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

force and tactile feedback components to enhance the total hand-eye coordinated
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interface may be renote froma conputer .nmenory
Onprising the database. However, generally, the
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as LRt %{ciu%}ng tissues with different biomechanical propemes In another aspect,

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

or inserted into the organ or a neighboring tissue.

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

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




conprising at |east one cell conprising a pathol ogy,
e.g., a cancer cell). In one aspect, the operation
conprises insertion of the nedical device into
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30  includes an image of trabecular or cancellous bone of the spie, Preferably, the image
is a volume rendered image. More preferably, the image is generated by Finite
Element Modeling (FEM) or another imaging modality which is used to calculate the
interactions between a medical device and at least one tissue over time and which

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




patient, such as a mani kin and novenent of the one or
nore scanning systens may be 25 controlled by a
system processor. The system generally includes a
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system is able to search for and refrieve selected image files in response to a query,

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

35
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managenent system for nmanaging data within one or nore
dat abases of the system 25 In one aspect, the

i nformati on managenent system conprises a search
engine for retrieving data relating to a tissue or
organ in response to a query froma user of the
system | n anot her aspect t he infornation nanagenent
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si mif' & fi ‘?)rrputer readabl e nedi um i ncl ude,
but are not limted to: incision; dissection;
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computer program code for simulating injection of cement (e.g., a radiopaque
30  biocompatible bone cement such as methyl methcrylate) to stabilize the vertebral
body. Preferably, the computer readable medium contains program code for
simulating bone cement injection in real-time, Also preferably, the computer readable
‘medinm executes instructions for modeling the biomechanical properties of the
vertebral body and for displaying a volumetric data structure representing the
35 vertebral body on a graphical user interface of the system. In one aspect, the
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grafting, transplantation, inplantation,
cauterization, reconstruction and the I|ike.
Operations may al so i nclude rel ease of heat, |ight,

ul trasound, m crowaves, x-rays, or an electric field
fromthe device. 25 In one preferred aspect, the
conput er readabl e nmedi um conpri ses program
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30 In one aspect, the method comprises the step of simulating injection of a
material into at least one tissue using the medical device. Alternatively or
additionally, the method comprises the step of simulating removal of a biological

material from a patient (e.g., blood, tissue, such as a tumor, an organ, etc.).
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| east one tissue or organ; performng at |east one
step of simulating the interaction of 20 the nedica
device with the at |east one tissue or organ, such as
insertion of the device into at |east one tissue; and
operating the nedical device to effect a treatnent
based on the sinulating step I n another aspect t he

mgt hod f
i nsert | on%%f?le 1E’»lﬂthfé"t?at&xbasg Comp rges (}a r%}?tgllg t(f ?ﬂ%’tf:ntacf ‘tfefq%?tgc}ﬂsmg
t i ssthemedionhgevied. ng  di ffer ent bi onechani cal
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insertion of 25 a nedical device into a |unen.
However , Brofergple thesstepcof simulatingthe intsthcdmrbptviesete fdvige atagp
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mat egon@bt bleMeal abset ﬁﬂ&tmeﬂiaﬂ dbviceStiRreliSdofigetivitl tmﬂerfaaé by the

devi rpati al. | t he .met hod
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b} ol wseriintadacts with ée |ua¢rfab¢ anfiforasyilxt systerh modelgbioméhatxe] and

ti SShles: HEQEE etc.). 12 5
Preferagﬁw,ﬁng% dat abas %1 %tg@es data relating to a

patient to be treated usi ng t he nedi cal devi ce.
Pref er abjy thehoba Bl A |
bet ween thoeleta;ei%?ce ar61 rﬁ&ﬁe tllﬂsgHa gﬁ%getr?%#&oeﬂsle
di spPEiraghdhednisiaceyhish mﬁ@e@e taftile erperienessiobm usehdwing e
2he wredicheRApEGAdn. devi ce and at | east one tissue. In one

aspect, the nethod conprises providing an interface
for sinulating contact between a user and a nedi cal

devi ce wherein cont @MmsﬁﬁﬁgthiH}t%éﬁ&Ce by the wuser
alters display of the interaction re erabl y, di spl ay
is alter ' .the.15 r.int th
the int eﬁ%ac%ca%@ S%tlnggot ve%‘tné:ﬁ't‘u%o G am eSS

bi omefereresitethe follawing detaitet] dcma;itmn hxahge:snpmwmmamt ony
»f the patient. In one aspect, the nethod further
conprises providing haptic feedback to the user

t hr ough ¥iggtte  jprachiqck disgmpniiliugirativg e schemitis of a simiulagion system

X P @EcoRIHEAS otf asgbct5TRe itVehtiond the 20 treat ment
oper ati on.

tiple

Figure 2 is a schematic diagram showing a simulation process according to
30  one aspect of the invention.

Figure 3 illustrates mannal segmentation of contours in a simulation method
according to one aspect of the invention.
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Brief Description of the Figures The objects and
features of the invention can be better understood
with reference to the follow ng detail ed description
and acconpanying drawings. 25 Figure 1 is a block
diagramillustrating a schematic of a sinulation
system according to one aspect of the invention.

gure 2 igs a schematic, di agram showi_ng, a sinul ation
pr ocess At BUF YT E5neradign S bR 2 gmulatien pethnd aecorlipg to
Fi guroge &pedtofitht inatreten.manual segnentati on of contours
in a sinmulation nethod according to one aspect of the
invention. 13 5 Figure 4 shows generation of a 2D mesh
i n a si nuFiguie Shovotgamhtion oftzr3dl ing sinmlation methedredrding tolohe
'nVe'ﬂEﬂthrbfﬂJélﬁdéﬁrg) > Shows generation of a 3Din a
si mul ation neth according to one aspect of the
ilQvention. 10 Fi gure 6 shows generation of subdomains
accor di nggib@e
7A- G, shoy\rskltﬁhg[&n’;—‘0 \ﬁr%srﬁ %"’?ﬁféﬁﬁrﬁ eg%gé}mnggje ngkﬁ%gﬁhe
subd8¥ERM 2 hef ore node differentiation can vary the
-accur ac y Fifurtd A -G WA MRt ﬁrﬁiﬁh@ﬁ&rﬂa} aﬁfou&rﬁl a sllﬁda%iaﬂl%ﬁ%e
TA-G i e increa | accyracy in each pane vvrt
Fi guP® ef@‘i’”é%?‘&’é‘éi‘ﬂ YR, 3%y QL B Pidgmaipichre
1P| uBigm=t RAithilludriae imvheadin gictuRdty R QEIRSehel Wit Tt dird RS represent:rng
conn%t,/r betvveen di fferent tissue elenents during
t he node |ng process The different panels 20
illustrate sagr ttal sections through vertebral bone.

| the Fgmdely shaut hpRo ARl ans,RLs. CLagaLLedan

outer regron and | nner region
ar e befwesn Jiffemeniiisyecslements d!amerthea:hodphngpneamme She diffgent panels

9\ arﬁlegara sl Adoiis g VerRbiaP B! BT F00e1 SOHA'wR | N9
reglons are 8as51ﬁed, an outer region and inner region (colored in brown) which are

assigned different material properties.

Figures 9A — G illustrates a simulation process for simulating a target region
25  comprising a plurality of tissues with different biomechanical properties.

Figure 10 shows a medical device interface and system workstation according

to one aspect of the invention.

30 Figure 11 shows a medical device interface and system workstation according
to another aspect of the invention,

Figure 12 shows a medical device interface according to another aspect of the
invention in which the device interface comprises a robotic arm.
35
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25 conprising a plurality of tissues with different

bi onmechani cal properties. Figure 10 shows a nedica
device interface and system workstati on according to
one aspect of the invention. 30 Figure 11 shows a
medi cal device interface and system workstation
according to another aspect of the invention. Figure

% shows al device.interface according to
an ot her a@ﬁwg gl?owts ﬁgmhmﬁ\%vﬁ‘fel R ASHPRIDE t"t‘ﬁ‘ga%“é‘i; PEfae
i nt erifvgetioncompuisigegeallasigobiyc arm 35 14 5 Figure 13
shows a nedi cal device interface according to one
aspect of the invention conprising a needle assenbly.
Fi gur e 14Figyehsshars anrnkegsd siewi of the abedidyertioe etthenepdie t i on

of thged® Q%E
trackin gﬁ%ﬁ?%ﬁge fe%é%ggk hﬁéﬁ?fﬁéﬁﬁ%g%gggﬁmSTﬁwmﬂ
e Hﬂagﬁﬁﬁmﬂévm@émﬁﬂW%rface Fi gures 15A and B show
systen1morkstat|ons for sinulating a vertebropl asty
procedurg? %ﬁé to one aspect of the invertion. 15
Figure 1 Fhoy iera mRvktations forsinuieiegs yrgelgoplasty
cont pmbddaielaecoadaﬁg 1P bRSSpHoEof i feaiinsm  Fi gure 17
illustrates building a volunme-based potential field
according to one aspect of the invention. 20 Figures
18A and Figileolb shewppi fnge fradtaciehehsnifnDiising aGORRIMEble air pressure
i nj egltingisqrodel for  sinulating a vertebroplasty
procedure according to one aspect of the invention.
Figure 19 illustrates density differences in a
vertebra.: Flg!l?&sl'?’:ﬂlghqt&bg? a ?ohﬁﬁmg&t OI.UIILI 1 ﬁgﬁ Q{?O ding to one
illustrating factors aftecting cene Fipoten
dur i #¥Beehohfes INEEEAp| ast y procedure. Flgure 21

Pél ustrates steps involved in cenment preparation

during a_, .
Figures 18A and B show mapping parameters for a cement injection model for

simulating a vertebroplasty procedure according to one aspect of fhe invention.
Figure 19 illustrates density differences in a vertebra.
25
Figure 20 is a schematic diagram illustrating factors affecting cement

distribution during a vertebroplasty procedure.

Figure 21 illustrates steps involved in cement preparation during a
30  vertebroplasty procedure.

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

Figures 23A and B illustrate complications which may be smulated during a
35  simulated vertebroplasty procedure.
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30 vertebropl asty procedure. Figure 22 illustrates an
i deal needle position for a vertebropl asty procedure.
Figures 23A and B illustrate conplications which my
be sinmulated during a 35 simulated vertebropl asty
procedure. 15 5 Figure 24 illustrates steps of a
vertebral venography procedure which may be nodel ed
ugi ng a sinmulation systemaccording to one aspect of

the invention. Figures 25A-C illustrate geonetric

model i ng Ejzure%tlle&lltags gépsaf bwtybmltuemgraphppxbcedur&@hmh may be
si MubRlgedlsingG and.
caV|t|ese ? Mgk&ﬁa%%%%[ e .ﬁB ?léﬂnﬁ?%Wides

a systemfor the S|nulat|on of i mage-gui ded nedi ca

procedur eggRedsARE ﬁ‘l@ﬁ%te%orh’éﬁﬂgoée &%&ﬁou;sTé}% 0% bk Mre to

n he sed for training and certiticat
:}ﬁe Frg feﬁ"E?ﬁ ﬁ?%‘ﬁ?ﬁ%@lpnﬁ@fﬁﬂ@leﬁaﬁdmﬂﬁﬁﬁeuu c devi ce

desi gn, devel opment 15 and eval uation. Definitions
The follow ng definitioletafleEDaeamiched for specific
terns which are used in the followng witten

descri pt igg mv@&hoH %ﬁf%d@@a{ @st@m fordthd élﬁﬁluﬁqp\’gftnﬁa e-gmd&dom?dlcal

het ero neous. bi onechani cal prope rties
a t i HeGauELFRsmethod ol usHE dhesamer Thegyiem paarbe psed for training and

resi &t—tﬁ&@tﬁﬁl ﬁt@&ieﬁ]ﬁfenﬁﬁnﬁihﬁ‘% el tHeYapéutic WBHE S RLigH @WefoBment

g g gﬁgg a tissue having hetérogeneous _
|oﬁg‘ﬁ properties conprises a tissue having at

l east two different regions identifiable by an

i magReigitiercess such as CT, MRI, PET, an electron spin
resonance technique, and the 1like. 25 As used herein,

"coupl ed Tﬁ&f’oﬂéﬁiﬁgﬂeﬁnﬁi@nﬁdﬁ B6¥dd For sBé@xﬁcecgr}ﬁs GRILR hieAgka %{)tge

one | ement, of .Systemto anot her el ement may

r enoV b RE EEB @HW@P per manent |y coupl ed to anot her

el enent of the system As used herein, "a

r e- conf i §evat) heeigShatissot wihhadrogen@bebismbdbadcallpropiriy” rofers

30t 85 £ AGe comprising regions having different resistances against deformation by a
medical device, In one aspect, a tissue having heterogeneous biomechanical
~ properties comprises a tissue having at least two different regions identifiable by an

imaging process such as CT, MRI, PET, an eleciron spin resonance technique, and the
like.

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

permanently coupled to another element of the system.

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

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

16




conprising one or nore selectable options (e.g., in
the formof action buttons, radio 30 buttons, check
but t ons, drop-down menus, and the |ike) which can be
sel ected by a user and which can direct the systemto
perform operation(s). Preferably, the one or 16 5
nore options can be selected by touch. The control
pagnel, 08 Aok £i a, user 0., b .
i mpl er?geﬁ{ﬁ F%Ss a sysg{egﬁdbsryt%uﬁlrl'a evﬁ?f‘%‘ﬁ pgrlel cé"i""ﬁe ppified by a user
di s pleep, bydmpisingriing a systom poigsapt wiyicldalfefsaheatiplag @hmsiizaiab e
opt i i8Sy dileeRaRMectdbi ' g the cgnirol. panel.
As usg% *herein, Hor oV g‘fhfrsigtg%‘%:ﬂggge scoﬁlgguém%l;}%eack?gg parel
refers to, providing a. selectable option on the
di spl ay o‘}souge%?éetm’ g‘lé?/‘il@é% RFRSERR 2 djfabase’seles da sevidiegaus e s
: ge seleOtably spmon thedlisplY 8 istrRIgHiSe Qﬁic}lg %ﬁh ngf&éag thuis i N
e r._caus ne, Qr. . nor i nks to be
o< PR B S B0 B Pl i B s i eangypcpe s
di s plirky totieatisphpeiorhicy whedatleoted] Shus GrecafRACH dishIBLHhS S Br
di spdady $u biPg gg : links i es .or data, .
in raesponse %cé)t’ glg u%%];& Sggg'ilﬁlggess §?a§%°g@&%%d§’%ﬁe.s “I‘ﬁfa’m
one "&PFREQ 2 qivey cfithg systeyn byratuserf wene agrectytheldisplay ittefee y
| NPWYrovidegh d%uebnﬁﬁlt B G WA Hl%%@er%gpinﬁl{g E#l%&gﬁ ang @?ers&ec%a%?e

_.H1e sel ectabl e 15 ogrl on is an action

arPBHY 6 Phertion gy &y (anseittingdhequsrtaihe Asstegs ed  her ei n,
the term"in conmunication with" refers to the ability
of a sy#8tesmlbercioahyieneid cofmudicatidhlvat teford 18 GRIa¥RIL JRRUL

dat systemor . co nent of a system and
to S}%{/ﬂ?ﬁg@%ﬁﬁ%ﬁ{% ﬁ%(ysgrefen?% oReE tl(‘)i%tg gﬁ‘ﬁ?é"ﬂ%e{) SYSIGR Of nput
dat &ompagrisle sysieanand® providelae oditputiespénselmtraspeise MAREIRput N

t he gfQr v . . | b 20 t stem or

C omonent&%%tq?ﬁéﬁsy&slgg%ﬁ%%mu%én& y%%}ngﬁer{an ?eré'lﬁmﬁg’ﬁ?n by
O dhesyatere erpompereatof thegystsnt. her i nfl ation or defl ation
of the balloon. As used herein, "a bionechani cal

proper t yAs sed Reidin, "@pRyRERBES BaVloddirdbys ok ﬁﬁ‘laﬁc\%n Irgﬁlation

t he ructure or anatony of a tissue or organ 'S
neagﬁ%%%ﬁ%?mgenerally wi thout the aid of a I abeled
nol ecul ar probe; for exanple, bionechanical properties
of a bl ood vessel include, but are not limted to:

el asticity, thickness, strength of ventricular

cont r actAsaRéd hekd$ i tidhiech-RRhIPGHIAS" refols't rxﬁ&tz ?ﬁich elates
2gartdl ac. out put, OC?I‘dI al “contractility, a ot ﬁer
7ol 8 tﬂéed;trﬂéptg r%etné%_y Of a t1ssue or organ which is measurable, generally
without the aid of a labeled molecular probe; for example, biomechanical properties
of a blood vessel include, but are not limited to: elasticity, thickness, strength of

ventricular contractions, vascular tesistance, fluid volume, cardiac output, myocardial
contractility, and other related parameters.

30 ~ Asused herein, "a volume image” is a stack of two-dimensional (2D) images
(e.g., of a tissue or organ) oriented in an axial direction.
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30 As used herein, "a volunme image" is a stack of

t wo- di nensi onal (2D) images (e.g., of a tissue or
organ) oriented in an axial direction. 17 5 As used
herein, an "interventional nedical device" includes a

- device for treatnent (e.g., needles, stents,
stent-grafts, balloons, coils, drug delivery devices),
fogr diagnes "

ol acemnt o 4o e ik LA RERRE Bioer WSk dovice o

gui dTrrimeas (e.e sanqdles eonty é@n’f-gﬂcf@rbaa@n@;amhedreg éﬁ;hvexademmefor
.r.ml t ididgBosis (B8} inAPRg pﬁﬁesﬁ%ﬁ@fo@ﬁﬁ&i‘néﬁ o?oth g}ﬁ{ %gg\ﬁcelsg

is a.data, structure caonprising
" ol aligTES) Somgep s sihgs cwhierp e e multale Gibetions.
properties know edge base" is a data structure
conp r@i si ndys fsadhesein, @"rowieglzé l‘ms@f ispaﬁth steStuffcoRbRR facts aéad
VIS S " rmation tissue an
cel I ul 1§r’e%r 0 %?%bjggll fbg%»&a%{ J? v\%f’““ ORepies fjopledgrbpse” isa
rul eSat ﬁﬁF“CB'@?qoélemﬁfgctﬁ rbtisg uo@tc@emesg:fbbod/&sseul U6 as
pr Opelﬁ.?dcﬁﬁ, dﬁﬁnﬂaﬁ&ﬁ kghd éﬁ%éud@ér&,iblp%& Bhod ATEI! an el&ﬁ gnd

devi ¢ As, used herel rn-a kn

bas e"ﬁeéif‘erﬁgnflﬂmg fagts aglating i vaseydan pioptréied to mxetahncais with one or
cert mkdita) dévdes.or. Rul es are generally established by
i nterview ng human experts perform ng experinents,

Ry obt ai a S t her know edge
bases, % even %yi tkﬂ alﬁ‘ggfgaslef WfPﬁém@?P‘éﬁﬁo‘m‘wd
its eVith Heartingy f@torsRntgﬂ aae genmﬂlﬁ&taaﬁsheﬁ@dnteerem hufkh

" expeht 0 [ t he
ul eaousriioRiihe GBI RCY oA R s R o o dea
to, ‘BPwlefesRessiand pyen by h‘éalkmeddﬁeﬂge the lsgstee issplf diirhgze by
enabdihngidnhe know edge base(s) to be queried and to
grow. Preferably, an expert system conprises an
bt er enc? eneﬁ ne._whi,ch enables the system to
mani pul at e %ﬂfm A8t SPPT SR Gamrisesd Payeramy, o anplyingdheomles
mor feof pmtlzrmimhcedmanhd@rbese‘s ® cﬁtaliﬁovﬁﬂé&&i b%rwmﬁlﬂlﬁ@hohwwa&@
pre 0 conprises a cache or

dyn é:r@n&gﬁ tyﬁeb?gnaﬁﬁ% 2 n???ée(élﬁ?]i‘eél‘f?mgt’%‘i@ BHW-any
act ibyaderahly,en aﬁtp@lm g/stmtdambasets an mfeﬁ:lnéht enfige i‘r.r@icl@érﬁﬁlb&ﬁ& sy8%m
whi [ her ei n,

@J‘mﬁﬂ}ﬁﬂé&é‘fn td&aﬂgﬁg%erto eaﬂ?rfer?émg{e pP%‘é@%/ anéwersto a

whi ch "sinmulates a path rep
2or gpestondty apsero me%fﬁllably,@n ekperteysteni dsozomptdeentashd ¢h

di splmse Berhddy RE stgﬁﬂﬁﬁl@éu?r%lstate of any active rule along with facts
relating to premises on which the rule is based. |

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

- lumen on the interface of a user device in cormunication with the system.
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30 representation of the internal surface of the at

| east a portion of the body cavity or |unen on the

interface of a user device in connunlcatlon with the

system 18 5 As used herein, "determ ne the best

fit between the geonetry of the device and the

geonetry of the path" refers to displaying a

rgpresent t .| east or t he devjce

o ot i o sBnin 80 de B o Bt bbb kol i dosie

of t fed the aﬁﬂn@w pi e pa@r" réforrintisphying s edprdsaittion of aleast a poruon

"devig L cal

doul Cgﬁe Q&ﬁc@gﬁ& .ﬁf}mulaﬁrg]ggﬁc%n?enﬂv%# aﬁtl & ﬁ@ E &F élé/ bo%y cavity

natePY%Fwnshape and the like. As used hereln "a

physi cal nodel of a device" is a conbination of a

reconnendﬁdmgﬂﬁﬁﬁiﬁW&ﬁheﬁﬁﬁﬁhu“kﬁﬁgbg?mwuﬁﬂﬂqﬁﬁﬁéﬁaéﬁn
a’

i sis for ing t iTst design o
r%gdlg Lugew ce_bgg% tf' anejwd fheilike-dat a. As used
herein, a "software swte refers to a plurality of
i nt er act iAgspd sgriauts physiaFroedet offarlsmice’sit b ogmbinition ana
Operﬁ&hﬁﬂexﬁl}ééh&ﬂﬁmﬁﬁl HeRd tt;b%f ?{vr&nd 81% okl (iﬁ'}s aggfthe basis for

refers .to, physical, anatdm ca S1 O

dat a8t e St Bpigmed usrlicrldgviee brseibdni naltlem—spmﬂiqmtan 9,

but not limted to X-ray, M, CT, PET, ultrasound

: E)fh Us), an @lscg/déphyl{ha ‘{s?ﬁaeaie ﬂﬁtﬂ'ﬁg;ﬂm t@iﬂ{lﬁﬁtyfbﬁf in€brdcB8d programs
PHY Sof@lnnah roni c _apd/or optica

measur enent saﬂgrﬁ eaﬁomfmr‘ﬁ? 5V %Bl Si mul ati on System

Figure 1.is a bl ock d|ag%qn1of a simulation system
accor di ns B9 bereng sliuent dats" refers o thysieah miasemicalrgadlor i nt o

t he Iﬁyﬁdlegi&aewabhﬁfed%y BREE G Enoﬁdﬁﬁg% lgﬂhcﬂﬁg i&%nﬁﬁml

ena , a sinmulation i es o
pat i€ %ﬁ%gﬁ E€+ d‘i.lfﬁsquﬁﬁé(l{%énaow@pﬂ Wdeogpmers, and/or by direot
pat |phﬂtcal§¢iﬂlbt électrohio hRY/STR Eﬁdﬂfﬁéa@nr&nentssﬂﬁrihﬁﬁced i ni cal

i nformati on and nedi cal history) The patient images
24N shfwihdygs from a database of patient-specific

i mages or T nages relating to a popul ati on of
dermographical ly simlar patients (e.g., such as

t t
pat i ent Spigié aislaﬂﬂbcﬁ dRZLARE QMIandnrégﬁﬁﬁ ?c%gﬂﬁfgtto one.aspect of

patlents ICIFTB.ES are obtaln
o BE R eh"Pf“deéheééﬁﬁ?i’il ?’iemﬁese@a@ﬁﬂwlwlﬁmmiw@ggcyed

Su C ﬁmmme&mﬁynﬁendnﬂeﬁm@g@ df 4 Fhtibd En AR RMidcRda Sy P

ro 0 be obtained in real-tine
28 ﬁﬁéﬁt sEJecafli]c mf%nnaqpx {e.g., suc aSCII[}l?GaI information and medical history).

- The patient images can be obtained from a database of patient-specific images or
images relating to a population of demographically similar patients (e.g., such as
patients sharing a pathology). In one aspect, patient-specific images are obtained

_ from a patient to be treated for a condition (such as a pathology). Such images may
30  bestored in the system in a system processor and/or may be obtained in real-time

prior to a procedure, i.c., the health care worker may be conducting pre-treatment
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prior to a procedure, i.e., the health care worker may
be conducting pre-treatnent 19 5 planning as imges
are collected froma patient in an operating room or
other health <care facility. Preferably, the database
additionally contains patient information, e.g., such
as data relating to physiol ogical responses of the
pad i : tur heart rate, bl oo
pres gﬂu%ng&? ;?rélgg %%%OH%% %Irogleaf ag?-nt P78 OB g room or B8 hearn
condLﬁi“t‘eif%‘iﬂF& of neurons), data 10 relating to patient
nmedi cal history, denographic characteristics of the

pati ent (Prefprably, fhg@aiat@@ditionallR BnkatnsphidaPidbrmation, e.g,, such as
the patient infornmatlon

occu [ tc).. Preferably,
rel a?%{g r?qgohnﬁ %p‘%%' Figggicy! Beslﬂ’é”s‘% PEthe paftent{ere-wprdk Emppratgresheart
ar e bgg.bipod peglnmy eebirichlimpiiless 35 e Biain, cdddici®iBl of neurons), date

| 13f Or LRt » d.in.real fj as the ge of

one of nﬁ?‘gbait)lg ‘tl en%&?'fsgo% 8%m°gf?hﬁg%ﬁ°ée&?“°ig%%“%‘?&%m

addi BE% E@dﬁry &mdm)ismsesccmﬁbm k). riaéfb@bly, B gan Biffrmation

SYst etes\ls £ patich | are formatted in an

appropri at ef)al a.ntgﬂg‘ggéaﬁ?_} edrv%)g%%s % afehgmgid{r%?la eﬁ'a{ni%ﬁas"ect’

nanagdifetipfomyation ihupdniad iprealimese thetihage glieeyor horeextientiisbues

the isapayt@nt information fromthe database of patient

i mges and patient data. In one aspect, the system
nmuni ¢ it ne,.or nore external databases which

3?ovi de ?é‘gg”ssg"’tagd%@all%t"’énpﬂ‘éﬁ’sé‘?i‘ﬂf@mlchmdﬂﬁé%%ﬁttsystem- User

condieaiast ob@ieries ate fomiagtel] in be SPRRPSIE ldnGuaghendSRIEI B the

ot he [ epi dem ol ogi_cal dat a,

Sour bR ol Bemb i oSS Relog o S e ivapta

th fGt qu@?homﬁje‘m%mﬁg efmtielt nyagepant pbtieat daj;a. Nans aspéct, dhe

SO 8 cSHinli& : ener ur.nose

é{?np%?gr csuc h ?as_ a %%?%érﬁﬁgﬁxg%ﬁgﬁ%ﬁ%wglgbﬁr%‘. ¢ access to
ef Ang tp p patiepipondjtiondring bieried, weponwes tol theasme ormgher

pr OCtemGsHht refimdn miididgical ARITRY Qﬁﬂffs - r,

pri n};rug*gqeg)onarol?‘gﬁr?‘?e ha%%oadi sk gﬁcgsgosﬁt ro ?lg?a%%%%

cont pand g dike-he | j ke. The processor should

conprise a mnimum of about 8 MB of RAM The software

sui t e of The dysters garterily o@mpdsibg fa oph QAR shits tfat opedatés on a
1 nt &F P8 pRRR Al A s G Bl i Y Ay Belrbope
% Sudane sonipoisestat loast one PBroessorifelt. dsiGP) Frikaeiry, @RBhicsadsbtor,
" e b @FRHriirer Bho oMtk BBt HBE L 2 RS 1B o2l e
' processor should comprise a minimum of about 8 MB of RAM. The software suite of
the system comprises a program (e.g., a C language program) that controls the
system's user interface and dafa files, e.g., providing one or more of search functions
30  computation functions, and relationship-determining functions as part of the

information management system for accessing and processing information within the
database.

3
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i nformati on managenent system for accessing and
processing information within the database. 20 5
Preferably, the system al so accesses data relating to
one or nore nedical devices. For exanple, the system
can include data files relating to the shape and

physi cal properties of one or nmore nedical devices,

sych deviggsmby)! %é&@@celg ldfso %c@ssc%%.ta dél:ltﬂ% {oebqe Shoré medical

needl.e, a catheter. guidewre, a ar oscope,
br ondFYHES Ji5E exanples the Syt qan inghifq dptarflesablating t the shape and

bal | pln@rcallj}fdp&&lbmoﬂ@Nﬂlﬁcﬁe m@dléiyéﬁic&akucﬁ Qévwes clﬁ@é‘b‘ﬁ%r@ﬁot
occl t%g vi ce, optical probe, a ug delivery
devi EBELRE ‘%?Bcﬁ"or"ﬁ%ﬂ“?t%n%u%ewgf:éwoscopﬁ 18@#@80% Boashegsgpe,
aspestent, cbih,eaamm CiallodevilaRg U6ics, I8P H Wabou®e BRLLBES

lu njecti,n mat e aIS|nto and/ or rermwng
30, o F¥Re oBfical o, 4 B i dcimingings Getiaf one

abl epreferrerdpsdct, ﬂieenadmleleacet is @ idIe kvhivh bérhyse adﬁﬁéxﬂﬁﬁmjecung
vt L 1Bl inB b0 o e AR Grop S Y SESTLGRD 00!

the similtaneous Hovene
cat het er UI dew re, therapeutl c device, and the l'ike.

However , éﬁﬁbif" to pygdel g dnterpatignses mlﬂplc@eﬂeﬂsyﬂth each

Si deﬂai- eFdeM@fﬁm the @isteﬁ{ @8 Qﬂ&éﬁhe@ﬁnuﬁarﬁ@&é‘ refrethbhtd $18 nBRRYa
?§ | en simul ates interactions of the device
W t h ﬁgpe% vicp: gnifhplikes Bewpver, prpferably; desyptem

no g edoss nommelyl smmlamé mave:mﬁijt of pllaceﬂzemloﬁ 8 ddvie Mb?ﬁyﬁh)f 8 pddient

su a ion_o e

dev ?D?gslﬁtgﬂr oug hitalehy n% Plire d"aF? ﬁ‘?\‘est"%&g‘ﬂéﬁ Iny gne agpget, the

(e. g ;}YSteHQ@Mwaﬂemoobf zsinechqal davize thequgl Atissud) be@equ&'tt €hoyement

an t 1

oc Grdingl . The b AR Rl i ealmee o PR (o
Wavilsygs eg#kfre fapple, fabiboree ethétmdtnabm}ply sipegstin Egwan tissoooe| S

the riner AGLIBRR, 86 A Aoy gpﬁﬁgggfa?ﬁg@és hwggaﬁs with

the different tissues. 5e|s

bot RoRedsricH Rrpetips and megds the @@ra@ﬁons oSeng e( wre aredian dsdices

and vih il detker FQRAT PleR%bR thb REATHER botlBithicGaREN N0 25

si nul ate ? g é){l nt eracfl ons bet ween

dev PERTHR§ bssuetporsepshing ahysisy! prqpenhpmftt%e naadisakylssice bring
25ay sionlated so that ﬂ&a&ﬂoﬁ§b@t€r&hﬁﬁ E&%gal(l %E;wéeeang t:lsssue(s)/organ(s)

defor tLon bl ation or
1 otio otes iy oge ¥t RSP prgenliig € olebirmaion, dfon or
rrediegabal ofieils, dh}d(fbl?getg) o el h#’bgm}g%lﬂﬁmm)cdﬂf in@REm&Hical
nor t he ce ef ormat | ,, etc.). In
one xR Wil el o aiormseine bt dvieedibimyion
and¢te) Topugaspes), thersystem models movement of tissue(s) and/or organ(s) in
30 response to direct or indirect contact with a medical device (e.g., such as insertion of
the medical device into the tissue(s) and/or organ(s) or insertion into neighboring
tissue(s) and/or organs).

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

as injection of a therapeutic agent, removal of a biological material, placement of an
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30 response to direct or indirect contact wwth a

nmedi cal device (e.g., such as insertion of the

nmedi cal device into the tissue(s) and/or organ(s) or

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

In anot her aspect, the system nodels an operation of

the nedical device such as injection of a therapeutic

agen; 1dn lanPhr B eddiaRd O, pEt el cenent of
pl EDlant e o PR bR R o or AR B

e Xp o@‘FrﬁEf"“B‘F fe%’@ﬂé‘?dq‘#@gémt o4 hmé%l to expmsure bf@rtaple txt heat, light,

regi ﬂﬁfbvdaﬂéi |ultﬂ1ls61ﬂd eﬁH&opBﬂEoA é)%g&?éjto E}F cIEAROGH ErcOf @

tISS &f%ﬁ , mcro trasound
el ec d ﬁysf%&ﬁﬁgla%meéfecaﬁf P eperatio o ng|ogmorsttissucs of

Addi thé hlﬂétl foy exainbl% SyIsinReRusHoRdk @ﬁl@x\i}f)eﬁﬂc S‘éeﬁtQﬁtB ofdd or'irﬁﬁa cells
(wer(%tﬂw%odon .0one nore.tissues o

exanp é’H"‘i"ﬁ?P wfah prmgpal o w@roaﬁremcpl@ éf@@rﬁm ¢ftome
one cmmoneoueﬂs petnesbilltiaf ofoheor Boecelld, BhdGs ingn of a
material, renoval of a one or nore cells, destruction
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Accordingly, in-one preferred aspect, the system is connectable to a network to
which a network server and one or more clients are connected. The Network may be
30 alocal area network (LAN) or a wide area network (WAN), as is known in the art,
Preferably, the network server includes the hardware necessary for running computer

program products (e.g., software) to access database data for processing user requests.
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graphical interface may be part of a wirel ess device
connectable to the network. Accordingly, in one
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As shown in Figure 2, preferably, the system implements a program provided

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

medinm further comprises program code for running an application comprising
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stored in a system database as described above. Because the system user devices and

30 processors are connectabls to the network, patient data also can be accessed from
remote databases.

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

which con'esPonds to the contours of a body cavity or lumen belonging to a patient
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30 platforms are commercially available.

The simlation system may be connected to the output of one or more
scanning devices, e.g., collecting data for generating images from such devices as

these are acquired. However, in another aspect, the system may include a means for
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as ray casting and projection techni ques have
traditionally been used in the visualization of
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simulate interactions between at least one tissue or organ and a medical device, e.g.,

to calculate deformation, amounts and duration of force feedback and other
30 simulation-related data.

Biomechanical properties can be determined by a number of suitable assays,
singly or in combination. For example, ultrasound may be used as described in
- Krouskop, et al., J Rehabil. Res. Dev. 24(2): 1-8, 1987; Clark, et al,, J. Biomed. Eng..
35 11(3): 200-2, 1989; Ophir, gt al., Ultrason. Imaging 13(2): 111-34, 1991; and Zheng
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A bi onechani cal nodel is generated by dividing an

i mge set into voxels, each voxel a unit of graphic

informati on that defines a point in three-di nensiona

space, and defining bi omechani cal properties for each
voxel . The bi omechanical properties defined for each
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"'The geomeirical and biomechaﬁical models are loaded and registered to a
- virtual human body that is displayed on a graphical user interface of the system. The
- models may be stored, generated from stored image datasets, or generated from newly

obtained datasets. In one aspect, image data sets are collected as the simulation is
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However, in another aspect, bionechanical nodels are
derived frompatients having a condition such as a
pat hol ogy, injury, or wound. For exanple,
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gener at egyfibly IRAARINRIf ciRflRsdh seoRicRRRRRARE S Rlely B!
are %ggglned 0 obt ai virtual irmage of one _or ‘nore

ti sJ{fRRICalER piguaomry e @ﬁ@rﬁ”%‘ﬁél’f%qr%"s p g fisspn eroup
Ie 0 being sepinentsd. %ﬂ@?&ﬂ?b%iﬁ%ﬁﬂﬁnﬁ?&faﬁmﬁ@b%n
nc. vol unet ri inite e .
Tt Sl BB S fadln SO BBt et mi e he By 30
nan gainesidijreidoatplen hiobgicdeictttsend fdmatidhlly agdefible the 3D
S %IHEJE QY resultant meshes.

The cervical vertebrae and intervertebral discs shown in Figure 3 provide an
example of application of this nomenclature. Convex and concave surfaces are
- modelled as well as branches, shells, and holes forming in various parts of the
35 . anatomy. This technique is also applicable to other problems such as bifurcation of

.. blood vessels, even when these vessels are modelled as hollow tubes.
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2D nmeshing and (3) 3D neshing. Step 1 is illustrated

in Figure 3, which exenplifies the nodelling process

for the spinal colum and surroundi ng soft tissues.

In one preferred aspect, manual 20 segnentation is

used to outline portions of one or nore tissues to
enhance contrast between adjacent tissues and/or

bat ween portions of a single tissue with

het er ogeneous bi omechani cal properties. Manua

segnent at lnohe peppotsboyoe it Eigwesd3, m&iunigsegm@m vab @brformed in
| mag %d%@%ﬁﬁﬁoﬁlg e (ﬁ%ﬁlé,nof ALORGERO i P RN RO > path” in
Typi cal | nam ng contours used I'n %e ment at'l on
is us Eﬂ%@w eﬁayh fogjour Iraa éﬁe\m ¢ontout mmeofhezathe mmfn@mtﬁ ot
changes in material properties of the tissue group

hei ng segp@ueRamd ﬁ{dﬂ‘dc@abﬂ%‘?ﬁ&éu&ﬁbmeﬂ(%ﬁﬁé&ﬁ%
segnent ati on nonencl at ure has been devel oped i'n order

that the I&ﬁéﬁa&h@feﬁ}m@f amﬂca‘bomﬂsftﬁéfﬁ&&serﬁ&yvaﬁ&@é N8 @ilde,

the 3D. .connectivit ol o structures
and BUPSHEf cRam gre g@é‘e%‘ e é% e

r esubdnguts ‘mﬂSﬁBSamél' Bb_]eﬁlﬂﬂathe;‘&ie ueel foefbiinfl® spld object. Different
hpte hﬁ?ﬂ |n H ure 3 provide an
exan%ﬁgﬁﬁﬁﬁyéﬁﬂég I‘on “PRTS"Wonencl at ure. Convex

and concave_surfaces are nDdeIIed as well as

br anches Fo&fhl gognechiity seepagies Forhyansh frmationy Fayity foyaptios, and
of ttmmﬁﬁgaﬂ@@ﬂgy This technique is al so applicable

to ot her problens such as bifurcation of bIood

vessel s, en wh t hese vessel s are de

o ot T SR eRe e RES ProBE TR one e in the firt
manugice E)efgnmmaaitq @ntoumsn fherséoondrelibei Mhis M@hﬁe@hpthesﬁm plice
i- e )Ilj h

@ l% martﬁ«l P10t %gﬁ a('i:l% éeLso {ihsﬁc o%ne'g,n&%s& 191 and

con our wn“cont our
‘ nanecowmsﬁhé ZnSIFbémPlﬁtbcmdm&app@@s MQr@unnem numbers to

[ Qoj &&Wﬁﬁh'l[l-@ 228 PN ARl ém%g% mﬁl%ﬂtg& ﬁﬁ‘%ﬂg 125 5807

exanple, C3-Body. 1 is th cervica
vertebrae. The tilde, period, and comma are used to

differen%gite dlfferentéﬁarts of the contour nane.
cont our s "W A PN SRS EBFHRAO REEErss HoRug "?IE"“F(’RWF st
%5 ngliee ©ohijve cbutourk fnf the estbnd dive,caifiN@RBeinE tiysidetthé H@&. This is

S pecifelf@fedt Q?thg IBIS‘E gﬂc%escctoht\x/){:rt 1¥avmg ConnectivityStr=1 and the second slice
having outer contour CommectivityStr=1 and inner contour ConnectivityStr=1,inl

Further cavity formation is denoted as .1,in2 and .1,in3 etc. where these cavities are

-O

L

q-,

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

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

Further branches are named in the same manner, See Figure 25C.
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Possi bl e connectivity scenarios are: branch formation,
cavity formation, and branching of cavities. Wen a
branch forms, segnmentation progresses from one contour
inthe first slice to two separate contours in the
second slice. This is denoted by the first slice 20
have a ConnectivityStr = 1 and the second ince havi ng

Cgnnect i \g [r%%lrﬁlb gtlol]s Qﬂgesggﬂlgﬁﬁ tdlsveln os,ttﬁe Somipfex. s?ucMre of the

Subsequent ranch er connectl Vi
nunbird cerpical e'@réeafae mfhihedwéy, wch, ezdmms fcet gvints, T msverse and

pr oCﬁfs&nb@ré&és%&@%e%&s&&a&i'agéi{ogmom en a cavity

forms, segnentation progresses ne contour in the
first 25 slice to two contours in the second slice,

Wi t h one mmpl\gresdn&ioagntrﬁb@mﬂg 18 Ghplendeiicd bf Subd R tt&q'.eé?ﬁ{enaed

?E % ce' s contour having ConnectivityStr-1
e LORBRE ‘%?IF%%G elﬁlaﬁﬂtﬂgmg GEER P pgech as shown in Figure 4.

ConnectivityStr=1 and i nner contour

Connect i Str-1.i.nL urt her formation i s
denot ed é@gﬁgﬁ genﬁ?tegﬁﬁng E“S aﬂ%’m’@f‘ ave \lkﬁ%‘rf%“"fi e Piphle for
ar e Fiddmplyeisefse, BelparSabreidts ome)ammrﬁi-méu@@ehm B the

h I7] /] h zeef
Y A A ot T L g R L e
honelfe11at. In ee gensefs @s ey Abvgiceeflal 3P, objrat (eign tses drgad, nmdical
SepafeRLS, SRtk ¥t hidfed a@@suﬂﬁwﬁ&l withral £ 1bﬁq ol‘ui!loﬂ %ﬁi ok laﬁ-r[able-,

caV|ty br anches, Ipfro ressing from
and Tesplufion grd infpg 7 ofisleseth cEhedlexible aﬁlseldhangnﬂhéovesms

N Reincredse 6r deb@be MnedPlensiths Qeskisd 438 nARBHVAR PRS2 dRfsta ?le by

t hese si I|f|ed acenarlos the conplex structure o
t he 2 %Hict §e vkER e ?"e‘@é‘fete@me‘étélzﬁnth t he body, arch,
Zndpl ates, facet joints, and transverse and posterior

process were re ucted shown in Figure 3.
Mul ti pl o PR EsPeft ggﬁ%[. Y@ p - Hpepvonal mpching cube
s ubdlgeiittinn Ghis B neslycomsitte of regular qﬁuahntéfas eleiiérds AilReCbREed

Fi oarabder Bty Be ol P RRnGBR B0 M Gimro At e
‘bee and claredts ars nbmbered © consirticbh BEN aveshdyblem fod apalyss. Fioes 4

2§g2€{§£gﬁ£@ﬁgﬁgge§?ﬁ,&b Q%vﬂ_{ %dd Based Al gorithm for

neration o %nent Meshes,
Engi neering Wth Conputers, Vol. 15 168-177. In

one aspegt gené@ﬁng@lfﬁ&mg%lﬁhésﬁ oﬁ)efls §D gﬁnﬁ% e of %ager%t

ti ssue, _organ, di cal evi ce contours O Inte

ar emaghHiot Araingd together ps bewn indFigues | 418D arid §eme styeture
var estiBlishes the topological relation of any two adjacent grid planes. The grid frame

30  approach depicts the geometrical closeness of the contours at the adjacent slices,
* provides an accurate and convenient means to identify the topological connection of
- the anatomical contours, and builds the planar meshes into volumetric elements. The
3D meshes are therefore built upon the grid frame by connecting corresponding nodes
~ atadjacent grid planes. The system executes a linear interpolation to connect two grid
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resolution grid into a plurality of elenments. The
flexible resolution grid allows users to increase or
decrease nesh density as desired and has intervals
that are adjustable by a user of the systemto
determ ne el enent size. 20 In one aspect, a 2D nesh is
generated using a two-di nensi onal narching cube

akg oﬁéntltg A ad_]-gFHn'f’ Tliggg Hgﬁﬁélat?e%%}%hg gtsthem at th QY thr The qeia?:rutlon of

quadri | atera core and
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construct an FEM Redst) sy% 50 +er(Plirad jsinst+Bi gure 4
25 exenplifies thip;pfpepss for the D vertebral body.
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e i@ b RAIAL ) 1 IS he

sh o?/vn |(In Fi gur e) ight Bﬁwrp%gﬁo n%htqt'ere%%ﬁ it Original
est aB s h &Sl Hee qoeﬁewgq elénwsrth;d et to selest axaarpgorcwue path for the
a0l ] afbﬁﬁﬂar)grcbﬂle&loﬁ,n @hich TRe g afer é@?&t M&gaﬁﬁd elements

depicts the %eometrl cal closeness o e contours at
t he %ﬂ?"ﬂt"é‘ﬁf epqupday. provides an accurate and

conveni ent nmeans to identify the topol ogical

c onneshibuld atiefy thd dagdifidaat om cal contours, and buil ds the
pl anar neshes into vol umetrlz el enents. The 3D neshes
are therefore built upon tf 31 rame by connecting

Bor mdspdnd iﬂr@eighd%weeﬁtw@dijzﬁa& Blice§) landl d i B8 @StancE Metween the

o | P RBRE PR R R e kDb et PR gt

one bofehednaliflements (Rigueof)t our . The defl niti on of point
P(ki-1) to which P(ij, k) at the contour of neighboring
slice connects is P(k+|%y =P(i, j,k)+a(P(i+n, j+nyk+l)
-P(i, |, &¥hpledprein definpdpy coptenr lined(forieyanipde, ad showmin Figure 3)

Mo misﬂsuﬁdlﬂﬁédﬂﬁto a@%‘)ﬁ]{ﬁa gls LdGeixd @%{? %\% H'] %ll prie aspect,

ori ne co

I
t he %l?élét?dmcném%‘ln@ws ﬁhﬁ?f@ﬁ (9f Bp vhele domyzin ﬁarg@ regmbwhlqlohas
bou aiiefey IGERREEdaDoped &bim Binkd poﬁfohéf&ftthé \l}l?olé gﬁint %oxof

st andarfe %:EM el enent’s eneration a boun
a

S hoEPPLEAPTRE (51 1 VErsen bodgh mesieubieideg o subdomaits of

cancellous and trabecular tissue (Figure 6). Subdomain segmentation comprises
25 obtaining contour data such as coordinate values of the vertices of the contours of the
subdomain.

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

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

-subdomain. In one aspect, the number of nodes per element which le within the sub
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15 where h is the hei ght between two adjacent slices,
and d is the distance between the two points P(i+n,
j+m k+1) and P(4 j, k+-1). The generated neshes are
formed using hexahedral elenments (Figure 5). A whole
domai n defined by contour lines (for exanple, as shown
in Figure 3) 20 is subdivided into a subdomai n that

IS segnente see,. £.0., Fi e

R SHER A e, P s, P hinper el inORES o iin
(t ar gwtsulr degiadrdye tediedc Thé fsmerdidifod gartallp yioldeaha ntmadke results.
properties from other portions of the whole domain.
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t he m@so bmrd ﬂtehebdomnm ibefoss thuf eldnivat is cladsifiad s veithirtie
i np u§u§dcﬁ9ﬂ1 P Wodélﬂgﬁmﬁaﬁ&ﬁﬁﬁs of the eﬂ?iex%tﬁ AN msééé‘e t}l? Sélgdomain

determ nation as

ilP1si and thope entidei tapesubdompaineare agplﬁni aedrilingth thpjr tideeciwoivelour
ver t H CQBHJI’%]I ll’}tnlfé’%ﬁq

of n%g;;kgn er el e%ﬁfi@%gﬁed&ﬁhe Nl N mo%hgofﬂ%m%r
donei#v%8¢ determined. In anot her aspect, t he nunber
of element faces that lie within the sub domain are
tested. The fornmer nethod generally yields nore

accur at eUnilexpiribsart sinels, ahik mm&ﬁeiqi i6 Wt BGnypriv@iseil Hikh BereQte

t "L.sub i n. bef.ore the

B0 orid shcd bfonlels Ruthd R eent St RS A mr R S lrep
shovmsqeﬁandﬁlrguﬂié@reﬁvm@msntglatiskuast rates increasing

accuracy in each panel with Figure 7G 10 representing

100% accuracy, neaning all 8 nodes of the hexahedral
fornmed f¥iawe ?Mhowsdhmhlag panentire doraade pdmprigingd target region

el engaf Simufifed, Eﬁbs&]tﬁeﬂﬁyt gﬁb&r%ﬁ%gﬂ@n&%%&hﬁfdggh Odbt and hard

before classif I on can one. Figure

Peprigde hewdarys.sughas & pergal bagfe; caocshuy bersesking B musde gtsd.

t 0 hecdrbintahifRcts, ke bR MidBfuRdaBed (B, ﬁlc_ﬁ}ﬁtﬁ&odb are meshed. See,

cla SI fi §§ﬁa§ﬁw thi.n.t he subdonai n
oI ad ng dhednsisfe-ouisude festaprtipdsthese Rdemaipsgf iforestrere
Subdiffepentiated, thus providing a complete model as shown in Figures 9F and G.
Figures 9F and G show the method used in an iterative fashion for the differentiation
30  of the subdomains. Figure 9G graphically shows the elements (datk grey) which
represent the cortical bone after the first iteration of the inside-outside test. Figure 9G

- shows the elements which represent the cancellous bone (brown) as well. Afier a

* plurality of reiterations, subdomain regions of interest within the entire domain (i.e., 2

region being simulated) are differentiated. The elements differentiated info each
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15 and those outside the subdomain, are specified
according to their bionechanical properties and FE
anal ysis is perfornmed while maintaining FE node
connectivity (Figure 8). Unlike prior art nethods,
this connectivity is not conprom sed and there are 20
no interfacing problems resulting from generating

sepa ent .t S_an far
a1 SPGB YeButheChl Bl £lorich WBNESpRRG AR pisffrvcs of
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region being sinulated. Subsequently, subdomain
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graphically shows the el enents (dark grey) wh
repr %’%‘EWV? pralysisof Yeume-15pdreed Amages. fqlh@ret% b¥ %Qenvw@ﬁ atthen
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r egl gldewmé endikt&ipe,s’nztpamdob&, Brohdhescepﬁ; Stéxﬁ, tﬁﬂ!ﬁllcﬁbnl(q 4 baloon- @
regi Si mu |at o T .
o orRbeEhe ) AL B0 B & gl S et oo e dedpery
can dovicea swi gmbthatiens drercaf. The sus‘emus #hlde t rmileltiestteractions of
' u tissu

PO TR SicBl IREG fher 3 g B B P4 P ufhoney
S|nu*ﬁwwohﬂ@mwﬁhmmmqnbf@ewwme can be obtalned froma
dat abase of images of stored devices (e.g., where

these areneuRawan ARt H6HBREL ineﬁ‘kcje haﬁ%ﬂ;!?/ bamoagh @R culpRih
or .exanpl e

a 1Q.s Iat n.of a.d V|ce
descPi %fm e images s ?Seréithe/ﬁ?PF&‘é’ﬁ?féﬂe@é? i Wheonjs
6 0/ mw?méma‘ ik hﬁ!i‘lebi&ﬂ@)hmﬁm aa&&ﬂentaﬁomltsmﬂtaesﬁﬂmm@han body
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t he the medical device mterface) and displayed, preferably in real-time.

30 Real-time interaction is an important feature of the instant invention. The
immersion of a user, and therefore, his or her ability to learn from the simulation
* system, is directly linked to the bandwidth of various components of the simulation
-system.. An acceptable bandwidth for visual display is in the range of about 20-60 Hz
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15 geonetry, topol ogy, and physical properties of the
devi ce. Suitable nedical devices which can be

simul ated include, but are not limted to: a needle,
trocar, a catheter, guidew re, endoscope,

| apar oscope, bronchoscope, stent, coil, balloon, a
bal | oon- inflating deV|ce a surgical tool, a probe, a

o Cuk sl S n R RS e Yot i e it o S50 illragpo e
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2O tdembian@foreéripRRAWSPAn S8 ssddas %%reite"é@ieingl 1iHs between
acceém bgg bandMAdth for haptic display is in the

ran fyires and dhe sution pecesepRealismp i glspgmpogtant ¥ery pin,
han ;‘.i'eageﬁielim&aéﬂoﬁ Ghlﬁlaﬂt %é)n arcldbRelad. @Pe%rﬁft I ﬂiemtﬂﬁulai{oﬁ system
partic or.tant for ac e rcep i on

user® af%n %3{1%%8“% Q?PCPI‘&‘B Elf”é‘l"? %ﬁg}’a@? ‘%El SPBREFT Second.
nmeasures the tinme between sensor ach|S|t|on (e.g
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flexing, movement of one part of device relative to another, interactions with fluids in
- the device (e.g., such as materials to be injected into a patient) and/or in the portion of

- the patient’s anatomy being simulated (e.g., blood, lymph), and the like.
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~and the system processor, tinme for comunication
bet ween the haptic display and the 15 system
processor, tinme for conmunication between the visual
di splay (e.g., the 2D display) and the processor,
time to conpute collision detection, tine for force
feedback, and tinme for conputing defor rmti on nodel s.
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The system may calculate optimal paths for a medical device during a
- procedure for pre-treatment planning and may do so antomatically, with user input, or

by a combination of such methods. In one aspect, once an optimal pretreatment plan
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carried out including, but not limted to: injection
(e.g., of contrast nedium cenent, a solution
conprising a therapeutic agent); renoval (e.g., of
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di ssection; incision; pinching; suturing; application
of heat, light, wultrasound, an electric field,

i | ant at f
C P anDPES A M il Rl G gt igest Hemtomatoaty
devi #eplqmentng thp plobegior in ayfakiertt Inmnothma@eét caar diehedavidel ed
out . odifimiy %}n%gﬁ%gﬁﬁ%edb %{Q?el HREto tf:3h 10 %%tlogfof ths, procedure

realistic coor di na exper
pr oceRpasent il O‘ééﬁheev‘%ﬂhe a?s@mehwopmt ﬂle ased cdnraaiifnthe pro2@ure

St I afs8@dksialy Heeal-ARELEMENt €d. I n one aspect, the
phyS|caI propertles of a material being injected is

ed to cula nodel. chapges of one or nore
t | ssues ﬁ-’r% odzéao‘myil?to Rinedhiremp gariqygmedules pf theo

exangybten ancmd hg’alirt@ eb;marmmesaffﬁﬁ@yﬁem fFok bbinfblef 4:26bRREd Rbm

L Y SRR 085 P B IRl B pet e
m@%@@ahmubaﬁe@mﬂoThmdeMmeﬂﬁﬁuﬂmnﬂmnihﬁmmmﬁnmwhﬁmxe

t i S SHEDr b @ys?éﬁ?da@tﬁ?gs%tussug gl récl\éﬁ'gty b}pttula I%Bdﬁlhg%l mogu‘iifi and the

t her apeut i C a? as ‘a
Lxi dyodshing medy eltbmeesmm wedelingnfthe domeged tisswer an,ebdmd fbm

a t pr@RhtmShit pﬁ%mhﬁﬁ SlaP Wb APt ba!:l?to%la% g&%m&%ﬁﬁ% em, 3 gr gans

systen1nnd I's e npvenent of tissu
uporF&EerRE e FHistemyde ppdate dmags informationcandiny totheamaiglingaeidulad

dev ID’a&, reciveld fram abﬁﬂ%ﬁﬁn&fﬂ o paﬁeﬂ?&iﬁ%ﬁda@@iﬁ' 266 mlafbOred e

tIS% hﬁ 4%(M‘ or g insertion_ into

nei g ”é@d‘é% Hne ?gﬁ’rda% REARfSition andrhReveSRYIIRN Mty

al (alldmhga tmitmem knethad $ifa JaBént & HIRRHuGAd vdgm Iﬂféqaaﬁisﬂf i BGualBly
ro re ann an

DLt B el oRiifc 4 B s e SO rosped o istfopt o

of ﬂmGhmnEMHsdstwunmmmﬁmgamgct once an opti mal
pretreatnment plan 35 5 is obtained, the system nay

COMYRPksfuidb s d’)ﬂdtﬁbed?cafﬁﬁ%bﬁeﬂ g rument for

autonatlcally I mpl enentlng the procedure in a

Cont | nudde PR 48T s FREANLeoRRBURAR P aHBTIA v mefie
25 np fievive irtterfaco o the sytthﬁ Rrone £t Ghe iftBrfste RAdntbA8e in b ARG h

U1l o) AR 59 0Bl M S TR T,

Fi gintetfacing wiigh wacking umés)daﬁdhackmcﬁaﬁiaﬂ(sy adid DdyStepitdses. Of

t hesdditional devices such ag syringes and balloon inflating devices can be provided as

part of the interface, e.g., simulating balloon angioplasty proceedings). The housing

© 30 maybecoupledtoa model of a patient’s anatomy, e.g., a manikin in which case the

interface housing can be displaceable for some distance from the manikin itself or can

project from the manikin (e.g., being an integral part of the manikin). To firrther

‘enhance realism, only the opening(s) of the housing may visible from the manikin
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system and fed back to other nodul es of the system

For exanple, data obtained from the the sinulation
nodul e of the system may be received by the nodeling
nodule to nodify an inage presented. Thus in one
aspect, data froma simulation in which a wuser of the
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footswitch is preferred for scanning and image processing, since user(s) generally
have their hands occupied with other equipment, in actual practice, Preferably, the

30 system provides a re-configurable control panel (e.g., a touch screen) to enable a user

to simulate interface manipulation, image acquisition selection and display, and the
use of shutter devices to limit the extent of the field of view provided by a scanning
device. The panel also can be used to implement the various operations of a medical

device discussed above, Preferably, the graphical user display is programmable and
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10 internal anatomy of a patient. In one aspect, 2-D
fluoroscopic views are displayed at the sane tine
that 3D geonetric nodels are displayed by system
graphi cal user interfaces. Preferably, the user has
the option to adjust fluoroscopic images by one or
nmore of zooming, collimtion, rotation, and the Iike.
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: Subsequently, the needle is inserted to the virtual human body. The neédle is
registered in the virtual patient and displayed in 3D space and the simulated
fluoroscopic images. After the tip of needle is in the desired location, the syringe is

30  inserted to the virtual patient as would be done in a real procedure. Subsequent

processes such as injection or removal of material from a patient (e.g., tissue

extraction) can be performed through the syringe. In the present implementation,
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Figure 10 illustrates one enbodi nent of a workstation
for performng sinulations according to the
invention. The sinulation system workstation conprises
a PCwith dual nonitors, a 10 surgical table and other
tracki ng/ haptic devices. A 3D virtual patient is

nodel ed and data relating to the patient stored in
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of the needles in real tinme. Such information is used
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uously tracked. A force wheel it proximity to the needle implements haptic
feedback in response to signals received by a system processor. As the needle
30 advances from virtual skin to a site of pathology in the virtual body of a patient, the

resistance forces are calculated from data in the system database concerning the
physical properties of the tissue around the needle. Such forces are encoded and
iransferred to the servo motor that controls the friction resistance between the force

wheel and the needle. In this way, a user who is pushing or pulling the needle can
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i nner handl e of syringe. The sinulated syringe can
detect the volunme value and rate of
injection/extraction in real tine. This information is
communi cated to the conmputer to calculate the results
of such mani pulations and to sinulate the effects of
such results on the virtual human body. 10 In a
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30 including, but not limited to, data obtained from X-ray, MRI, MRA, CT, PET, images

derived from electron spin resonance data or ulirasound images. Data can relate to a

specific patient, e.g., where a user is training to perform a procedure on a specific
patient and/or is planning a treatment. Altemnatively, data can relate to a "symbolic
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39 5 experience a resistance simlar to that felt
during a real procedure. The device is manipul ated
manual |y and therefore can provide a realistic

hand- eye coordi nated experience of the procedure. |If
a syringe is involved in the simulation, another set
of tracking and force feedback nechanisns is enbedded
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hi st ory and thnOStl C data I nc
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F’ETbodymE@@ the@S50éMBEpdint RBCRIAiIhAR coitfbn RS HRAREEHAT a
ras?tti_llngl i mages, Data can relate to a
col apse o ony tlssue The physician, usually a radiologist or surgeon, relies

heavily on real-time X-Ray fluoroscopic images to determine the position of the
_ lesion, to align and monitor the passage of the needle through various body tissues
30  andto directly visualize the radiopaque cement injection process. This is a complex
-process that requires considerable hand-eye coordination and the physician's
understanding of the 3-D anatornical relationships between various paraspinal tissues

and their spatio-temporal intraoperative relationships to the real-time advancement of
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specific patient, e.g., where a user is training to
performa procedure on a specific patient and/or is
planning a treatnent Alternatively, data can relate to
a "synmbolic 40 5 patient”, for exanple, representing
a particul ar denographic group of closely rel ated
patients, such as patients having a type of pathology
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This is a conpl ex

Figure 16, shows an enlarged view of a force feedback mechanism provided in
30  the medical device interface shown in Figure 15B. A control signal determines the
amount of resistance the user experiences as he or she pushes the needle through
various body tissues. With a custom phantom, accurate feedback to a user can be
achieved, The phantom comprises commercially available orthopedic models, or in
 certain aspects, models of coliapsed vertebra or models of vertebrae exhibiting other
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process that requires considerabl e hand-eye

coordi nati on and the physician's understanding of the
3-1) anatom cal rel ationshi ps between various
paraspi nal tissues and their spatio-tenpora

i ntraoperative relationships to the real-tine
advancenent of 41 5 the interventional needl es and
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dual coppérint of SolyvényletMride Andd iyl (Fdstidites pRElalaty EdtdrJ Soft tissue

W t hi,n_at t.ache in needl e. A user ds case
¢ hat U gl 35 R Eha ey pmmar S B Sada t hen
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t he i.mul ated syringe Into a selected si'te surface on
t he ki n whi ch conprises various insertion site

| ocati ons al ong the back of the manikin over the

spi nal region. Th ser, advances the needl e through
vari ous W"fﬁ%"sd&e(gs% udi ng skin, nuscle, fat and
bone and then perfornms a simnulated vertebroplasty on
t he si miNestle éhsgdmyt_ilsi_ng vetebiroplastAbande mB8eladalsing Einito Bleaibnt
2GOr L o . 0

I nj g? ?“Sg‘f‘a’&?ﬁgh%gg‘?&.s. mﬁ? g‘%ﬂgjsu un%’\dﬁ%cﬂrlc%ﬁ. 2%{]?13% elggle%terrent
by farnyletiondprnppdigjingeionsiy brsedjon th astumitien fhetend the neediact
-and advahde R thd VSetHNbh ﬁsiﬂ'@%ﬂaﬁ%ﬁ%ﬁ%{divﬁ%i%g fibffe inBRANS

an enl arged view of a force feedbs mechani sm
pr oVt drjeryva] can therefore be assumed to be a static step. In addition, another

assumption is made in regards to the mechanical properties of the cortical/cancellous
30 - bone. They are assumed to fail on the onset of plastic deformation; further analysis
after plastic deformation is therefore not necessary. Thus, the FE analysis is based on

a static linear analysis.

The weak form of equilibrium equations in 3-D problems, subjected to the
boundary conditions, is given by: -
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30 the nedical device interface shown in Figure 15B. A
control signal determ nes the anount of resistance
the user experiences as he or she pushes the needle
through various body tissues. Wth a custom phant om
accurate feedback to a user can be achieved. The
phant om conpri ses comrerci ally avail abl e orthopedic
nodel s, or in ¢c rSﬁi n agpects, Tm)dels of col |l apsed
vertebra or m)cifﬂ%é’ GtV e ;fé‘!ﬁ*aé,\’éﬁfﬁ biti mg-otdlbr 42 5
pat h ies (e..q., weakened apcer or . i .
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are placed in awstNhom nmade al um num holderg) whi ch
confornms to the shape of the vertebra. The soft
tissue in this custom phantomis constructed froma
conp e f | 9 U RaT N Ak U .
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of Young Modul us covers_gany of the body's soft

el astic tissues. The SY/Eﬁgm provides a virt ué‘f"‘ﬁT'@bl ay
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20 Resonance | magi ng (¥RIJ)g, Thewﬁfe(ﬁ:@ﬁ of the bo
cement injection is displayed in real tinme. Mdeling

Bie e dingerting SQiatib 3 a8 ) gntd n?,%fgvidgg} _during

vertebropl asty can be nodeled using Finite Element 25

(FE) nmethod with hy(g']amgd\f_gmrg&cej‘}pg kg resources.
ornmu

The finite el enent | &€1 on f6r neddl e i nsertion,
i s besthek isarbithey, assunption that as the needle

advances into thervgrt al_bpdy, jts novenent can be
divided into a If]ﬁn‘i’tﬁé‘“ ﬁz\{r’"&‘%&iﬁ»ﬁ@% d_VJEac”FT“r‘FTt‘ésr)val can

t ﬂﬁ?ﬁ'{é?ﬁ‘@ ABRnASSI LB N W0 bRl difentiof Br x 1 N rRAH 100
25 side of equation (5) is the forces acting on the nodal points of the FE model of the

vertebra by the vertebroplasty needle. The forces subjected to the nodal points have
components in the x, v, z directions,

At this point, the required constitutive model are introduced. This model
relates stress to strain, of the vertebra body, and vice versa.

0 o=Ds-Ds, S
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assunption is made in regards to the mechanica
properties of the cortical/cancell ous 30 bone. They
are assuned to fail on the onset of plastic
deformation; further analysis after plastic
deformation is therefore not necessary. Thus, the FE
analysis is based on a static |inear analysis. The

ak ' uations.,.in.3-
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constitutive equation and is a matrix differentia

oper gdahse A0 fﬁscﬁﬁﬁé%@cohﬁﬁ z&ﬁ g@ @e@"aasﬂ dCity is

obtained to deferm ne the s train val ues during
t he AfEaUveequigR(6) REbnledt O the vertebral body. Defining
a gl obal shape 10 function N belongs to node point
i10 the dlsplacenent vecto&x DBa-@Lr the entire body
1S AMs S NA - o= -y - Where the gl obal shape
functloﬁ natrf?n$YR % e dinmension 3 x 3n, where n is
the 15 total nunber of nodes in the FE nodel of the

vertebral DR RReSipl IR0y PRl ST et s
Nc Nov‘g %&undﬁ% %15}1&)11%9&1 e ?H‘{tm cE 1531'&1;10'@.21’%}{%'};& ursgﬁl}z’

from equat|i on
15 . exprﬁsse%l}l termg of preserited ﬁgcbemmtor bmstuaBhouadatly {oajitiombicr
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L -(5) b has the dinmension 3 x 1, NTb therefore
has the dinmension 3n x 1. The right hand 25 side of
equation (5) is the forcdSSBEtHMg®on the nodal points
of the FE nodel of the werd ebrcithy the vertebropl asty

- fredinte nTHR gf R GRS SRS Cttlselg'lo altong thi (gu%dalfr) ggll I\ %eh ave

displacement w is known along the boundary S,. The total boundary S consists of S,
and Sy. With these noted, equation (7) becomes: -

([poBav)= [ Nhds+ IszNTt as+ [ N"bav+ [ B™Dg, av
which is the formulation sought.

25 Incompact form,

K= L}BTDBdV = stiffness matrix (dependent on mechanical
property of the cortical and cancellous
bone)
f= | N"hdS+ [ N"tdS = boundary vector (dependent on inifial boundary
30  conditions)
= Iy N dv- = load vector (dependent on speed of needle

insertion)
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conmponents in the x, y, z directions. At this point,
the required constitutive nodel are introduced. This
nodel relates stress to strain, of the vertebra body,
and vice versa. 30 6=De-De0 ------- (6 44 5 where Dis
the constitutive matrix and so contains the initia
strains. Initial strains is dependent on the

condjti the vertebral ,hbody and whether is

sgbj chzBﬁSfﬂgpher f OF ces Nt Fem vestop@alvzrfser t i on.
Because E = Du, solving equations (2) and (4), gives s
= Ba. _And now equation (6) becomes 10 o=DBa-Deo And
equaliPdiise oty meher efaedarinsths BEmosd vf the Jeorine. te Kihag GRTh
dV +diched3idaen xABY, a has thé BimeDlAWH 3801408 Bk Yig AR sﬁde%ii_'%ﬂ@h'dvg a

be taken.i ntg consi deration. Th are usua
L

[
ex pr GRERsipn;oh %ﬂ-@%?f%ﬁﬁ@%s&mﬁ%g%%%aﬁquewew&&r t,

tural boundary condition, .0 rescri bed
E?spl acenment u, essenti al ?5&1{152?’{}) condi tion. Using

CaucWjick giventheFRaforula = Sn, :  t SnhonSh u=g on Ss 20
~where h and g are known vectggrsy t is known along the
boun@gr Sh and the displacenent. u.is known al ong_the
boundaF§/f ke the fipensigh of foise, | Hiandp prngiplpidp sqlgngspessequatiors
Sh. &l thbn bdwppRed o ke heIASIAFE @m(i4) becomes:

(JBTDBdV)= Js NTh dS + JSNTt dS+ J NTb dVv+ JrBTDeo dV

B Y which is the formulation sought. 25 In conpact
form K MeddinpBdMent Igjtdtivk Detag Wevdbropldsgiependent on
mechani cal property of the cortical and cancell ous
Most bone has both cortical or compact and trabecular or cancellous

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

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

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

Relative Density
" The relative density-describes the volume fraction of solids at each point. It
.30  determines how much cement the bone can absorb at this point and at the same time
the resistance for the cement to pass it to its neighbors. The determination of the

relative density at a point is based on its intensity in the volume image. However, the

- cortical bones behave signiﬁcéntly differently to the trabecular bone, and the image
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bone) fb = JSb NTh d5 + J; NTt dS = boundary vector
(dependent on initial boundary Y 30 conditions) fi =
Jr NTb dV = | oad vector (dependent on speed of needle
insertion) 45 ------ - - e----- 5to=JI1I1TDeo dV =
initial strain vector (usually zero) If nis the total
nunber of nodes in the FE nodel of the vertebra, then
S an g o B it & e oo peecps cifpaces et e
di metypé ofthetfon8tissie thust bhidefihal. s refatiee dasitygdcanbt Gxpessed as,
single force vector f. 10 f=fb+fl+fo Wich gives the
FE f @(ml=za= WaKk, y,zWredgng) has the di mensi on of force.
St andar,d i NCi s. to sol ving.these_equations_. can
¢ hen et D e Bt W B R s o g .
Mod e‘ﬁ'hd'lﬁ‘lg@@f@ﬁﬁvd ([Hnﬁﬁztlé @findds b&gree\r{@r()tt@ i) boﬂ héi .[tyyofMQ%eans
S qu both caqrtical_or cong and trabecu

CBAYEEE Porgl Hithnliay sWhitsfepsity 410 megpadhat & %Fxlsoéfén ol
and t ough mhlhfdtrabe ular bone is a porous 20
structure. of trabecul ar bone for t he

stress apgl Vaﬁgﬁy ﬁéﬁfsff}o&;e%nﬁs h%w'nﬁlcﬁ De%{eﬁ‘tc %n?lﬁ ¥ ?b(%g

cellular soli ess or ver

i nvokyes Thqeracamygteﬁtﬂmt%momtcaab@@ﬁmtasfl ui d under
pressure throu%hout the trabecul ar bone, filling the
gapqunﬂﬂﬁ‘n P& FeF)pr ovi di ng strength. The trabecul ar
bone is nodel ed herein as a structure bite sponge
with the follow characteristics described
quantitative@% Egg?ﬁYat|ve density, vacancy density

resistan ent i the tent cont our
oot o5 SeSai? R Bom ¥ BByl £ bbond poli G,
- det etmushencicome o feststvaceregpprionve hi thé Sk point. Cﬁﬁmistence at a point is
characterized as a function of the relative density and the type of the bone material.

o)

20 r(x,»2)=r(p(x,y,2),t(x,3,2).

The Potential Value

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

p(%.3,2)= [ F(p(s),t(s))ds

in which C is the path from the injection point that cement is taking and 5 is the
increment along the path.

Potential Contour Region

30 Given a potentioal value F,, the contour region of potential may be defined as:
RPB)={(%,3,2) V(% 3,2) € B A p(x,3,2) = B}
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vol unme, and the cal cul ation of the potential field.

Rel ative Density The relative density descri bes the
vol une fraction of solids at each point. It 30

det erm nes how nmuch cenent the bone can absorb at this
point and at the sanme tinme the resistance for the
cenent to pass it to its neighbors. The determ nation
off the relative density at a point is based on its
intensity in the volune i mage. However, the cortica

bones behpi@othiiNbdnidapdtihdt diefolifids @Rt ¥ndsQutfRE that cement can
trabecyl ar bone, and the image 46 5 intensity of these

: (8.0 .
two KPPFHROTEPoRdiasstqagivemprimiialvalpe. cBhe Pragess obfeppe idsrtiernsis
Ther @kthecaldulition fdReorthtidl Bertddey B rEsh SRS t6MUS InclRSing potential
defigﬁg. The rel ative density p can be expressed as,
AX, VYU = PU(x,Y, z), t(x,Y, z)) in which I(x, vy, 2)
iig the image intensity while t(x, y, z) is the type at
point (X, y, z) . The range of relative density is
defined as be¥olwn FlledBy Botantigl Vatuedensity of 0.0 neans
10 that at this point, it is hollow Wile density 1.0
nmeans t h&iivena gotential valye B ofhp golumpp ef vorcanay o fillingds dejermrined
vacabmgy density defines how nuch cenent could be
absorbed at point (X, .eedfhe vacancy density at

this point can be defi%@éLdlL@V@&?f$ =1.0-p(x,Y, z).

The Resj stence en cenment is flowng froma fjrst
i int (x3YPSPyETty Vgﬁg g’eab?dfoglaaeﬁf the yasgasy e cement Bt
overcone a resistence experienge at the first point.
The resistence at a poi P“ﬂ§=?ﬁﬁﬁﬁgﬁterized as a
function of the relative density and the type of the
bone material. 20 r(x,y,z)r(P(x,Y,z),t(x,Y,z)) The
Potenti al Val Deermgrtion ofithecdegion it Bp Cement Valupez) t he
total resistence the cenent nust overcone. along the

_ ggth froman injection point to the target point is
fined dheamouptnf esmanpinjectodinipha hone Pdf.ethe reglonfiigd tydhe

defi c%glgnt%ac’n be determined by:
R'(V,)={R"(P)|P <P}
vol(2) =V,
The Calculation Of Potential Field (lustrated In 2D)
In the previous section, the formulae are expressed in a continunous form.
25 However, in certain aspects, characteristics are for each voxel, For simplicity of

expression, an implementation algorithm is described below in 2-D form. Thus, each

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

nl na n:

‘noe P nt
Eight neighbors of the point P.
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p(x, vy, z) _ L r(p(s), t(s))ds in which Cis the path
fromthe injection point that cenent is taking and s
is the increnment along the path. Potential Contour
Regi on 30 G ven a potentioal value Pa , the contour
regi on of potential may be defined as:
R'(Po)={V(x,Y,z)IV(x,Y,z)ER3AP(x,Y,z)=PO . 47 5 The

pet enti al : eterm nes the .qut t

B8 Face CHSRUks oFk b % BE RIS ad E B bR Soporea vy
gi ver, pobant.i7ab showh amve Finshpsebloassl by theadsdmbted by BE).i T

is just. the calculati.on of the potential contqurs
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val u e nme of  vaccanc ar, fjlling.1s .
dete@ﬁ?ﬁ%ﬁgy%vggf@ﬁfm%T$¥3?%§$?%f%V“w%?nP?m%%@apomt

b@t efriyizil Theatvo distRee weights el thiteriadhtal/xeticsnd iR Yhetdd@onal

e o Erishle 8fF Gl R e Rt o

;:_elrrfaﬁﬁisté;ﬁd: ?ﬁteaﬂpdiﬂtu‘piviﬂh&e hﬁi@ﬁgﬁfg pels ﬂmsb%ecr@%i\a/@e,v the
illed | e enent can.be determ ne : =
{ P TBp Rl v Eay G B fonipil i i teieni B Pimy o orvard
Pot emd pedbablivekdd (11| ustrated In 2D) In the previous
section, the fornmul ae are expressed in a continuous
rm 25 However, in certain aspects, characteristics
are for each voxe|. For sinmplicity of expression, an

i npIFomERd: diopdeft righty fop fmbatiemgescr i bed bel ow in 2-D

form Thus, each
L(P)=min{l(n,) +d, *r(P), L(m) +d, *r(P), Lm)+d, *r(P), Km)+d,*r(P)}

20  Backward: from right to left, bottom to top:
L(P)=min{l(P), L(n,)+d, *1(P), Lirn)+d, *r(P), Ling)+d*r(P), L(m)+d,*r(P)}

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

Lm)=L(Py+d *r(n,) if k=0246 ; or

25
L(nk) = L(P) + dz *r(nk) yr k= 193,5:7;
point 7, may be said to be adressed by P or that point P gives reference to 7, .

As to the determination of distance metric d; and d,, many kinds of metric
can be used, among which Buclidean distance is the best to guarantee isotropy. Thus
in one implementation, d, =1.0 and 4, =1.414.

30
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voxel in the volune inmage is converted to a pixel in a
plane image. n 1 n 2 n 3 no P n, Ei ght neighbors of
the point P. 48 5 The nei ghbors of a pixel P in the
bone region are the eight pixels denoted by nl, i =
0, 1,...,7 as shown above and the set formed by them
is denoted by N(P). The potential value for each

0F "t esi CARKB G40 YRR T AR “Each pivel P

is assigned a value L(P) that is equal to the energy
used for the cengnt to travel fromthe injection point
0 to a pdrHet-arEeifig volums datarsets (KefpysoF s 0RMBESopR) qgmpise verebra

t he  Rectured) Hs el Yither ﬁ@hes@tﬁgj oﬂg&{s sﬁéﬁ%s ﬂh@ﬁ:@ Medrt, kidney and so
nei ghbars are, assu respectively.

Let t Phg T Péﬁ%‘gmﬂet?mhwgg?%ﬁ» MRP&?SE@C&W% ATt
F.PO Wbiftdn utsédefoftﬁd lgiyhaansm@d@eﬁaﬁie&elpbém&tdf REi6sl aA®ha Eﬁh\g@s
f val.ue be co u&gd W thin

s e q ue an |ya?°uF 3%?1% FPIEQ, éﬁﬁ pa‘?)eﬁb Ip 8’?%51? stafee, g teohmighe of
bac k vk reddsrikis wapldyedfandimpleafehted befre gzla kimulafipn procedure so

R R A el e R

ri ghtrogedureeft, bottomto top
£ P)=m n{L(P), L(n4)+di*r(P), L(n5)+d2*r(P)
L(n6) +d, 1b’ufn@ the ILNcS&ZM g?ce'ifreﬁ’f)x}uectll)% tﬁenftgﬁgféf \%&éls nyaﬂent-

one point nk a ch satisfies
L(n ksg q;s}at,ad;eis fr?lﬁ [Q?tlems with@stoopgrogis or qifer fractures of the spine is

L ( nkpsdlifidXe:£l Ahdréddddl) dimfamkcaily fr 5reZlé~1zrgé3énﬁihatfbﬁ BN reiEmdRof
I n

to be adresse ves reference to
e TRer B e P T T pesehs e P oty o4 G B el
2P, tedefnel] A@&-@ﬁlyﬁﬁﬂvbﬁebma@cau $eshpliBNGe Whdrmlhation of

-Eucld dean. d ance is.the o guar ant ee i sotropy.
Thude&eserdin h%er%?"@%ﬁt“%\?‘ﬁg’r{’? 2170 and d2 =1.414. 30

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

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

" Therefore, 1t can be useful to use color in the rendeﬁng of a data set. Since
most datasets do not have intrinsic color values assigned to voxels, only intensities,
30  transfer fanctions can be employed to map a voxel intensity to a color (e.g., red, green
or blue). This process is called shading {coloring) in the volume-rendering pipeline.

The transfer functions may be represented as:

. Ri=T.({,...)
35 Gi=Ty(L, ...)
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49 5 aphic Rendering O A Verrebroplasty Procedure
Pati ent-specific volune data sets (X-rays, CT, or M
scan) conprise vertebra structures, as well as other
ti ssues and organs such as nuscles, heart, kidney and
so on. However, in an actual vertebroplasty process,
X-ray fluoroscopic inmages are 10 often used for the
pRysi ci ans $qQ-dgterymi ne the position of |esion, and
the i mages nmai'nf’y“focus on the spine of the patient.
In one aspect, therefore, the technique of volune
render i nggr I ' 3 f h

G Tl ot 1 o B 0 30w R e ARERUE o HE L e iz g
pat i BHe: TerRtcHvdn st e tmeafeninetions dap be E#ferent from each ofher.

ver t eRiiany 8k} Yo ol @SBRSS thb Yokt ikt he procedure of
g ment injection, the intensity of voxels of patient-
ecific data sets frompatients with osteoporosis or

ot her fr gﬁﬁgﬁ}%plﬁlfaﬁtliﬂﬁ of ﬁerﬁf ' b&eﬁ&ﬁ?g'@dmt _ j iqh&fﬂs&ll% éﬁ_e invention,

i ncreas nam ca or real -tjme sipmulatiqn,

Bef oﬁsseiﬁ‘ﬁﬁﬁ‘ffﬁ"?@ﬁ mﬂe;.ll% piodidas ,1003}'P bl KErk 3Fe Pagfl during dpe
whi ctiassifipatios etmgeso sssign Ealbd (togehes iwtifi opdcity endsiiases) toviGie] &

ool FesrifiBo thehERE, b ecoads ity BRLRRR R AT Fnd)
)ﬁ i iferpetted o I‘?s iﬂfgﬂlﬁ'o fif theneis dwrethan-daphass or siep oandlel!ttiltjﬂ:tign
en %ﬁﬁvetdng I 1 #lértaﬁélﬁéh?-ﬁeec?ﬁ tv%fe?ﬂozﬂ s @igﬁ‘lﬂr i?{g%s%% g@@ thedd)

ot her areas of the spi _the cenen I'ed voxels are
| abefidentintopsiiesthat represont difforpryiphasofioeraent injetiénn alsp aeed tobe

the @Bﬁé&%nfq&elﬁ' Tn@WMeAwb88 bich it @R\, r!é%ms% ?],tﬂe%ﬁh‘leﬁataﬂ
real zeﬂ%&g aﬁe_ﬁor to determne 1f insufficient

& cted yoeelssan be lbgledovithdliffergabeolarannd the; ¢
2EN sifulitia pidceduf® o Be B6k Plecibdly dddRollc@nder i ng of a data
set. Since nost datasets do not have intrinsic color
val ues assigned to voxels, only intensities, 30

t r ansf er Genugrion OF Yt BiomednGniesiMoayed to map a voxel
intensity to a color (e.g., red, green or blue). This

process ﬁ‘éblﬁﬂ!tﬁegngteﬁ&@ﬁglﬁ gasgc?%]t% lnﬁ&}le .aﬁ Q%]J%rtes -distance
vol une-rendering pipelrne. e transtetr functrons may
be rigprtamydgemploysd = T, (Is, ...) 35 G=Tg(h,...)

25 . Shortest-Distance Algorithm

For a known graph

G=(V, E), V={ v, V3, ... V; }where vy, v3, ... v, represent all voxels and a
distance matrix:

30

D =(dy)uxn

(v,v,) Thedistance from v, tov,
dij = 0 V=V,
© Otherwise
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50 5 Bi =Tb(Il,...) Were Tr, T. and Tb are the
transfer functions for the colors red, green, and

bl ue, respectively. These three transfer functions can
be different fromeach other. Typically they are only
a function of the voxel intensity. 10 In many
applications of volune rendering techni ques used in
t?e i nvention, ese transfer fractions may be
pfovided as | bbkitaBi es, which are used during the
classification stage to assign col or (together mrth
opacity i voxel, dat CCOr

their i nt@ns | teagl%s Sﬁ?rﬁtsetdése 39” P P ¢ faph s
r epr felavang he full density) 15 |s expected to be
unique. If there is nore than one phase or step of
cenment injection involved, to render a

d@nent -i r#l‘eeﬂ@@x\#m( 8 )o £ BT Yidhe niioei cqpinprdtion hetweesi majricegmay
10, tdwRGRedadi fferent intensities that represent

di fferent phases of cenent injection also need to be
defined uniquely. In other words, such intensities do
not exi st in ¢harpelug, dag J&MT Hsblkt hg,_1 2,

cenment -i nj ecte voxel s can be th drfferent
col ors and t 8920 simul ation procedure can be nore
preci sely comt V@ + gdin(ay,Bgnes.ati on OF A Bi onechani cal
Model To build the potential field based on the vol une
data, a shortest-distance algorithmmy be enpl oyed.
25 Shortestﬂﬁmstance Al gorithm For a known graph

G(V, E), V={ vi, ... V" }where vi, v2, ... V"
repr esent aII oer and a i stance matrix: 30
DdU) nxn  J(v/P =BP¢fAce fromv, tov, d.10

a = vJ co Cgﬁermnse
. D* - D(l) V D(l) V-"V D(l) = (d*ij)nxn

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

25 Alternatively, for an initial distance matrix D;
do {
for (i=1; i <=mn; i++) {
fox G=1;j<=m; j++) {
for (k=1; k<=n; k+) {

30 dyj= min{dg, dy.+ dig};
}
}
}
} while ( at Ieast one dj; is changed)
. 35 The computational complexity of this algorithm is o(r®).
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51 5 The conputation of shortest distance between any
two points in the graph Gis as following. 10 G ven

matrix A=( aj )n B=(b;j)nx,,, the conputation between
matrices may be defined as C=A*B=(eij)nxn cij=M nk
{a; k+b; Kk}, ij=1,2,...,n and 15 AVB=(m n(aij,bj))

Letting D(1) =D, D1) = D(k) * 01), 20 and Dt =
D51) vV D(t) V... V D(1) (d*u)n z n Then d*u
represents the shortest distance fromv; to vj 25

Al ternat i ¥8lade £ ance matrix D; do {
for(i=1;i<=n; l?++ﬁ?wﬁp3&39%ﬁ&rﬁﬂhf%{§£for(k =1; k<=n; Kk++)

30 dij dl k+_ dkt whi | t
I{east oheReé?fefenl g@L‘Qﬁb‘E‘ﬂ}f inghe %ﬂgﬂe@éﬁéfﬂ{’ at Ynd*éidef?ﬂﬂggaa

conplditehdeyna@ix: t his algorithmis o(n). 52 5 Building A
Vgl ume Based Potential Field
Dz(dij)nxn

(v, v,)=Cost, I v andv , are neighbours
- dj=4 - v, =V,
+ 0 Otherwise

i,j=1,2,...,n
15 Voxels in the volume, except for those at boundaries, have 26 neighbors as
showed in Figure 17. A total 26 voxels are the neighbors of the center voxel.
Suppose voxel vy and voxel v, are nelghbors, and their intensities are I; and I,
20 respectwely, then the definition of “Distance” (Cost} from v, to v; follows the rule:
Costyz =dysg + (L -1 )¥
Where:
25 di»2=dp-1, a positive value. It is the real distance between v; and vs, and it is one of

the seven distance-values (dy, d, ...d;) as shown above.

- Thepositive value t, is a coefficient, which is related to the material type of
the bone. This coefficient determines the proportion of distribution to the cost from vy

30 tov; between the distance and the divergence of their intensities.

- It should be noted that the Costy, could be either positive or negative.
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Representing all the voxels in the volune as vl, v2,
... V., and defining a distance matrix: 10 D=(ddj)nxn
J(v" v.) = Costr, If v, and v, are neighbours dim-w
vi=vj +ao Gherwise i,j 1,2,...,n 15 Voxels in the
vol une, except for those at boundaries, have 26

nei ghbors as showed in Figure 17. A total 26 voxels

are t Is 3 of the center v Ox e yoxe
vlgan v%l%eﬁg%%sar%e%a&mggﬁi@mdé’ﬁﬁ Pﬁ&éﬁ%ﬁ?@fﬁ@ Vie’é’§°“'°f
ar e 1thisarttixii2s 20cosiesres (bburdhry votefsammaythae: ieke) 4nflohd -BtoQfvalue,
"Dist%ﬂ%g;'m(a%%t fromvl to v2 follows the rule:

Cost 12 = 12 -11)*t Where: 25 dl.>2 = d2.>1, a
positive value. It is the real distance betmeen vi and

to " qppeleiaining b o e ARR0 deerl F i ity
cdef fdlmmmatrm*m#phtmede Fategaly toow dfttiee meatig fidr akanipyetie i row,
the hﬁ@@“\ régpéséltsctﬂgfocvhs‘f Egs?ﬁorgs&gf 13?1? g%le;ivo a9p ortion

of distribution to the cost from'v V2" bet ween
the di stance and the divergence of their intensities.

It shoul dFﬁﬂlynﬁta ?&ﬂoh%fthteh@e ﬁs}ﬁ}r&& &ML b@a?tﬁb& Wi the

p05|t ye or g ive the initi di'st ance

et r {9589 T D il sa8t8 BB Hietlmcﬁwmom othexpeinjs are

r v Ghowd. [ihsselvaits 4 dIX at&aﬁed%th@ Bsitina¥ioh WRSls (ﬁ@ﬂl@g%i/egarded as
voxeltﬁz have | ‘%é one. - Co cost val ue nd

ot her¥P uaél "o V’° lumsdpta\ fhoRpiantial f’é@d’@%"eeﬂ

shor tdaswed dDifferentinjeetion OFiidWill Heteadiffireid bot:REtidlds 10

di stance matrix D* is obtained. For every row of the
matrix, for exanple the ith row, the d*ij represents

t he | owedlt shouldibe hoteshthatdx gitnal/gpplicatianyonlyt 1@b-vulnme is Molved in

Fonalge¥ombdifio V\? Qﬁﬂh& %}h%ﬂes@ LRI ggﬁtgmt Oy e il porf?on 2hd

be defi ned.
- volume. Instead of working on the entire volume, in one aspect, focus is on a subset

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

In this way, time complexity can be cut down remarkably and optimization of
25  theprocess achieved. Additionally, in this algorit}uﬁ, the surface definition of
anatomic objects is not necessary. This feature enables a user to the system to
discover the leakage or insufficient injection of cement duting the simulation process

because no surface is defined and no boundaries confine the flow of cement any

longer.
30

Rendering Based On The Potential Field

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

* 35  density”. To provide a more realistic simulation procedure, iteration of the rendering
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di stance matrix D, all the costs fromthe injection
origin O to any other points are 15 known. These
costs are attached to the destination voxels, and they
are regarded as the potential value. Thus based on the
vol une data, the potential field has been derived.
Different injection origins will have different
p tential fields. It should be noted that in actua
app| PEOSESs &ifldyided intq seyeral phasgs paghibie yoxels fith samsdrotential Peduetarre
C ONP titcadaded o tB Io (WAL cIEIdPred0B %@Mﬁ&eﬁﬁ@?m%e%h‘a%@ &bp i@ step.

subv T IS, ath ortion ofﬁhg vol une. | nstead
wor K H‘é‘l BROT AL ﬁ‘ieiiiléef%r © TepdprigROGRES ERREIS With gigs than
on aosavdatial valfe ek amvlaéreuran Nh@xﬁﬁordldﬂﬁe%r@ﬁ& blﬁfbnbﬁ.ikéﬂ@ﬁﬂl A

tiss | Ggal v IS t ac In 1

iy SRR I o BN e RSO ol e e

d@tih%hapmanhbhhwzﬁtﬂhanmwpﬂ&ﬂs achi eved.

Additionally, in this algorithm the surface

definiti 0 nat.om c objects is not necessary. This

feature ﬂ@P@fﬁ? Y¥ to the systemto discover the

| eakage or insufficient injection of cement during t he

sinul at i R 98£554 B ARSANS ed and

no boundgﬂrihiues confi ne t%ﬂ ﬁno%%%p{“g%u%ctl nsqg :}ong er.
“Bﬁgedﬂ@ﬁﬂmﬁemﬂbﬂﬁnmw@ﬂmgﬁHMMQEBunnmgmtwmﬁas

procebswe of vertebroplasty simulation, in the every

iteration of the rendering process, the voxels with

samegno ial value are rendered into "full 35

den 0 provide a nore realistic sinulation
procedur |Ley of the rendering 54 5 process is
di vi ded gﬁ Cﬁbﬁﬁ S i .and the voxels with sane
gptentiao,,\;;9 egare "RcTeZ%8d to the |0 (whi ch
representg, Q density) in these phases step by

st ep. Fur(pe ﬂpr in the every iteration of the
rendering pr <
pot el vglrtﬁlgﬁar%%g o%lé ?kg yr@gm %ﬂg&%@ﬁ Tv{g’i’ %‘ //agthf’ 6%
ie current voxels wwth a certain potential value are
fi nigdyeghFgei ng rendering, the voxels with neighboring
10 higher potential value are taken into process.
Mappi ng fane+l ong. oo @umes - t8msgnd B il lustrate various
mappi ng fasnetimms Aasef ul  for
Jor (int x .. ){

30 for (inty . ){

Jor {intz . ){

Fdata = (1.0 * (UCdata-UCmin))*a*b + Fmin; /farithmetic casting

With these mapping functions, the properties at every part of the vertebra can be
35  visualized. For example, in Fignre 19, the blue region on the image indicates the part
of the vertebra with a density value greater than 8.0.

Various other properties can be modeled by the simulation system, all of
which are factors affecting cement distribution as shown in Figure 20 and 21. These
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15 determ ning property val ues for voxels. The mapping

functions are inplenented as follows, Fina UC fl oat

a=1 /(Finax-Frain); unsigned char b=UCrax-UC mn; 20

for (int x for (int 'y ...)( for (intz ..,)( UCdata =

(unsi gned char) ((Fdata-Frain) *a *b + UCm n);

//arithmstic casti ng 25 UQQua-PFO float a=1.0 /(1.0 *

(lnga float b=Finax - Fmin; for (int x
em:lug@ bpfda,re ltqt h{mtgﬂ to: the fype prksizgpf the needle forertpadbacks

( LO hs&dsﬁdﬁt% daaamraa thé &n@of'theﬁﬂ}eéhon éﬂ(ﬁflétﬁé&ﬂﬁdappr&ﬁﬁfeé &¥She

Wth_t na functions, the properties at ‘every
- part ‘3% h GO VERELY 1 210 S o isiogRogtia i yauge by gioh factors o

ex 3npdalmenmndﬁ; esdof 1S, ponEEnﬁh&t@r%cﬁ@l d@ﬂngﬁdambﬁt@rdpmgﬁ and
i ndi art ra with a densi.t

var uGR LS of dfheRlita. g8 abegf ot bR Rl oG pae dasie
He rrbfﬁ%wferdmbx;t usddsanﬂmmtempmtmmhﬂmfﬁ-ad dontaét withtair @il ts €
fact t on

Frgui ey gt ol e SREA0 ot Rt o T e
i m {laé@aﬂeéommﬁés dajarelatingo gieon mofe of ﬂssermmizllm to dobsrcethe

f eedRagkoy of He SmRTAbY, 'ﬁfe sfnﬂ@ahgfgf?tg &l betljg%l h hféﬁ'ea%e i he

i njection and bi omechani cal rtires o
ver t IEPRE todstamme feddeglnepdle H@cemmt a $hwn &t cxampdse inj Figwrs 22.

15 | MeHIC@BerRypest Gl dvaterh Hap bﬁﬁed BUNTR dnk o 1'1191@ coRRhns
of t ITETI ation g (ieSS duri ng cenent
‘glflgfrfl%y unng a vericbroplasty procedure such as shown in Figures 23A

prep
and B,

Although the above modeling exemplifies a vertebroplasty procedure, the
20  same principles can be used t6 model other types of medical procedures and to
compute forces at each node of interaction between a medical device and tissue. For
example, the system may be used to simulate vertebral venography as shown in
Figure 24. Other medical procedures include procedures involving operations of
medical devices including but not limited to: incision; dissection; injection; pinching,
*-25 - cutting, suturing, vertébroplasty; an orthoscopic procedure; biopsy; angiography;
- venography; arteriography; vertebral puncture; administration of an anesthetic such as
- during an epidural injection, delivery of therapeutic agents, grafting, transplantation,
- implantation, cauterization, reconstruction and the like. Procedures may inciude
release of heat, light, ultrasound, or an electric field from a medical device, for
30  example, as part of a therapeutic regimen. Therefore in certain aspects, the system
- database includes data relating to biomechanical properties of tissues after exposure to
one or more of heat, light, ultrasound, or an electric field, and/or after exposure to a
therapeutic agent (e.g., such as a drug or therapeutic molecule such as a nucleic acid,

protein, efc).
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the type of cenent used. The speed of the

pol yneri zati on process depends on the 10 type of
cement used, anbient tenperature, anmount of free
contact with air and the quality of solvent used.
See, also Figure 21. In one aspect, the sinulation
system database conprises data relating to one or
nore of these variables to enhance the accuracy of
t Re si nul JFiewyPuiorhichiienspldinegeprespniptions efaredisel dgwiend a§ they
pr et bR MR ardliR&HE: Roth irART REEL D6 Jilifl Jadaas viged! e
pl acenent as shown for exanple, in Figure 22. 15 In
still other aspects, the systemnmay be used to

sinul at e «p ti.0 .ensu,

during a v er 'fl %bf maffggtfons ﬁ%%@%ﬂ@%??gﬁc’ﬁé’fg’ﬁ% c{gfcﬁged

Fi guheein ¥8hoccaniol th&e Qﬁbtdhmghﬂlmlnﬁxe ab itboutidegetihgfjom the spirit
e | r 20. same

el sh RO B Wb ERA A0 AN sl FABATC

pr ocBgdifieationsnendiipplerentationserd acorapasad Welanﬂaenwzc!tpe ofyhe

I nt epdgkiben between a nedi cal device and tissue. For

exanpl e, the system nmay be used to sinmulate vertebra

venography as shown in Figure 24. O her nedica

pr ocedur @sch df(ﬂ{el#dﬁlc@ﬁoﬁé: PELHE %&ﬁﬂéﬁiﬁééﬂ&& oRGh@mb®as Of
Eﬁ a% geV| | ydi ng but ng limted to:
ci TP e Fﬁf"@?:‘??réﬁ infheironfirsties hotsing ¢ ¢ j ng,

suturing, vertebroplasty, an orthoscopi c procedure;
bi op&¥st isekgmedyis:aphy; = venogr aphy; arteriography;
vertebral puncture; adm nistration of an anesthetic
such as during an epidural injection, delivery of

t herapeutic agents, grafting, transplantation,

i mpl antati on, cauterization, reconstruction and the
i ke. Procedures may include release of heat, |ight,
ul trasound, or an electric field froma nedica
device, for 30 exanple, as part of a therapeutic
regimen. Therefore in certain aspects, the system -
dat abase i ncludes data relating to bi onechanica
properties of tissues after exposure to one or nore
of heat, light, ultrasound, or an electric field,
and/ or after exposure to a therapeutic agent (e.g.,
such as a drug or therapeutic nolecule such as a
nucleic acid, protein, etc). 56 5 System out puts
include real-time representati ons of nedical devices
as they nove through and interact wth different
tissues of a virtual patient's body.
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Vari ations, nodifications, and other inplenentations
of what is described herein wll occur to those of
ordinary skiff in the art w thout departing fromthe
spirit 10 and scope of the invention as described and
cl ai med herein and such variations, nodifications, and
i npl enment ati ons are enconpassed within the scope of
the invention. Each of the publications, patents,

pat ent applications, and international 15
appl i cations referenced her &AIME o i ncorporated in
their entireties herein. Wat is clainmed is: 57
CLAIM5S A system conprising: a database conpri sing

dat a1f or fewemabmnpdsige: geonetri ¢ nodel of at |east one
tissue or org nd data.rel ati ng tq, bi onechani cal
properties of Q{i?aht%a%tcml"fef's & Aa%nf%r g%?%%ﬂ% a 5‘?“@%5‘??%3 of at least
wher ei n tosetissie droust anhiatatrélstingdo bibmeshgyrcul propapties SE5e at least
het er oge ' j rties; and a _pr.ogram
for disp F’g@ﬁ%ééjde{ %f%ﬁrr’aqg{eg%%f%? #26%%" & gclasgl%‘etm ojhi- ‘f"lng’ or
~organ aﬂﬁ%waww@w#ﬁmaﬂMngﬂmanWanmmbns bet ween a

medi ¢ .al . devi Cép tf‘n’%iswaﬁﬁéj& iHage <g l’tlg%.pl?ast?one’%isﬁlx gl{ oetgzln
conpri si ng; _a .dat abase cpnpr|5|n% ata for generating

a geonet AREToRHRMptngintgractions besween § medical dexesand tha tissug or
organs amwfaslata rel ati ng to bi omechani cal properties

of plurality of tissues and/or organs; a program for

di spl aying an image of the plurality of tissues and/or
or gahs andcyfton canprisingt i Ng i nteracti ons between a

medi cal devi ¢ d the .1igsues and/or organs. 3. A
systen1conprﬁg?%%ﬁegﬁmgﬁﬁﬁaﬁaﬁ%ﬁﬁ?@m%ﬁﬁﬁngFﬁﬁm$ﬂ°fa
dat abas ePlowlifyrof Sisng audlororgass @ididag rdining bi s haithigRdperties
properti @gﬂgﬁtﬂ,ﬁismg,&d%@grg%sssue or organ, wherein

S 2

the at le

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

tissues and/ot organs.

3. A system cbmptising:
an expert module comprising a database comprising data relating to
biomechanical properties of at least one tissue or organ, wherein the at least
one tissue or otgan comprises heterogeneous biomechanical properties; and

a program for simulating a treatment method implemented by a
medical device interacting with the at least one tissue or organ.

4. A system comprising:
an expert module comprising a database comprising data relating to

biomechanical propérties of a plurality of tissues and/or organs, wherein the at
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one tissue or organ conprises heterogeneous

bi onmechani cal properties; and a program for sinulating

a treatnent nethod inplenmented by a nedical device
interacting with the at | east one tissue or organ. 4.

A system conprising: an expert nodul e conprising a

dat abase conprising data relating to bionechanica
properties of a plurality of tissues and/or organs,

wher ei n t [§ést gge tissyp or argan copipeises heteggenepus biomerhanieshpropesiess;
het er ogengf@us bi omechani cal properties; and a program

for sinmulating a treatnment nmethod inpl enented by a

nedi cal devi cé& HORER g HimKigting 4 frpatmeat 1ethadimplemengsd by a

tissues amediedl de/i@ameractiy with te pMedliB Br@isusy /6 or&hali N5
1-4, wherein at |east one tissue or organ is froma
patient to be treated for a condition using the

medi Gal dEhe spgem 61 any lofelsiys 1-@windreit htdéaBd dhe tissheedt Sighn s EOm a
condi ti on,_j.: h . T..The syste cl aim6,

wher ei n tiéagg%gﬁ%?%%ﬁgéc%ﬁﬁPﬁfﬁ %?ag%ﬁ%ﬂF&S. The
systemof any of clainms 1 - 4, wherein the database

- CoNPlg! S ST dhom bR 6/ Wheldh BE O B3 pRhoibhSSUES OF
organs froma plurality of patients. 9. hé Syst em of
any of clains 1- 4, wherein the database conprises

dat a7. r el'Bleisigert &F e 6| vHeREARL ERBiGOA | ' Vi ce

with the at ?ﬁZst one tissue %?ﬂﬂggggﬁngﬁg%gﬁ%mﬁﬁast
one patient. 10. The systemof any of clainms 1 - 4,

furtBer CEneBystedi FInPor laithe£r {4 6Berbiathe dilablds shriphises data
a user_.and the nmedi cal _device. 11. The

cont act between )
systen1ofgg?gﬁﬁgfﬂ?mﬁﬂg?%Wﬁ°fﬂ@“$ Beplcdiedpaisatcat es
with the conputer nmenory through a processor in
co ni cati i th ¢ dat.abase. .12 . The system.of
angn%f cﬁ%%%§é$9ﬂ%ﬁ9ﬁﬁgwgrﬁgpﬁIﬂﬁﬁ%%ﬁ%“ﬁ&%ﬂ?@”ﬁ?aa
needl e. rd@ingThthe injegdction affe nedigalalbvied withnthe dtleadt onentix@eair N
the syste aﬁﬁﬁB@iEE&mﬁ&Q aminstructions for

0

simul ati ng an operati o t he nmedi cal device on the
body of a patient to diagnose and/or treat the

pati Nt AL syRem Ry dfRims 1 - 4, further comprising an interface for

simulating contact between a user and the medical device.

11.  The system of claim 10, wherein the interface communicates with the

computer memory through a processor in communication with the database.
12, The system of any of claims 1 - 4, wherein the medical device is a needle.
13.  The system of any of claims 1 - 4, wherein the system comprises program

instructions for simulating an operation of the medical device on the body of a
patient to diagnose and/or treat the patient for a condition.
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59 14. The systemof any of clains 1 or 4, wherein the
operation conprises insertion of the nedical device
into at | east one tissue or organ. 15. The system of
claim 14, wherein the operation conprises insertion of
the nedical device into a plurality of tissues. 16.
The system of claim 15, wherein the plurality of
tiSﬁggs conprise tissues having different o
bi onmethaneaystsst ofgey ¢fickdms I or 4, Wheein the opgistion coppryisesfinsertion
clai ms 1 of tdhmaeshrdevict ifo at RASbneQRIKie bi §SME CONPri ses
bone. 18. The system of claim 17, wherein the bone
conprises cortical or conpact bone and/or trabecul ar
bone15.19. Thkgsteayetblin Df, whbreinheloperatidh@b@prited HiRrtion of the

operatio |.SEeS. I e | of a biological materi al
froma pg{']&g’%c{ewgwtof‘ﬁeﬂpr%j@?fg}%%? claim 19, wherein

the biological nmaterial conprises at |east one cel
suspect e el IR F hal ogy. »21. The system of
cl ai ?n@ Zijrhg_ ‘er el n EI% lﬁieﬁg‘gﬁ?{%ﬁ%hge lquag%&%f%gsg?s_ co’?ﬁr."éé ?‘ﬁsél o8
syst em ofhegngdifferam bigmechgnicalipraperties. t he oper ati on
conprises injection of a material. 23. The system of
claim 13, wherein the operation conprises

ver t Ebr oagsigm of gy of gipignsdyr & wherein atdeastions tissue apmpyiseh bone.
the operation conprises an orthoscopic procedure. 25.
The St§ﬂ10f clgin1%g, wherein the operatjon

conptr ses MAYEPYgESfam 14 gvhsgen g boneamprisessprical §F pAnIPRot bone
wher ei n tirForn@beeilardbneCc ONPri Ses one or nore agents

sel ected fromthe group consisting of a nucleic acid,
a virus, a peptide, a protein, a drug, a snal

ol el@ul e Thagystemefylaig 13,gelrtcin the cfeanioi SuaipaRe tnovalagent ,
and a ragi r ' t.. 27. The system of any of
~cl ains 1gﬁﬂﬁgaﬁﬁgﬁgﬁﬁﬁkiﬁgﬁ%§ﬁ cal device conprises a
probe for delivering ultrasound, radi owaves,

photoady NgHl Gtk EF BN 19,3 herein the biological material comprises at least one
cell suspected of comprising a pathology.

21, The system of claim 20, wherein the pathology is cancer.

22.  The system of claim 13 or 19, wherein the operation comprises injection of a
material,

23. - The system of claim 13, wherein the operation comprises vertebroplasty.

24. The system of claim 13, wherein the operation comprises an orthoscopic
procedure.

25.  The system of claim 13, wherein the operation conprises a biopsy.
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electrical field, mcrowaves, x-ray therapy, and heat.
28. The systemof claim 10, wherein the interface
conprises a nedical device and a manikin for

recei ving the nedical device. 29. The systemof claim
10, wherein the interface conprises a robotic arm
coupl ed to the nedical device. 30. The system of claim
10, wherein the interface conprises a needl e assenbly,
31. The system of claim 30, wherein the needle

asseddl y erypiensdslain 22 whewin tHerradia@ial dpristh enesy Sbeigaits

cl aim 10, ' interface conprises.a nechani sm
For si muf el Ehalnd Db B8l 5P SORR B vl R piRGe
movenent pofieinRamngedind maevlec ima @i ag@ie chstadtiEmapeutic agent,
accordin ' rein the nechanismis

capabl e %?&952?@F%§%9%§¥$§sistance. 34. The system of
clai m 10, wherein the resistance varies according to
the 251 MihabyBRmRk AGTCRImsA - 4 BB di: %{;icﬂ AUl Rotnbrisds a

gi ven tls%§e tyge._Gl 35. The_system of claim 32 or

33, wher 8% fondeliveringatrasennd oadiowavess phgtadepmictherany, an
varying alestriil 668, ukiCroWwhieh)ixtaf ihrapy) idieaCe. 36. The
system of claim 10, wherein the interface conprises a
‘mechani sm for providing continuous haptic feedback.
-37. Zhe Sisdyetam of claiindiOnwHdeinthe Bfferfavd @ mpiises 4 Medical device and

interfac Ll SEs. a chani . for providing .
directio%gﬁgggggﬁg%w?@g%?m%ﬁgﬁ@%g?en1of any of clains
| - 4, further conprising a graphical interface in
comasni Cahd DBentht fhif16, HRIAPAS Grerifh cod Y RS0
cl ai m 38, erein the graphical 1'n ertace dﬁsp ays an
i mage of coupldtodhe mesipsi deyise ti ssue or organ. 40. The
system of claim 38, wherein the graphical interface

di spl ays_an i mage _conprising a plurality of tissues.
41. Fne Tyeshden efclaim AP ivimgintpe intpriaceisemprises 4 tredlpasstrebin t

one tissue conprises

31.  The system of claim 30, wherein the needle assembly comprises a curved
frame.

- 32..  The system of claim 10, wherein the interface comprises a mechanism for

simulating resistance against insertion and/or movement of the medical device.

33. : The system according to claim 10, wherein the mechanism is capable of

varying the resistance.

34, The system of claim 10, wherein the resistance varies according to the

simulated placement of the medical device in a given tissue type.
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cortical or conpact and/or cancell ous or trabecul ar
bone. 42. The system of claim 38, wherein the imge is
a volume rendered i mage. 43. The system of claim 42,
wherein the image is generated at |east in part by
finite el enent nodeling. 44. The system of claim 39,
wherein the graphical interface further displays an

| TRO%OT AnSlilnat B 62 lwégrgv o h ot Sopiptidls b davite for
45. The syswvogriopresshmiwithibdhe infeeficei n t he graphi ca
interface displays imges sinulating use of the

nedi cal device to treat a condition of the at | east

one 36 ssiibe ptem pfisim 196wheTdireths jrddrfaen cofaprideni mechByism for
wher ei n t BRVIIRBESEn®MuShdtis Rangd i n real time. 47. The
system of claim39, wherein the graphical interface

di spl ays one or nore <controls for controlling the

noversgnt  EhskyaEm SRR b 0S5, Fherbi o TRAREALonPENds G SrechafiBm
The system of . of clains | - 4, wherein the system
further cg%BPW gd%ﬁm? Brdha®: on managenent system for
managi ng data within the database, 49. The system of
clai 48, wherein. the. info tign managenment system |
conp ?:&S es 15 L %ﬁm)é?fgchaﬁ%s * g% ﬁ}‘ﬁﬁ ?°§WP§’§9 fRriceldnteRach it
to a ti sswewnppicgiogawith ke datees@onse to a query from a
user of the system 50. The system of claim 48,

wherei n the i nformati on managenent systemis capable
of céhparThegysthan of claimk 38, wiereindheiriphigaldntbrfiace displegys aninchpoof
or gans. 5ﬂeﬂi£§0§M@&g%k8%m£|aiﬁ150, wherein the system
further conprises a graphical user interface and
wherein, in response to the conparing, the system

di sph@ys e su@igtRh ?;m&eiﬁftheagttaphﬁﬁ?ﬁter@a@@diﬁla%é HPinfbe

organ. 52. A conputer readable nedia contal
progr am i ROPYIRSEPERRLY 98{iesu8t ogr am i nstructi ons
conprising: i. first conputer program code for

i denjq fyi an interface . in
. H y ’I%g sys{gm ort] claign 388 or 40, wherein the at least one tissue comprises

cortical or compact and/or cancellous or trabecular bone.

42. - The system of claim 38, wherein the image is a volume rendered image.

43. - The system of claim 42, wherein the image is generated at least in part by
finite element modeling,

44.  The system of claim 39, wherein the graphical interface further displays an
image of a simulated medical device interacting with the at Ieast one tissue or

organ.
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comuni cation with a processor, wherein the interface
is capable of sinulating contact between a user and
the nedical device; and ii. a second conputer program
code for running an application, the application
conprising instructions for sinulating an operation of
the nedical device on at |east one tissue or organ in

t he bpdy atient, 3 wherein.the at | east .one
tiss u@q or 9{6‘? %%1 A cof ?’i%’e‘gheﬁeé‘l' E’F %@H@E’B@ a0 displavsiiaages ol
properti esmuBing use efuhputdinal devivd abireat avatitonOOME ai Bdshhe
program i pshd d46lhons, the program instructions
conprising: a) flrst conputer program code for
identifying an interface in communication with a

pr ocegsor 1, j : i : [ le.of ...

C Tl a1 g b SR B2 o SRR shea e
devi ce; and b) a second conputer program code for

runni4ng aThedpitdnt GFalakR 50, whtih ﬁ@ﬁ%ﬂhﬁ:@ltﬂlt&@acg @Eﬂi{%}s S more
i nstructions %Pr S|qﬂ$at|ng an operation of ‘the

medi cal dEUFULonielimeshe moysment audler apergtions pffhempdical feyice.
body of a patient, and for displaying: i) an image of

at | gast Qn I ssue organ, conprisin het er ogeneous
bi 0 rrggh an'llchg EYSEGB‘P 6@?‘%’]@3”%" 1> iwhergig ﬂfﬁﬁ&%@ fgytheg comprises an

- pl ural i t ynfgfmatiprsmanegenentiystem dorgRinssingWaR fethid the database,
optionally at |east one tissue or organ conprises

het er ogeneous bi omechani cal properties. 54. The
conpt-er The astgtloéclaipt8uwhaéin tednfmBRoromansimensgsteh n
the pati ept, Lk . Laqanosed and/ or .
treated by ?ﬁ%ggﬁgﬂgﬁggh?hgﬁﬁgﬁﬁgs%%%%ﬂ et PESGLEEE
medi um of“SBeEsT e guery {praeaber of heswstemdi tion is a

pat hol ogy. 56. The conputer readable nmedi um of claim

54, &per%in the condition is an
: . & system ot claim 48, wherein the information management system is

capable of comparing data relating to different tissues andfor organs.

51. - The system of claim 50, wherein the system further comprises a graphical user
interface and wherein, in response to the comparing, the system displays a
selected image of at least one tissue or organ.

52. A computer readable media containing program instructions, the program
instructions comprising:

1. first computer program code for identifying an interface in
communication with a processot, wherein the interface is capable of
simulating contact between a user and the medical device; and

ii. asecond computer program code for running an application, the
application comprising instructions for simulating an operation of the

meédical device on at least one tissne or organ in the body of a patient,
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injury. 57. The conputer readabl e nmedium of claim 54,
wherein the operation conprises vertebroplasty. 64
58. The conputer readabl e medi um of claimb54, wherein
the operation conprises an orthoscopic procedure. 59.
The conputer readabl e nmedi um of claim53, wherein the
operation conprises biopsy of a tissue. 60. The
comput er read . [ aim 52 or 53, finther
conprising a ?ﬁ#‘?ﬂﬂﬁggﬁl}%?en v %P%&%?P&%‘B%i%‘?@temgmews
nmodi fyi ng t he @phesbanisabpropratied on the inputs received
fromthe interface. 61. The conputer readabl e nmedi um
of clgim5b52 or 53, further conprising program code
for nbdi f §i NGPHiRereadably medin eontainiteadogmm ainictons, Hepragram
recei ved. ifZuctibidompiit er readabl e medi um of claim
61, wherein p tienbﬁdata is received over the
internet. 63.% The HGhiTPEEr presympide forddeniifiring fn inteafagnin

61, wherein painenitatidaivih & dof SherehSinteRh RS QFaviedr
blonechanlcaghgggﬁerthp o1 at | east one_ tissue or
organ in the  patreftaceForhrusersm theapedicaldeuips; and

medi um of cl & m 523 sexdrdiceinpuidr PR togtor ARYihE S application,
conprises a pgedle. 65. A nethod for sinulating a
procedure inplenented by a nedical device,

conpri si ng: - apPRicdioh domyising detratias dorGimyMting ki gpethlibiof the

relating to bhpAEARAGR jes of .at |east one
tissue or organ; q& SﬁﬁéPﬁgﬁgga +%§§%m %mg?ﬁﬁksymmm
si mul ati ng th@ﬁﬁﬁ ﬁﬁwmgbn of the medical device with
I) at |east one t 1§ S UCarliina bt o 3 leaSURE Liksal th)rrgan comprising

het er ogeneous bi omechani cal properties,
eterogeneous biomechanical properties or

i) .animageofa plurality of tissues and/or organs, wherein
optionally at least one tissue or organ comprises

heterogeneous biomechanical properties.

54.  The computer readable medium of claim 52 or 53, wherein the patient has a

condition to be diagnosed and/or treated by the operation. -

55.  The computer readable medium of claim 54, wherein the condition is a
pathology.

56.  The computer readable medium of claim 54, wherein the condition is an

57.  The computer readable medium of claim 54, wherein the operation comprises
vertebroplasty.
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65 ii) a plurality of tissues and/or organs, wherein
~optionally at |east one tissue and/or organ has

het er ogeneous bi onechani cal properties. 66. The

met hod of claim65, further conprising the step of
operating the nedical device to effect a diagnosis
based on the sinulating step. 67. The nmet hod of claim

65, fs8.t hahe 66Nk SdafBlel ity ra.tln t he
medi cal  device to treat amﬁa aséﬁ gﬁ W@mn“mm“$s

S|nulat|n6n§F@ﬁ“WE@“m$W@ nethod of cl aim 65, further
conprising simulating insertion of at least a portion
of thg dewjce into lurality of different tissues or
or garis" conpt FEIPHET re?f?‘glP aeding O%Flﬁﬁb’@hﬂhﬁréaﬂw oPasgsion tongsises
69. The nbibhsydbfatissad.ai m 65 or 68, further conprising
simulating insertion of at [|east a portion of the
device into at |east one tissue or organ conprising

het eﬁ@gen@bﬂmnipumadahimmeaim Pf MIRISLI0ES3, fikfer cHRGrisRLRR

of cla|n1 east one. tissue conprlses
pone. - 71 gtk gt oo g e Siitatien provd e Mpgpmui
conpri sesfe?;%\'ﬁééf@tnmm:ce cancel | ous bone. 72. The

met hod of claim 65, further conprising sinmulating the
injegtion of a material into at |east one tissue. 73.
The fbt hotPesPmpsteienig: medfver efichin BRomis| fagbercangpising edgram

oper at i NGolid@r ABE /AR the sgﬁﬂgtﬁgbatsg%gn?m%(n%%a paLt | on of

at | east one tissue. 74. The net
wherei n the database conprises data relatlng to a

pat i €nt t’I(he benjiute? &la@Mbic4sekiiith df BRinBL |
The neth f cIa|n165 wher ei n S|nu atlﬁgﬁhﬁﬁmlgémgmd

|nteract|on GREPrses  displ ayi ng one or nore i mages
of interactions between the nedical device and at

| easgz ongyL i met.hod of claim75, further

conpri si ng p&%lﬂ%r rea@ablg HJ&&IHIP éa% 'Flﬁle’e6 l¢ wherein patient data comprises
data relating to b10mechamca1 properties of at least one tissue or organ in the
patient.

64.  The computer readable medium of clajm 52, wherein the medical device
comprises a needle.

65. A method for simulating a procedure implemented by a medical device,
comprising:
a) providing a database comprising data relating to biomechanical
properties of at least one tissue or organ;
| b) performing at least one step of simulating the interaction of the
medical device with '

i) atleast one tissue or organ comprising heterogeneous
biomechanical properties; or
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simul ati ng contact between a user and a nedi cal device
and wherein contact wth the interface by the user
alters display of the interaction. 77. The nethod of
claim 76, wherein the method further conprises
providing haptic feedback to the user through the
interface. 78. The nmethod of claim 65, wherein the

device conprises;p Negl iy Zi%ssu-gyﬁld%? L%ng \%&re%l %ﬁon&ﬁy at

wherei n the met hod further nprises t
nmodel i ng tissue def or??éttqn'é)ﬁssu%feldfoﬂ’%amhﬁﬁowﬁem ai m

65, wherein the nethegbnfcbiahidfiprépeney i ses the step of
nodel i ng the notion of a tlssue or organ upon
interaction of the tissue or organ with the nedica

devi c@. 67The method of claim 65, further comprising the step of operating the medical
device to effect a diagnosis based on the simulating step.

67.  The method of claim 65, further comprising the step of operating the Iﬁedical
device to treat a patient based on the simulating step,

68.  The method of claim 65, finrther comprising simulating insertion of at least a
portion of the device into a plurality of different tissues or Organs comprising

different biomechanical properties.

69.  The method of claim 65 or 68, further comprising simulating insertion of at
least a portion of the device into at least one tissue or organ comprising
heterogeneous biomechanical properties.

70.  The method of claim 65, wherein the at least one tissue comprises bone,

71, The method of claim 65, wherein the bone comprises compact and/or

cancellous bone.

72.  The method of claim 65, further comprising simulating the injection of a

material into at least one tissue,

73.  The method of claim 65, wherein the method comprises operating the medical

device to remove a portion of at least one tissue.

74, | The method of claim 65, wherein the database comprises data relating to a
Ppatient to be treated using the medical device.
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75.

76.

77.

78.

79.

80.

‘The method of claim 65, wherein simulating the interaction comprises
displaying one or more images of interactions between the medical device and

at least one tissue,

The method of claim 75, further comprising providing an interface for
simulating contact between a user and a medical device and wherein contact

with the interface by the user alters display of the interaction.

The method of claim 76, wherein the method firther comprises providing
haptic feedback to the user through the interface.

The method of claim 65, wherein the device comprises a needle.

The method of claim 65, wherein the method further comprises the step of

modeling tissue deformation.

The method of claim 65, wherein the method further comprises the step of
modeling the motion of a tissue or organ upon interaction of the tissue or

organ with the medical device.
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