 al so can be used..tq .si.nul at intermttent forces.

oxper | oo B sy BBty AU Tyl TR S IS PO PPN S § on,
when a catah&iew) (is., kpsedtag aipieat) tibrenedidh Owals 61l @mey Sthemed aesddhioitaised| ar
function and activity . cause the catheter to vibrate. The servo notor
and the r &tﬁ'%?dlsﬁ‘éf’ﬁ‘ﬁ“g?zguffgﬁi gned to sinulate this kind of 30 vibration.
The servo notor rotates continuously and but has an adjustable rotating
frequency. . THesrs netat witlgthhamd:pios heknt heolsatvirgtariodi resardidispays(2y, sudh.a8. |
si mul afi ng_ bl ood. .l ow a respiration. . ti,c "display” rves. at. l east two
our podls. PROERarieqr e Bhap bl R R L preh PR R PR e SR
it provi desddthecsenddgtthendioflan@y ementvendort b siBdhte a@rthnhtbal ef o Eecifc paicaatdd vy
enhances thg:h%EP 2005

¢ one or more devices will be used.

Simulated Patient Interface

In one aspect, the intervention simulation system comprises a medical device with a first end
25  for manipulation by a user and a portion comprising a second end which is insertable into 2 simulated
body cavity or body lumen in a simulated patient interface. Preferably, the simulated patient interface
is part of a manikin (6) which simulates the physical features of a human patient. The manikin (6}
comprises an interface (5) for receiving the portion comprising the second end and for interfacing

with a simulated body cavity or lumen within the manikin.

30 The interface also comprises a directional force feedback mechanism for exerting a

directional force on the candidate medical device in response to a feedback signal received by the



15 surgical performance. Second, it is used to enable a user to learn to

di stingui sh between tissues by testing their mechanical properties.

Def ormati on nodels are used to conpute the effect of force on tg%

bi onechani cs of an interventional device and on the deformation of éﬁ%awﬁty

or lumen through which the device is navigating and/ or being depl oyed, and

f eedback signals to the force feedback aqg 5 tactile feedback mechani snms can
be used to mmc actual forces that m ght 'be experienced during an

i nterventional procedure. However, although the systemis capabl e of

provi di ng physi cal | aningful forces that alistically. mmc those
encount er e{g“%&rﬁ&ﬁ‘ kgﬁﬁc HeBr %‘ﬁﬁf%‘ﬁ‘iﬁsap‘r%é"’ém%‘sm@ﬁ%}i 8¢/ ﬁﬁyy BEFTIHEE Hifk @geal
where a | gsSedt e fcfdbiyG theidited bk IaBrct SeeBilck SeafiQFYproFitds EXAMRE & fofvHS BbHSRY

want to feel that he or she 10 has reached an obstruction during catheteri
zation. HOWEVEPEs ENESUBRTOTHRIESHYEE Hebeerdpagk pendleheemedital devies s7aPf Berswhich

contacts hecmshenrcouhshid eakvividie t@@é}ﬁﬂdy@ei&got%t}%{@@&ﬁﬁm&&iagyr a¥aable, or
experiencing a single |arge resistance. The present invention provides a

mechanissmeepbst eppdulaigserics bastA erhameirisd dpragt seleated shuntithrethipoptersids 98 pernits
the user hﬂgi@ﬁ%l gtk ggetl%dg!s‘ddastyﬁgmg Fo¥ € Senid Qs BRIl 'n{éfcll(nggltd%(rifc@scaqe 620008 in

encased i sl ng nprising one or nbre openings 5 receil ving
medi cal déifb dyeyisiamed Applanagorf Barial No ed0f238i7hady fwid Match &cli0hg unit (s), feedback
mechani sm(s) and a system processor (described further below) . Additional

devi ces such agsydddid @Zgu?é@qA%lﬂ |B??9{bneia%zl:@hie NGedRNLIGESe RRMPE mRERYIAEd as

part of the interface, e.g., sinulating balloon angioplasty proceedings).
The i nt er fagenieoash g demendée-gli soph acehbitecobpled todhepahen efrfbecandidate diecemani ki n
i tsel f1o0r 6AN:GR0HPLALEC LM LRE SRALKIrd Snlared PR Lt ggrabuRant of
t he nanikfgﬁsnﬁég?ggthéf&ghﬁhnce rea .§§¥%§Hﬁ§ ?ﬁ% oggﬁf%ges$§o? théﬂﬁéusing
may Vi si blvenfcpmpritehen pigikilot fpereeeiving the rélhbeeltraes. Trhesponiegt a deedbdse sigpdrt  of

t he mani ki i IS d. s Sin
Figure 2, T MEsElt dhe ekl ELLAGR R e TREH e fec P B B ESE RN

nedi cal i ntsévanentoi forther Byst@nudtivpuPreDestily @@y, Jilvd ask puv@mnbon ceystiemveanrnt
obtain i n%lfl e?gllixaglle Otla'ln%. &‘Mi@%sb})cﬁmgr%rie h%lvg%ael Xre.rgewxﬁn ?Pu}en}Ae.r\M'gental I%pce
procedure.” For “exanhpl é,” as shown I n %ﬁgure T, i nput G Thé st milator can
consi gt offeqiasdkentrateigndad genbast ohy scandnadbagrosteicckdat, aaisigl audicalto riute, not
limted to, dataoptalned, LHom L ay oMy, MR o Glodlla il LT APGMRL l ReS.
Data can retate’ 6 a specifie paY|ent, €.3g., ere a user’is ?ra|n|ng to

per f or m a pugteo dedoiiieg dement dpetinfta he plat i BRiusesi Agtion curstdnheed adétecdling

Al ternativel ata.can relate to a 'S olic patient, for exanple,
Fepr esont g B HEEReP diter Sl S pthE M8 R BT et dle TR Ran o
such as patsisenit $fhaviengished typell bickplat drolcogye rolling eSrntenPvR2IG05 e Howhvgrdraed 2an
shows ?n exa | e, of various systeminputs that can be provided. The

5 ed ased trom the slot.

si mul cre

In a most preferred embodiment, the interface comprises both a directional force feedback
mechanism and a tactile feedback mechanism. The tactile feedback mechanism provides vibrational
feedback to a user holding the candidate medical device. In one aspect, continuous vibrational
feedback is provided through a continuously rotating motor (e.g., such as the servo motor) in

25  communication with the portion of the device comprising the second end. A discontinuously rotating
motor controlling the movement of a hand (see, e.g., Figure 7A) also can be used to simulate
intermittent forces experienced by a body cavity or lumen. For example, in a clinical situation, when
a catheter is inserted into the cardiovascular system, cardiovascular finction and activity may cause
the catheter to vibrate. The servo motor and the rotating hand are designed to simulate this kind of

30  vibration. The servo motor rotates continuously and but has an adjustable rotating frequency. . The

rotating hand pushes the catheter discontinuously, 1.e., simulating blood flow and respiration.

Haptic "display” serves at least two purposes in the intervention simulator: kinesthetic and

cognitive. First, it provides the sensation of movement to the user and therefore 1t greatly enhances



patient (6) in the Figure is a mani kin that al so houses the tracking and
force feedback assenblies. A physician (1) sinmulates navigation of a
catheter by manipulating catheters and guidewires (5). These catheters and
guidewires are inserted into the manikin at the manikin i nterfacel & GRB 14
nore nmonitors 5 (2) can be used to display sinulated fluoroscopic and
vascul ar inmages sinulating the internal anatony of a patient represented by
the manikin. In one aspect, 2-D fluoroscdpic views are displayed at the
sane time that 3D geonetric nodels are displayed by systemuser interfaces.
Preferably, the user has the option to adjust fluoroscopic inmages by one or
nmore of zewsicAgperioErInks MEEPEnil iy eEdicicorblc ARG tchig2h itk dstingyisk Opmiceratisson b t h
3D vol UM GRIRECH LIRARS JRARE AbenHR Itk diaBLAY bAbEE hRGeR.AFNGH fed
further below; a user ca Iew the vasculature fromvarious positions or
angl es al dregpismmgchynigs cdanl ineerveaxes) dFhdesind pt itenie amafye b camjyor laednubroigh

pre-treatnent planning  since hysician, can.use the temto eval uat
di fferent r&?]?ceatﬁen%ﬁ’ e BB Gat eagg/f))lf |%I>r(g (%88 g 5?’1‘38?%6%(:5%%%%% dilerr?torecre\}ceee %Cgﬁm?n a
patient. Acslenftddaidkdnagbanisnmsign bewied @ fiidic acdil tforoexahdtynigiatve bepepeaet dethe . g.
in the formof a ﬂock (g' 15 arm equi pped with an x-ray emtter. Preferably,
the mock CHHYHIUCEHPREFE ™l ong the 1 ong side of an operating table (3) on
whi ch the patient/manikin is placed and can rotate around the table to
si mul at e capt uHbweyvea anhdugh e’ sgstémisgepatad oMasiding phyatcellaneairg fid Mgnabsahat
positions. Eor exanpl as shown,in. Figure 2, .t footswi tches, (7). can be
oed t o <riirtse D BEbr St SieoBretes s Bimgal iy Spoppros et S b€ maEht Mhe™Ghscu ar
i mage acquuhsietd e ramnsticShnilags.is daishaspoFseetampleh 8se?2 hagohhmafdeDihat 12NE iy
nor e ni Hjors éﬁZ% si_mul atedf . uor scog%_c [ ﬁages opt ai ned. A footsw tch i‘?)
pr ef er'Ped PFoEaLEAHKPHTG A8 FW@R‘BFB 108 HG¥CEIReusgsBrY &9 "gere FERF G Al e
t hei r hands vaeieurRosdctwhé bt shotdrl feigutiRMeMEuvetifg ACithadr ppibarteksRicREiRf £5ialky,
the system provi des a re-configurable control panel (9) (e.g., a touch
screen) t FrRHENRea IRSRFSPONEIHET BOXIIRRE PETHRNIERHY %FOMH?%gP@tﬂfiWFm\gQ%% &f ar
i mage acqybsthili@bnd gkakihienhandr dipsPbadk 2 ZhulaRd gkhe. use of shutter devices
tolimt the extent of the field of view provided by a scanning device (4).
The panel al so_can he used to inpl ema({l.t f.unctions such as nmachi ne- a?ti vat ed
r adi oopaque dy & PHIERIGHT &7 S VAR E (PR RE PR ¥ YS PPHYE nd/ or
dﬁpl omﬁeEtrecefvir@ il da D@V, anch;]]&ﬁhls Fcﬁﬁknerf::ccﬁl@ vatn'brlagkﬁlgwhicr(e)l, fek@r)ac]ic ﬂiee}liafnﬁﬁqgg with
the mani kin, Figures 10A -D . e-confiqyra contro anel s according to
di fferent “BLpaEED 125?0eﬁfﬁé(dgﬁmiﬁgﬁhf&ﬁbwﬁr gH@P&’b?I?Q?“‘teﬁé”C&iag pIrayes “B’d%aﬁoon
pr ogr ammabifeitign @ vias ci He gk @fies bOpROE Ja iarrhal . b, tiaRsing dilmph aypiodldsgt S, and
screens. Users_ can easily set up conplex image control panels according to
their ownP¥EHNebments. Figure | OA shows the typical controls associated
with patient table manipulation. Manipulating these controls result in a
correspondi ng M in@AfaafhoasikE @h e tiBakca bk foresma diidntd Radre theXtn OOSERZMOD cd/ r ay
ﬁ;nnit tp?lbat Il;:)lﬁgé'lcE ﬁglln tl%Bmasnrlllgn e.gq,q)rtlagnrg%ln slntg'gsra %%g‘tao t (g mvgngk?n).l %%’thaéggrwar%etrlea igm]c or

_. only the opening(s) of the housing may visible from the manikin (e.g., the interface “housing” can be

part of the manikin). Preferably, the interface is an embedded system as shown in Figure 2, with

openings into areas of the manikin simulating areas of medical intervention.

System Input Devices

25 The simulation system can obtain input of various types to more closely mimic an intervention
procedure. For example, as shown in Figure 1, input to the simulator can consist of patient medical
history and diagnostic data including, but not limited to, data obtained from X-ray, MRI, MRA, CT 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 using a customized device. Altematively, data can reiate to a

30 "symbolic patient”, for example, representing a particular demographic group of closely related

patients, such as patients having a type of pathclogy.



sharpness and clarity of the rendered inmages. Figure 1 OC shows controls for
machi ne activated balloon inflation and deflation, and shutteri nghss sﬂgzﬂvﬂg
10D shows controls for collecting inages for creating a roadmap.

preferred aspect, the invention additionally provides one or nore
interventional devices interfaced with the mani kin for sinmulating common
procedures such as an injection, bal | oon ’ deploynent and/ or stent

depl oynent. In one aspect, therefore, the system conprises a syringe for
simulating fluid delivery. The sinulation syringe conprises a housin
defining a | unBRUESTHPYSIhG BRI OH EMING SHSE™ Bert tet fargearadded] dhesimgla gs hi ng
el enent f‘fbﬁne}?ﬂr‘&'}'ﬂﬂﬁie ERGrefik WifdnikroMaRo B&%e@tﬂ@'&‘a&&mg ﬁadfféﬁcg?ée%glpEié%QHi‘}lke@gA

el ement in comunication wth the pushing el enent, and a notor

conmuni catbsmcian ¢l hsimhlates npogdtionobr ediesr g masipelveng Ca}\}hﬁt&marfdwundwrret(ébrpﬂnes@s
Sonal T eCehYhAGn PLARRL:: TN ALIH ] QRN RITEAM, RE AL ULATRY MELDL Ne
mani ki n and the si recei ving el ement pre erabl'y recei ves S|gna

the syst er(ri)puambessdltq dignlay. almm@teéﬂemumeplc@m rastlad 1magcstsiimmiat§atg tige iprrrtal cul ar
flow rate aqd } ne. tler e[ed e'OQ ucmig tsm cause friction
bet ween t A&* PUERT HE™ &l TR "d J’y ST ace ©PREI H°r8fcof”ﬁé”eﬁv86§| ng when
t he not or dls@la@.ﬁidt%&ts@ﬁe tifie It}&sp]orgsmnetmc aoddlgarabisplecel bredstby ukdaéntatagesal -

recei ving el e ctivated, not or. causes notion of. the.

frT ot ono Breaar e WrCHsdte onban & WU RS R oRs e Rout et Ag et et o

contact t henisufiémeqardh, i0dehd ¥R M eFmHikEioh 8k 3D0volukhd-fend&EEiata@ss dehdribd Oding
betvveen t he gushl ng el enent _and tEO surface of the |unen _and causes
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resi stidnc&SPBY RTS8 detiPen EPeR U A SHT (R WP RMIASY TS ToPmiingtsinegtions or

i nj ecti on aRfleaiddoUl-dy-tdhe QUENEs ATHY bhti@Rah BE F hd)6r VAARYn Ble-rAmAL hiBkHing, JiRE: 2
friction- produ0| ng €l ement can conprise one or nore rubber pads, .each rubber

pad bei ng PPEOUH @8 UtoMaiy SEFNP fHOWE: SEGERERRITEt BRTRACBISI PEigT we'tfﬁrén%%caw
e.g., SsucChhaSedldhogptdngear attached to the nmotor. In one aspect, the
anount of friction produced by the friction- produm ng el enment is 25 adj usted

by controlling rotation angle of t s, 8A 1- sho he
structure of a® SSI"H]I}}F%% écé‘“%]%gﬁ‘@%: (ﬁéﬁydvﬁot“ﬁﬁ)f ks Pg%‘é Bk "5YF émOCWé

accor disng at@ eQNpeaSHACH xolfay e el NFR P dt0Y) thd ModkhE-aeBadnenilomhesbng BidEiogur s
installed . in front of the Ehl ng

8A-B, a servo notor an ns ar

el ement (&7 Qpera‘ﬁ‘gh‘élﬂﬁlg% ORé‘jh‘Chfh“e%‘ePgﬁa““&P ABP1aTed 280 ﬁﬁb‘&?ﬁ"é‘?ﬂar?‘l‘ﬂdo‘ﬁ‘gﬁ
meshed geaisulattedfiuringiaatiBtsab @4 20vurbolela&e41\wad BBEOIr pasitibss. t he driver 30 of
the notor. Wen a force feedback si gnal i s conmuni cated to the servo notor,
the Gear | wl contrarotate nd and. Arm

2" opl 2y and"t hE*IHIBEF ALe O TS ot eapmelibi P B b A Tak S S REr
syringe. Beﬁﬁuaai ptaytdaeicd dishﬁetllz@ﬂrasct:hem&lgég&mﬁht\/ﬂnhhdfste&ﬂgeI’Bﬁts’ﬁ;br&l@@@th‘ﬂhen 06
S E P_2005 is he or she tries &(3 ? ﬁ gﬁu gulp i?elemant The val ue
of théCf r PEYHoR: - QBRCPRITA g1ChEYR B{})““ LNt FHICPP! ﬁg‘“‘iﬁ‘? B %ﬁooésﬁé’fﬂé‘sof t he

- servo not @feferdighr L£NRInSQNY nipRheicedsPi RS uedrGl kiMesly hbtethéivBunds occupied with

other equipment, in actual practice

Preferably, the system provides a re-configurable control panel (9) (e.g., a touch screen) to
enable a user to simulate patient table manipulation, vascular image acquisition selection and display,
25  and theuse of shutter devices to limit the extent of the field of view provided by a scanning device
(4). The panel also can be used to implement functions such as machine-activated radioopague dye
injection (e.g., activating the simulated syringe) and/or deployment of a batloon via a balloon-

inflating device (18) interfaced with the manikin.

Figures 10A —D show re-configurable control panels according to different aspects of the
30 invention. Preferably, the display 1s programmable and has a large storage area for bitmaps, display
lists, and screens. Users can eastly set up complex image control panels according to their own
requirements. Figure [0A shows the typical controls associated with patient table manipulation.

Manipulating these controls result in a corresponding motion of a C-arm that carries a simulated X-



arms will close and the user can nove the handspike freely again. The

simul ated syringe (3) can be used to simulate the injection of ragigogpague
dye, to 5 sinulate fluoroscopic imaging, or the dellvery of a therapeutic
agent or drug. Control paraneters such as contrast injection volunme and
rate can be controlled by a user through a control interface such as a
touch screen, enabling a user to choose t'le rate and total vol une of
injection. The injection process can be captured, and selected i mages of

t he process saved, to provide a roadmap i mage on a separate nonitor. 10 As
di scussed ratrovter. Fraraii sows singelseaciped Wmtgemfl%edmwwmfoaﬂbaﬂpm@bm thafl ating
devi ce for S I t t.
Figure 9 s}h %%ngltc%‘ ac%sfem ﬁg%ngQHa E!rga%: €l reE%Ibl Sggﬁsl n?r Io§tflgrrhHﬁa gewa%’mﬁ
pressure selﬂrsmnnﬂammsteioﬁeﬂ@tmeasiwheﬂdrine bices 4P shofs @nfrdle il colmut;ﬂrg iragesdbr ,

bei ng del | ver ed Lo, a bal | oon catheter, which has been navigated to a target
site. The S mr%az\ q‘ Pthe sensor is processed and transmtted to the system
processor through the m croprocessor M. A 15 user is able to read pressure
val ues 5from a biaptfayedwspédt.ahe ioventippaddanelepovidesdne pr ewsajnervsemrdevtcmzh

as the pie ne hown..i.n [t] of.. El gur dditionally, the
user is ab’?zter%atm&\?“h emarn g%z}s%)%g%gﬂl‘?l?%éeorngrg 8{161? eBa‘fﬁg&s)%n in f\a :bngooaevr ce.

Pr ef er abl eplofieent, raﬁd/aﬁsmgdeiﬂw‘nmetcan provi de up to about at |east 20 Bar of
conpressed liquid to a balloon. In one aspect conpressed liquid is provided
Wi thin a conpr aul ton, A
user can tri gg@r %ggﬁe%/tetlrﬁegf(?g ng%tgrésle@p‘ﬁg Qlfoquequlel é‘ﬁ‘ git%r]%@' P
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can baDciel et B elemaT oA RRRE SRR B BelsPPRE TR alibele FAEAG

devi ce, caotsmngczanos@snmvxhdafmshmg;erkmemeanﬁhenqmshomnﬁmnmarod with th«afreas:eprbdmain‘gn or

switch is, provid enable ra ress

1 oger i ngeRERIUITNTRE CpRehBar PR et RE 5Pt e AR et s S B e
control swysihers maskitend he si@ﬁmr@:ewm@ e!lﬁ&dt ;irefeca«hrytrremwets b@mﬂofrmamcb ®Etembackwar d
novenment of a handwheel for control qg 2 unt of gssure actual ly

del i ver ed PESCYHe® 8 bl ¥ B3 Colnﬁassf“é‘i?gmb? z?a?hcha o &FC ! L’I':?hr Pressure

val ues can be read froma screen of the pressure net er (e.g., such as an
LCD sdpeen) or Tieafimctie- Mbepﬁr@w@aheonwtllheuadifepioawemeeatmsperhimhm@r air afughabl v,
e, YL e BOTRRS e 5ind Sodf OLBM RALATRLS 8. U A5, IEHIMILBL GRS 20
pressure daelauvmeree:dneho When doavdiaiorhe lny;)tor respsmofiorac ik fhommemo@ch@rmﬁmlnd renot e
control and no pressure val The s stem may
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The friction-producing element can comprise one or more rubber pads, each rubber pad being
coupled to an arm whose movement is controlied by the motor, e.g., such as through a gear attached
to the motor. In one aspect, the amount of friction produced by the friction-producing element is

25  adjusted by controlling a rotation angle of the motor.

Figures 8A1-3 and B show the structure of a simulated syringe (3) with force feedback
structure according to one aspect of the invention. In the embodiment shown in Figures 8A-B, a
servo motor and two arms are instalied in front of the pushing element (e.g., a handspike). These two
arms are connected through two meshed gears. Gear | 1s installed on the servo motor as is the driver
30  of the motor. When a force feedback sigmnal is communicated to the servo motor, the Gear | will
contrarotate and Gear2 will rotate clockwise. Arm | and Arm 2 splay and the rubber pads con the two

arms will touch the wall of the syringe. Because of the friction, the surgeon will feel resistance when



inflation device generally are processed by an A/D converter first and then
inputted to the system 5 processor. Preferably, signals fromfootﬁwsgpbm
are digital and inputted directly to the m croprocessor and then to the
system processor. The system can include additional input devices to

sinmul ate an interventional procedure. For exanple, one or nore nonitors can
be included to sinmulate display of electrldphysiological signals such as ECG
and bl ood pressure. 10 The systemis designed to allow use by nultiple users
(see, e.g., Figure 2). For exanple, a second user (19) can be introduced to
al t er t he hsiopsieatiéson ppsircapelt te pushiveg clandni. r'Bte vabef (ht)ini¢ten cex peadjerdibpg. | n
(13- 17 BRI hg ohish are e B S PR P, b ey P o B
enabl i ng arseeiindosdsed thé @sef can @oterias hedjpike(fled)y de@nmoni tor a sinul ati on t hat
a first user (1) is experiencing. The second user/trainer (19) is 15

provided with | ect abl.e_optiQons the display of. his aor her usey interface
to enabl e the 2@%%%‘ %Begesy R el(gglcatngogélls Efagtro Sbr?ﬁalt?l%/hredn ﬁct:(.:heO nvc’fa%r"il apiPé ue(df::‘(?’d?,

anat ontcalsinoulatpfiysioed op@i isaging ar tiablebeyy din bergd@utit Ogehestdrog. Cenal padngetdrhie
responses or. deci si on- maki ng abil.ities of on nore first users % o
e’ sepee o SeumeaeFan apfae s SPesaRi TS by b Rire Aro s T et s s
keyboar d (4 68}ouaiétrecPaiaBlinglaijseab cRodst ths rattisRirtodEMilGRe bOnRcEMS TRETHHOGLSSOr
connectable to the network. In one aspect, the 20 st em processor

conmuni catpé%ce%a%b%fw%ﬁﬂ&é@gtg%fma(%ﬁ/ﬁs‘ﬁ%PreWS% supdidarrongh agaarp PRSP Ag
tabl e whisghrfiegghives the manikin. Using a floppy disk driver (10) and/or
CD-ROM drive (12), and/or other nenory devices, new patient cases can be

| oaded.into th i mul at i on stem Because.th oces i.s, connectable to
et dobmet | ofs RO, Tt R ter ot s B P o b ore OB PGIE I usor
(1 ord19) s}nﬁiﬂﬁ’tin@@h@ﬂ@efaﬁ%ﬁ%@ﬁﬁllo@ﬁbh&ﬁémBE@@&]&EQrl;igﬁrhgl’s?m §ﬁg}adaﬂ1ﬁld0r c;in
upgrade software using the monitor 25 (15), yboar 6) an se (17).
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Pr 0Cessor as &¢0RMdidatvetdd 108 Ballcas REGEeOihich Bad BRVERIVI Qs th B tdrke s@S P@ekigh1ewn i n
Figure 2, the processor is a CPU installed inside a[tggatient table (8) which

control s d¥tSE%hH RIS RGN ERD Igh S ICBUROSTEF B UES oREPECeieMhs a

har d dsi V@serNEIIN ﬁéqe:@!p’i@hﬁé’ vﬂ@é@!f{o@{ §di5m5ﬂiﬁr bﬂﬁ&ﬁ}%ﬁ@ﬂctﬁaﬂ%e@@@e hsotBLE
si mul ated nedi cal devices. 30 Figure 4 is a bl ock diagram show n
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accor di ng ptRs008:1AsRE 6} 1RfbalidtR-ihMMRBEQR. PlefBhbIORE AFRESOlev(cMedn peSvilisahof OF
data acquisition. Tracking information froman optical tracking unit in
optical c@hHiA 2t PORATcAmBREedFand B pBespos 20 nore sinul ated nedi cal
devices is provided to the ML through a signal processing circuit. A nock

C- Arm nmoves i Nid &#RERSE cdbpréssEDuidDis pedviiiea bvithinGBohptedsi@niqs Rreedagonnect ed to
roprocessor through a serial port. Preferably, the control s

E? ool ed YR nCY B RTES P FTT 8% CHAIERGP! (PRREH P Y R e oo e
imparting linear force on the piston, thereby triggering inflation of a balloon. Preferably, the
compression stroke is approximately 2 inches and can be delivered when a user twists a handle of the
balloon-inflating device, causing a screw bar to force the piston forward. A release button or switch
1s provided enable rapid release of compressed fluid, thereby triggering deflation of the balloon. Ina
25  further aspect, an automatic control system inside the device is used to control the forward or
backward movement of a handwheel for controlling the amount of pressure actually delivered to the

balloon, in sieps of a minimum of 0.0] Bar. Pressure values can be read from a screen of the pressure

meter {e.g., such as an LCD screen) or can be displayed on the display of a user device.

Preferably, the system enabies a user to program parameters such as maximum pressure
30 delivered to the balloon. In one aspect, the user starts to increase pressure delivered to the balloon by
means of a bution on a handheld remote control and monitors pressure values on a pressure display.

The systerm may tnigger an alarm when balloon pressure increases past a selected threshold. In an



5 Preferably, manipulations of a device by a user in an interface provided
in the manikin are coordinated with a sinulation of the device on {§hSEPI8%
di splay, such that notion of the device in the manikin is simulated on the
user display in real-tinme. Therefore, in one aspect, the sinulation device
provi des a mechanismto continuously track a position of at |east the
second end of the nedical device relativd o the mani kin. For exanple, the
10 system can conprise one or nore encoders for tracking translation and/or
rotation of the device (see, e.g., Figures 5A and B). Figure 513 is a bl ock
di agram i I“bmetnbaeithgsytshel emellyp@rpemtse dfta mn@nettitald,}kﬁoragtomyisetlbmﬁ,amdaréslaleeamcti ve
force feedback nmechani f@apg Ae Lng her i c? obj ects coupled to a

si mul at ed RAFRGLEF3 Saee&d’ FERP TR gspec PRRETR ™ F our i ncrenental encoders
can pick up the notions of the sinulated deV| ces. The rolling elenents al so
serve as part 6fgnilh&odismaditedadraices mcbes thesdiohedd s&ﬁngmh&nha@odestedbﬂeﬂn

above. In.a. currentl ferred asne S sh ur.es
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medi cals dewceeor Eaeferramacd(gxmg fﬁ)}t’l‘o‘fo@ﬁwaﬂﬁpﬁmﬁ@talamdhm;gﬂﬁbd sadtige the. 9., a point

Ilght sour ce %n‘? rP gesm ngr) circuit, and one or nore optical sensors,
and is pl & PW?S‘W Ben [P ePPSEPP58bt i cal communi cation with the device

and the sinulated cavity 20 or lumen through which the device is being

navi gat ed. TheTbe@dﬂeﬁiatmirﬂmé editwinb] inpe fit\eet td digphlatetam interveditioam prdteddre ghér
source and reflected |ight received .he optj cal sor
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of the cardiRBEGIMGE & dasesaukesul t of mani pul ation. In one aspect,

optical sensors are provided within the tracking unit, each perpendi cuI ar to
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The intervention sinulation systemfurther conprises at |east one first user

device (e.g., iin one aspect, processor interface (13) is used to connect a monitor (15), keyboard (16) and
mouse (17) of a first user device to a system processor connectable to the network. In one aspect, the

20 systemn processor communicates with a microprocessor (M1) which resides inside an operating table
which receives the manikin. Using a floppy disk dniver (10) and/or CD-ROM drive (12), and/or other
memory devices, new patient cases can be loaded into the simulation system. Because the processor
1s connectable to the internet or intranet, remote observation or training is possibie. A user (I or 19)
can upload relevant patient images or other medical data or can upgrade software using the monitor

25 (15), keyboard (16) and mouse (17).

Figure 3 is a block diagram highlighting the features of the system processor, according to one
aspect of the invention. In the aspect shown in Figure 2, the processor i1s a CPU installed inside a
patient table {8) which controls data and control flow among various system compenents such as a

hard drive, memory, display monitors, manikin interface, and one or more simulated medical devices.

30 Figure 4 1s a block diagram showing interactions between the system processor and vanous
system inputs according to one aspect of the inventien. A microprocessor (M) is used for data

acquisition. Tracking information from an optical tracking unit in optical communication with one or



conmputer or wreless device connectable to the network) conprising a

graphi cal user interface and connectable to a system processor anﬂ;sgg Pt'fhﬁﬁ
network. Preferably, the processor conprises one or nobre prograns E
generating a geonetric nodel of a body cavity or lunmen of a patient from
stored 10 or collected vol une-rendered i nages obtained fromone or nore
patients. In one aspect, the user can acéfess a database of such images
using the user interface, either by inputting text into a conmand box or

di al og box and i nplenenting a search function of the systemor by selecting
one or norersehedbledicalgpricens prosided it thnly ! firbegh faﬁwabprobwaigesircsmtow*eldodkn t he
dat abase (e, IQ.WO%SWE‘»; onwéé ARRANRLEEN s LIS, DRIE coflec bR he Ln?c)m d2ssbhe
system genera means o a software sul t rat es

general ptrpegbe semp@mthﬁfemb«t)h ttesoarPEigos! i ;BMassmﬂatthdmhercdmcmser prl%rrafmxagbl Y,
t he system cor’q)?ritgeé a processor (e.g., as CPU), nenory, graphics adaptor,
printer cbity6l eP® “Harfd di sk and controller, nmouse controller, and the

| i ke. The processor should conprise a mni numof about 8 MB of RAM
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renot e databases 0 6 SEP 2005 22 To generate a vol une- image, a stack of
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reflected hght picked up from the sensor(s) indicate movement of the candidate device as a result of

manipulation.

In one aspect, two optical sensors are previded within the tracking unit, each perpendicular to

25 the other.

As shown in Figure 6A, the tracking unit can be in the form of a rail along which the device
can move, Alternatively, the simulated interventional device can be looped around the tracking
device and can be manipulated by pushing, pulling, and/or twisting the loop. Preferably, tracking
systems enable the intervention system to independently track the movement of two or more medical

30 devices, for example, a catheter and guidewire.

Being an embedded system with detachable components, the simulation system is flexible and

can be easily configured to suit the customized needs of its users. Figure 11 shows a possible



capture patient data in the formof projection imges. By using a Filtered
Back Projection technique 10 or Arithnmetic Reconstruction Techni que (ART),
vol unetric inmages can be constructed. The systemmay be directly @ %@gg %d
to the output of one or nore scanning devices, e.g., collecting E ( 0
data from such devices as these are acquired. However, in another aspect,
the systemmay include a nmeans for extractlng features from i ndi vi dual
scanned i mages (e.g., comunicated to the—systen1through a scanner or
provided as a pdf file) to construct a 3D volunme 15 image. The geonetric
nodel ing arm of the system can be inplenented renotely by a user to
detern1neCﬁﬁ%wéﬁmﬁﬁﬁé“ﬁﬂwsﬁWé”@@Bﬁﬁw VPt 9p6Mogynor hichendwdyacedvi & yorme! | unen,
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i ke. In ca@dbgmg a geonetric nodel of a body cavity or lumen (e.g., such as
a bl ood vessel), a user 20 of the system (e.g., a bionedical professional
wi th know edge of human anatony and pat hol ogy) perforns i nage processing
tasks on a plurality of scanned i mages to create geonetrical strucrures and
a topol ogy which corresponds to the contours of a body cavity or |unen

bel ongiPng Syeiem Bsepessent bei ng  anal yzed. Vol une rendering techni ques such as
ray casting and projection techniques have traditionally 25 been used in
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accunul ated into final pixel colors (see, e.g., Kaufman, In Volume
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exanpl e, segnentation can be used. Several inproved algorithnms using

i SO- surfa0|ng 09 vol ume-rendering techniques to visualize vascular trees
al so can be used and have been described in Ehricke, et al., Conputer &
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Nat ur e 293’@&&)1313/,]1381‘-’1&8:5& display interface 1s part of 2 monitor which is connected to a keyboard,

20 mouse, and, optibnal]y, printer and/or scanning device. The software sutte of the system comprises a
program (e.g., a C language program) that controls the system's user interface and data fites, e.g.,
providing one or more of search functions, computation functions, and relationship-determining
functions. In a preferred aspect, the system comprises a geometric modeling system for modeling a
three-dimensional representation of a body Jumen or cavity; a device modeling system for modeling a

25  three-dimensional representation of one or more medical dev ices, and at least one knowledge base

for modeling interactions between a simulated body cavity or Jumen and a simulated medical device.

Geometric Modeling System

In one aspect, optical data relating to the intemnal contours of a body cavity or lumen are
obtained and provided to the intervention simulation system. The optical data can be displayed
30 directly on one or more user interfaces or can be stored in a system database as described above.
Because the system user devices and processors are conneciable to the network, patient data also can

be accessed from remote databases.



1981). Thi nning net hods such as "active-contour", "nedia] axis
transformation”, and "sinmulated 10 annealing", and the like, can Besgrpo ﬁ)syed
to determine information in projection planes (see, e.g., Kass,

I nternational Journal of Conputer Vision 1. 321-331, 1987; Lee, et al.

CVd P: G aphical Mddels and I mage Processing 56 6 : 462-478, 1994, Arcel i
and di Baja, Image and Vision Conputing?#l: 163-173, 1993; Pellot, et al.,
| EEE Transactions Medical Imaging 13 1 : 48- 60, 1994; Brandt and Al gazi,
Cvd P: I mage Under standi ng 55Q : 329-337, 1992). The advantage 15 of
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1 Generation of Vascul ar Network," Submitted to | EEE Bi onedi cal

Engi neer i Agsticnupechbobls- 1. See, as shown in Figures 5 and 6. Yet anot her
met hod of obtaining a volune nodel or a geonetric nodel of a body cavity or

S lumen is thenteshn ag@)nﬁﬁlcvradadw&ttaruoay em:@loﬂglmewesgeﬁlcm/es ghlob@pesegentsea 3D
or volumetric form can enerf';\t ed from scanned_j mages usi ng a standard
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Volume rendering techniques such as ray casting and projection techniques have traditionally
25 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 wrilinearly interpolates 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 rendenng with hardware
30 texture mapping (e.g., SGI) for UNIX platform or with board card (e.g., Mitsubishi VolumePro) for

PC platforms are commercially available.

Commercially available image processing tools, such as Photoshop ™ can be used to manuzally

draw out the shape of the structure from each scanned image. Various imaging-processing tasks, as



and include, for exanple, Altair(r)HyperMesh(r)5.0 (available fromAltair
Engi neering, Inc., 10 Maplelawn, Troy, M 48084). In a preferred aspec ?ﬂ
vol une i nmage of a blood vessel is obtained to construct a physi cal b SEP 7005
geonetric nodel which conprises information relating to both shape and
material of tissue formng the blood vessel. Cenerally, construction of
geometric nodels entail dividing a 3D nodéling process into a series of 2D
cross-sectional segnentation operations fromwhich the 3D surface of the
structure 15 is reconstructed. An inmage processor is used to draw out the
shape of wrhdadesiir bd anasc bt perfcsinediey be eystdor, don eaarople,i snag@ltat'@egmhet wed.on
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used A cubgp. Sﬁihhfiﬁ@ rrﬁ:ﬂfo&@sdcﬁay'%eﬂvet&ntoruﬁ'pﬁﬁ@mhxlﬁ hgnseRmbidl", daakiacl.edy or
path. Wth y f representing pat hs, a | ocal coor di nat e system (T
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tangent, nornal and bi-normal defined al ong the traj ector of the curve.
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per pendi cykat, @&:ﬁthﬁg%}fﬁy%ﬁﬁ?ﬁlgﬂvﬁé‘llo@% Bt fétmrgmkmmtsrm@gutz% ﬁt{x_@ 48-
sweepi ng surface ‘can represented as f(t, )+ré%) cos +si n8

B(t)), as%6edfiRyanptiayd pizag| v K- ﬁiﬂﬂeel/"ffe’rsﬁmll"f’fé @prﬂlﬂg ntage

Berling 1995 Wr‘é‘co%sth%n&hﬁes% %&pa&ﬁ&ttb lee tﬁ@gub% 1@:@@y§tenEJ.SQc}Hs JoScufay
par anet er deflned along the curve. A bi-cubic Bézier formfor the 06 S E

2005 25 swewpliag lxmrﬁ@tl%mﬁsedﬁb&téwﬁée iret ey sp-op&dingsioegthanst ensor - pr oduct
operation (see, e.qg., Piegi and Tiller, 1995, supra). To nodel bifurcation,

the sane sweeplm&eca@»egl@&b%d@@@ o6 anpki £d enleﬂh&rd(i?fﬁncfepre@%é@érﬁat%ﬁ}fsxwdely
intersection, only half of the It)ubul ar sur?ace can_be useda,(ﬁ ure 6) Thi s,

however, PEAdS VEseUl Bedehipe 654 RE- Breuh el abropeee ke {REAR aE}k}) at the

joint. B fiou; gaﬁlu&etmﬂ% mmtab@a,@mrc%mp@qucra%ﬁw; Eoh PP ons TcBmbd 1 basNgp AN
anal ytic ag)proac described in Gegory ou nmput er Ai ded Geonetric

Desi grO 11:1338) -Reixgona ggellateme Be tizeadate. #159 janie P%@ﬁrwo%ﬂ@@wtkﬁ skjirgten
nei ghbori pgi;sysfARESe ar-lr@ee, e.g., Sederberg, et al., International Journal on Computational Geometry

and Applications 8{4): 389-406; Choi and Park, Visual Computer 10: 372-387, 1994). Feriey, et al.,
Computer Graphics Forum 165(5): 283-293, 1997, additionally describes an implicit surface method

for reconstruction of branching shapes.

25 Accurate modeling of a 3D vascular network relies on good representations of vascular
segments and bifurcations. Ideally, a vascular model should be visually smooth and the detail of the
display should be adaptable to fit application requirements. In one aspect, a constructive approach is
used to model visually smooth vascular networks. In this approach, vascular segments are modeled
using sweeping operations while vascular bifurcations can be modeled using blending operations (1.e.,

30 sweeping plus hole-filling operations) (Gregory and Zhou, Computer Aided Geometric Design ]1:
391-410, 1994, Ye, et al., Computer Aided Geometric Design 27: 875-885, 1995). Based on GC
conditions for boundaries and cross-boundary denivatives (see, e.g., Schreiner and Buxbaum, JEEFE

Transactions on Biomedical Engineering 4073} 482-491, 1993), constructive algonthms for



generate GL snooth bifurcations, however, additional nodifications of hole
boundari es and hence the surrounding surfaces are desirable. The procedures
for bifurcation nodeling are sunmarized as 10 follows: 15 (1) A bi {@r3Eftien
is first generated by sweeping three sem -tubular surfaces in bi-cubic
Bezier form (ii) Two triangular holes are forned by three surroundi ng

sem -tubul ar surfaces. Each hole is init#ally "filled" with three bi-cubic
Bezi er patches using the nmethod described in Gegory and Zhou, 1994, supra.
(iii1) The boundaries of the sem -tubular surfaces are changed to quintic
Bezier f orsrgmeﬁhéswermpd'gfahdﬂaﬁr@misn hleedidgteriridasdnedirapdeschiecdcin @ssetlbbundar y

t angenti al.~cont i nui,t atl and e f..t angent
pl anes at ﬁo’fsém SRy it iR ‘)%]1; ?ﬁr ee“%%rﬁn% uﬁiﬁ‘fumr I\}séur gcess%(rgr%egpq?%ﬁ Bio RS
degr ee- el é&ngmemngmlmh]laﬁ)(m iSee,Begicem ip&iguhas aadd. 20 nodified based on the
new hol e boundaries. The next row of control points of the hole boundaries
are m)dlfledacord n ure that the em-tub ar s havi ng
cubi c cross- bognt arIh ‘ggér/t%lva f:%\gga]snm ont UTW@ * Boln écrlf]%d:el.lj (%%*ﬁmry or
vect or Svallussh ic ﬂﬁsahﬂnqmﬂwarbyunﬂefci m@hm\geMe@hea »\dpwhnéﬂr&seﬁmm ail wihgndtiefohd lcen

boundaries is erated f qr. the f.il at ches vi) . Th I
boundar | o2 BEHE 1o TP PR ALk SR B BT S Sr iR P ST SEAFe
the assoGheidatt@GD0hesanbied a@rcomorchRdlydad )ziulﬂﬁ[}l Mafldbve SSouddaefos bahsbings and
their assocjated vector-val ued b )

degr ee- el SiFHEEdiEGHIGHRA - g £ :
pat ches ang4 genes, 3edabas, Q@haﬁ@ﬂyﬁ@m&u@ﬁlm e@avitlaﬁ:né fr&ﬁ%ltaﬁ@n@ﬂbéﬂnghm e
boundari es, and the vector-val ued cross- boundary derivatives along the star-
i nes 18nd Mapkelagy, Troyn¥ 88456Uindar i es. The remai ning 3x3 interior control
points are determ ned by taking a Coons-Bool ean sum approach as descri bed
in Ye, Conputemnaftieel 96k avolific l&zge&&&uooh%&en@oﬁmﬁwtomeﬁmzﬁa ftyeigaitdne
segnented nedical im a central l|ine nodel of a vascul at t?fﬁfﬁcan be

const r uct EEMetFHMEd 3@!1 cpiEPREH EY BRI R oo RPN TeT UEdBHRINE t i ng

of vessel HeIQ)da@¥sel URnBAIRA cPRERE DT igtdhetfi €haddl Qs QviliRg hepr SRy H@@ess
t opol ogi cal connectivity anpng a |list of a vascul ar segnents), vessel

geonetry (¥dasdienat %%cra?fcﬁewaoaﬂ SFEMEHHIopORERIONTIogY Y RIFD éﬂ?e“f“ffi’ﬁe ofHE SSEFtHBdel

of thasvessglssingtddne iRafSG0Rsdor UakaDoRASLs ML hhR Fertdegited Va0Q19QQANREE Y .
Vi sual snoot hness is achieved by enpl oying operations |ike sweeping and

bl endi ng. &MARER ERALEERMAHHEN P FHURE AT Enfipph Rl ag o igpion-growing can be

used, as are known in the art, to facilitate the process (see, e.g., Wang, et al., IEEE Engineering in

Medicine and Biology, November/December 1999, pp 33-39; Moore, et al., J. Biomechanics 371: 179-

184, 1998). Finite element modeling also can be used for blood flow modeling, as described in, for

20  example, Taylor, et al., Computer Methods in Applied Mechanics and Engineering 158: 155-196;
Hughes et al., Computer Methods in Applied Mechanics and Engineering 73(2): 173-189, 1989;
Shephard and Georges, Int. J. Numerical Methods in Engineering 32: 709-749, 1991,

Surface sweeping is a powerful tool for creating tube-like shapes, 1.e., simulating bloed

vessels. The sweeping operation requires a smooth trajectory and cross-sectional shapes. To form a

25  tube-like surface, a closed cross-sectional contour must be used. A cubic Bézier curve is used to
represent the central trajectory or path. With y () representing any of G' paths, a local coordinate
system (T (), N(#), B(9)) can be defined along the curve (see, e.g., Figure 5). This triplet (T (), N(#),
B()), also known as a "Frenet frame", is the tangent, normal and bi-normal defined along the
trajectory of the curve. Assuming r{¢) is a contour function defined in the cross-sectional plane

30 perpendicular to the curve at a given point ajong the trajectory, the sweeping surface can be
represented as

I'(t, 8) =y(O)+r(t) (cost N(2)+sind B(1),
as described by Piegl and Tiller, In The NURBS Book, Springer, Berlin, 1995, where 8 is the cross-

sectional angle and t&/0.// is a parameter defined along the curve. A bi-cubic Bézier form for the



-vascul ature segnents. An advantage of such nethod is that it provides
flexibility in changing 3D structure. Were a pathology is identified and
measured, a vascul ar nodel can be nodified to account for the patf®bseERyls 10
Preferably, deformable nodels are used to detect structures in inmages. Such
nodel s can be wused to define a geonetry which mnimzes the energy of a
sinmul ated structure to account for topolXdgical change, e.g., due to factors
such as bl ood flow dynam cs and even interactions between the device and
the body lunmen or cavity. For exanple, catheter tip shape deforns in a

pr edi ct abkeecpmgrin@rcantter:fst badgricppdcsing ¢ tanar-guidde optregn (wreng.ablivgined Mgler,

t hr ough topduous vessel s, and when 15 encountering vascul ar constraints such
as |umen narr S r?g, br anch poi nt bifurcations, and the like. These events
can be nodel ed using the sinulation system In one aspect, a deformation | aw
is applied to ®o gmeéa‘réifniccticrmdelsaromvafieniegioﬁeramnaainbemaﬂiemiIoa:-kder c:ewbitiablﬂ i ne
nodel to ¢ nst .uct d i an b i hear
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The appl i mimmglmfr pdeﬁ@r(ffaﬁtlaﬂﬂbhdk\)\/st theQ;oﬁn Emurgﬁmﬁeﬁddbnngmdeﬂord qutdﬁSﬁfahé)ﬂﬂ
in, for e ra, Mal|l et al
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. 810-815, 1995). 25 In a further aspect, the system conprises a know edge
base, 1Pel &‘ioi’f@ to the physical and./or biological properties of a
patient(s)' body cavity or lunens. Facts within this "vascular materi al
know edge base(y can bguBRion\Ebhsi genfraed b E0dBpinl ehge aFRinitular BRGRES iR Gi-albip of
the sinulation systemas well as from public databases (e.g., such as
PubMed(r)) (see, aPlEOW™ i Figure 1). In one aspect, the property of

el asticity Cano?e est R &NE Gofek @RNfEHRA b e tRdd QRASHdhDehVeBMa} STPHE:s RE hbY
(determ ned 30 froma volune inma e%:Fof a portion of a body cavity aqr | unen

and the stiffness dfmialy fillgdyrant "s}é‘tféb": Bégiepprothsepsingsibempthod fscehed et er

of a gavity/lunen caReHe AeERuM Ry pf0r exanpl e, plaque can be
di stingui shed from vessel wal I|'s by evaluating the image intensity of a

vol une i mage. ®ief etghryndeges afdhauserphalgenriafes soayhaessdie ﬂ‘é%“c(ﬁ“meﬁﬂ?é‘ﬁs Tht e

acquired from O6SERLOGR2ddnsRA § RS8RV INEe S0l RRASRy 1Bk BhBhIPAwEe t hese
i mages are provided to one or._nore of the know edge " basSe systens descri bed

above. Preferably, CHReanbNRadgEsE3Eea5sdiEe)t plames dideledarass r om i nages

are obtai ned fdigm pﬁ&ée‘%@&é nidamt ﬂﬂfa@és'ﬁ?er tQéPde%Fe@%!e%ate@%@Mt}é B’e%%%ﬂté%{es and
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di splay vascul ar manifestations, and
: cubic cross-boundary derivatives along the hole boundarnes.

() The vector-valued cross-boundary dervative in a quintic form along the hole
boundaries is generated for the flling hole patches.

25 (vi}  The hole boundanes are split into two at the middle point of the parameter, so are the
associated vector-valued cross-boundary derivatives. The star-hines and their
associated vector-vatued cross-boundary derivatives are degree-elevated to quintic as
well.

(vii)  Three final filling rectangular patches are generated based on the updated starlines,

30 split hole boundaries, and the vector-valued cross-boundary derivatives along the star-
lines and the spiit hole boundaries. The remaining 3x3 interior control points are
determined by taking a Coons-Boolean sum approach as described in Ye, Computer

Aided Design 27 875-885; 1995.



Quantitative nmeasures of a pathology can be obtai ned. For exanple, a
quantity nodule which 1is part of the systemcan be used to neasure the size
of a blockage (e.g., a plaque). In yet another aspect, at |east or[qq;§ EP 2005
know edge base conmprises clinical information related to a 10 speci

patient for which a device is being designed. This database can |nclude such
denographic informati on as age, sex, drug()hi story, nedical history, nedical
billing information, and the |ike. This portion of the system can be
encrypted so that while information can be continually added to other

know edge baseBrofrghgsegmbyted endtd myst.emeusa tigg modeifodn mescilomramian he portstmected.
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stored in rélﬂlﬁnﬂmafoye]ﬁasteat tﬁe to@slognn:ﬁllcbnr&ct‘o\ylsrtaemg@ﬁsﬁif@rvaﬁnhbieg&eﬁthpv@yﬂt emto
accept the i on nf ion.relatin ation i.ents

al so can b&o%ett%’g%oc?r#%ﬁlescaBH‘b%g%’538%VW?I FRteRkRS I?Fértyl %ﬁgbblr’é"tdfa e Vegsﬁé igiherific
patient. RevhgcbObetd ApthSysiramikrebaeabl Wisual heodiiesd isditspkayy knpeyhace al so
di splays a three:di mensi onal representatlon of the 20 nedical deV|ce whi ch
i's i nt er f QBTG B iFEPRAMAG TR <F IRERTRbROHINg Reprareli T et nlse fbt ai ned

froma datalasfrkghémoesn mvaﬁthghrﬁqu@%tmss 8 9 sovmgn&ﬁm@s@c}%@nk@g\m
and/or commercially available) or froma simnul a{Jl on of deéevi ce

exanpl e, &8s CIhpEd PRICIOESIS ‘ﬁ’?”é‘\ﬁf‘%?f@r‘i%ﬁas%‘fﬁpIal"éfétllabﬁmd@é?q % mwbﬁed to'
60/ 273, 73%ECOEﬁt|f§Iqh4VFE&&J‘]O§,‘ 2001. A volune scanned i mage of the device al so
can be generat ed using techniques simlar to those descri bed above. 25

Preferably, sical nmodel is used to sinulate a device based on the
quant i'Pati ve a 5 eyablys defprmapiy meRsISrasnies el RBiRIsiures it IAREd SR WOy §204€i on

of the geQu®it Yefink AROORDY,: wRBHMRIMSLLHE cRF ratsh@@ate@émmee fHaVdoeRr fooul tabl e
medi cal - devi ces whi ch can be sinulated inc but are not limted to: a

de
cat het er, ‘Qpalogisaichenge englodiedp Ectorayyah @é&@ﬁ@w@b@ﬁ@w@ée@ﬁ@n inderagons keo gen

bal | oon, %&ﬁb;k@%‘th@édd?%ﬂ& orféwbﬁ%r @ka%fegéa%?éterttfa%ape%e%%&ﬂ'a%rred%méls' on
devi ce, optical probe, g del i'very device, and 30 conbi nati ons thereof.
A&
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ewmre t her apeutic device and the i1 ke. 0 6 SEP 2005 28

cat heter
Navi gat i oﬂ%mdéﬂﬂltmﬂ &y sedstePratfedhapinylatiorhesiegst em si mul at es t he novenent of
the sinmulated device within the sinulated body cavity or lunmen in real-tine

when a first Ug&he BHREPHILSRENBWTEEIHEA (od8¢bE8Ik MREl AeaRd Wokdh KiltercBical

mani kin. This can be realized by performng virtual device navi gatl on inside

a si nul at SEPIHERF RG] P FonsHrCcy ﬁmﬂﬁé. Ry 3R model @bt iad el Hgian delompatigng

si mul at i om,SY $4:&3) fof- 1B G FRRSkidnNard: men-linkdr @S aRabp AR dnGRb 9504 B3 1d 33,
filed March 6, 2001, the entirety of which is incorporated by reference.

For e%ﬁnplgeomqlﬁ@néﬂ??oédjdwbm @ﬁ@’iaﬁé’l%f'\’aﬁﬁét gy dPRnswarA. Yeibldidéaa feal - ti me

si mul ati 0Qyarnemarical Imaging and Vision 6(2-1): 269-289, 1996; Caselles et al., Numerische mathematik 66:
1-31, 1993; Osher and Sethian, J. Computational Physics 79 12-49, 1988; Sethian, In Level Set
Methods, Cambridge University Press, Cambridge, England, 1996, Caselles et al., Int. J Vis. 22(1):
61-79; Kichenassamy et al, Proc. 5* Int. Conf. Computer Vision, pp. 810-815, 1995).

25 In a further aspect, the system comprises a knowledge base, relating to the physical and/or
biological properties of a patient(s)’ body cavity or lumens. Facts within this "vascular material
knowledge base" can be denived i part from the geometric modeling arm of the simulation system as
well as from public databases (e.g., such as PubMed®) (see, as shown in Figure 1). In one aspect, the
property of elasticity can be established from the relationship between image density (determined

30 from a volume image) of a portion of a body cavity or lumen and the stiffness of a particular tissue.

In another aspect, the diameter of a cavity/lumen can be determined.

For example, plaque can be distinguished from vessel walls by evaluating the image intensity

of a volume image. Preferably, as volume images of body cavites or lumens are acquired from



of catheter/guide-wire interactions with blood vessels. This enables the
first user to develop the eye 10 hand coordi nati on necessary to inplenent a
particul ar interventional procedure. Depending on the realismor dﬁ%g&$qm&on
accuracy required, the underlying assunption of physical nodeling

adapted to sinulate navigation and/or deploynment of a particul ar nedical
device in a body cavity or lunen. In a pBreferred aspect of the invention,
the system sinul ates a path which represents at least a 15 portion of a
patient's body cavity or lunen and determines fit between the geonetry of
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t he devi cershaped ffatnghdsey havirretheopt b1k, chuonetyivastuld hepngpirbhabifiredtion mat i on
paranmeters. 20 Basi g .Mdels for. heter-Navigation In a preferred aspect,
B Fher s R e B P ST RO RERR - P BTh g S GRS, of

cat het r pawvirgakdudy diskibe! dnser hasing, MEMbRALY siaForrkio@invess &hsse F Bisglss unmed
to be rigid circular _tube-structures with varying radii, or with arbitrary
cr oss- sect'POHE BRI Gs ARG tees. However, it is 25 commonly accepted that
because nost of the blood vessels within the human body are well stretched
Ey sur [1 oundi n@mﬁ&_&i%medsggs \zsasﬁﬂ}ko@dgylrcm B&?}Mﬂﬁéﬁ il&fr @;Ehln)@l@ié Qi:aiityl yoddes Wit d

y cat heter nayigation. ner a , also t tip of a guidewi re or

navi gati n§ DHIAD T cRPehyrs P OPR e P %P@%%&%awé@ée% o a blood
vessel when in contact. The vessel wall is therefore relatively stiffer than
t he catheter ihseldnothandptdner Bhanes kiotvlddge bate tempeas olirdt] fdrmasémmalaatieo a

rigid blood vessel il.when simylating navigation 30 .and/or depl oynent of
L Ot B antecS Bt M il o b Pt TS aove £ e R o B e hape,
Wi tﬂ cur V)&dorﬁiétimulgv,&éx, dg%qﬂmr}y{ rﬁédi((aehigtr)ry, tlR@icLIntiisisg sﬁ@mah ;j@d}ﬁz\xﬂifth% mg. IghESOOS
cat heters ul ae res are genera clrc ar or rin ape .
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di screte FRWIERILEC BN @hote SRR MNE), ilfatSatioh REIICAO phRN L DRI BSRIIWELIgAS an
aggregate of nultiple, flexible bodie connect,e%o_ each ot her at nodes
capabl e oP*SEFHYIPLRS HHPBXT WHR BRYEEoRIFIELRY-Siien BERERIRT RG9S IrBofe gysteg |

nmodes 1 9f  ugefwinmekic)in tehipétary 8ad HRE Sl B_@%&té}ﬁbﬂa@ﬂoﬁ@@bl@@th@ ORE&HOICREpase @
sequence of novenents of flexible 5 nultibody systens conprising a plurality

of segmentdOTRYEIT dnicRBANGFIgtRE H @ORYALIGRT QfrreRENtRAIY can be slored IFSAEPHECE 3781 ood

vessel s) . idienRiéh RBARE L, thaspetifibalead catheter is subjected to a sinulated
force such as pushing, pulling, twsting, or conbinations thereof. The

novenent of thg cat gei ir : s represented as the sumof rigid- body
di spl acement s aHES : E at each step with the deformati ons being
relatively small _

Preferably, the first display interface zlso displays a three-dimensional representation of the

20 medical device which is interfaced with the manikin. A simulation of the device can be obtained
from a database of images of stored devices (e.g., where these are known and/or commercially
available) or from a simulation of a device, for example, as described in U.S. Provisional Application
Senal No. 60/273,734, filed March 6, 2001. A volume scanned image of the device also can be

generated using techniques simailar to those described above.

25 Preferably, a physical model 1s used to simulate a device based on the quantitative analysis of
volume-rendered images, followed by a denivation of the geometry, topology, and physical properties
of the device. Suitable medical devices which can be simulated include, but are not limited to: a
catheter, guidewire, endoscope, laparoscope, bronchoscope, stent, co1l, balloor, a balloon-inflating
device, a surgical tool, a vascular occlusion device, optical probe, a drug delivery device, and

30  combinations thereof. The system is able to model the interactions of multiple devices with each
other. For example, the system can model the simultanecus movements of a catheter, guidewire,

therapeutic device and the like.



10 conpared to displacenents. Generally, the elenments of the catheter system
are treated as rigid bodies first and then defornmations are cal cul @tbeﬁft"fﬂm
i ndi vi dual nodes of elenents at their equilibrium position. A differe
principle can be enpl oyed which is based on a virtual work nethod or

mul ti body dynam cs nethod (MDM. The MDM nodels the kinematics (rigid body
di spl acenents) of a 15 nultibody system ZBn contrast, the FEM nodel s the
deformati ons of flexible bodies to analyze catheter navigation. Generally,
the deformati on of a nedical device such as a catheter is relatively snmall
relative to the rigidity of a lunmen, such as a bl ood vessel and Hooke's | aw
is applied. However, where the deformation of a lunmen is large (for

exanpl e, when piomaterials faj g nonl i near FEM shoul d be applied. 20 The
Gover ni ng Equal%wg% L Cacinh SBUS!G heter represented by nultiple, discrete

el ements, each with a deforned configuration. This flexible nmultibody
systemis in dymérdbly, 8guiy$tehsinmatew thdmayspiened tiaominested deges, witloo fteaatulated
traction g d.DkeENRhel 88 HncAnch Ty e M SEATRLE Ll AN AL GLORL L O CR, T S
a hyper-vi scoel ticTHOrce N an iso ropic Const rtdtion nodsl fsee, €. g.,
The Bi 6nrediasdin. B cae ée raatizedidn ghdakningeditt: detice i2bigbivnahsidedossphted bodBr @mizy no,
CRC Press + | EEE .Press 199t5l)FE&1wo.co di natels st ens .cgn bg s%p to
describe PhEMTBVEREH "EEE T AE THFBF a1 iGha SBF IR SYSER ' SFSP %@Et et The
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t he ody oca reference tinme 1, The variatiopal equations.o
moti on of ‘et(fﬁéncéa%:ﬁreet‘éw?y‘g’f BRrE %M&ﬁgla%%h%svg@@ D s R
(pif _ f) dNeathetdrBLid wireGrfpdMichd itMBROE vesSeldl €THRE @Sble e PRI NSt Y d S BRye-V
denotes the volunme of the catheter, u denotes the displacement vector of a

cat het!lBr Pdrfeowinafiphpecessary fo UpRIETRRt {RHBEEATIHEVEIOR P& Er and stress
vector,- respectively, 6 denotes the residual stress vector due to the
accunul at i on obegeR@inp b€ e @er$ism deldomatiboasuby ehuiednthband«egiigasuthtiough a

process of ener el ease hape . recover), enotes the virtual . .
G Sl acemEHEGLENSITE AP BORRILT BREseart e hdouoert &l TPeruorr SRSt
denot es t hes gRKceSHURAIRG. Vi rtual strain vector,
In a preferred aspect of the invention, the system simulates a path which represents at Jeast a
15  portion of a patient's body cavity or lumen and determines fit between the geometry of the device
(with or without functional and information attribute layers) and the geometry of the path. The
system simulates the design of the device in stages; first providing a simulation based on optimal
shape (e.g., using the device shape database), then optimal function, then optimal information
parameters.
20

Basic Models for Catheter Navigation

In a preferred aspect, an incremental Finite Element Method (FEM) is applied to the analysis
of catheter navigation. In this basic FEM analysis, blood vessels are assumed to be ngid circular
tube-structures with varying radii, or with arbitrary cross-sections and deformabilities. However, it is

25  commonly accepted that because most of the blood vessels within the human body are well stretched
by surrounding muscles, the vasculature network 1s enly minimally deformed by catheter navigation.
Generally, also the tip of a guidewire or navigating catheter is very soft in order to prevent damage to
a blood vessel when in contact. The vessel wall is therefore relatively stiffer than the catheter itself
and therefore, it Is quite reasonable to simulate a ngid blood vessel wall when simulating navigation

30 and/or deplovment of a catheter.

Typical catheters/guidewires are generally cylindrical in shape, with curved or uncurved

geometries (e.g., the cross-sections of catheters/guidewires are generally circular or ring-shaped). A



p denotes the mass density of the catheter, f denotes the body force vect or
u denotes the acceleration vector (second order differentiation of varl
with respect totinmet), and T is the traction vector and can be (X e@
in terns of the external force applied at the boundary S and the contact
force between the catheter and the walls of the vessels. The displ acenent
vector can be defined as a summation of ta% terns, a termrepresenting
rigid body displacenment and a defornation term in order to derive an
explicit equation which can be solved to sinulate catheter novenent.
Because r icgheediusqunae e e cooifeptthézeclals hehprsirgastlihBtyiofl dsoestBiDeienmzadtens tor €SS,
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the strain and stress corresponding to the deformation. It is assumed here

that def oFfEEPHIanEP BlogeXerdil y smaller than the rigid displacements. The
deformation can then be assuned to be tine independent during navigation.

Because of thi g onkhéheaCs Shladdicaieef is dej@iddBb b edlSed RicelsadheR plidhirg, pulling,
consideration in this fornula. 15 FErVi Anal ysi s Three-di nensi onal EBD) beam

el enent s E¥RtIMe oy CEPRagorshsTel dhETOY Rt Pighe eEhaiet e segteg s the SpR et Bgid-

novenent bgglyuﬁgﬂl&@ﬁex(@ind%ﬂ)rﬁagﬁons%pé%\éﬁ?ste&@ﬂh bR d@ﬁ%aﬁclngeelggfela@vaﬁmm er with
N el ements, ~where 0 6 SEP 2005 31 -1 represents the ri di spl acenent

of t hdObeapmedretrorisplagrioenty. ‘Genemlly. the elerpryistof the-cpiheter syste\m aje sefifﬁd{af ngidioadies  f
) dv =1 f first afd @V BFdmAtidnshir callated for individual nodes of elements at their equilibnum

position.

A different principle can be employed which is based on a virtual work method or muttibody
dynamics method (MDM). The MDM models the kinematics (rigid body displacements) of a
15 multibody system. In contrast, the FEM models the deformatiens of flexible bodies to analyze
catheter navigation. Generally, the deformation of a medical device such as a catheter is relatively
small relative to the rigidity of a lumen, such as a blood vessel and Hooke's law is applied. However,
where the deformation of a lumen 1s large (for example, when biematenials fail}, nonlinear FEM

should be applied.

20 The Governing Eguation

Consider a catheter represented by multiple, discrete elements, each with a deformed
configuration. This flexible multibody system is in dynamic equilibrium with applied forees (e.g.,
contact traction and inlernal forces) at time ¢. An example of an internal force 1s a hyper-viscoelastic
force in an isotropic constitution model (see, e.g., The Biomedical Engineering Handbook, Editor-In

25  Chief, J-OSEph D. Bronzino, CRC Press + IEEE Press, 1995),

Two coordinate systems can be used to descnbe the movement and the deformations of the
catheter system. The coordinate system XYZ 1s the inertizl (global) reference frame and xyz 1s the

body (local) reference frame at time ¢.

The variational equations of motion of the catheter system are given as



(5) represents the deformations of the elenments. Sn and V' denote the
boundary and volune of the nth 5 elenent, respectively. Equations (4) and
(5) can be solved using routine FEM nethods to derive the matrix () ESifRiPns:
MJ =To+T, + f 10 Ku=Ta+r,--M UJ+f+b (6) (7) providing a nultidynam c anal ysis
of rigid body displacenents and for an FEM anal ysis of deformations for a
sinul ated catheter. The rigid body displa¢enent vector a is represented by
three translations and three rotations at each FEM node, while the _
deformation vector Uis also expressed 15 in the same way, with a total of
si x degrees of frﬁegd;dmdat ?BI,FEM,nOQ'%vNatJr bees MrandyK denote (the gl obal
mass matri x and tHe gl obal “'stiffness matri’k, respectively. Note that
equations (6) and,(Z) are coupled to each other and can be solved using a
sem -inplicit it e g., Rao, -In The Finite El enent

Met hod i n Engi negﬂﬁiq {ﬁhﬁgﬁsmﬁimw York: Perganmon Press, 1989).
Advanced Model s ledehgles Cdl%?ﬂ@ten?% veytg ac%thge opn?tat rh ?t ed as rigid
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it may be desi r alife f('z deel ne or .more ‘pﬁ%m ol ogi cal paraneters such as
the effect of bld élﬁeﬁ or ERIT [éft}:?rﬁ of “'8 ‘i cal device such as a

cat heter. Theref df?eeno ! en@asésdﬁ]és h& %l ati on process uses a
henodynam ¢ nodel f deses ihbbedy fodevebbood fl ow phenonenon. Preferably, the
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age, obesity, and.sdiedidey, ok 6 SEP 2005 32 For a nore realistic and

accurate anal ysi g i9fhetBich M8 atd d:9Be BetdRem AnsleXintexane Rreaiiret agy such
as coronary stenesisoundahesaay ivgecoiBtefotdl s il (aSHEES al BetwBabetheas

nonl i near. Bl oodvék&sm ng through the vessels is nodeled by treating the

bl ood as a honobgeneous inconpressible Newonian fluid. The vessels and

associ at ed st enR%ispladéeniPEe)r@sh RSdekiadeds @QuSinati6d 1O terk§ aNBrmbreplesch e FEM
5 nodel . Physi ol ggi cal influences on a body cavity or |unmen also can

consi der eBEH Ropadithlecagtt andp dtiBmador 5 aﬁi.sr iorﬁiem VY PHAER A W HEE bFray
be i nport gyMedGORERMASathERE mBXXHRl EBecM¥@Rigid displacement of the catheter results in no strain

5  or stress, the final two vanational equations from (1) can be formulated as

=T T = =T 5 7 _
Léur(Tn-f»Tr)dSﬁfv&r(pu,—f)dV _o’ 2

representing the movement of catheter/multibody system, with each element moving as a rigid object
and
I = =T = rar _ = -~ _ 50
Léuj (T +7.)dS - jv §al(pi, - [)av = L 5E,(5, ~G%)dv o
10 where ur,, denotes the rigid displacement; i ; represents the deformation, T ,and T . represent the
external force and contact force, respectively; and £ rand & srepresent the strain and stress
corresponding to the deformation. It is assumed here that deformations are generally smaller than the
nigid displacements. The deformation can then be assumed to be time independent during navigation.

Because of this, the acceleration of deformation is not taken into consideration in this formuia.

15 FEM Analysis

Three-dimensional (3D) beam elements can be used to derive equations for FEM analysis of
catheter movement. Equations (2) and {3), above, can be rewritten for a catheter with NV elements,

where



nodel ing coil deploynent in the head, the systemcan take bl ood flow

dynam cs into account, since a coil nmay be swept away if incorrectl

pl aced. Preferably, FEM analysis occurs in real-tinme, in order t(ﬂfss%umgsce
real -time novenent of a 10 representation of a device while a user is

mani pul ating a nodel device in the manikin. Such training is inportant to
devel opi ng eye-hand coordination. Preferdibly, this is inplenented using a
fully nonlinear 3D finite el enent nodel conbined with henodynam ¢ anal ysi s.
This requires extensive conputer povver A mul ti processor systemw th at

| east about four o] a r ssor havi ng conputing power
equal to a 2 G%zfr[st(g‘f Pert—ts)ldﬂmiﬁﬁ ED” pﬁg&ei)arrpl e of a systerree that 15
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physi cal rodel | ng. Figure 16 Is a block diagramillustrating the various
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popul ati on of nornmal patients, a popul ation of patients W|th coronary
artery-di sease, petrikpheral scuI ar di sease, stenosis, and the like. In one
aspect, the dat ab&5% J@ﬁﬂ es vascul ar data from patients obt aished t hrough
one or nore of a 3D Rotational XR scanner, an MRl scanner, an MRA scanner,
or any scanni ng devi 0 be for collecti ng scanned images for
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The Finite Element Method in Engmeerm 2" Edmon New York: Pergamon Press, 1989).

Advanced Models

20 In one aspect, vessels are not treated as ngid cylindnical structures but as deformable
structures. This is particularly useful when modeling the interaction of catheterization devices, such
as balloon and stents, with diseased arteries. These vessels vary in cross-sectional diameter due to the
presence of a pathology, such as stenosis. Further, the deformation properties of diseased vessels are

different from the deformation properties of normal vessels. Additionally, it may be desirable to

3]
Ln

model one or more physiological parameters such as the effect of blood flow on navigation of a
medical device such as a catheter. Therefore, in one aspect, the simulation process uses a
hemodynamic model describing the blood flow phenomenon. Preferably, the hemodynamic model

accounts for the affects of such vanables, as disease, age, obesity, and the like.



Depl oyment Model s In one aspect, in addition to nodeling novenent of a
devi ce through a body cavity or lunen, the system nodels one or nore
operations of the device. Such operations include, but are not |igbtsE8 261
to: a surgical procedure (e.g., such as renoving, cutting, or repairing a
tissue), inflation or deflation of a balloon, injection of a radi oopaque
material into the body cavity or lumen, dAd the like. In one aspect, the
system nodel s i nteracti ons between an angi opl asty device and a bl ood vessel
havi ng one or nore | esions. For exanple, the system can nodel the depl oynent
of a balloon Enginopt estisicdeyrceragtanaly$iesi tbningirdctionhdveare drvdeknd npdtatloon
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screen of the first user device and within the manikin. Injection of
contrast AEHMENPRIES! E ibecarsstly Bleed: I n one aspect, the first user (or a
second wuser training the first user) can select an injection volunme and
rate from sel egtabibg, PR QRS st b&Rlay edl-tia8 ik BRlef bolsShulsts Bal-iihé Bkl ass 604
second user interface). Wien these injection paraneters are set, 25 .
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3D di splay of the vascul ature. 06SEP2005 34 Sinul ation Methods In one

aspect, the systen1Frovides a haptic interface for providing an .
i nt erventi onal PrefeElivelNe §Y4¥™ HCEHe trEAcERMPEVGED (6 REK- 108 1Y 2pHRTY 8t pRSRE!
pl anni ng  andodeof bl HedickNEviS L 8RB PRGN eodusRd Fighr®I €RALBL 8Ach A illustratin

catheterization procedures with cerebral vascul ar pathol ogi es such as
i nt r acr anihglvaEgHs giepsitsuchs BHBETE Praesetnd GO ¥ TS ERR B‘?tﬁﬁﬁqg‘cﬂﬁ‘?}’- Bigésrabhe thej ke.

Q her si mdlsall QRSNMLE hysiERBicREreRBh IO RGNS ENBnipRGHSt BNk NElI4 IR simAltindr €
not limted to, angioplasty, catheter navigation in the abdom nal aorta,

per i pRér afamage tay earen &2l Sratheri st s BEhIng e gvireratiest terrady e prsicanalpo can
car di ol 0g¥;my1AWle L& 1 LdcK §n adtlod Wi hAR chBiRd bloWrdi A9HM, b lshisdibAbE MinRrous
simul ati on according to one aspect of the invention. '

' lesion in 2 blood vessel include madeling the effects of such a lesion on Jocal mechanical properties

of tissues,

In a preferred aspect, the system includes a patient database comprising stored volume tmages
25  and files relating to optical data obtained from body cavities and lumens of one or more patients,
Preferably, the database comprises data from a population of patients, such as a population of normal
patients, a population of patients with coronary artery disease, penpheral vascular disease, stenosis,
and the like. In one aspect, the database comprnises vascular data from patients obtained through one
or more of a 3D Rotational XR scanner, an MRJ scanner, an MRA scanner, or any scanning device
30  suitabie for collecting scanned wnages for generating volume 1mages. Data so obtained generally is
segmented. By having two rounds of scanning using the same scanning, but with only one round
revealing the vasculature, segmented vessels can be obtained by subtracting images of the former

scan from the corresponding images in the latter scan.



10 Preferably, the sinulation is event driven, i.e., responding to discrete
actions fromone or nore users. Conputation of interactions betmee@ h@ﬁﬂ@ﬁﬁy
cavity or lunen and one or nore nedical devices is inplenmented by ﬁ

engi ne descri bed above. FEM has been used widely to conpute defornmations
under nechani cal constraints in engineering; however, the instant invention
applies FEM analysis to various physicaB3nodel s of blood vessels, blood

fl ow dynam cs and nedi cal devices. 15 Any input fromusers cones in the form
of device mani pul ati ons, such as pushing, pulling, tw sting a catheter;

depl oyi ng a cdiityre it hfiluatdsghacbaioh obmpiistchl modzhfdr o paticet mmécrtureEdB;slaed)fpohhese
inputs affect y t

solvi ng cuaEreheTF e rBeshrns et e Aotk SOl an SRR Fiscess
as descri bagddahey@e caftrabip dfia besseﬂmPséfatxEy,rrfbpéﬁsembele@adchﬁlnglt@tre rdaedtiondf

bet ween the vi ce_and. cavity/lunen can be obta t the equ I|br|um
state, thg® ?%ﬁ?‘ﬁt‘%‘thégé‘quri@thd@\?fogé‘gloﬁﬂﬂe'al%%%réﬁ”eésa’Lr‘ ere3 0 BN I'§ef or mabl e
forns. sThedREeas ﬁ;&mtrﬁéih@t irRaehuiedge g&ﬂcm&rhkembcﬂ'lzthﬂ%@ﬁstdrrpﬂ RaLBELNHORe, 2

medi cal devi ce/ body cavity or lunen are then fed back to one or nore users
usi ng si nﬂﬂé‘ﬁ@ﬂ%%’t‘?ﬂ?ﬂﬂﬁ?@“‘?%@ﬂf@é’i{ ng with the system System outputs
include real-time representations of nedical devices as they navigate

and/ or depl oy IhéplSinidl Ab&ds body cavities or lunens. 25 Real -tine
interaction is an inportant feature of the instant invention. The inmrersion
of a user, r&dtherefore his or her abllltytolearnf he sinul ation

system is di r8EPF FPFItRAHITY Pede g B caeA Y XY s 8r1?'B nERtE o e

Si mul at i Ofhe Systdne ModM oGSk Sk adeariB A uhaddfrick OB udhi @uahonsdhcslpieaw b& nonlik ke
range gf about 20-60 Hz while an acceptabl e bandwi.dth for th d@é_gl ay is

in th&d rRhgevsicabletriESEns1850 2HE §r‘ém§’(§oorHEpfi’%“=t%té“5‘l'e?’é N9RAQr Ytletien e

f requencygfa BPlodhiRH6ABEL REDopddad matefalRRG tHeOdsd AWty lobR@Hehat tleafkeaccur at e
perception by a user are |atency and corrput ation tine. Latency neasures the

ti me between sensor acqgl Siti ong{%? gt |r| nrg t he. 05|t| .on ﬁé‘

si nul at ed nedi Bé?fleifé’v‘it © PElFR PO Y eﬁ‘cg‘? FREEHbYEHP é@’l VFi n@oognd

syst em actdsed ha¥ify Ghe,or AR lesionse HoLEHangleDihe bptdecdnansientk Hepiéanguub ftta0bort | me

i s that am)unﬁ of time qeeded to.0 6 ‘?%FE P 2005 35 deteérlr]i Ealthe lgqm l'i brium
8 g

state of FEWATRIANES t'é 'g7iom WePRPTEIB (PGP 40T 8 °83 %1 £y Furmen)

and 19 updatai, Balsnﬂ&uﬁamnﬁ iR cSenteBREIHE s@hen S eVl AlseE ABRiPIIRK 4 BiglosRUSEeS
of latency,_ incl udln but not )L)%]{gé)ted to: time required. for conmmuni cation

bet ween i B9 ﬁ‘f“gd@vﬁc’ée R ASREFe g Rplaee s Coﬁpﬁé“]@d]feh% PEPiIYn

bet ween ScdngiingpétiverydbrRiBY. gaRethtH a:rﬁw%tt@m,cplr PEREHE sendor BR nfc@ftoring pressure
conmuni catl on between the visual dis the 2D disp Ia% and the

pr ocessor °f & g d¢liyered i te &2laspy zi“§F‘E‘Jr’anllo‘éi‘“é‘fsé(E’f‘fi's'%ll’ie ”‘F‘ieh@rfeéij‘“EBFeé%” GLaBLER Y and

time for &eg&u&mnﬂnﬂﬁf Ph1Btdt 1 PREe Sneral8h6Ys AepRNdScgrBaht Yo Q&eéaa:rewﬁée
and prefera the system conprises an at |east about 16-bifs bus fo

i nt er A4l rtawmewr‘eﬁ?sw ¥ 1 EReEnBe At SpslEmieRiey et ohilihPRicRn bt éF 4ce)
and a conpialr i ief stk dle AQYitRRNE MAMRM Sssions to create external [inks

Injection of contrast medium alse can be simulated. In one aspect, the first user {or 2 second
user training the first user) can select an injection volume and rate from selectable options displayed
on the first user interface (or second user interface}. When these injection parameters are set,

25  injection can be tniggered using a simulated syninge or buiton on the control panel. The appearance of
contrast filling the vessels (opacity) is modeled to reflect the rate of injection relative to the blood
flow rate in the vessel. This provides a realistic impression of the injection. Preferably, diastolic and
systolic flow pattern and washout of contrast through the vasculature also are modeled using the
contrast injection function. Roadmapping capabilities additionally can be made available. The value

30  of roadmapping is enhanced when it is combined with simultaneous 3D display of the vasculature.



10 between sinul ated devices and the system processor. Realismis also
inportant. Very often, real-tinme interaction and realismare correlated. For
exanple, Figure 14 shows the rel ationshi p between response tine and & &f n
Preferably, the simulation systemaccording to the invention provides a

vi sual feedback of 12-15 franes per second. Visual feedback is the nost
powerful perception channel. The quality 38f visual rendering 15 greatly

i nfluences user imersion and therefore the effectiveness of the sinmulation
system The systemprovides a library of 3D representations of nedical

devi ces afddnalalidgrbviahydsof 3D representati ons of normal or pathol ogical
patient anatony. |In one aspect, the user can select an entry point for

i nsertion of ahnRHMthtdwvﬁ@@nbmvﬁeaagmnuhmﬂkde@mpk&ﬂh@#&i@mvmabnﬂither a
radi al or f ng.in ni-Qu atlo

napt | di SETanEd T B ERRaS e R RGN R R S

sel ected lnmiaym eryarhtyonabr dauremmm'ﬁﬂ@rcs:y&tresnmﬁﬁa@rdbml wssedlat p}at}ﬁbudo&s tudhhe

navi gati on of the device towards or fromthe, he ng a yser to
Cho0se’ whaHECHAg BTG YR egha oo briztieat o e okhafer i upfat aheg,
conpri se did E@ﬂdri@ﬂnéﬂuisﬁ@r}&,syﬁ&ﬁbﬂdlm Hut B @bt iRitdRpQHYeplatd@atlevt lighion in
particul ar, directions. Preferably, a current, position of. a navigatin

cat het er \WetARAAMBalHGER: PEARASER) FMUAHERYS %1“Wélﬁfr*&fldvenwwea}n'FWﬁHroagléaﬁﬂ 0% ew,
When requiz@deigspecially, during a course of training, a user has the
option to adjust a quoroscopic image in a manner simlar to that enployed
in a CathLab. For a%%% t he %ser can zoon1|nlogt of a artlcular vi ew of
a cat het er - gui El’éb\ﬁeré ?‘X/d‘é‘g’f‘@ iflgirating4 faplptignagrorde dg,ene “ﬂfﬁi itingméon.
oriengat i q’l‘bfé}ﬁblf hBe §ALRESEE e A dEheh deWirésBondio deetedlc 56hsTRM drdPF AYE: sbBJe
qual ity b%§ col |nat|n the field of view using the shutter function of a

si mul at ed COTRHRIFHC d@maeém beryeanhe bl Gy rH‘BT“?“cﬂﬁ‘d SPHY TBUE MEGEH deYESiRl  and
vertical GablenbRtd Qnnt PENEGE R H&ALL abiNeC FEMSBEsbefiOused WRIBARLSASHe Of  the
fluoroscopic inmage also can be nodified. In_addition, noving patient table
control | évf‘@ﬂgm@aﬁundéwa%@émfﬂéorﬁaéwts TP ETEC I DOV EHSF GBI IV EI0R BRliEY| ew.
These | evegss GANLE A viDEs SRVENEdRhr bIRST BsQ15BBoZ AOR d%@anh&%%rﬂeﬂw&l*&%w&sand
Y-axes as well as rotation’and skew. They correspond to patient table
contrgQl levers used in the clinjcal set% As dlscusseg above, the noti on
of ond>or nor eAReHPRHIOTHRGISEaE T 1) 1t foys © %EV&BBB&?“@&%% 5B PYshiR@pullige,
tracked ameiswpdad@@iesdBpbYianeoMs inflakiAg § baIREOSARRILEI@NEaB B IFM SftBese }I@etsuser
can change_ 5 the transparency of 3D rendered vessels to better caonplinent

the geo rref”?fi’/“%)‘ll‘%gé‘l‘ﬁ %anﬂhstf%&ﬂff OGO IR TS Mme Ry STHEPE Rt o8] Eoreratng His

option of ;@veirt 8PRIAUn Rekh BRI RSN Al QALK abbNe afl e Riu ddle Aprek@BheMmENt at i on
of a surface-rendered vascul ature. 3D-rendered vessels can_be rotated in the

x-, y-, affeztignibetvesn Bededse appiat{are CRES PYaPed ol BF cqHdrium state, the

cat hegr / Otk ey l9Bvitds Rnd Els@did MEatiReil MG ¥ASEHbRITo RRATOVorces Fthpud LALALGOBS
very useful in teaching selective vessel catheterization techniques. Besides

3D vi ews, o piepaiion Serepl TmpFEYEcaerPol capiBwe lien agt lagrelsd Brsiéo dietan moFre
stereo i mpges J%'fr@ GatieE Q%ﬁn@itsslmeffﬁcu%f@%?me system. System outputs include real-time

representations of medical devices as they navigate and/or deploy in simulated body cavities or

lumens.

Real-time interaction is an important feature of the instant invention. The immersion of a

[\
W

user, and therefore, his or her ability to leam from the simulation systemn, is directly Imked 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 while an acceptable bandwidth for haptic display is in the
range of about 300-1000 Hz {where 300 Hz 1s the free hand gesture frequency).

30 Two parameters that are particularly important for accurate perception by a user are latency
and computation time. Latency measures the time between sensor acquisition {e.g., acquiring the
position of a simulated medical device relative to a simulated body cavity/lumen) and system action

{e.g., haptic rendering or force feedback). Computation tme 1s that amount of time needed 10



al ongside the 2D image of a vessel. Users see the stereo virtual image on
the screen of their user devices wearing a pair of stereo gl asses &g g.
such as StereoGaphic Crystal Eyes). The stereo virtual objects b SEE 081
vessel s, associated volune data, and the one or nore interventional devices
bei ng naV|gated and/ or depl oyed through the vessels. 15 Besi des providing
stereo and 3D views of the catheterizatiéh process, the sinulator has the
capability of locating catheter tip position within multi-planar inages -of a
body region. The system wll highlight tip position relative to anatom cal
st ruct ur egetemineHbe gugprigy soie ofifestyruvee-& - A SPFesEyiwed a depreafd catiiumimages

of the tip Bﬁequ&ﬁpLgnkﬂeﬁny of an axial, coronal, sagittal or conbined
node, representing | nmages of scanned anat om cal structures (e.g., such as
obtained from CT, MRl or actual 20 cross-anatom cal color inmages). It is an
i nport ant  aspebierae teverabspetriinincree of Bteont linciludings butinghbimitedp glitge feguired
teachi ng eRRBhENn LARABEANES inpSHE B Aol IRSG R Behobflof, RERTEBhARRbon bevween
procedures. In one aspect, &n endoscopi c View I'S provi tip of the
cat het &r twiethhptie didpleyane thegys’qgn prsssedrstinog for henmomcaicovasyceat e vsya deplay (g,
anot her a t V, [

meur or ad, SFag P £ PR AAER BplReLhRiShETos i el e ana o

and tralnnmgﬂn@nmbem@ub®nnmhmrmy@hehnmmﬂpkpaﬂsgaamﬁhmhagenohMngbmgwamh|c

i nformati on and a vascu ct ed fr.om
compr | o ng LA ErAeT Ry ot o P TP T T gy BT Ot M GG afced sysem

vascul at uesg. (reanikin inuSiatg, #énd ak:mwrﬁdcgﬂ)fbas;ae)md PﬂBSﬂaﬁﬁllusmr@p:ed’réatcE&tﬂ'fzal\hGB§el )
can b?%Obﬁal ned fro utS| de t%ources such as the "literature or from vari ous

exper W”F%lrséﬂ]‘f}a% ?Yé‘i??&’é% SUSIAIR“FEF- use with vessels in the brain is

30 included in the system In one aspect, the library conprises data files
relating to t I“léeagamfmﬂsoymamﬂnorvezphﬁtsi ocal-tipe chpemd;tioesm@fealim ar vemdlitoh &br

devi ces, such ers i e st ent e shape
and mat er |’§flmpll< ollgéE LBe %gartlmﬁsmp t?%‘i’/?caé%fpgnse&ggca | Beahs I9\6&5’%\1/51!%810v| si ons}
Appl i cat i eimuBdon @Iste?ﬂccﬁﬁ%g?cBmEBﬁpntfohlpe:dfld\ihb olufl, fecdiBrk. of 0B-SER2ME5peB dechid. one
aspect, the systemsinulates an intracranial blood vessel with an aneurysm

I ntracranial igﬁ‘!arl ¥e% @gsq‘upx%yt 0\|7v WEP‘J épi%!tog ﬁarm@l GI%I’ 392{11 of ¥ glrxjer?d%ri%gat are

caused by a weakness of ve se ayers. re of an aneurysm
occur $3 hgnmi)rihﬁg@ccsameroausslcmemﬂdus:hiarfag:ﬁettwenmof ﬂ)ﬁamlatifﬁmsmreepéiﬁae for an

ntervent Lanal . BrGeSdlgur & Alpal-dinderat and) A8 i NeyARILPRY SULLANAML N

5 an aneurysmfs crit ocation and size
connect i onf leehyee pathdlegieal emeylsznatcarwd Iv ess@becphhcisef @adsledtnt enti poiAforaneur ysm

i s usuall XISB(J[ ﬁnagij aymvdlca! (lt? vme m 0 a%mu@ed?pagerﬁl(lg %ragt e1d‘1$rr%1q§51§ldor iemorzg%%a aad n

Pr ef er abl vy, esenta
sur roundi nagpdnk&)mdhe useSsmhmplambnnmh@hs dis;b‘iey wiit &t ahenmga‘uoao%ﬂmﬂuévacteehkodgvi ce

bei ng 6draneu er% l‘OXI X In(]) he neur S Spe t he system
selec v € € 3YSIE can € used Yo (En cl trﬁ v a?‘ IF fct% devicé
is us% td F‘Fqugfl)é&fftﬁgr [FaCentnt of “Ohé" o1 mor'e “cof s Bt 4oV

towards or away from the heart ailowmg a user to choose where nav1gatlon w11} begin to be tracked.

The user interface can comprise direction buttons, enabling a user to maneuver the device in

particular directions.

Preferably, a current position of a navigating catheter within a body cavity/lumen is overlaid
25  ona fluoroscopic view. When required, especially, during a course of training, a user has the option
to adjust a fluoroscopic image in a manner similar to that employved in a CathLab. For example, the
user can zoom infout of a particular view of a catheter-guidewire entry site for a closer look of the
position and orientation of the catheter and guidewire. The user also can improve image quality by
collimating the field of view using the shutter function of a simulated scanning device. The shutter
30 function provides both lateral and vertical collimation to recreate a clinical setting. The contrast of
the fluoroscopic image also can be modified. In addition, moving patient table control levers can

change the position of the fluoroscopic field of view. These ievers control the movement of the



t he aneurysm |n one aspect, aneurysmcoiling is simnulated by navigating a
nmedi cal device such as a coilwire to the aneurysm and repl acing the m@rf
with a coil. The coil is deployed by detaching the coil from t hd BapEFelll

Mul tiple coils can be depl oyed by repeating the detachnment process with new
coil wres. Each of these actions can be simulated on the haptic display
using the systemaccording to the 15 invéntion. In other aspect, a user can
sinmul ate other interventional procedures such as contrast fluid injection,
inflation or deflation of a balloon, stent deploynent, injection of a drug
or ther apeasgt o thayfent Y -Plee asyst enmoptigvirdesehoteylraptipondngaitns whle cheadback
to the usggﬂnggna&L%iﬁhq861§r to devel op the eye-hand coordination
necessary to &co skfFQe i these procedures. 20 As described above, the
i nvention produces a highly realistic simnulation environment for

prepl anni ng i regdscgssed eleb vaptlé maliorde\dne er wedeinvegicy] grvoeedintestoarddy arvity pai ni ng
i ndi vi dua] s _who rfaqr uch procedures. In additiQn.to its application in
bi omed ool e FeRe g PRSI REIE oo Refand iieRoh Thegbe tiered 1o
many of hethe frhedpatencyfdd B Daxadepdderesssldchbasr tdasliticel e pfondRy pexpiddan theganes. |t
shoul d be qﬁgarent.to hose of . or inarg ikill i.n the art Iha{ vgglatL%ns,
modi fi cat PSRRI THE HET 2 APTeherRiSl PORE™ BRPITHATEPIeE b aR P BRI EMaIF wi | |
occur to tepRsaitebn of diviRatyrealdrkd vistulidi@ aDirendstedReistls daped hiateg if hom, hand
spirit and scope of the inventjon gnd t he cl aj of the references,

] | aims. Al
patents, AAHS KOBFFERPTEOAY RCROIOR Pl SHEVE/ Buiicd e U FaUEEy” PREGF BT RE el
herei n i NTRiD@fuER e QkdESn tdckingblitcd 0% s2BcAMMERdrizh FonGbinREk. IBRsidA 33y f or
simul ati ng _novenent of a nedical device in_a body cavity or lunmen of a

pati e, & EUATRIPRF HEPSe(Ca) PavIRKEH Baler@aneds &1 BShpT ey Wepsa Prsc e oBIR@ Splyscreen

mani pul at §19¢ksR¥ 1 ASRLag@ B FesROT Ukdisee GRS fn2e RN seReh dMREr dabl e
into a sinmulated body cavity or body lunmen in a maniKkin; b) .a mani ki n

; and ;
conpri si ngpvass VerEsRReE of gerep sy (e sures eI TAPeoRPEREEYSY- (The Sse sipal end

and for i (SBJ&ESI: RaLAD VLD AsS kil bR He RODYanG M dn¥ oPhrolUNBR eMohlidevit & ein g
mani kin, wherein the interface conprises a directional force feedback

mechani smdvezated ged’ ey degloved @rqugke theonsk!lsf orce on the nedical device in
response to a feedback signal received by the force feedback nechani sm

wher ey the syskpm fREGINE siRLARACDIRRE JPalk\WeBRiNBoAIENESES tdNGnliRe: ek
cavity or lunen in three-dinensions. 2. The system according to_claim1,

wher ei n t @RIl O tacaiing cathgiee ip PR At iR SHrpEe Al adedy FaST sThmwEemo
forward npiiigghifast aBRARLE Sefilve o 5RWRLISE s the §i§SRONSRe bOmb D asd aadhack
Preferably, images of the tip are viewable in any of an axial, coronal, sagittal or combined mode,
representing images of scanned anatomical structures {e.g., such as obtained from CT, MRI or actual
20 cross-anatomical color images). Itis an important aspect of the system to provide multi-functional
views for teaching complex techniques, such as those used in interventional procedures. In one

aspect, an endoscopic view is provided of the tip of the catheter within the enclosing vessels of the

cardiovascular system.

In another aspect, the system provides a haptic system for providing a neuroradiologist with

25  the sense of touch during pretreatment planning and training. Preferably, the system compnises a
database of angiographic information and a vascular model can be extracted from a database
comprising data relating to geometry and topology of the cerebral vasculature (e.g., using a
knowledge base). Physical properties of vessels can be obtained from outside sources such as the
literature or from various experts. A library of devices suitable for use with vessels in the brain is

30 included in the system. In one aspect, the library comprises data files relating to the geometry and/or
physical properties of interventional devices, such as catheters, gurdewires, stents, and coils. A
device shape and matenal knowledge base can be provided as described in U.S. Provisional

Application Senal No. 60/273,734, filed March 6, 2001.



signal. 3. The systemaccording to claim11l, wherein the directional force

f eedback nmechanism conprises a rolling el enment coupled to the portion of

t he device conprising the second end and wherein an internal surngq&pqmmthe
sinmulated cavity or lumen in the mani kin conprises an oblique sl ot
receiving the rolling elenent. 4. The system according to claim3, wherein,
in response to a feedback signal, forward- noverment of the second end causes
the rolling elenent to be received by the slot, thereby causing resistance
to further forward notion. 5. The systen1according to claim4, wherein a

notor controls venent L Ng. t The. .syst cording to
claim1l, furthleOneas el mQ%ﬁ n]?%c J%QQ? dﬁﬁ%%kmavﬁgﬁ\?g% FS¥H%§system

accor di nglitecrehiai zmexfrysmme Berry -lidedlibactin t@eﬁrﬂe\dtbmskhmehamehy mmMuﬂﬁsaf all
conti nuous V|br8H|onak feed ck to a user nedi cal devi c The

syst em ac&BPAi"RG 16 e M RVE © \ﬁ‘l%r}e&yﬁmcotﬁﬁ”[rf ﬁ‘ﬁ%‘ﬁ’gﬁz{% 6?%‘1331“%8 PO SARBRTR ﬂ?e

provi ded biaky Clld)gﬂeparec‘f@fﬁri mwausrhqnambcaawmg aBM20lindefstBOMEYNILE abdiely Wirdondife
portlon of the devi ce. |gg t he epogp end. 9. The'.s sten1accord|ng to
claimi, HhEEEYAMES %@H % a%) atjom 28 Sigh @%e%aoréﬁrapeatrow*ﬁ&vw&ie@gwrysm

devi ce rehade¥Ri fRick RRIIMAI iKi An 2RuEORGY Jsuggsdayanyrvas@&@ﬁh volihe ahB GBIt &IRbred
according to claim9, wherein the nedical device conprises an encoder for

tracki ng vR&ctransl ati on of the device and an encoder for tracking the
rotation of the device. 11. The system according to claim9, wherein the

mani ki n furthepreeaBR/ | th%@§ste§n Bﬂé @}lﬁlaﬁaarb%hﬁatxorﬁ&ﬂméér@h@%and L@RLnEALKIEE a
signal processing circuit, ne or nore optical sensors, wherein the

tracki ng UFFYS 76 pRdgEdes IWEEaﬁvWStOﬁéSIffwﬂﬂéﬁdfda&lée PFnFeIURTTed BERTWREAEY Bh wi t h

the devi gRuMRBN 1k bnd 3pdcNIRT 8 ENtsBd foNEnOA¥A I pRlcehfTBoneQr GorRi2 AR89
12. The system according to claim 11, wherein Ilght fromthe |light source

reflects BifaphEysdei e° ISApRMIFHTES? sukneah SimpsTdeyrney gainea meseqabee viqeghith 4 @

received bytRe, %%nafrygmr@ rgaﬁdnygahe &%Q %%% cof?: ﬂmlﬁy%mmcw@h&g 0
claim12, wherein ch ayges inreflected light received by the one or™ nore

sensors i soitfeeredicetdrepMuliinle syilstcampe éapipyahey ePrAtng therdenphprpé proeess Wity new coil
detectionytil@.§ Xisz‘h@s% 'Acno%'s I LG5 IRY SRR hac &%ﬁxyq}%\z&g R sbedh 88bididdTE o@D

the user display. . The system according to claim 127 wherein two optica
senson$ aﬂ@ﬂpNDV|ded mhlch are perpendicular to one another. 15. The system
according to claim 12, wherein the tracking unit is configured in the form

of arail al Olﬂg)tﬁépés‘f)pcttMSrdc%M k211 82BN ENErvedional [R6c8Ye! £ ACCARE: RGiat O
claim 10, wherein one or nore additional nedical devices
tnjection, inflation or deflation of a balloon, stent deployment, injection of a drug or therapeutic

agent. The system provides both haptic and visual feedback to the user to enable the user to develop

the eye-hand coordination necessary to become skilled in these procedures.

20 As described above, the invention produces 2 highly realistic simulation environment for
preplanning image-guided medical device delivery procedures and for training individuals who
perform such procedures. In addition to its application in biomedical engineering, compeonent parts
of this invention may be applied to many other fields, for example, such as the field of 3D computer
games. It should be apparent to those of ordinary skill in the art that vanations, modifications, and

25 other implementations of what is described herein will occur to those of ordinary skill in the art

without departing from the spint and scope of the mvention and the claims.

All of the references, patents, and applications identified above, are expressly incorporated

herein in their entireties.



conprising a first end for mani pul ation by a user and a portion conprising a
second end for insertion into the sinulated body cavity or body |lunen, are
inserted into the interface and wherein the position of each nedl&&EEBé%ﬁce
is independently nonitored. 17. The system according to claim 16, wherein

t he one or nore nedi cal devices are sslected from the group consisting of a
cat heter, guidewire , endoscope, |apa 8scope , bronchoscope, stent, coil,
bal | oonwha ibahieeins: i nfl ati ng device, a surgical tool, a vascul ar occl usion
devi ce, optical probe a drug delivery device and conbi nati ons thereof.

18. The, syst | to c rrsr abefor | aci n
the manl k|>/n ﬁ)r S’"Wﬂ"éf‘%fnﬁ“?"ﬁe@ ?a?bql%hcép oélyﬁ? ess“grcn(%?'rﬂane abl e '? 0
t he network.® ﬁes temaccordrn (I; . \Aﬂ)ﬁ |nthes stem

T A S I Pf‘f‘?%‘t {ap Toruahilivioy L
network, the firstomp ’é‘r“g &FP en@d’f‘ﬁﬁ?‘i‘ S TRl asmylpte b‘iﬁy%'fla'f" ADPPELE % o

di spl ayi ng a hr B2y |onal re tatlon of a sinmul at.ed body cavity or

| urnen of a Pati e?l’i“amg CORH, g I °T9“5‘ Fé%l he first
di splay int erfaceerldli‘r‘ rmt aé‘“f F“i“@ ’E?ﬂ‘ Pi on of a
medi cal devi ce coPPEspRdNtAE CE’BOIBP'FFE%‘? Eﬂ““a’é °E°§ “1’3% a“ISH‘t far PXEAWE Wit h

the mani kin and whéiFsstepe! ffereop dhedps Véf'?é“sreﬁﬂ‘?“ieﬁ%a eg "’éi‘/‘g‘?’ﬂéec%?ﬁe%nt of
the nmedi cal devi c@e\fﬁf?"r#?f’bﬁ‘ﬂ‘én%q’?ﬁﬂ%t ed body cavity or |unmen of the manikin
in real -ti nmeVhegpia thegysiem aodglsvferactipnsbaivgenide flrrécerreé thedrdyyeayite e PReif aced
with the nanthggerlimentionsthe syst em according to claim 19, further conprising a
si mul ated scanning display for displaying a twd-di nensi onal image of the

si mul at 2d bo#le yaemageorting tqgisin 1%h er%éwé ectigeal fuecdeebadk meshanisn proyides
wherein the erlﬁ%roatte r\geam?rlwgbw%ﬁ?ieaﬁrer sevirér-'rrrwtem inyrespqngs flo dhedgedbecknni ng

devi ce. 23. F#®lsystem accordi ng to claim22, wherein the simlated scanning
device is sinulating an _x- ray inmaging system 24. The system according to
cl ai m 22, wh&hasypemdecosding fiosteig 1 ehermin thg diestipesd fousrfeedbaskrmeshanisn spl ay are
coupl ed to acampyises agoling plament coinledde the mpwign af the devics comprivieg hasscpadend0 6 S E
P 2005 40 25andTrhereinay isternabwefpes of rersimuated qavity orflumenia thecaaniin eompgises an

re- conf i gur aphliguednitfporceharethe fabling elsmenor mi ng one or nore of : i nage

acqui sition selection; inmage display;, nanipulating a table on which the
mani ki ndi s pThecwstemsegerding taclaim 3t Wb dn erransedp adeedbask signadoswahni ng devi ce
rel ative to mpeempahifithesecerd gndenysas the relling plemerit toksyrecesied by ehe slpgheseby f or
limting a f¢aupigg eepistgnaevip fugtherforvaedmeting: devi ce pl aced wit hin scanni ng

di stance of the manikin. 26. The system according to claim1 or 20, further
conpri sfng aTheiybtemmeioseding taclagn 4, wiseein armator ennitraly movemens of tbenqihrigsqlfrngena second

user device connectable to the network and
6. The system according to claim 1, further comprising a tactile feedback mechanism.

7. The system according to claim 6, wherein the tactile feedback mechanism provides
continuous vibrational feedback to a user holding the medical device.

8. The system according to claim 8, wherein continuous vibrational feedback is provided
through a continuously rotating motor in communication with the portion of the device
comprising the second end.

9. The system according to claim 1, wherein a position of at least the second end of the medical
device relative to the manikin is continuously tracked.

10. The system according to claim 9, wherein the medical device comprises an encoder for
tracking the translation of the device and an encoder for tracking the rotation of the device.

11 The system according to claim 9, wherein the manikin further comprises a tracking unit
comprising a light source, a signal processing circuit, and one or more optical sensors,
wherein the tracking unit is placed within the interface in optical communication with the
device when it is inserted into the cavity or lumen.



conprising a second display interface for enabling a second user to nonitor
t he novenent of the nedical device within the sinulated body cavity or

| umen. 27. The system according to claim 26, wherein the second di ﬁfﬁﬁy
interface of the nonitoring station displays selectable optrons W@
the second user to select or change one or nore anatom cal and/or
physi ol ogi cal paraneters of the sinulated body cavity or lunen, and wherein
the sel ection causes the three-dimensional imge of the simulated body
cavity or lunen displayed to the first user to change to reflect the
changed anatom cal and/or physiol ogi cal paraneters. 28. The system
according to claim20, wherein the systemis connectable to a database of

patientys i mepgs f\/ﬁaﬂ/a&rordi@%@mm datwheregight 116 eI feBoaik6 RIFREED Bn the deliel m 26,
wher ei n t he S tiREHESarRWHRK BB Fflodis l?ghEF At@bReELPthe B dr@itre ofitiTAGEK0RANA/ OF
medi cal data. 30. The system according to claim28, wherein the patient

| mages CONPriRayiiRadrdilg @ cRARY2, RN dhakles Intfgﬁéltefdg%q recemawmeoaé bected by
a pat hol 0gy. gl senkB8 iSaealRED ﬂﬁQ{/ﬂérﬁ]gn@ Qh&hig! irdPonsVRALS dBedtidR, tRALysRML

| mages CO”Prénéﬁla{eEin%énéﬂi ofthD@¥ee i RNLiYe B thl WIEAsfi4om a pat i ent affected by
a pathol ogy. 32. The system according to claim 22, further conpri sing at

| east opg fopfe s's’rEt‘éﬂm‘é@éo!rcﬁﬁg 2 Walifr 2 fv@{erelrﬂ%'oﬁﬁéa'l Qs ar€ BlovidaRbhRE alch®

simul ated sc&ﬂw BeM G anctEpge di splay or table novement. 33. The system
according to n?%?ZB 0@?@?@?& the first user display interface provides

access {0 thg dalah ?di@gu@cﬁmﬁgf Wherehfint ERRADIRr L ARERRAh M fobr aYPL o

di spl ays an J; Qvice' B on the first us Isplay I nterface.

34. The systenracéo Ing t alm 28, wherein the second user display
interfage pr ?1% %&% sq;ﬁé ocﬂan}.hﬁ’ \H%Peﬁp&%%r B%a‘ﬁ’@lﬂ £1d£ﬁ§é§0nse to
accessing, t Liphe? atromﬁlb ao e &gesecond
user di spl ay; - e&r Y ﬁﬁ cegin th
second user a ase an erein,
in response é’o&gccee sorgﬂnlg'{ tae%&lg 09%1'1 %e &%ﬁndgn |rra 15 and/ or nedical data

on the ppcong,Lsg %c%Png%V Enﬁﬁé %re 3§ oulého?rrﬁ)}( ﬁa?&ﬂaﬁ‘ﬁ&%@'ﬁ#&% (bfled" o%m 35,
@x},fte# T8 1?ecgnd8§ct{ %iroélc pe. %rtﬁ% Ig 9

ther e e ST
di splay i nt e‘? ?Qa Iogn%%:fﬁe Onglelluc ltaﬁrﬂe%gl brﬁatron er gf ! n? er focc us:oggevxcrzh%pr o stem
a

accordi ng t oP'¢ evice |s selected fromthe group

consi stifng Oan s]?:Ft%%taQ&}rae o%‘ .9?&'}%@%5 5 aﬂgqrf Bﬁ&%g&%%eamk%rtﬁé‘r%osCOpe

stent, Coil Gein r]?bl co rla sapr eto ene a surai cal
tool, a vascular occlusio evi‘ce, rug delivery

19. The system according to claim 18, whereln the system further comprises at least one first user
device connectable to the network, the first user device comprising a first display interface for
displaying a three-dimensional representation of a simulated body cavity or lumen of a
patient.

20. The system according to claim 19, wherein the first display interface further displays a three-
dimensional representation of a medical device corresponding to a medicai device which is
interfaced with the manikin and wherein the system simulates on the display the movement of
the medical device within the simulated body cavity or lumen of the manikin in real-time
when a first user manipulates the medical device interfaced with the manikin.

21. The system according to claim 19, further comprising a simulated scanning display for
displaying a two-dimensional image of the simulated body cavity or lumen.

22. The system according to claim 21, wherein the simulated scanning display is part of a
simulated scanning device.

23. The system according to claim 22, wherein the simulated scanning device is simulating an x-
ray imaging system.

24, The system according to claim 22, wherein the simulated scanning device and scanning
display are coupled to a movable C-arm within scanning distance of the manikin.



devi ce, and conbi nations thereof. 38. A syringe for simulating fluid
delivery, conprising: a housing defining a |unmen conprising an opﬁ iEP &ﬁr
delivering a fluid; a pushing elenent for pushing the fluid thro Bﬁ H
opening; a friction-producing element within the |unen of the housing in
comuni cation with the pushing elenent; and a notor within the |Iunmen of the
housi ng and in comunication with th& friction- producing el enent and
conprising a signal-receiving elenent, wherein the friction-producing
el ement causes friction between the pushing elenent and a surface of the
| umen of the housing upon activation of the notor in response to a signal
recei veth- by TheeydemaAsrrdngdariynnly fethepgomprising a rerpufigyabla gentob PsEfPhg to cl ai m
38, wher ei n ReHEmipg e or fnehoTatnage apduigitiop salectien; kpigeshsplay; mpfupulating a table
friction-protuhiehthe mapiiis plagedyanpudaiing the gositien of pistnylaed SpBHREIENSE el enent
to contact twlativesiglfegpanikis, apdeontrobafione er mare stngercdeniges fer iakting g fipldiof viewn
bet ween t he Yuskinnipsdpderemaced withinseannigg disigace chthemppsiiingnen and resi stance to
the nmotion of the pushing el ement. 40. The syringe according to claim 38,
wher ei 26 he Theisgstéro accordiiuie clatm &bt Arthersepprisesa paritang seieretheubber pads.
41. The syr imegutoring sateinsgmprisieg aiepand @serpndeecionnastibls to e petvopeaidi s coupl ed to
an ar m whos ecompoisiagre saconddispimtintetface dorispatiing a paspist usergip moniter Bgympyegenteicor di ng
to cl ai m 41, theymediedl dedercithan the isiubataddlodyicavily otlememt or t hr ough a gear
attached to the notor. 43. The syringe according to claim 38, wherein the
amount % f r Thetsysiem pecotiingetd claim 2dhevhereinghé sspendgiisptiy driterépce bthemonitasing dj ust ed
by contr ol | i sigioa displaps setsrtakblp gptioneénabling theteornd uder to Fefst enobargmonceroneteng t o
claim 1, furansemicband/dr physiplegiayparampters ofithesiimubted body davity of fereén, sk y, t he
syringe conpwhséinhe seledtion siusep thethienidmgenaiohal mmage ©6 the sinsilategd body epatmiong f or
del i veri ng alufrenilidplayed topths firshgseeloahmgt td reflecpths khanged dmetofrlical ghdidar ough t he
openi ng; a fphysiblogralpamdceersng el enent in comuni cation with the pushing
el enent; and a notor in comrunication with the friction-producing el enent
and conp#.i si Tl systers iagpoading te cinv () gvhetertbady stemtiecoanertablego hdatabasoof- gatiaduci ng
el enment causisgésandbr meditedtisteen t he pushing el enent and a surface of the
| umen of the housing upon activation by the notor in response to a signal
recei vezb.by Thesystengredordigrte iclainn g6, sdhergiithe syatanl if eomhdreablenh e dethtmsé¢ bfpatgeni ng of
t he syringe inmgesandlechmaditbdita a connecting piece having a first end for
receiving fluid fromthe opening and a second end for delivering fluid to a
sinmul at®d  The system according to claim 28, wherein the patient images comprise images of a body

cavity or lumen from a patient affected by a pathology.

31. The system according to claim 29, wherein the patient images comprise images of a body
cavity or lumen from a patient affected by a pathology.

32. The system according to claim 22, further comprising at least one foot-activation switch for
activating or collimating the simulated scanning device, image display or table movement.

33. The system according to claim 28, wherein the first user display interface provides access to
the database and wherein, in response to accessing, the system displays an image and/or
medical data on the first user display interface.

34. The system according to claim 28, wherein the second user display interface provides access
to the database and wherein, in response to accessing, the system displays an image and/or
medical data on the second user display interface.

3s. The system according to claim 33, wherein the second user display interface provides access
to the database and wherein, in response to accessing, the system displays an image and/or
medical data on the second user display interface.

36. The system according to claim 35, wherein the second user display interface provides a
selectable option enabling a second user to display the image displayed on the second user
display interface, on the first user's display interface.

37. The system according to claim 1, wherein the device is selected from the group consisting of
a catheter, guidewire, endoscope, laparoscope, bronchoscope, stent, coil, balloon, a balloon-



body cavity or body lumen in the mani kin. 45. A balloon-inflating device for
sinmul ati ng depl oynent of a balloon within a body cavity or |unen (Bf (9 2005,
patient, conprising: a delivery mechanismfor controlling deli ver9 oSf f71 uid
t hrough the balloon-inflating device to the balloon; a pressure sensor for
monitoring pressure of a fluid delivered to the balloon by the ball oon-
inflating device; 0 6 SEP 2005 42 an®klectrical pressure neter for reading
pressure determ ned by the pressure sensor, the electrical pressure neter
bei ng connectable to a processor and for transmtting a signal
corresponding to a pressure value to the processor and ap auto i c control
system for l?gﬁ‘f“rgcﬂe{')lf’ﬁ% SF{&&“&H@@‘E“S’P@P‘Q@%‘I&%@“&%|°P\V€?Br8{}‘°t=Bléf"rﬁh‘éﬂq oon. 46.
The syst em atVBEdAGOPBRRS EFEOLf urt her conprising a bal | oon-infl ating
device for sinulating. deplaynment of a balloon within the body cavity or
| umen o#8-t heApsines fer S‘T‘f‘l@‘rﬁéﬁfb‘lﬁﬁ?"i%@’&?ﬁ‘%: devi ce conprising: a delivery
mechani sm f of %Wﬁrdﬁ)ﬁ"}'ﬁl IUH’SP,PWrg‘";&FnPP‘i?F‘E forflebvgmeedidsal | oon-i nfl ating
device to thBUsHigrclsBRnt far prskisg the Buiddhyough thepPeHBi t ori ng pressure of a fluid
del i vered t o frissomyanofesdng dgmanhwithia thedynen qf the housingjingammupication vathdhq r i cal
pressure net Bishigelemesigindg pressure determned by the pressure sensor, the
el ectrical pressuf @OF?éWél’lmﬁ& Inger ofthelquaing and ip campprieativg gtith dhedriptim-
t ransnit t i ngpradusingrridmentadrcempTie Hygnebreseipinglswe®, val ue to the processor.
47. The syst em acwbergingly fristicntnapduepe clepietrcansas frighomsietwesmike prushing element
def or mat i on &fd a wyefagsthe lemen afyhedrousingmnen getivetien ofdlti reetpr id esspense torsigihe
syst em accor thceigedt y the aignal-zeeivinpelemem. t he system sinul ates an operation of a
medi cal device selected fromthe group consisting of: a surgical procedure,
inflati®h or Thedyriagd aseording to cléim 38owherein Hiesrntgromhenfaciivaieddeapes anptien pither i al
into the bodfrictienproguding dlemanh thezghy ceusingithecltivtemeproduniog elsment49 confasethgy st em
accor di ng t osusfagé ofitRolumeefthe housing, cxgptingefiictiomberuaes thetpyshimpelemenitendghe t he
devi ce wi t hiurfage ¢fl tholimge srlatsist@@e toThemeljantaf theavehangklengent.o cl ai m 49, wherein
the bl ood vessel is in the brain. 51. The system according to claimb50,
wher ei n4@.he Bhosydingessatling to dlaimt3Bewheasein the fiGionAradutihgeleinent cempnidentrierny t he
nmovenent of moregdbleapaddevi ce in the body cavity or lunen of a patient,
conpri si ng:

4]. The syringe according to claim 40, wherein each rubber pad is coupled to an arm whose

movement is controlled by the motor.

42, The syringe according to claim 41, wherein each arm is coupled to the motor through a gear
attached to the motor.

43, The syringe according to claim 38, wherein the amount of friction produced by the friction-
producing element is adjusted by controlling a rotation angle of the motor.

44, The system according to claim 1, further comprising a syringe for simulating fluid delivery,

the syringe comprising:
a housing defining a lumen comprising an opening for delivering a fluid,;
a pushing element for pushing the fluid through the opening;
a friction-producing element in communication with the pushing element; and

a motor in communication with the friction-producing element and comprising a
signal-receiving element,

wherein the friction-producing element causes friction between the pushing element
and a surface of the lumen of the housing upon activation by the motor in response to a signal
received by the signal-receiving element, and further

wherein the opening of the syringe is connectable to a connecting piece having a first
end for receiving fluid from the opening and a second end for delivering fluid to a simulated
body cavity or body lumen in the manikin.

45. A balloon-inflating device for simulating deployment of a balloon within a body cavity or
lumen of a patient, comprising:
a delivery mechanism for controlling delivery of fluid through the balloon-inflating device to
the balloon;
a pressure sensor for monitoring pressure of a fluid delivered to the balloon by the balloon-
inflating device;



provi ding a nedical device conprising a first end for manipul ati on by a user
and a portion conprising a second end inserted into a sinul ated PCRS tY
or body lunen in a manikin, wherein the sinulated body cavity or "I'umen In
the mani kin conprises a directional force feedback nechanism and wherein,
in response to a feedback signal, the directional force feedback mechani sm
creates resistance to forward noti on"of the nedical device but allows free
reverse notion. 53. The nethod according to claimb52, further conprising:
provi ding a system conprising: a processor in comunication with the
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conprising a Eé”’& §q;5’f % able tp 4 Prgy ?ﬂaegf‘ir A" 1i“ﬁgf‘fiilgnaﬁrocessor
and the firstoHEPPEY I ‘F’T’é%‘léem CPr?I%%SP[éI n the second display interface
provi desg, a s on user he dat abase. g The tbh
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50. The system according to claim 49, wherein the blood vessel is in the brain.
5L The system according to claim 50, wherein the blood vessel is in the heart.
52. A method for simulating the movement of a medical device in the body cavity or lumen of a

patient, comprising:
providing a medical device comprising a first end for manipulation by a user and a portion
comprising a second end inserted into a simulated body cavity or body lumen in a manikin,
wherein the simulated body cavity or lumen in the manikin comprises a directional force
feedback mechanism, and

wherein, in response to a feedback signal, the directional force feedback mechanism
creates resistance to forward motion of the medical device but allows free reverse motion.

53. The method according to claim 52, further comprising:
providing a system comprising:
a processor in communication with the directional force feedback mechanism, the processor
connectable to the network; and
a first user device in communication with the processor, the first user device comprising a
first display interface for displaying a representation of a body cavity or lumen; and for
providing access to a database of three-dimensional images of body cavities and lumens from
a plurality of different patients; and
enabling a user to select from the database a representation, wherein in response to the
selection, the representation is displayed on the first display interface.



within the sinulated body cavity or lumen. 60. The method according to claim
58, wherein the operation is injection of a radi oopaque fluid mnth Qhﬁrf
body cavity or lunmen. 61. The nmethod according to claimb52, wher difn

device is selected fromthe group consisting of a catheter gui dewi r e,
endoscope, | aparoscope, bronchoscopea stent, coil, balloon, a

bal | oon-inflating device, a surgical %ool a vascul ar occl usi on device, an
optical probe, a drug delivery device, and conbi nations thereof. 62. The
met hod according to claim54, wherein a first user inserts one or nore
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for readl ng {)ressure determ ned by the eressu_re_s,enspr and. f or
he method according to claim 58; wherem e operation is inflation or deflation of a balloon

within the simulated body cavity or lumen.

60. The method according to claim 58, wherein the operation is injection of a radioopaque fluid
within the body cavity or lumen.

61. The method according to claim 52, wherein the device is selected from the group consisting
of a catheter, guidewire, endoscope, laparoscope, bronchoscope, stent, coil, batloon, a
balloon-inflating device, a surgical tool, a vascular occlusion device, an optical probe, a drug
delivery device, and combinations thereof.

62. The method according to claim 54, wherein a first user inserts one or more additional medical
devices into the simulated body cavity or lumen, and the movement of each medical device is
independently monitored.

63. The method according to claim 52, wherein the simulated body cavity or lumen in the
manikin further comprises a tactile feedback mechanism, providing continuous vibrational
feedback to a first user manipulating the device.

64, A method for simulating fluid delivery into a body cavity or lumen of a patient comprising:
(a) providing a syringe for simulating fluid delivery, the syringe comprising:
a housing defining a lumen comprising an opening for delivering a fluid,
a pushing element for pushing the fluid through the opening;
a friction-producing element in communication with the pushing element; and
a motor in communication with the friction-producing element and comprising
a signal-receiving element,
wherein the friction-producing element causes friction between the pushing element
and a surface of the lumen in response to a signal received by the signal receiving element;
and



transmtting a signal corresponding to a pressure value to a processor; and
an automatic control systemfor controlling the anount of pressurglrﬁdgwﬁ ed
to the balloon; (b) providing a system conprising: a processor f 0
receiving the signal, the processor connectable to the network; and a user
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68. The method according to claim 65, further comprising providing the system according to
claim 1, inserting a balloon catheter into the simulated body cavity or lumen to simulate
navigating to a target region of the body, and simulating positioning the balloon deployment
device in proximity to the balloon catheter to inflate or deflate the balloon.

69. The method according to claim 67, further comprising inserting a catheter and guidewire into
the body cavity or lumen to navigate the balloon cavity to the target region.

70. The method according to claim 67, further comprising inserting a stent catheter to navigate to
a target region and using the balloon to deploy the stent, thereby simulating stent deployment
in the body cavity or lumen.

71. The method according to claim 68, further comprising inserting a catheter or guidewire into
the body cavity or lumen to navigate the stent catheter to the target region.

72. A method for simulating coil embolization in a body cavity or lumen of a patient, comprising:
providing a catheter, guidewire and coil wire comprising a coil to navigate to a target region
of the body;
providing the system according to claim 19, wherein the re-configurable control panel
provides a selectable option for detaching the coil from the coil wire, and wherein selecting
the selectable option triggers the release of the coil from the coil wire.

73. The method according to claim 72, wherein an electrical current triggers release of the coil
from the coil wire.



conprising a second end insertable into a sinulated body cavity or body
lumen in a manikin; and (b) a manikin conprising an interface for receiving
the portion conprising the second end and for interfacing with a sinmul ated
body cavity or lumen within the manikin, wherein the interface cQBREPEH a
f eedback mechani sm for providing continuous vibrational feedback to the
nmedi cal device. 75. A system for simulating novenent of a nedical device in
a body cavity or lunen of a patient,4sconprising: (a) a nedical device
conprising a first end for nmani pul ation by a user and a portion conprising
a second end insertable into a sinulated body cavity or body lunen in a

mani ki ny, (b) ﬁ%ys%ﬁ‘ ollgé%u?aqgg oﬁé#]eqtm béehtrl Gl c‘fle‘%?c% i é’?cﬁiy%gﬂyw?‘@?eng?gﬁgfehi on
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bl ood fl ow of .t he™ABY! e real -tine.
{b) a mam%n compr?smg an mtg}?acc (for recelev\llng tl?e portlon comprlsmg ﬁllc secon

end and for interfacing with a simulated body cavity or lumen within the manikin,
wherein the interface comprises a feedback mechanism for providing continuous
vibrational feedback to the medical device.

75. A system for simulating movement of a medical device in a body cavity or lumen of a patient,
comprising:

(a) a medical device comprising a first end for manipulation by a user and a portion
comprising a second end insertable into a simulated body cavity or body lumen in a
manikin;

(b) a manikin comprising an interface for receiving the portion comprising the second
end and for interfacing with a simulated body cavity or lumen within the manikin;
and

(c) a processor for simulating real-time movement of the medical device within a

simulated body cavity or lumen, wherein deformation of the simulated body cavity or
lumen in response to blood flow or the movement of the medical device is modeled in
real-time.



