Attorney Docket No. 20004. 0049 (VU 1040) SYSTEM AND METHOD FOR CORRECTI NG
DATA FOR DEFORMATI ONS DURI NG | MAGE- GUI DED PROCEDURES CROSS REFERENCE TO
RELATED APBLRDOAPIIIRIS [ 00011Thi s application clains the Ip€mAfS2e1102199) S.

Provi si onal Application Serial No. 61/297, 336 entitled, S . METHOD
FOR CORRECTI NG DATA FOR DEFORVATI ONS DURHNES '-%fﬂ- D%iﬁ%m@', filed

January 22, 2010, which is herein incorporated by reference in its

entirety, FIELD OF THE | NVENTI ON 100021The present invention relates to

sy-slenms and nethods for inmege-guided procedures, and nore specifically to

Systens and YouRAdNR ST EROPRER R RRECIEN G A TR FOR BRIV ATAON ur 1 ng

i mge gui ded procedures. , BACKGROUND
DURING IMAGE-GUIDED PROCEDURES

CROSS REFERENCE TO RELATED APPLICATIONS
18081 This application claims the benefit of U.S. Provisional Application Serial No.
61/257,336 entitied “SYSTEM AND METHOD FOR CORRECTING PATA FOR
DEFORMATIONS DURING IMAGE-GUIDED PROCEDURES”, filed January 22, 2610,

which is herein incorporated by reference in s entirety.

FIELD OF THE INVENTION
{082} The present invention relates to systems and methods for image-guided procedures,
and more specifically o systems and methods for correcting tissue data for deformations during

image guided procedures.

BACKGROUND
18003} The deternunation of an accurale irmage-to-physical space registration is a
fundamental step in providing meaningful guidance imformation to surgeons via toage-guided
surgery (IGS). A significant body of research has been dedicated fo the use of IGS technigues
for neurosurgical applications and has resulted i several comunercially available sysiems., A
cormnmon teature of the IGS technology for neurosurgery is the use of point-based landmarks, via
bone-tmplanted or skin-aftixed fiducial markers, to provide the registration of image and
physical space. The use of such point-based techniques is greatly facilitated in neurosurgical
1GS by the rigid anatomy surrounding the tissues of interest {¢.g., the skull). Unfortunately, the

us¢ of such point-based techniques is not applicabic for open abdominal 1GS due to the lack of



[ 0003] The determ nati on of an accurate imge-to-physical space registration
Is a fundanmental step in providing nmeani ngful guidance information to
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due to the | ack of Attorney Docket No. 20004. 0049 EVUIO40)

R HER Since the use of rigid, point-based landmarks is not feasible for open abdominal IGS,
surface-based techniques have been proposed to determine the registration between the
preoperative images and the intracperative presentation. For example, the iterative closest point
{ICP) algorithm has traditionally been used to determine the transformation between the image-
space surface of an organ and/or other soft tissues of interest. In ICP methods, the
transformation 1s  generally derived from preoperative image segmentations, and the
itraoperative tissue surfaces, Tntraoperative data for use in abdominal IGS is typically acquired
using an optically tracked probe, a laser range scanner {LRS}, or intraoperative ulirasound (1US),
and other methods,

188605] The typical protocol for surface-based image-to-physical space registration in
abdominal IGS begins with the selection of anatomical fiducial points in the preoperative image
sets prior to surgery. The homelogous physical-space location of these anatomical fiducials is
then digitized during the surgical procedure such that a pomt-based initial alignment registration
can be performed. The point-based registration serves to provide a reasonable initial pose for the
ICP algorithm, which is used to register the tissue surfaces derived from preoperative images
and the intraoperative data.

{8006} However, the surface aligniment provided by the ICP algorithm is highly dependent
on the initial pose of the tissue surfaces. Therefore, gross errors in the initial alignment provided
by the point-based registration can result in erroncous surface alignments, While initial pose is
important, another aspect of misalignment that can confound the ICP algorithm is the presence
of intraoperative deformation. That is when organ and other soft tissues are surgically presented

intraoperatively for surface acquisition (such as by laser range scanning), the soft tissues have

NI



rigid anatom cal |andmarks and the inability to preoperatively attach
fiducial markers that wll remain in a fixed position during the IGS

pr ocedur evO[2000¥138nce the use of rigid, point-based | aRrdWarSR&11i03190@1t
feasi bl e for open abdom nal 11(iiS, surf ce b echni ¢ , een
proposed to de -mine the registration béﬁﬁ%gﬁﬁﬁﬁgmb? @%g;$?%§ﬁ¥ﬁﬁgés and
the intraoperative presentation. For exanple, the iterative closest point
(1CP) algorithmhas traditionally been used to determine the transformation
bet ween t he_ inmage- sp ce surface of an org aq and/?r other soft tissyes of
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preoperative i mage segnentations, and the intraoperative tissue surfaces
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poi nt - bageikatiegista gmirerkiseryds) tienpesgvioden acrfieasionabl e initial pose for
the 1CP algorithm which is used to register the tissue surfaces derived
from preoperative i mages and the intraoperative data. 100061However, the
surface alignnent provided by the ICP algorithmis highly dependent on the
initial pose of the ti 8&uer BUSCRTESONTHETHEQRAWHKGSS errors in the initial
al i gnment provided by the point-based registration can result in erroneous
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m sal i gnnment that can confound the ICP algorithmis the presence of
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accordance with an embodiment of the invention.

{8911} FIG. 4A is a diagram that conceptually tllustrates the process whereby an fmage slice
from the transverse plane through a liver is polied based on a mapping obtained after a rigid
alignment.

10812} FiGs. 48 is a diagram that concepiually illustrates the process whereby an image
stice from the transverse plane through a liver is polled based on a rigid alignment and a local
transform in accordance with an embodiment of the invention.

{8813} FIG. 5 is a flow chart of steps in an exemplary method for caleulating a mapping

adjustment for an instrument in image space in accordance with an embodiment of the



[0007]FIG | shows a flow chart for performng | GS procedures in accordance
with an enbodi nent of the invention, [O0008]FIG 2 is a flow chart of an
exenpl ar ywoebthod1f18r perfornmng a non-rigid alignnent i RCRASIIAAR®E0 Wi t h

d enbodi t of the i tion. [OO09]FI G 3 ‘ form.r
?gsuﬁtigglgfgn1g non?rzgygnaisgnngnt iL‘ﬁg%%?ﬁgﬁgéﬁsi%@ﬁgﬁm%%ggg?ﬁéﬁt of

the invention. [0010]FIG 3B shows the transformmaps of FIG 3A after app
ing an envel ope in accordance with an enbodi nent of the invention.
[0011]FIG 4A is a diagramthat conceptually illustrates the process

wher eby*4fi"?hrage slice fromthe transverse plane through a liver is polled

based on a nappkng obtai ned after a rigid alignnent. _
18814} FIG. & shows an exemplary hardware system configuration in accordance with an

embodiment of the invention.

18815} FIG. 7 shows the results of an initial rigid alignment of the computer model and
surface data in accordance with an embodiment of the mvention.

18816} FIG. 8 shows the results of a non-rigid alignment of the computer model and surface
data in FIG. 7 in accordance with an embodiment of the invention.

16617} FIG. 8 is an overlay of the computer model shown in FIG. 7 and the deformed
computer model shown in FIG. 8.

18818} FIG. 10 is a schematic diagram of a computer system for executing a set of
mstractions that, when executed, can cause the computer system to perform one or more of the

methodologies and procedures described above.

SUMMARY
{0819} Embodiments of the invention concern systerms and methods for correcting tissue
data for deformations during image guided procedures. Tn a first embodiment, a method s
provided for collecting and processing physical space data for use while performing an image-
guided surgical (IGS) procedure. The method mcludes the step of performing a rigid alignment
of a computer model of a non-rigid structure of interest in a paticnt and surface data in a patient
space associated with at least g portion of the non-rigid structure. The method also includes
computing a deformation of the computer model that provides a non-rigid alignment of the
corputer mode! and surface data, the deformation computed using a set of boundary conditions
defined for each node of the computer mode! based on the rigid alignment and a kernel function.

The method can further include displaying data for facilitating the IGS procedure based on the



100121FIGs 4B is a diagramthat conceptually illustrates the process
whereby an inmage slice fromthe transverse plane through a liver is polled
based on worogi@1aBi gnnent and a | ocal transformin acc@®Ciarse@ 121990 an

enbodi ment of the invention. [O013]FIG 5 is a flow chart of. steps.in an
exenpl ary nethod for calculating a nappﬁﬁﬁ”%ﬁ?ﬁ%#ﬁﬁ%fh@%ﬁiﬁﬁgﬁﬁgggﬁﬁent in

| mge space in accordance wth an enbodi nent of the Attorney Docket No.
20004. 0049 (VU 040) invention. 10014]FIG 6 shows an exenpl ary hardware
system ¢ nfiguration i n accordance with an enbodi nent of the invention,
10015]¢P%¥mﬁt%%0m5 the results of an initial rigid alignment of the

conput er nodel an _ ; , X _ _ _
18028} In a second embodiment, a system is provided for collecting and processing physical

space data for use while performing an image-guided surgical (1G5} procedure. The system can
mcludes a storage medium for storing a computer model of a non-rigid structure of interest in a
patient. The system also includes at least one sensor device for generating at least surface data
associated with the non-rigid structure and a processing element communicatively coupled to the
storage medium and the sensor device. In the system, the processing element is configured for
obtaining a rigid alignment of the computer model and surface data in a patient space associated
with at least a portion of the non-rigid structure, computing a deformation of the computer
model that provides a non-rigid alignment of the computer model and surface data, the
deformation computed using a set of boundary conditions detined for each node of the computer
model based on the rigid alignment and a kemnel function. The system can additionally include a
display device communicatively coupled to the processing element and configured tor
displaying data for facilitating the 1GS procedure based on the deformation.

{6021} In a third embodiment, a computer-readable storage medium is provided, having
stored thereon a corputer program for collecting and processing physical space data for use
while performing an irnage-guided surgical (JGS) procedure. The computer program has a
plurality of code sections, the code sections exccutable by a computer to cause the computer to
perform the steps of obtaining a computer model of a non-rigid structure of interest in a patient
and performing a rigid alignment of the computer model and surface data in g patient space
associated with the non-rigid structure. The code sections are also configured to cause the
corputer to perform the step of computing a deformation of the computer mode! that provides a
non-rigid alignment of the computer model and surface data, the deformation computed using a

s¢t of boundary conditions defined for each node of the computer madel based on the rigid

i



surface data in accordance with an enbodi nent of the invention. 10016] FI G
8 shows the results of a non-rigid alignnment of the conputer nodel and
surface dwD20iIEN& 7 in accordance with an enbodi ment Pefi/usk@iomwent i on.

10017]FIG 9 is an overlay of the conputg gf d the
det hr med computer nodel shown in FIG 81“%ﬁ§§ ‘%Fﬁ?\ m#Q(Q4Lgﬁeﬁgp

di agram of a conputer system for executing a set of instructions that, when
execut ed, can cause the conputer systemto performone or nore of the

nethodolo i es and procedures_descr.i bed above. MVARY 10019 Enmhodi nent s of
the i n/dsEPEH 2 féﬁnfc%%ﬁ f%ﬂg&%%n%m hid‘hﬁéf"i%%ﬁéﬂqnéﬁw@ rcg%feqdhfg Pr ng"data f or

def ormati ons during i mage EUIded procedures. rst enbodi nent, a
met hod q%l?ﬁ%%?déﬂﬂi? 3 S%BP S %‘Fﬁf@b%@é%@& H@ ibfﬁy?éq»e%rrw E¥sacen Bata for
use while perform ng an i mage-gui ded surgical (IGS) procedure. The nethod
i ncl udefmatigtep of performing a rigid alignment of a conput er nodel of a
non- rlgld structure of interest in a patient and surface data in a patient
space d88¥di atladhanistingmiodaypisathp dispiaping 6fn e yold picgivibesmpgrcitir e, The
met hod al so includes conputing a deformation of the conputer nodel that
provi demsscsiakpg ity ehrapluiey medeitand focninas cofp nttent wodelssamddsutiftheebigdt a, t he
deformati on conputed using a set of boundary conditions defined for each
node ofantl heigtlmmpatiercbrpdek thagdedantht henpitginddal ingrhemticarrdaa thexdme
function. The nethod can further include displaying data for facilitating
t he | GShprigdebdymenbasiabe driotheon. The displaying can also include computing reverse

deformation displacement vector field values for each node of the computer model based on the

deformation and calculating an envelope of additional reverse deformation vector field values

for a portion of the patient space surrounding the deformed computed model. Additionally, the

displaying can include transtforming the locations into a computer model space of the computer

model based on the non-rigid alignment and the reverse deformation displacement vector field

values and calculating coordinates in an irnage space of the mage data for the transformed

iocations.

DETAILED DESCRIPTION
{6023} The present invention is described with reference to the attached figures, wherein
like reference rumerals are used throughout the figures to designate similar or equivalent
elements. The figures are not drawn to scale and they arve provided merely to 1Hustrate the
instant invention. Several aspects of the mvention are described below with reterence to
example applications for tllustration. It should be understood that numerous specific details,
relationships, and methods are set forth to provide a full understanding of the nvention. One
having ordinary skill in the relevant art, however, will readily recognize that the invention can

be practiced without one or more of the specific details or with other methods. In other



Attorney Docket No. 20004.0049 (VU 040) deformation. [0020]In a second
enbodi nent, a systemis provided for collecting and processing physi cal
space datwofeor1/09sa8whi | e perform ng an i mage- guided sur GiCTAIS21Ki0B)990
procedure. The system can includes a sto f onput er
nodel of a non-rigid structure of intere‘fg?%QExkég% Q;Xﬁ ﬁ%‘@@sﬁé al so

i ncludes at | east one sensor device for generating at Ieast surface data
associated with the non-rigid structure and a processi ng el enent

comuni.catively coupled to the storage mediumand the s or .deyice. In the
syst emmft‘ﬁﬁécsp?’ﬁ%%%%‘i”hﬁ% [ETPe PR R G LT b1 fpgwfgﬁgwa%

alignment of the conputer nodel and surface data in a patient space

associ abEdigy- tHwa‘ti%Pﬂea%\tcn%O%Pe IBW?“Sﬁ)VtﬂP‘reﬂPr‘éﬁ“FHO&i‘vHﬂ%?é) WEUFE e dhput i ng a

deformati on of the conputer nodel that provides a non-rigid alignment of

t he corfplieésts ﬁﬁ%éFfuéHg? ifeipptasdergrdar comETgab oY et P ¥ Rctle enPidtled using a set
of boundary conditions defined for each node of the conputer nodel based on
t he ri divethermiogm el iBwdramd kelf aetveptaastpomed Thedyrerehmedpdadertiiti onal |y

i nclude a display device conmunicatively coupled to the processing el enent
and corictgdaned with thedirespiitayicngordat a for facilitating the | GS procedure based
on the deformation. 10021]In a third enbodi nent, a conputer-readabl e

st or agd®®ddi unkinldpnow dealk inhenvicngrastdersederhedennhal oonputer: Pregiadm f or
col |l ecting and processi ng physical space data for use while perform ng an

i mage- dui dddnstingi @alrrifg G8)ngpidcmderdetes Thezeoombilitveof pr ogrgirhasthadpd ural ity
of code sections, the code sections executable by a conputer to cause the
conput efudratcpenf@Gm it h&iGt epis oficebial fiondi@sepnputerexomgety akthad fon-rigi d
structure of interest in a patient and performng a rigid alignnment of the
conput glerioBdet @tk sutddagendatoddante @idpat tenidinpacehassesiatl ed woih it he
non-rigid structure. The code sections are also configured to cause the
conput amnGt 0, periahsd tHe usleps ofprepoRitd Pighsa adefox mat | anisghodeheive eigput er
nodel that provides a non-rigid alignment of the conputer nodel and surface
data, tdignelefi PhiRtd: Ok OTRULRI LSRG RS ChodtigRouREALY BeRdittyions odef i ned
for each node of the conputer nodel based on the rigid Attorney Docket No.

20004. Q04w (WL 04R Y rally nERLs: 3Rded aa Rk b Mne L0 peFunt a8 blotihescode
sections are also configured to cause the conputer to performthe step of

di spl aypmgs dat g §Q&rieachdat @b LROE e AGR:RE oseduie Dased 100 dbgerative

defornatlon
tasks are performed. The preoperative tasks include building a computer (i.e., mathematical)
model of at least the soft tissues, organs, or other non-rigid structures of interest i the patient.
Although the various embodiments of the mvention will be described with respect to 1GS
procedures for nou-rigid structures, the imvention is not limited in this regard. Rather, the
various embodiments of the invention are equally applicable in IGS procedures involving one or
more rigid structures in a patient (e.g., bones) or a combination of rigid and non-rigid structures.
10026} The computer model can be built using several sets of preoperative data.  For
example, preoperative images of the non-rigid structures are acquired and processed to generate
a computer model that describes at least the geometry of the non-rigid structures of interest,
These can be acquired using two or three dimensional imaging technigues. For example, some

imaging techniques include computerized fomography (CT), magnetic resonance (MR}, and

~3



10022] I n the various enbodi nents, the displaying can further entai
recei ving i mage data associated with the conputer nodel and | ocations in
t he pati ewD 28pA®E218ssoci ated with the obj ect and nei ghbeciragethe2mby ect and

transformng the conputer nodel into the patient, K space,be (ﬂg rigid
al i gnment and the deformation. The displ‘d ‘%ﬁﬁgﬁﬁMEVEOmﬁﬁgﬁ%%gﬂéé Uti ng

reverse deformation displacenent vector field values for each Bode of the
conmput er nodel based on the deformation and cal cul ati ng an envel ope of
additio?al reverse deformation vector field values for a portion _of the
pat i ent&FEEE! SHFEURHIHG L HE HEFGt it dBWpUited nbdEts RIHTFHALIE  { he

di spl ayi ng can include transformng the | ocations into a conputer nodel
space OFVPH® E6ABUERYCHDHET rBaESad o PhY Ba%NE fSghuTEP Fynbfeed-afd tdie
reverse deformation displacenent vector field values and calculatln?

coor di rifit eynmer apdeheg alss pacenianirdie nardgenyathar peribieriala push o shiied

| ocati ons, DETAILED DESCRI PTI ON 10023] The present invention is described

wi t h r efalsr @roectpshic tiiepcaiics atRuepelas g pepsrtigh eieisnd |gike spreferisiseet darkral s are
used throughout the figures to designate simlar or equivalent elenents.
The fi guecéanigrd totondrsadwiruere dat emgfhble wdgespaniecproud dddombipehythinghe
illustrate the instant invention. Several aspects of the invention are
descri bedrabed owiivnintr Shexdemcke toa elainpl, cashppl boddiios choputed host cat i on. |t
shoul d be understood that numerous specific details, relationships, and

met hodeapetosedd. f drt bxanplpreovikideutanf o dcfumders tapds hgbofus¢dhe ihnvigntd on. One
having ordinary skill in the relevant art, however, will readily recognize
t hat t heodenyv ent bopercatzdoe Appagtehgedival itthgutndng on mopefohed heospeai fi c
details or with other methods. In other Attorney Docket No. 20004. 0049
(VU 04Qphist andask drebdmimowmest raaadrati®S OFurOper gkicpastial gem@iticghoein in
detail to avoid obscuring the invention. The present invention is not

| i m t edndiyerbdigali flidadishy atRdsiaTAGY taAGDeQhrfaghd. Ofis®UaREISHa1BE/s&ONR1864 §F May
occur in different orders and/or concurrently with other acts or events.
Fur t herd e or ROtiallulfackd bust nal 66 d aLESSS ofaNeRESaABE perf@AVE T BOWEQ: igI| ement
a net hodol ogy in accordance with the present invention,

10024] EBhrdnliDodid@enhifedfh hRecdaNVARLIIQN 1RkOMNIR BYsh AR, aRdnPElhhodsdiar
correcting tissue data for deformations occurring during | GS procedures. A

gener al g frhow 980 X8R EIY. method is illustrated in FIG 1. FIG 1is a
fl owmchart show ng steps in an exenplary nethod for performng an IGS

proceduggrin aceefdance Widh ahoaradi fBNGe fesdhed iMeRt) QR ASseshawn in
FIG 1, the nethod 100 includes a preoperative phase at "bl ock 102, an
i ntraopgratl Ve L gid ali 1t. phas: nohogk 104, .and an, inkraoperative
non- 11 61 el T phas Ak pRALE M M BORR B e d e AR LR ERDRE

these phases,the. .| G pr! yre. can be perforned at  block 108 261 As

doscr 1 bl apove e eB GG UGS BET-TE-AF b ol BhrRpsly Side 81

preoper.at;i.ve tasks,.ar “,_,tgrpﬁq, The preoperative tasks include building a

iebadaglill P g R A g R AR R S RS S S L

or othen‘nop- i d strugggres
i :

,Nlr,rL. ( u >s of..interest .i.n.the,. atienz;,Al; 0Ug ;he
O oudh e ol S P R PR T i o PR e re PR 1o - 1cs

procedures for.nop-rigid structures, the invention is not limted in this
g d. RRERGTE TN DEFTGUE BGOr R SUBr 6 T RUSHEPORCdPe: dasTy

applicable in 1GS procedures_ invol ving one or more rigjd stnic,tures in a
pat i en?ﬁet‘“?‘ee.eﬁ %}“%ﬁﬁé%‘ Chgrs & @Gwﬁ?‘ﬁwwﬁ i %?"d‘%iﬁﬂkn%h@?“%@? ¢TSIt ur es.

100261 The conputer npdel can be built using several sets of preogperative
data, RSPYEREMPEEYS BREBFErAtFves rifefeec 8ruEHe AbAR Y o eplFude ¢héthr e
acquired and processed to generate a conputer npdel that describes at |east
t he gedhRYSy ofr YHEABI- 110q1 BRretchuee of @s16F cihplee dstine TREgeccarrB@eacquired
using two or three dinensional imaging techniques. For exanple, some

i magi nFrEERENT S [HBPUdEe BBpt el HEdPAIg S groaphigtic Oy turhgimet ivdthitesonance
(MR). and

the organ that can be located via some localization method.



Attorney Docket No. 20004.0049 (VIJ1040) ultrasound inmagi ng techniques, to
nanme a few, However, the various enbodi nents of the invention are not
limted iwothiiotagard and any ot her imagi ng techni quesPCRAUSRE 10360
Further, the conputer nodel can al so be co nf| 0.J) gl t her
possi bl e data, such as physical data (e. Qjomcél a%Fgé\OpF@@gr@g‘?@’a‘WMfg

t hernoel astic properties, etc. and other aspects relevant to the nechanics
of the "non-rigid structure) that could be necessary to cal cul ate
defornation within the operative environnment, Based on the dat a_ obt ai ned,
tasks f8¥¥%ui 1'8itRgvites € Fepis %%I‘ﬂwﬁo%éh%ér%}?fﬁ%‘d Phegt caeApl & a

di stribution of defornatlon shapes to be used in the fitting process can be
gener atfSHO RSB G5F B pBPLSt rtréquiﬁeg%bfalﬁar yirdice gfie FECPERHGT RBHFCI i ofder to
enhance feedback or conputer nesh generation. Further, pre-operative

gener ateHATST fratiefae i AT en colmpned o suesi stihg ItEpRRlyaiathe dperiPet med.

Al so, a designation/segnentation of shapes or partial surfaces of the
non-ri diclvseicuptrtiresd. of Al nterdsy cwwubes peiiforaeld. inFode veltvare Heckagrent i on
is not limted in this regard and other tasks can be performed to enhance

t he i meghitgyrot tof $of el Ingge prosessescofanmsnipdistd Gor ROBTIIARY Hodpd kolhensvar i ous
enbodi nents will be described primarily with respect to surfaces of

non-ri diudh i ®swesng katcrarelégipo sedudd reitngrenBdirsal thp nocedusemuics uahichs t he
exterior surfaces of organs, tunors, and other biological tissues, the

var i ousnasiiyadi great8orar dundtr, lsivhl kedbmipmtibhisgsieregan dinciRit beth, standhgiupfdice”, as
used herein, can refer to either external or internal features associated
Wi t h a mensiddidistntet urdeiotlagntiéress. Ollahe psoparnivaditist kioAodko 0@xter nal
surfaces, the surfaces referred to herein can include internal surfaces or
f eat ur esedefrimadi hyetadhotpsany:shebweienidi fferent structures or different
types of tissues. For exanple, a boundary or division between cancerous and
heal t hyje¢iggsues: eank defi necapsufifacid lafiganek hatsexanpermide dhai 8 on

bet ween liver vascul ature and a parenchyna of a liver can also define a
surf ac@nirdofeand Refc@XRAPLE ond br GRW dolioR! 65 8Rt ndrheriSWhtaGe: oF ofi@atur e
point of a synthetic structure inserted within the organ that can be

| ocat eduydBeSo®, LR alel ZahkQnr BNt A LRENeYDagkets Meain20004,1004P
(VU 040) [0028.11n the various enmbodi ments of the invention, this

preOpeR@Ety@mﬁhﬁéﬁa@é&m@khﬁﬁ&tbﬁmﬂ%ﬁ&%&@ﬁ&ﬁg@d@ﬁ%i%&w&%ﬁ@n@%ﬂQHkéQ&t
systens. Further, the preoperative phase can be perforned on the sane or

di fferept & {miﬂ%ﬂgr SY RLENS .8 nckings LM &Q%%tn@fn'ts & ﬂ’éé%%léémgﬁ thekabﬁf}ntl@ ow are
performed. An exenplary coiputing system coul d i nclude software packages

conf i guf, "?ﬁoé Qo382 lué&i ! Q’g g9&45Ra6S S JaBL, tﬁt!ﬁriqc%statétui?lf is GRM @%n $68ul: Q}[‘tf_l fahemati cal

model sol Uti ons. a conputi ng systentco o) |n ude o) tmare

librarigs tttn@tm@;g%v R SQMBULEr (Rgel JTRRNLgHL gener Lo - FpELber, such a

conput i ng em-can 1 nc th's rd and custom zed yemat'i cal and

simul atjo brarles ( t.h oper tiv Iogk been
Soml atreylobdal &’*10“6 %’8‘6@." i "?m@ kS tzﬁ 13%9 ? ﬁgzgf‘}x?“%rom g
|ntraop ratlve r| gperatlve

surf acei 18%%’)3“1{)6(%& 28 he ﬂ\ OV %‘OIE t.rl}dgtt as st Ol’}i_lf.‘ﬂ Of tﬁm }%ﬁ‘v frnﬁﬂﬂci!‘ﬂ ]’t(% lig}lptf

obt ai ned i e t|veI nd the coun elpart su e.data withij

Crmge- et 1L OBEY ManbintidOGs el WC% é’“r‘ta‘t*rfé{‘rﬁt"‘f&‘éﬁ“‘”‘f“r‘%th%?‘ A8 on.
Thereafter the s facg ata of the non-ri z%ructureﬁand t he ﬁnPuter
nodel &8 nf)tli-““a s iy ﬂgneamt I'h “<BEelbo }if?i’e & gy Ttiﬁec”fﬁﬁ\}e‘“ntlt’g G

best - allgned t hod can be used, As used herein, a best-aligned nethod is
an al i GHRESE YBFOFhEY feg@adar &1 dbd StRRIFHoRoTS i Y fTEECH igPEENs oSt Hatt
features on the surface of the non-rigid structure are positioned as cl ose
as possiiBIac 62 hepi e B- S FaEY dotmt ef pareerif tierative e tdrer f8ieh of the
alignment process. However, the various embodinents of the invention are
not | i rid a8l theppashios of egar dieantastdatsrand tegemenicr sefered e grobetuesadias wel |
as internal substructures or feature points. Once this rigid alignnment is
conpl etsetfagetfetaggd thgcemgatramednd stingingeifput er nodel are aligned, w thout any
deformati on of the conputer nodel, i.e. a rigid alignment. Such an
alignnent can be perforned in a variety of ways. For exanple, an iterative
nmet hod can be use to alter the positron of one of the surface data and the
conput er nodel until an error between the surface data and the conputer
nodel is mnimzed



Attorney Docket No. 20004.0049 (VU 040) 10030] Addi ti onal processing of the
avai |l abl e geonetric surface data can al so be perfornmed at bl ock 106.

| nt raoperdi0i2va/®wIBace data can be obtained in a vari et PCOUSAMEYH2 500
exanpl e, sonme nethods include ultrasound, I\T ng | aser
and/or other |ight-based strategies, sméﬁﬂﬁﬁﬁﬁaﬁgﬁqﬁ’ ?%ﬁ%@ﬁpﬁgyﬁ%g)

nane a few However, the various enbodi ments of the invention are not

Iinited inthis regard and ot her net hods can be used to obtain surface
dat a. nany e t he surfgge dat&robtalned onhg represent a
! &

porti O,{@?ﬁﬂ t he® ‘FP“F %‘P%FS%“B fifgiaple geometye syr %1 d%‘ﬁr‘*‘f & b ioERsthpl e,
during a | i ver procedur e, y the anterior portion of the liver may be

exposed! MrREr8f: oﬁfélaoi?%fl‘vguﬁiff%éiﬁaia%a b@o’maélkﬁén ACGUFY 88 "3ET nben A&BPSr ange
scan technol ogy which would linmt geonetric data to representing the

ant er i cﬁpmﬁdﬁéﬁg&ﬁ igflugenplipsopad. MRninggieherd @kaing! Bserefig/or jofsr lighidbaact unor
may be partially exposed. However, the surface of interest nmay be a
boundarsjaiserneerbidng whbe tmpldtshiduy. foseame afewi nteriver tsuraigeecmiuligueh cases,
ul trasound i magi ng could be used to |ocate such interior surfaces of

i nt er estf thel QO] LLThee wdifraied iddtsarcpnn and gbei nehoubeanbb secdop obtaheyurlerd or s
that could affect alignnent. Accordingly, in sone enbodi nents of the

i nvent idshy, onoe dreess lefsadecedbtaacttsnabgui o reprérenisupdrtice otlfie arogaizide
filtered or otherwi se processed to reduce or elimnate of noise and/or

ot her awiitiiact s a pBumhsurithobls carepiwelurink noiwer grocctimosenipfheandiinapytiski |1 in
the art and will not be described here. In the various enbodi nents of the

i nvent iddnke Buchngrigcessieng hantbe penfrécodd: befidhe soquiafituging iher gl d
alignment. In addition, in sonme cases where nultiple surface data

acqui siscisonrshiok@m wdiifif eredtivmethodsiatas avaptablieg andadigirtpozed dfnh@ common
coordi nate space, a conposite surface can be used for alignnent purposes.
10032] Upen wamphetdkanpiofind her bhdi dodl bgnpepiidly Bbogk MOdevaanhd diratal
correspondence function is generated that associates each point fromthe
sur f acerGatb@st Whilyhead RADEEERRED POMDE aNthE N NGNnTehiGl SheBld UG e awist hi n

i mage- space. That is, for each point in the surface data, a means is

provi degfe6nd id88k: EMii0g: the 1 CRELesRRRALNG sROLALofifethe conputer nodel . For

exanple, a cl osest

{9631} The surface data can alse inclode noise or other errors that could affect alignment.
Accordingly, in some embodiments of the invention, once the surface data is acquired, the
surface data can be filtered or otherwise processed to reduce or eliminate of noise and/or other
artifacts. Such methods are well known to those of ordinary skill in the art and will not be
described here. In the various embodiments of the mvention, such processing can be performed
before or after the rigid alignment,  In addition, in some cases where multiple surface data
acquisitions from different methods are available and digitized m a coramon coordinate space, a
composite surface can be used for alignment purposes.

18832} Upon completion of the rigid alignment at block 104, an initial correspondence
function is gonerated that associates cach point from the surface data with 3 counterpart point on
the non-rigid structure within image-space. That is, for each point in the surface data, 3 means is

provided for identifying the corresponding point in the computer model. For example, a closest
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Attorney Docket No. 20004.0049 (VU1040) point operator can be used to
sel ect the point on the conputer nodel that is closest to each point on the
surface deDaniwme1ziBe vari ous enbodi ments of the inventi @QT/tske13/021990

correspondence function may be expressed s t 1.1 G
function, or any other nethod of describ gm%iiegﬁﬁf gﬂ?éﬂﬁgﬁﬁegﬁb}he
spaces defined two sets of points. In sone cases, the defornmation observed
in the surface data nmay result in the correspondence function associating
poi nts from non-correspondi ng surfaces of the conputer nodel wth p0|nts on
Phe s UrPAREPHEEETAe e AP SHOT HE FOU PAE CHEPACT RECOH RGIpest ihoashppint

enbodi nents of the invention, the closest point operator can be refined or
const r AHBHSHEY faii-t 11 g varkoyr eRbedimensp P%@peﬁaiﬁﬁ@l Wy FoareERondepRg furedon  he
conput er nodel and the surface data can be associated with designators that
di f f er eRtyi Bt exuBessfean? fHe. ialpigersatsal fugeld. of athetisoAcicgid dStigteur e of
interest. Accordingly, the search for corresponding points can be limted
by sucheldéaishndedren Foprassafging! tanser pdpoisisr f mcemsotes. 8k &frfate dat a
could be limted to the a surface nodes of the conputer nodel, despite the
fact théscrposinghd drfasudfiacey nesdist OF cohespovivpen @nctmpdeiocatieg pinis drom

[ 0033] For . purposes of obtaining a correspondence function, the various
enbodi mentestredpotdiar furlzet ¢iche agreputotmddehivitb dotng @l s estiaqpoisariaggeridt or

nmet hods. Rat her any ot her nethods for obtaining correspondence or

regi st ribt suofacd daet Aowsiihgt. wesnnd suebod umdngod sheciavenben, Usedosest pohe opastbous
enbodi nents of the invention. For exanple, in sone enbodi nents of the

i nvent iw@n pe edineespendisngd polint:$ts canche csedspatded susharg Ahat ay tpreomectd on
technique in which aray is projected along a |line perpendicular to a point
on one sadef aget@ngriidiedgotaeispandingt pahnksibsataeliec gt rddahaetenpid nt t hat
is intersected on the second surface. [0034]Once the rigid alignnent and a
cor r espendenafadeyneiht am-ak@ sehdiak nediatst bhaokliddd mi®bhb dr LOBepaniifyr oceed
to block 106. At block 106, a set of boundary or point (internal and/or

ext er nglo)ntcondictiraRg, byhasie@esoRabhe ok gk, hgRmenurate Rldecks 106.and: t he
correspondence function of 104, and a displacenent field of vectors in

three disnRBNS PRSed S HeBhabioy liYace QR 8Tt QoAbhieF RRYeIDASKet MNof20Q04. 0049
(VU1040) performa non-rigid alignment of the conputer nodel to the surface

dat a. ThatibSufadisplageteilpfiehdaohvgators for deformng the conmputer
nodel to fit the surface data is conputed, The operations occurring in this

bl ock wahisbe ﬂﬁ%ﬁﬁab@:@@!& heliow, a@oﬂuﬁ@r&ﬁﬁw@&ﬁ&bl s %JE'uJ;@éH&Q%m& ﬁ*ﬂ% 2.
Once the non-rigid alignment ?as ks are conpleted at block 106, the 1GS

procedyf&. 60 ReRELRLTRY: @“tCS‘[tilﬂ%K)p]'lQi%T methods.  Rather any other methods for

obtaining correspondence or registration functions between two surfaces can be used in the
various ermbodiments of the invention. For example, in some cmbodiments of the invention,
corresponding points can be selected using a ray projection technique i which a ray is projected
along a line perpendicular to a point on one surface and the corresponding point is selected to be
the point that is intersected on the second surface.

18834} Once the rigid alignment and a correspondence function are obtained at block 104,
methad 100 can proceed to block 106, At block 106, a set of boundary or point (internal and/or
external} conditions, based on the rigid alignment at block 106 and the correspondence function

of 104, and a displacement ficld of vectors in three dimensions is iteratively computed to

I



NON- RI G D ALI GNMVENT PHASE [ 0035. 1As descri bed above, once a rigid alignnment
and a correspondence function are obtained at block 104, a non-rigid
al i gnnmentwoanii®ipser f orned at bl ock 106. This is descri p€t/Usediox2149¢ h

respect to FIG 2, FIG 2 is a flow charf, of an exenplary , 106 for
perfornming a non-rigid alignnent in accd?ﬁ%ﬁ%gﬂﬁﬁéﬁ&gh@kéﬁ%%%gﬂg%%gbf t he

i nvention. Method 106 begins at bl ock 202 and continues on to bl ock 204. At
bl ock 204, the correspondence function for the conputer nodel and the

surface data is received. In addition to identifying correspondi ng points
bet weerPtR&" %B%ﬁ@&rﬂilﬁ%"&‘ obhE- NS ik iar e ChtiB: dptiee PenawRal
function also identifies a patch region of the conputer nodel. That is,

si nce tifé slivickue [ateioreiiy Generarrymees! oot ittt ey JHAIY st aiek pbed
portion of non-rigid structure %glthqugh substructure designation is

possi bl @eiRiioh adies snals losseyill e destipohhciova paeds deedi o iceredepifded by t he
portions of the conputer nodel corresponding to the surface data.

Af t er wak d9ncegihe Bpipeikidadignmerp arska predioppétesing g*kvtél ijesthefaS powpliteduf ot each
node within the patch region. As used herein, the term"node" refers to the
poi nt s mffcanaddehpetietf%odel mesh used for performing a sinulation,

[ 0036] Si nce the correspondence function received at block 204 is based on a
ri gid abipyratient ALIGEMEMDPAéerbr mati on of the conputer nodel), the alignnent
can result in the surface data having data points positioned inside and

out si ddit¥fé gebnBtxybalf atdve, corputierd agdelent Asl a coesylondenthduspat iaad

di fference val ues obtained at bl ock 206 are signed. Thus, a positive val ue
woul d meamndimabicthethadenoizid Hgnconput et paddeled woibek Nge dritiois bescpished
outward to nove Attorney Docket No. 20004.0049 (V1:11040) towards

cor r espehti Wgh sysdaoaidal. aFIpok i Silowiieradss axdanegdal nweodd Do erwouidchiean t hat
the node on the conputer nodel would need to be pushed i nwards to nove

t owar ds: @anies pondicRgn Strdkace: dal andeiiliBuenT B Ge PROARSS MITRAAIESeERY Such
transformthat noves the nodes on the conputer nodel to points designated
by the gertespondenssnfcnsid ook FO03EMEe ttihae spakpaldeticfdarenes wal ues
for the patch region are cal cul ated at bl ock 206, boundary or point

(1 nt er n@aknpaReinofe: 2xd BF Bakake GARNIHiORAY 8 4B I8 ANidBRIRNPM &Fudingloagk 208
for each avail able node of the conputer nodel. In parficular, for each node
of the \caMRULRS I8l molihenbeundaty @l BRIDLLhR8rN@LRRUQrgBxE&rnal )
conditions is selected to be a weighted average of the spatial difference

val ues ags09ciiat seWictRpLibenpede 10l i NtRE Rty @Nd SW LAURMLRG, ROGSSinadlhi S
provi des a snooth set of boundary or point (internal and/or external)

diti ¢ - ~ii§c'; s ou chiry desy ,'-,isg.aa-ht
condi '3‘8{“&1}!}/ gll[!fc%gg!}?d SIRGHLRAL S, O H{}% ('fd‘ra]%g%‘i]k%@m 106 ol 4RGELOR pSaR el 9

all spatia ence val ues équal er enbodi nents of "the

| nventi.on, a%J?&‘ ntdtl ﬂ&&n&;ﬁ&fé&%ﬁ)ﬁ V)Fhsgm ra%%)?}t% ; Lopdld ?Lapﬁ(rt:ﬁ{?l“ %niﬁ%&eé %&%a%ﬁ ntly by

using a spatial kerne unction or any other f na atrsti _
rel ati an?sim &)im%(s)ﬁ%%d%x %Blc Suredcl o ge A\%{épwgadﬂiggﬂ%io&f%%h %aﬁ{?\([i?fptrln?g] yalfesl di al
spatial function can be sel'&ct'ed for generati ng weights. However, the
vari ous_enbodi.nment.s of LQF ,Qven%ipn arg not . limte 7in;t§LSQ,e ard and
other serRrenias couts T LEETTE e A Boharel: bFeh okt SRR Snct on
t hat treats‘boundary or, Point ginternaL andIO{fexternaI) condi tions.

poinis of a computer model taesh used for performing a sumuiation,

[0636] Since the correspondence fimction received at block 204 is based on a rigid
alignment (i.c., no deformation of the computer model), the alignment can result in the surface
data having data points positioned inside and outside the geometry of the computer model. As a
result, the spatial differcnce values obtained at block 206 are signed. Thus, a positive value

would mean that the node on the computer modei would need to be pushed outward to move
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[ 0038] Since only the patch region is associated with avail able surface
data, the flanking regions of the conputer nodel (i.e., portions of the
conmput er wodell/®uisi de t he patch region) will not have RCTAISLESH2196 Ng
poi nt on the surface data designated. Acc rd| ‘ : i.n these
flanking regions are assigned a zero sidi gﬁm%|d%%§ g@ﬂggﬁg%?gﬁﬁgg>
Therefore, during the process of averaging dlstances via a radial spatial
kernel, the resulting boundary or point (internal and/or external)
condltlon value for a node in the patch region can be less than its spatial
di f f er éREHY i’/a‘?‘ijé?%lfji?éé”‘%@‘é‘laﬁl RO GRS Y BBt 6t W HE SRR ] 1ig "Pegi ons
will be Attorne et No. 20004. 0049 (\VU1040) considered in the weighted
aver age’® &F rﬁﬂﬂaﬁl ey mq%fd&vguifirfafd rR&F deshedj Avane 1 OPROPEFR KOBTPORH | anki ng
regions will have signed distances fromthe nodes within the patch reglon
as par tugheci dag pieRtght déisayescsganbodicd a8 Fychrigstpm it fohesZee aug'p Gheke

di stances being applied to i medi ately flanking spatial regions. [0039l The
cal cul aPPgRtcdROHd iRty deamdict PoHeovareesndescafsictiofmi ted to the wei ght ed
aver age net hod descri bed above. In other enbodi nents of the invention,

ot her nB¥¥dds @an thespsddiififorccexhuple, thopdcisehodrd selalsighatudidoltn v

wei ght ed average based on the confidence | evels of the closest point

oper at druusedor jddi (tritomalahy/pr atpodt ¢oditiof vilhes corputepumdddtiodoiilfdobe

negl ected in favor of allow ng user-prescribed boundary or point (internal
and/ or wmxit eridly ngbrdittciconguicSuctelaliconfiduguriat ¢aoh nedrriald owpdicf fredant
portions of the conputer nodel to dethrmdifferently. Further, the average
val ues iheekdindatl dbechasedmennd/or adibahl) spatitiak iketael v Rat heighied &ketgel based
on a different geonetric structure, such as the shape of the non-rigid

St r uct wrels: PhtiS dFREdUe tUGi@ Ssdobiere ofithadnndie ot Betest amddefbaeliidwedpoiTiis to the
averaged. For exanple, organs such as the liver have different segnents.
Ther ef gfieyid®PPEMbANG sthbShKBERNE| or GaMt Qehitdrhan dn@@r @eeORTI RGditionssepgments of the
liver. Additionally, sone tissues can have areas of high curvature.

Accor di ag@ofimcdisRATRIBISHibZ akd ARc@n GHGRISURE ag@aVafitahdc0nRC aRabe used to
provi de geometric infornmation aSSOCIate&)MAth t he conputer nodel and coul d

be usedy@s «PBidinefis KEhPalveAes] 80 funk o PRSI §68MR]iBsredQ ks 8Leg@n al so
be based on a shape correspondlng to how t he nodes are connected in the

conput ey ARJelspa ANRERS Fud 8&1 4:231 LAR: MhiddhaesidiRefldishsnd. ferentialy
equation representation of the organ surface structure to distribute the

boundary,. Qi iR@inh Gt MLiRak AN/ aamexgd%znﬂmmﬁloaﬂﬂ bd ons.d o ¢di! @nking:
regions. This approach treats the surface as a single continuous domain or

kernel aﬂgm mtvzs,es L el i f e &%l%lmﬁ%%fm ap h‘h@n&ihﬁtﬂs Dute ;Japundary

i nf ormati her eS|gns for generating a spatially distribution o

Docket Rb 30604 0udg" (VR aa5) 4 3BT, hnt AU BB PP A PR o1 e

and/ or p%)i(nt 3 ?111{1?1212 ancioorilq!gttg 1'1*8@ % m%fx t?o Q onput ed at

{0038} Since only the patch region is associated with available surface data, the flanking
regions of the coraputer model (e, portions of the computer model outside the patch region)
will not have a corresponding point on the surface data designated. Accordingly, the nodes in
these flanking regions are assigned a zero signed closest point distance. Thercfore, during the
process of averaging distances via a radial spatial kernel, the resulting boundary or point
{internal and/or external) condition value for a node in the paich region can be less than itg

spatial difference value since zero distances from nodes of the flanking regions will be
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bl ock 208, a volunetric deformation step or displacenent vector field of

val ues is generated and col |l ected at bl ock 210 for the conputer nodel. The
boundary worrditravoa1s conputed at bl ock 208 for each nodePcCarush@ 1008 der ed
to be a displacenent occurring normal perpendicular) to t I surface
as one potential correspondence realizat‘gwgy%%ﬁggP%hé&§%3ﬁ4ggg?ﬁga)

resul ting average val ues can be used to define a direction of notion during
simulation. Further, the conibination of differently signed spatial values
effectively constrai ns novenent of one or re portjons of the computer
Todel . POUPIET e PGS et e o R vHis BBt FPUBFethat HE REIht Wt Hal

and/ or external) caonditions from bl ock 208 are used to define the_nornal

di spl ad&HERE TEHHEME T SRS Y8R HBRFIHE SIS GPI T IMIGC Baleh Feiw 2888t ghit ed) for
each node in an enbodi nent. These di spl acenment conditions are then used

dur i ng wegBrhatcren: sidniliaierghy sfm-2oke sigetfplisiercehbeier 2t eHamEaisst er

nodel to simulate deformation and calculate a volunetric deformation step
or t hr dengingeridiplonaibndi spl acement field vectors for the entire conputer
nodel, in the various enbodi nents of the invention, any sinmulation nethod
can be [08¥d t ollsoiicelapar of wilundiry Ferdgnmni aluceguat lionisd tsiso cicathéd ankpge

def ormati on nechanics, such as Finite D fference nethods, Finite Vol une

Met hodspetSpedtserdicd Bberre nisotime tehbdd meSp loff tie- Bageidn, Vihdn eashade civbht ese€ar | o

nmet hods, to nanme a few. However the invention is not limted in this regard
and ot Her esinmid, at¢ mathod is s mtrenjoindy wwehed brapelbatddvwe tretohbdsice Butldofl so be
used I n sone enbodi nents of the invention, the sinulation can be configured
t 0 spechd ylckesugomo ropabitof audd. oraddnichdiyt hepstisd af ekd cadigpiracedeniosidnki | e
allowing lateral slip/sliding along the surface (i.e. tangent to the

sur f acejkgletiad addidor o diowinheusbopndaby ecndity angqina(isknul add/@netaned for a
particul ar physical nodel (s) can al so be used during the sinulation. For
exanpl exondiiensSiIngh abbauedon b diwned iwchipodidnk DEBE cehpsitd Boddypesrekast i c,

or viscoelastic constitutive |aw. However, the various enbodi nents of the
At t or neyibeakety iNaer, 20004 Q0404 Vet LAAG): bRV QAT QMaBHEHN Qbmbl Midved 4 n this
regard and the sinulation can be configured in other ways to capture one or
nor e otikel PRYSHE aldiasRe et Sndfic LihRnde kBl ODwupf U hP ek rikhendit8ehi on of

di spl acenent does not have to be nornal, i.e. perpendicular; this just

r epr esentgnONe:s QA LB vy FRII BXAMP L Sinis i B AL &RLAC EORN LIl 8ChisQnacoul d be
nodi fied to represent an average of nornmals in a given region of the nodel.
Al'so, Qé%&ﬂ%@?&h%ﬁ%@x&ﬂ%@%ﬁﬁ&!Qﬂm@ﬁ%;@&ﬂ?%éhﬁ@@%&ﬁQﬁgﬁgﬂhﬂﬂth%&h%G?”ent

di rection which could be "used. For exanple, 1f a fiducial landmark in the

| mage VSQ%H%S aa@dt’hgnlli‘{j:?,e AVl anle sg&ga{}ssﬁ%r .8 %a%ra‘?eaé‘p&ﬁ%gg'ﬂt cur@l§RI acement

of that feature cou represent “a direct application of thé& known direction

ase er('w%g!es,gf% rdﬁ%d{; %n%%g,; %8{1 LEPORACRSE  Aharik DAL cfﬂ?%. %E&balf%pgg&% : Geufde

vol unetric Iel'd val'ues are generated at an updat ed
conput %{a\;awiq*ggx%ln 18%[‘1&%‘5 ugﬁnagfg La%ﬁ? qneartmc lP%ﬁ »%1]1! C ’i)c—:lugeapaasrpta!“t%g k?r%{z} ' e?i%n, 'I,nt
accunul ated volUnetric defor ion t1eld Values areé ‘Used to defermthe

positions,.of the nodes of the conmputer nodel. Afterwards, at block 214, the
Cor T espOnterEe Plinge R S Ui BLCLa B e G ed Teonpader bdel and

a new set of s ial difference values . are recalculated.to deferm.ne if the
A P e AR R R O e LN e R b A S
Therefore, the’sgﬁiia[ difference val ues are eval uated at quc% 2%5 to see
i f t hey “REEIHOL BNV FEaREU G S%”E%b‘b#h@“&‘?‘i“f’ &1 BUBTAY PR £ R
convergence or stopping criteria is net at block 216, a defornmed conputer
model i%‘mé‘tﬁ‘)pfﬁtl‘?%?mﬁf’ Sercmr geiopht {iyh#NSRch fRES SESUHINC & & 4IngBIGR R TN fiel d
val ues can al so be out put at hlock 218. The nethod 106 can then resune

pr evi oS BHotdSEIch g bt EPot RArEPCH I RE A BIYEOT BpddtbHE AINSdRIPOBAR: t he
non-rigid structure is farther deformed, Oherw se, nethod 106 conputes

r epeat SOBPOEREIV OB FEIETE, 8 WHEY Y UHEMYpaatedrbpenid famfhelenteswiatues are
used to conmpute a new set of boundary conditions for the next iteration.

Ot her rdstldap akp bheseAmy i nvol ve a return to bl ock 104 fol |l owed by bl ock 106
in the event that the convergence or stopping criteria are not net. This
allows for iterations that involve both rigid and non--rigid Attorney
Docket No. 20004. 0049 (VU1040) phasegito i ncl ude enbodi nents with varying
ordering. [0043] The convergence or stopping criteria at block 216 can be
defined in several ways,



For exanple, the convergence criteria can conprise conparing an average,
mean, or other neasure of the updated spatial distance values to a
t hr eshol dwoabug91Zist us, if the neasure is | ess than thePChsstalocoval ue,

convergence criteria is nmet and no furt eratiqns. , Ae
Alternatively or in conbination wth thr’%ﬁ%ﬁg&ﬁgﬁggl8&#%&&%%§ﬁz$%¥%ria can

al so be provided which conpares the current and previous sets of spati al

di fference values to determ ne whether a further iteration should be

perf or . For _exa t he convergence criteria_can conprise conparing or
cal cul 555'% afeorvffgp SHE et vRAH ﬁ“ﬁ‘é“ﬁ\fé‘?‘%é““ﬁ%’a{r?@ﬂ%‘m&’t Herowg4sire of the
current _and previous sp atlal di stance val ues. Thus e difference is

| ess t H%‘?Fkafﬁg*ﬁ‘é%ﬁ%ﬂtﬂk VAPTROR SRR BT GErce e PErs fielq %i ‘rﬁéw é?m‘xm*ﬁ@m? @it her
iterations are necessary. Further, in some enbodi nents of the invention,

the corvBpgrenddleckididripiathe apmpect Radcla hmbendsy cprdiasicomsurdvebiotcurred.
However, the invention is not Ilimted to the exenplary convergence or

st oppi S dwi aaeh nedecen éF evrohisredda by k BisalagirenboccRat e fl.¢ ypecisficular)
convergence criteria conditions can also be used in the various enbodi ments
of t he th mrengdnownfafe00aad prictiphecravpodimmentadizgfont A&ug, threvan Orilie rchdtiker nel
used to generate wei ghts can be adjusted at each successive iteration. For
exanpl eyveiage tvhiecscasebeofised te ddital 2 Keeneh dfungiohohrisabodiisrent | Farther, tladi us
size can be reduced over tine to prevent excessive deformation, Such a
change wamhitheod pinbrremly axprd bpanelarluckuiftdhesly ctibeakemneimdintiticonnean al so
vary spatially. For exanple, in the case of a radial kernel function

enbodi enions bhée radpuss rsidze can be |arger for sonme portions of the conputer
nodel . [0045.1In the enbodinent illustrated in FIG 2, the original,

un- def guosdg Commhﬁﬁﬁ%deﬁﬂaﬁﬁ)M&ﬂﬂuh@nﬁUﬂmﬁh&Mﬁﬁﬂﬂ&ﬂ&MﬁM&@ﬂ)ﬁﬁﬂham
successive iteration, However, the various enbodi nents of the invention are
not | i nikdredictin2dsss u:fe@@@-ﬂﬁinehﬂ SRR ByedhoRRbsditdB ecitonpuLias onpdrle can be
Attorney Docket No. 20004.0049 (VU1040) defornmed during each successive

i t er at iR bechNMS gn@aG Rorich @@tk ANunQfindolBnept. Mutatd OB 1eaRchReoRased .enhan
updat ed conputer nodel, not the original conmputer nodel. Gven that the

appl i cakkPru@fy houpdany s RIAGENENE ScrdpulPRhdRd Wilh Re COMPULEL kM ation
can be dependent (by design) on the shape of the structures bei ng nodel ed,

this 'rasuht hfodidibersnt chranst prvaid00s jehoha®Xamp & lfedhecRoundary
di spl acenent was to nove perpendicular to the surface of the structure

bei ng npdelede At gachdd &% &d Qe BldQudt A NG, %Q@Qf@(ﬂk%ﬁ%éﬁ%ﬁha& gach
successive iteration would change that trajectory. In addition, when one

changes,{hg.s ?P@m?%autoﬁ%%{i IGH e Gs el g gﬁ)g&aﬁgiﬁ%tcn O(?%ghéu%ﬁsr b Meq L he

transm ssion o he successi ve tra SmM SSI on ape can cﬁange

For exappl Q¢ aRRI%! gH! xﬂes SANE oL 8YBle Bl QLS tbhdk Orflle A il g@tm%ﬁ gr ow ng

in geonetric size results’in el"evat ed sfresses and nore consi dera

def or h for ki i ccount . cha s 1o h Qf t he
m)delgg$Pc Fﬁggﬁwgsﬁﬂp%mﬁ s %5%% |%§hﬁrﬁFﬁh$énh’B%§"ﬁ%%i gjggﬁgrac of a
bi onechani cal si a e, abov spe@k to, varyini Q
realizﬂﬁ ' geo n§¥r4%““é%lllne # b%ﬁﬁ@lgl %ﬁ t'h ﬁmiei“ %T%nng%E% ”other
enbodi nent s nv n i ne behavi or

const| PUETVETBLRAGID 3‘”5% 1Blgg E‘gﬁ)“@%é aEraper et el PE R iR ng. or
separat on of materials, itio i n some enbodi nents of . the

i nvent it %SmﬁIﬁ’HP‘ﬁ PR COF‘F%P Al ﬁ?’&ﬁgéh%é SPBRHLOE &R ThE }g ?Wfﬁfﬁéj&f’éf&mﬁ”és
successive iteration nple, if an update conmputer nodel is used
duri ng ‘B4 @%\'gag&ﬁtﬁf&ﬁshpaﬁxdaw @tﬂﬁdﬁa?uf%aﬁgm REghifeRt S@éﬁﬁ“‘oe@ﬂﬁéﬂi@ﬁ Hed
during each iteration or after the final iteration is performned. 10046]In
sone erBOBTHEHY SOuIe FIRVEHPR bicd {He %ﬁrﬁl&aP@Vb&émpw(éh%ﬁﬂ@éﬁe bg1us%s! be
appl i ed

during the simulation. For example, the simulastion can be tuned with a linear elastic,

hyperelastic, or viscoelastic constitutive law. However, the various embodiments of the
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in different ways during each iteration. For exanple, one exenplary mnethod
is to apply each new boundary condition to the original, undeforned
geonet ry Wei2og/mhasnor mal direction associ ated wi t h t hePCiTgisdoigioe19ee ur e

shape. Another exenplary nethod is to apply baundary ¢ Ji tions tq.the
undef or med geometry but vary the nor mal 4ﬁ$é%1<%%§§%b§@§ﬁﬁ%4f§fq§%m
non-rigid shape changes. In this scenario, an undefornmed nesh could be used
with a nodified normal. Attorney Docket No. 20004.0049 (V1:11040) Anot her
exenpl ary nethod woul d be non-rigidly deformthe organ, and rebuild the
conput éFY S FRURbRIHES @ﬁéﬁ%f“é@vggfﬂﬁlﬁéfmﬁﬁwa@% € PR LS PR ERISS W h €5
new shape. LOCAL TRANSFORM GENERATI ON [ 0047] Once the deformation

di spl acénfit “irett 61°7F PHrY Py iGEAgres e, hadcyaadiape dUalevEei HerE™ of the
preoperative i mage data could be easily deforned and the surgeon could use
t he newiitiagEcE pace ANdAAL B PReFEIMAL t & phesradiduiil:t ist st KESEseHBweYer , even
when a substantially good alignnment is obtained, using an approach in

accor dededinionh thee cvarploutic et merit regfion henld nvenediord & reprgervant i onal
approach, IGS may not be straightforward. [0048]First, since the

def or metvbioge of nerhelscomputer reprsd el thigoubdilr édigl vsdrpddfdringtinolnofasone or
nore portions of the imge data, details of the non-rigid structures can
becone aixistbér tegaiding| dimdaednedrdimvien obkh cerldttediscds Far pesulie, it shelusial geon
may have difficulty in properly identifying the |ocations of sone features
of the lmoimark gi ¥e stegotbme dnd dutbgevasipde ergabeadnd weacqpr@tie gplpasichi oni ng
of an instrunent in inmge space can be difficult. For exanple, the

def or natfition fdisptaterpntew ediren appiebdonval tiebrandliaetidiiesdiefndsorgd sconput er
nodel could be used to identify the position of an instrument in inage
space. doegvedencd dfehdtherent inperfection of the nonrigid alignment between
surface data and the conputer nodel, errors in the surface data, and errors
i n the jeemput enndyBsielol@adirif 8SUatibh HEKNANEOMS opRSittd QMY 206, shAgiasent s in
i mge space, and thus in patients. For exanple, if the non-rigid alignnment
resul t sobpu@r PRt @ ©f odberdeldonp@d: compubeticimdel. heimgiapasici-aned above
the surface data, positioning the instrunent according to the conputer

nmodel  MRYof.eSd feid Raitfiesrd DSUNYHEREIN BE NLiRRS b HONEE s Reif-abkitiel RolidTRge
space, but above the surface of the non--rigid structure in patient space.
Even Wof §8waiif, 1hgoROMar il &l SRORPLAAGSH & SuddRie@ R bRNKOfup P&

def ormed conputer nodel being positioned bel ow the surface data,

posi ti aRiRgict REALINSH LWIRNL BCEAHidNg LR LHLCOMPULRILNBIS e IRYS RS t TN
the Attorney Docket No. 20004.0049 (VU 040)

simulation has converged or whether additional simulation is needed. Theretore, the spatial
difference values are ovaluated at block 216 to sec if they miecet a convergence ot siopping
criteria at block 216, It the convergence or stopping criferia is met at block 216, a deformed
coraputer madel is output at block 218, Optionally, the accumulated deformation ficld values
can also be output at block 218, The method 106 can then resume previous processing at block
220, including repeating method 106 if the non-rigid structure is further deformed. Otherwise,
method 106 computes repeats blocks 208 to 216, where the updated spatial differcnce values are
used to compute a new sct of boundary conditions for the next iteration. Other realizations may
mvolve a return to block 104 followed by block 106 in the event that the convergence or

stopping criteria are not met. This aliows for iterations that mvolve both rigid and non-rigid
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i nstrunment being positioned perfectly in inmage space, but below the surface
of the non--rigid structure in patient space, possibly damagi ng the
non-ri gi dwetpuawirie. The problens are conpounded furthewcmﬂémnpmsﬁméoning

of the instrunent in inmage space causes th v al r
positioning errors in patient space, 8’ ﬁﬁb%g&? F&gﬂ@ﬁ faﬁﬂWm tles
anot her aspect of the invention prOV|des a process for inproving the
transformfor |ocating an instrunent in inage space. In the various

enbodi nents of the invention, a local, .non-rigid transform can be provided
f or gg?%g“FPQH?%?%§QW%¥PPUh@HFWﬁﬁsW?F%m=|n patient-space to its
approprlate position in image space. In particular, a mapping adjustnent
consi stiffflof ther@avsedrs P eﬁa?p%e%ipﬂ% rlabietiot scapdicuirgae Ehange Vivsx, v,
and z position in imge space) is provided. Using this mapping adjustnent
t he cuﬁ%%ﬁkﬂéﬁﬁe@éﬁﬁﬂﬁﬁﬂﬁm%Pﬁﬁﬁ%n@ﬂeé@Pﬁﬁbﬂﬁﬁﬁﬁ“%énﬁﬁ@éﬁaﬁﬁ“ﬁnﬁ@é ¥pace to
the appropriate i mage coordinate such that the proper inmage slice rendering
i s genepwredof Phijugddig] e dptaged Yauase y8resheldd: dﬁlﬁ hes if tiangasaredBicbor one
of the individual transthrnms as an exanple. This local transformis

enmbodi ebenibe Huedwpertiut goivesgencaentrid ocatt ol tonfuthisitdeses iapt fasessathionever ,
any structure or |landmark identified by the surgeon could undergo the

t r ansf oklfarptiode s in JooOBB]F @l thl3AhaddaiBBeiiktiusticat ex @y texarmie wficht he

| ocal transformfor the 'y' coordinate associated with correction before
and af teemprosditheycngnt kel peppungels P agdiol ddroecwivtibesate éndodicmehtihofa t he
invention. FIG 3A shows the raw transformnmap as provided fromthe

nonr i gifdstiadriigruven khphb e perAsmsoWmFar _x By, BAcotvearsdfcorrivatd @nsocatpesonl y
provided within the surface of the non--rigid structure. That is, the

non- 66d:oalh@nmentaipiotess dpfcavicdesmact el sheafoe dinspl, ac ementmasaat off Shd hat
allows for the displacenent to be determned at all |ocations within the
or gan strb@aced pleqidlsl owis maetbe taianst DERRL BAGifRS 18 SUkgeOn appkraathes t he
surface of the non-rigid structure in patient space, the various

enbodi NBRLES c@fvcleb@ el AVERL K OR:t APl @Bl TifckSioMe 4RI Re8SSyt Futbe, KaWdd ansform
map of FIG 3A. 'The resulting transforns after applying the Attorney

Docket  dNthod QA%+ @QARy dn Wbl QRO 0@ bkf b VB R LOC BS BraPd BrINPWR ithBtidrk Gav3B.
There are many ways to generate this transform envel ope and a diffusive

Pr ocesSychigrddUstioRAe:, PAS $hRh & 8ald: 2@1il0N: KX behyembediienhs: soubghiivol ve
various averaging schenmes, navel spatial kernels, filters, or a

' nei ghhorhaod,; H(Q}QR‘E':QH%& ibg( R({iﬂ)ag 5@]1‘,' %l{pQ»@ 88 D%Lﬁtttl Ltk Le&h@bnfs ukl ;3P | ocal

transformati on mappi ng as shomn In 3B, thi's transformwould be ported

to the{;§§(§¥%gqqhoJ H&md%?n%@&ﬂ14§§ﬁﬁ&ﬁt6d W th instrunent p05|t|on i's

collected in patient space, the ocal transformis applied in image space

to P OVl e, APAL ARRb AN SR Uk By bl bt KRPLPLAREL CaLdl Db mage

pl anes can be rou € surgeon S a nore

accur ata,gjajl {'qer S%&l gicp sw(f: 1@13&91&'?0 ig\{nﬁgcq hﬁggl_ cgssguoft r mitkh{*n% ﬁn%gess are

conceptu ustrated in Ai's e di Tren ows for the
prlstlne t he orlrlna% at a. {t shoul d be Qt d that
addi ti onal" 1t‘“‘éjnsi’f P B € %u‘“{@éé*e‘“?” g Osp"‘rée%yy %‘a““t g° %"”“ Fovi &2& to the
surgeon Ellloﬁcqug ! q}% ﬁ' Co(% %S‘ tEmc£ at pui R)l Q&n ¢ %H’E&%L L'ln also vary spatially. For

example, in the case of a radial kernel function embodiment, the radius size can be larger for
some portions of the computer model.

[0645] In the embodiment illustrated in FIG. 2, the origingl, un-deformed computer model s
used to run the simulation for each successive iteration. However, the various embodimenis of

the invention are not limited in this regard. In some embodiments, the computer model can be

st
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[0052]FIG 4A is a diagramthat conceptually illustrates the process
whereby an inmage slice fromthe transverse plane through a liver is polled
based on wWoOrmappiymy8obt ai ned ,, vi t hout any adjustnents POALUS2EG1,1/021980

al i gnment provided by 104. FIGs, 4B is a, | |
|Ilgstrate§ t he procgss wher eby an |nage géﬁgkgﬁﬁ @ﬁggﬁﬁisg#%%@blane

through a liver is polled based on the non rigid of FIG 2 and a | ocal
transformin accordance with an enbodi nent of the invention. For the

pur poses imuylating an 1 GS dis in FlGs, a sim at ed

styl us %Eﬂf%ff e mﬁgssaae.ﬁﬁ@ﬂef af&géc?ﬁ&t%g@ﬂt%é?q %i%E‘“Plh o bRl to
lateral direction on the physical patient, where the |ocation of the stylus
i s sho BriPdaied a?i%wg@dwhﬁ@feﬂ%gﬂ%@%@ﬂwtﬁhm?% S8 HSARPEGF O 8tat i on
enphasis. As shown in FIG 4A it can be seen that because of inperfections
in al i grittedity dispiAGSEEs yoRicH g EORPAE FERRERT 6# P daprdeoutiafderpy, o), a
cursor can fall well off the organ (l'itver in this case) in inmage space as

t he st yhushape offegeeiuge Poiss rngeiod dhsvesld reulpmy dfferrpt Grveynmisekef oNo.

20004. 0049 (VLI1040) lateral surface regions of the organ. However, by

appl yi rgaapinoh theibgidianappilrgmervets gpaoi hpaewdicdaneshaiur ficast tbpBodivrent  of
the invention, a cursor position can be corrected such that it does not

i naccurtatrglnyodepor tach tisrapos elidwong s sbgicngclofife tiveciougansi(d itevsroniwpuldi s
case) in inmge space but rather accurately portrays its location on the

or gan asatgdeehs tugleusryi. Shaddgge dviac vosshaapd thedepest thharwbrebdiag epddledsur f ace
regi ons of the organ. 10053] One exenpl ary nethod for determ ning such

mappi ng:t agjhuistarent e inanaestrd dedadbel bwswictRive espedtsidnooifdhtpe Gn dbhge. 5 IS a
flow chart of steps in an exenplary nethod 500 for cal cul ati ng a mappi ng
adj ust mentexdraric, appivigtthaipend el dl of TBGE oS PAGLakA HAC Bafr ang én Wednkeu@Nsize

enbodi nent of the invention. Method 500 begins at bl ock 502 and proceeds to
bl ock 504its M cibl0GkstDQds aidhareSehSdd e Jdfamnstion NTRG:RBR, LRSSk RO cbN
patient space to inage space are obtained or received. In particular, a

| ocat i afa@fes ih@e sRSE LAMRNEodRdIRBL @O HeSRBE AelkiSod GERLMB M IENREurady
conputer nodel of the non-rigid structure is received, along with

def or mafria SR a¢ SRRk oY e oL@t dfd Bbd: yaluesy z@ﬂﬁ{a&&%x&;@ 85RO BUSNGE:
function for conputer nodel and surface data after the rigid alignnent,

such as;hhg.def-ormati on gdirspl.asepRplss ot anbfwﬁiﬁkﬁi& valuesiandainhitial
correspondence function obtained in FIG 2. Furthermbre, data associating

the conpul.afniRdel o %Q;g&%wﬁ% bdl@ix’?m $ @l 5O L8LRINVERd | BB lLLHLAr, the
relationship bet ween the nodes of the conputer nodel and the voxels in the

| mage C@ég"ulm%mﬁ g?\%ﬁt\(g% §gsﬁpo@&i (%“aé&laogiggéﬁn &%ofai R Bﬁmgejddgﬁgai\é \%@d an

i mage/ no correspondence unction e da tais received at

bl ock 504 ﬂmun \nﬁk?@gﬁt ypg?éxmﬁ f&eﬁ&%@ éd&glsnm)ﬂ&'d & IocE %B f o ”EF@PL da'?l

patlent pace starting he ri

al i gnne )}1 3' tn}c i r Hqtll C,)l‘lldc(f?lnnf Iagﬁi mpa%ogs?da&d%mtng}aij?gsx;i (&)fl nnti not():atmr ormupf the
nodes ch 16 e CO ut er dl%’ nt % oca 1 ONns

pati ent, space espondence function can be used
to mp ¢ “Hgga% 6¥’aﬁl ggr%‘ﬁ?qiwﬁgonhﬁ“ﬁﬁnhgpace. Afterwards, at bl ock 508,
t he de&g&&gtl n di spl ac QEO tctor field val ues can. be us ?ngrn1the

ome erobodiraents ¢ invention, the boundary conditions can ﬁw bc appht

comput
in ditferent ways during cach iteration. For example, one exemplary method is to apply cach
new boundary condition to the original, undeformed geometry using the normal divection
associated with the rigid structure shape. Another exemplary method is to apply boundary
conditions to the undeformed geometry but vary the normal direction according to the non-rigid

shape changes. In this scenario, an undeformed mesh could be used with a modified normal.
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Attorney Docket No. 20004.0049 (VU 040) nodel in patient space and thus
provide a fit to the surface data in patient space. Consequently or in
conbi nat WO 20ittd91218e def ormati on or transformati on of tIRETIUSC@LI0R1Y90 Of t he

nodes of conputer nodel at bl ock 508, thg nodes of .th , r..nodel can
al so be associated with reverse defor rratél‘t@hm\}if%‘g%ﬂ\é’fE%(ﬁ)gg’gg%@&f@g%. , the
negative val ues of the deformation displacenent vector field val ues
recei ved). 10055] The steps descri bed above wi Il be generally sufficient for
enabl i n n 1GS to place a cursor re enting the | oca of an

" nst r RHET § Shj ety iRt ‘““’%‘#gﬁéﬁm?&é SR e pYsIc iﬂgﬁthfw?lH@ef
mstrurrent/ob ect is within a portiaon of the non-rigid structure. However,
out si dé‘ifﬂl‘@é“%ﬁﬂ} §f aes e rad @SO%I%?W@@%{{W%W?%%W Pekly revert back to
essentially arigid transformation. This can result in the cursor position
junping erratically as the inst t/object in noved. Thus, prior to any
transformation of instrunent/object |ocation, the various enbodi nents of
the i nﬁéﬁ&ﬁ%ﬁ%‘\?ﬁ?@ﬂﬁﬂ\féﬁﬁﬁlﬁ‘atl ng additional reverse displace field
val ues in regions of patient space surroundi ng the deformed conputer nodel
at bl odR#12. (Nvedke dadelintition dispainiat vishm sl o anputied abyleicnbtdidevs ol ving a
partial differential equation that describes the process of diffusion
expl i ciitiby2.ubd prgormidtivainape dith: foerld he easpip tihlodnoinnt e smarcar aduld exdbe ggmi d i n
patient space prior to the transformation of instrunent |ocation
coor di natgsspabn atchilga érbodinprtsedalith toxXelSs Assocei atved whet h sdiestaarinbd
conput er nodel _ have undeform ng vector displacenents associated with them
Taki ng g@nd kngindnd salbtagicg phsaygemenbrogeh o acesrganct héthnedivalout embatieead of
di spl acenent direction, the aforenentioned diffusion nethod can be used
wher ebyhi hecomediond edi@ed iahigirapbrodits phacementte sesighifdr-xed. Wi thin the organ but
allowed to nunerically diffuse to create an envel ope surroundi ng the
conmput gpg4mpdel pirsThuse tandaddiatibobalhe sipbikr eo¥evapel afuinenddrbgiatdon of
transformations is defined in regions just outside the surfaces of the
non-ri gind o8 kibHGCEdi s of 110 iBRMaleD BehilUSF tileldnneSd ArdcRGisQn bhdinesnmatal v
transitions fromthe reverse flow field values of the deforned conputer

nmodel  ighRRAt bRty SPAGEIANd s hhQuh 118} dirtdoansh, oL Bl eaWIeserd ) Batihent space.
At t or ney Docket No. 20004.0049 (V1:11040) Accordingly, if an

i nst r unBnid.Rie Gk sbfic kOGALLH SR h? & suthacs gt l@;@&cé‘o@u&!ﬂg' ghestafuct ur e,
its transformation into the original conputer nodel space will be based on

the envelopg.f %E He T AR N8kl O bl 'L%{‘ﬁé QfBEL Oy JANSIe, B RRRHAG S
generated to allow for a snoot h I'ocal transformwhen a siyl us/object is

used W f, Q;'t e hBE b Oé et sms ;‘3? By wetdgfoﬁﬂ@'p%nﬁﬁ?& 48 0‘39965& %gé 4 ;B gals,

surface n sone e Inents o I nventi o e part erent’ al

equatigp. g&%ﬁ of &% dd %%‘nt o aﬁgg'@%pdé)f‘ o }C’iﬁ%ﬁf inh€ tl%e;@& 500 ok .00k Timted

inthisr a other es o eren UatIOHS or

i nterpolati hods ca S nvel elnth various
enbodi r}:iéh{ flh mf{]e ‘in, ?ﬁ}qe\'n ﬁabcndag%%ﬁi %xg 001918 m; r%def gthg)g the \ufm%edia% or hood

funct | Onralrw M optn p 6%%@ c4n r 3 npm S:pQ 19 ing ’fmgrum P ﬁ.a
processed A T i 12 ‘t?é e SR R Pt ?%b}‘ ¢t
| ocation.into |na e ace can egin startin 514,
and thus 1n paficy ? rexample, if R«c %ﬂn-ngid al 1mmgﬁ Tosu! \ m .5. portion ‘of the deformed
corputer madel being positioned above the surface data, positioning the instrument according
to the computer model may result in the instrument being positioned perfectly in image space,
but above the surface of the non-rigid structure in patient space. Even worse, if the non-rigid

alignment results in a portion of the deformed computer model being positioned below the

surface data, positioning the instrument according to the computer model may result in the
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[0057] First, at block 512, the reverse flow field values from bl ock 508 and
512 are used to initially transformthe coordi nates of the instrunent
| ocat i on WO 2pHIMEI8 space, Afterwards, at bl ock 514, thi #Crasatiionvdat a for

the instrunent/object in patient space ig further ansthrr | nt.o, l.cation
data in conputer nodel space. More specﬁ%?%%?l }kﬁﬁgir@%gﬁg%%gb H#ﬁ%

I nstrum enti object in physical space is transforned by the reverse
di spl acenent field. Once performed, the instninmentlobjec,t |ocation has
been effective%y undef ormed.. Bl ock 516 can. then ap I% the sformfro
pat i ent"SPEER borg Hﬁ’&é}ﬁ%a‘&%ﬁ@% T IngifaricgPE HITGMeTE T ShiF SPRTEESoci at ed
wth step 104 of FIG | (or the appropriate (Lgid t ransf orm dependi ng on
the enbyfHEnt? BFICE epacy, PYREW fHeE ST BYHET oWacHie: bl IG& KEOBMS §ffd 516
are conpl eted, coordinates for an instrument/object in inmage space are
known aREPaFEFdpHibat shinmegdiogas at bamspementie fivea epce fauses both vertical and
lateral positioning errors in patient space.
88491 In view of such difficulties, anocther aspect of the invention provides a process for
improving the transform for locating an instrument in tmage space. In the various embodiments
ot the invention, a local, non-rigid transform can be provided for mapping from the instrument
posifion in patient-space to ifs appropriate position i image space. In particular, a mapping
adjustment consisting of three individual local transforms volumes {change in x, v, and z
posifion in image space) is provided. Using this mapping adjustment, the cursor representing
mstrament position can be moved in image-space to the appropriate image coordinate such that
the proper image slice rendering is generated. This is conceptually llustrated in FIGs. 3A and
3B for one of the individual fransforms as an example. This local transform is embodied with
respect to fnstrument location n this description, however, any structure or landmark identified
by the surgeon could undergo the transform process,

-

[08586] FiIGs. 3A and 3B illustrates an ocxarople of the local transform for the *y’ coordinate
associated with correction before and afier modifying the mapping in accordance with an
erobodiment of the invention. FIG. 3A shows the raw transform map as provided from the non-
rigid alignment phase.  As shown in FIG. 3A, transformuations are only provided within the
surface of the non-rigid structure. That is, the non-rigid alignment process provides a field of
displacement vectors that allows for the displacement to be determined at all focations within the
organ surface. To allow smooth transformations as a surgeon approaches the surface of the
non-rigid structure in patient space, the various embodiments of the invention apply a dittusive

process to the raw transform map of FIG. 3A. The resulting transforms after applying the
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bl ock 518. In particular, the relationship between the deforned organ(s) in
patient-space as captured by instrunentation can be used to adjust nodes of
t he conpuweromadeli8such that a conpl ete path between th@&Cvraxsediz/onfon he

i mge data and the location of the instrupment/object .Attorney,Docket No.
20004. 0049 (VU 040) can be derived for dﬁg%W% g “ﬁﬁhé@&%gﬁﬁg5“g%ﬁ5>

[ 0058] Afterwards, at block 520, the i mge data and indicia of the

i nstrumnent/object |ocation can be displayed during the 1GS procedure, In

t he varj.Qus enbodi nents Qf,the1anené|on, the i mage data and indicia for
the i nstFEwEnRPE; &6t STO8R Bt SPt ay 8IS i FARSUT Fe ST i ransfores

t hree-di nensional format. In the case of a two-di nensional format, the

i nst r urfSKEoNc ¥Rt 7 GRTPICINNREGE 1§ Jat O AASHYE® (REFICE i (Bt PSP S bpri at e
cardinal image slices in the inmge gui ded display and the cursor position
Af t er welFEYe YaieUs medeigatchcamd el gBHaica e laprs gl ayisighaerhBpbEReB2El  Once

t he correspondence ofinstrunent/object physical position to that of the
parti cubat voxel in image space, any number of standard displays can be
generated. For exanple, the standard cardi nal inmage displays could be used.
Howeveri#tdhy argbradoherotidies! thafur MRidcenraxipriegveduipninghe shovage ¥pads. coul d
be rendered with sone relationship to the cursor. In addition, while

i nst r untentiizofpee tvobiddat pond its tienfdor tatty, The. patiiz essotintaf ectongtivireom t he
current location to a neighboring location is likely to be inportant In
order twsippowsicdBecsadoh prtrhospaet thedgcabtrdneforiobf gotisd orimbgratécan rayniette
surface or nearby may need to be transforned to i mage-space to provide for
accur atsppnrasitgatiftoms 4 restihitse page dhinad bansfpbmm strepshroattk dp be dnodid | ed
such that the | ocation/object and nei ghboring portions are defornmed and

ri gi dl wigpt-gnstiondededon dehei hio@pROEapE valiesipasid 40nshd ReddrBgEhs pachs thus
ensuring that when navigating froma current |ocation to a nei ghboring

| ocat i anisipfocplyst calegpagaiitdatdtiheicornespomdi Tigs pabliihsRgdcspasend s
accurate. The nethod 500 then proceeds to block 520 to continue previous

pr ocessiRgse Gl U Rgikepaatidrg. neibed RAGuwWheBbel et basiduNeakioss ppved.

[ 0059] An exenpl ary hardware configuration for performng one or nore of the
t asks igdentihld @EeaRONEM thb 8RB ol fh&Bn td pBvids ashewnphebowibp I G 6.

FIG 6 shows an

target.

{00582} FIG. 4A is a diagram that conceptually illustrates the process whereby an tmage slice
from the transverse planc through a hver is polled based on a mapping obtained without any
adjustments, that is, the alignment provided by 104, FIGs. 4B is a diagram that conceptually
lustrates the process whereby an image slice from the transverse plane through a liver s polled
based on the non-rigid of FIG. 2 and a local transforru in accordance with an embodiment of the
mvention. For the purposes of simulating an IGS display in FiGs. 4A and 4B, a simulated stylus
cursor is shown as being dragged across the liver in a medial to lateral direction on the physical
patient, where the location of the stylus is shown on a transverse image as a dot with the arrow
shown for location emphasis, As shown in FIG. 4A, it can be seen that because of imperfections
i alignment using purely a rigid transtormation (step 104 of Fig. 1}, a cursor can fall well off

the organ (liver in this case) in image space as the stylus is dragged across and reaches the more
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exenpl ary hardware system configuration 600 in accordance with an
enbodi nent of the invention. As shown in FIG 6, system 600 can include an
i mge/ datwoppud®sasr 605, a display Attorney Docket NoPCZQOBGQeL102¥90

(VU 040) nonitor 610, and an 1C1S contro he r r can be
coupl ed to an optical tracking sensor wh %%m%g%§#§}§ %ggéﬁ%§§49%%ﬁ i ca
caneras 630, and emtters 620, 625, and 635. Further, the I.E S controller
615 can be coupled to one or nore emtters that can serve as instrunents
such as 62? and 635. 240 iS a separate conputation node controller that

i nt er f 4888 FEHEHEFHRG /ﬂéra?fﬁalbr Bobe sar 60 ®ORE TS BEYE O VRGAR 1 gi d
deformation correction and the enbodi nent of rel ated processes Although the
var i ous'EBPERENT $" SFEOSREHTIAY SEPFAPRIE Tl BeT RIS R BpYHEit sUC hE
invention is not limted in this regard. For exanple, the KiS controller
615, t HEe MlGECHEMEl proEd s Seritiens, beand [t fie cshpiicat B CABHE B8t 18P er 640
can be integrated into a single system Simlarly, depending on the nature
of cor r@éﬁtgﬁ acEalely optibAt olrcHisd errc Batarainl ©r he 40 leol| dagsed sevar atkd i nt o
mul ti pl e conputati on node controllers networked together. [0060] System 600
oper at esaches tholmbvsicraFiursees regimitt ¢idhe 62811 s often affixed to the patient or
supporting surgical instrunentation. This could be replaced by providing a
fixed dédea roentxcfiplay Mitkods80)donirthing tird opanat kégstmoomis Sensbed 630 i s
used to determine the location of all emtters within the operating room
(t o i ndlcudewoptéspal tstil. bs 8205 0z fipetcbmt bhbikys ia ah asenplargngehsicdiner 635) .
Emtter 620, or 635 could be used to detect a surface, or visible structure
of a. nehuliigd d osgar afjudhetlfocat iamuekntan gt sprent . acHoweve rwitit he
invention is not limted in this regard and nore than one sensing system
can be dsgedinicat piay indentSur fageodiiDacand A0lodkNSLrauopaickal|i@blocpesd.t kon dat a.
An exanpl e of a systemfor generating surface data is a | aser-range scanner
syst embisditcing agud e Read Seaning n Susham:ips pditaegabyio3badd Ghdeake Sasipar at i on

of Danbury, CT or a simlar system custom desi gned by Pathfi nder

Ther apetrb@sich NGy paficMNashvichhi®, of T inSGReS S bANE: da& CaRahkke ofirieapt uring

t hr ee-di nensi onal topographic surface data as well surface texture mapping

usi Ng aRnRALEAY0QE foha sBRIBIS:ERF: SXAMN @, aloBs ONG @rhediivebkpBeseanni ng
field of 500 horizontal by 512 vertical p0|nts can be acquired in 5-10

seconds, 806 kg &diue AMtOhD ¥ LGB NRa 1130 09404, (MEL040 )suit{&g generat e

surface data of exposed surfaces during |IGS procedures. In sone

enbodi NENG ;g SHERR SYSk &M tﬁ@rm@m;ﬁ@lchﬁiqmemhh@%@&eﬁa&'mkﬁ%m $pace using
a digitization systen1and calibrated using phantons wth separate

' ndeper&%ﬁ“@% ]gnqgﬂc,ﬁ' 4; {u Eﬁ(}ﬂ )@)mrﬁt?ﬁn Wl d }ru‘?i%rgﬁ?@tdaitx Hesm 153?%" &1 951’111“9@'11'30&‘5@ e. One

advant age aser -r ange scanner sys em over ot surf

di of ti 25100, LECN) AUSRT-S: 8. SARBRLLAL YOl CRRLHI LAG.dieRL Y8l draf), texture

maps of the surface as we to ogra Ica ar acteri stics

texture orrarag}p Tter %03 ace% axlrol\gis u’? ﬁ} luln%g‘c{ §ia }J}gcﬁ&‘g”% Eha ré:micms up &nhcﬁso @Ct I On

of theﬁ or al preop erative

enbodlnF§ c n;n an in Hraggund pr obe mhlch could acquire
ext er na %? %8 O8F F@%%ﬁ %a’% “Me data could be used to extract

any nu[}g(g%i goug dat & \ft %Tg !\u (54 Xt elgnr%aflr‘v a)' n/c?g)ml ?&grerl;agng)rl (,c?ﬂurhg ace
st ruct It orirsd" ?ﬁé”% ‘Gl GBSOy < P
transformed in to patient space starting at block 506, First, at block 506 the rigid alignment
mformation can first be used to transform the locations of the nodes of the computer model ina
corputer model space to locations in patient space. For example, the initial correspondence
function can be used to map the deformed nodes into the patient space. Afterwards, at block

508, the deformation displacement vector field values can be used to deform the computer



1006111 n operation, system 600 operates as follows. Prior to surgery,
rel evant data regarding the preoperative organ 102 would be transmtted to
t he conpuwetnommade control | er 640 or vvoul d have been pCoasgE@®21900 t he

controller 615. Upon collection of surfa at it 1.0n, .equi pment
li ke that of 620 and 635, the image/ data %Céég%%?t%éb% A)H%ﬁ‘l t(s?ﬂ)t“iﬁ%lt dat a
as well as any other relevant intraoperative information to the conputation
node controller 640. Using the conputer nodel, the conputation node
control |l er 640 .conpletes the rjgid alignnment of the conput er nodel to the
sur f ace eiat & PHET JERCRIDRYS PRV @ 1o U t%@mfm@a‘aﬁ? PR HOFE ¢ r%ﬁ"&q“a’lﬁf‘gnrrent

of the conputer nodel to the surface data, as described in and 2.
Dat a/ | rRig8 PFEEBESLIVIB0Ee WalPrarsy Yerssionneoans Gr &ﬁ%ﬁfi%%ofoﬁwwéc»dai a. As
descri bed above, a local transformation may al so be required. In such
cases, CHEVEbRBHLAE IMENK Gte leomdop] B wapUEaR ddman alse bsusvcEstorifed and
adj usted naps, as described above with respect to FIG 5, The map can then
be usederwsepeeiunaor GRilps ovelllaeless 18i titver theynagriarisvalupi ng Poi defamenont he
conput ati on node controller 640. or by providing the proper napping

f unct i ohspfagemirg vekderdicldrengess preoive®si ng unit 605 and allowing it to apply the
proper transformfor the IGS display 610. Attorney Docket No. 20004. 0049

( VLI 104635EXANRPIcESpd 0082 <Théo Yool lidwi grgerpignsutiior it g nExXagph éSS seplve ¢ o
illustrate sel ected enbodi nents of the invention. It will be appreciated

t hat vawisat icpreseniting preopotitt ofs: asidinght@naati thesroper letagmentisn G ptéigon

conponents shown will be apparent to those skilled in the art and are
wi t hi n dflie iscopendibjenrbedienstiaf oftthenErésé rtucthuny et onr, o106 BleAln-
exenplary systemwas constructed, simlar to that illustrated in FIG 6. In

parti culgd strudtust @l ibduiM debidNaicklyRE- 650 < @500 640 @4 S bns0Qtidd. tTHie PC
(Computer) was configured to operate as the conputati on node controller
640. ThaneaakrotHcasrddBgoditsRtuin@inpredMiidely as thedindnansdyfga: i gicdz@l TgrMent  of
a conputer nodel and surface data of a liver in accordance with an

embodi reRt (©fanl hemboMenbh oY AsMekl/oBS: tIB&1IPE QP eFadibiV EmPFDGERS oA Ghe
Conmponents associated with 102. FIG 7 shows the results of an initial

rigid akignsepiovet thencomytediisndel «402ibhtackicnaehl) wrdisybf agendata 704
(gray points), These results were obtained using a sali ent feature

wei ght i ageraeh sl 4.0 0B mpHBm8a1showsk she Tiesuldaficfl BRI $Oi d
alignnent in accor “dance with an enbodi nent of the invention, These results

wer e ohtained %3 krﬁﬁadé L »ﬁ!lgt § ;%l(@mm&rgﬁhh%uitﬂn QHW 992!_:%‘% %é’ phéekd §F ations,
As shown I'n def orned conputer node 02 (black nesh) nowis in

_?_Lgatesre éfzi%l agﬁg&gp&ﬂw &19 a%ﬁiE?i?i%%%gn énctdn\% (§1ui§1£ @f%@mg@&\%l ;Qé n‘gg%{?’}{? g)g' cnt s) .

result shown in resents a

mean cl osest RALALtedL. §&x§%?%159ﬁ£1¥‘§ﬁ&a%9§ PRgELand Sur La%ﬁfﬁm‘éﬁt 2 QEx 7 -3

0 mm prior (0] COFFECtIOﬂ on utatlon node contro ter

clos Etsﬁ‘at*'og? R T b g SN SR R %’?%E‘?ffih”of

e o o SO e RS oA o AR gl
direction, the aforementioned diffusion method can be used whereby the medial-to-lateral
displacements are fixed within the organ but allowed to numerically diffuse to create an
envelope surrounding the computer model. Thus, an additional, small envelope of non-rigid
transformations is defined in regions just outside the surfaces of the non-rigid siructure. The

envelope thus defines g region that smoothly transitions from the reverse flow ticld values of the

deformed computer model in paticnt space and the rigid transforms elsewhere in patient space.



Attorney Docket No. 20004.0049 (V1:11040) original conputer nodel 702 is
shown by the gray nesh and the defornmed conputer nodel is shown by the
bl ack nmeswoO 2p00B431BIG. 10 is a schematic di agram of a comrplftseo1gpstoem 1000

for executing a set of instructions that, when, execgut: .can > the
conputer systemto performone or nore 04“¥%%qﬁ%?ﬁ&ﬂb?@%%g@4%ﬁaygggéedures
descri bed above. For exanple, the architecture of conputer system 1000 can
be used to describe the architecture of one or nore conponents of FIG 6.
In sonme, enbodi nents, the conputer system 1000 operates as .a standal one
devi ce. ARMGtRer BHEBUIRERCY S iRdoCHHPtT e syt 8’ 10l cat” BEUCEfinétt ed
(e.g., using a network) to other conputing devices. In a networked

depl oy it OTRAEN EYNPGIEIE NSNS DUEC cRIFe OB Pat®ef AT {eTRApRcrty BT a
server or a client devel oper machine in server-client devel oper network
envi r orifefgid tesiggnagiope dhuydgchfmE S i cangeed Loy Blogeldr 2810t 9 MButee)

network environment. |In sone enbodi nents, the systemcould be a plug-in
card tovicher giuglakied is yslemthin o6BITRe crnbdik methenprd simp thsauvarl e t ypes

of conputing systens and devices, including a server conputer, a client
user conputcer, nsper sobalimgghpltiering@@pn. e tralkreditipCuiiy doapioopracdwput er, a
deskt op conputer, a control system a network router, switch or bridge, or
any ot heffusgevdgogicoapabke:rohe axwetisniingt drgted inghisirstdasdtoiteny péssdgant i al or
ot herwi se) that specifies actions to be taken by that device, it is to be
under stdidetthatquatidewircgepbiatihremphedsent bdiuse] oJunethaleseeivprch videsriamy

el ectroni c device that provides voice, video or data communi cati on.

Fur t hergmbatiirdeatsaf sierigleati@onpluetvetaging kthestes at etkighbhéophfiaseniicomput er
systent shall be understood to include any collection of conputing devices
t hat i ndesdiduabdcy OF ¢odipdick ymekee cull epadicwelpatOrns Mbdbispd et SEb) Bf6e-512,
instructions to performany one or nore of the nethodol ogi es di scussed
100661 Thescompuh ef isystemch008cq ancaking e enacpacessaegh0QdifsUchicas a
central processing unit (CPU), a graphics processing unit (GPU, or both), a
main megm@ry 1004 and a static nmenory 1006, which communicate with each
other via a bus 1008. The conputer system Attorney Docket No. 20004. 0049

(VU 04({)}957} First, at block 512, the reverse flow field values from block 508 and 512 are used to
mittally transform the coordinates of the instrument location in patient space.  Afterwards, at
biock 514, this focation data for the instrument/object in patient space is further transformed into
location dafa in coraputer model space. More specifically, the location of the instrument/object
in physical space is transformed by the reverse displacement ficld. Once performed, the
mstrument/object location has been effectively undeformed. Block 516 can then apply the
transform from patient-space to image-space, i.e. the rigid alignment transform associated with
step 104 of FIG. 1 (or the appropriate rigid fransform depending on the embodiment of FIG. 1)
Once the transformations at blocks 514 and 516 are completed, coordinates for an
mstrument/object in image space arc known and appropriate image data can be determined in
biock 518, In particular, the relationship between the deformed organ(s} in patient-space as
captured by instrumentation can be used to adjust nodes of the computer model such that a

cormplete path between the voxels of the image data and the location of the instrument/object
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1000 can further include a display unit 1010, such as a video display
(e.g., aliquid crystal display or LCD), a flat panel, a solid state
di spl ay, w0 0110@1318de ray tube (CRT)). The conputer sysPERUSRAA/02#n0 i ncl ude

an input device 1012 (e.g., a keyboard), cursor control i 1014
(e.g., a nouse), a disk drive unit 1016ﬁmgn%?d%%%méghé&§¥ﬁﬂﬁyﬁé€¥%§)1018

(e.g., a speaker or renote control) and a network interface device 1020.
10067] The disk drive unit 1016 can include a conputer-readabl e storage
medi um 1022 on which js stored one or nore sets of instructions 1024 (e.g.,
softmaﬁ@né%ﬁ%¥@ﬁ8ﬁ§F§GV§HmF@Gﬁﬁﬁ?enent one or nore of the nethodol ogi es,
procedures, or functions described herein. The instructions 1024 can al so
resi de, [08p| eb@iryais aaplopleddls tsdmpgeaiafaand jdic of hh@siRaPHYANRE 4004, t he
static menory 1006, and/or within the processor 1002 during execution

t her eofcapye thhelagehititngris Y aiprae0. Inﬁg@ VHEIUA CREAYFYIIL 0D heandiifie i ocessor
1002 al so can constitute nachi ne-readabl e nedia.)[OOGS%Dechated har dwar e
i mpl enefegt ¢amand indkiadenite DR ebipdt giut ecddigayeappt veadirensiongpeiciifepc
integrated circuits, progranmable |ogic arrays, and other hardware devices
can | i kbwiseonpelogorist ubt ede oz wplliewentiat Rempetihddsudeddedabediniarpgd n.
Applications that can include the apparatus and systens of various

enbodi meatsabboaekdyio iidrlilydbe appragriagt sprdifial edhegst stiossi io tanidegoppdtdedisgyst ens.
Some enbodi ments i nplenment functions t,,vo or nore specific interconnected
har dwara=ed tipdules positide vh Gewask.tthe medzatded awdntsael caand diataged rigiadkss20.
comuni cat ed between and t hrough the nodul es, or as po S an

appl i cabicemzspecifohdentntiBgiahedt ¢ pintsicalliusion thdaeotenpbationias ystedin | s
applicable to software, firmvare, and hardware inplenentations. [0069] In
accor danag: Wath marduets: enbadheditgaefcat e prasent rdt sclgsyrie; stirdret hods
descri bed herein can be stored as software prograns in a conputer-readable
st or age:afiedi iMga Rty Gancdel KoRkd gHbE of Ahy BN OB OXfoBn SRR &k ePhaBLsSor .
Furthernore, software inplenentations can include, but are not limted to,
di stri huyted sRiecessi Ry rereotponantdabj-aatondiis tin i huteador. Atrh QuBeyn Degket No.
20004. 0049 (V1J1040) processing, parallel processing, virtual machine

pr ocesshft@meiiit ¢RBHA S0uRerSONSE et &0k Qb IRt eMent cd-Re: MBLhAds 4

descri bed herein. [0070] The present disclosure contenplates a

conput &f;dhBasabl 8. &k Of 38y B HeUiM6 ANt @i i DGerl DSELMEL LIRS AB24iRN olhbat

recei ves and executes instructions 1024 from a propagated signal so that a

devi ce ganReGtiedibQ & DRLUPEL &WVFQNIRNLc02 G GANSERG QT inl:8CElMe 1V 0i ce
and/ or video data, and that can comrunicate over the network 1026 using the

instr ugt%r&Q&Sfo;Qn%ﬂratcrﬁ%' EOSE NHELL ORS 10246 AN LA LR G ot fANSH ﬁééﬁﬂ: or
receiv over a network 1026 via the network interface geV|ce 1020.
location/object and wneighboring portions are deformed and rigidly transformed to  their
appropriate posifions in image-space thus ensuring that when navigating from a current location
to a neighboring location in physical space that the corresponding path image space is accurate.
The method 500 then proceeds to block 520 to continue previous processing, inchuding repeating
method 500 when the instrument is moved.
{88359} An exemplary hardware configuration for performing one or more of the tasks
identified above with respect to FiGs. 1-5 is shown below in FIG. 6. FIG. 6 shows an
exemplary hardware system configuration 600 in accordance with an cmbodiment of the

invention. As shown in FIG. 6, system 600 can include an image/data processor 6035, a display
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100711Wi | e the conputer-readabl e storage nedi um 1022 is shown in an
exenpl ary enbodi nent to be a single storage nedium the term

"conput erwpeadaidlnsst or age nedi uni’ shoul d be taken to i RCITA$R01a/02190¢] e
mediumor nultiple nedia (e.g., a centraljzed or. distrjhbyt jase,
and/ or associ ated caches and servers) th%t%‘:’“%etycgfoé‘k?{t%o'é @ﬂgggﬁﬁéﬁgg s of
instructions. The term "conputer-readabl e storage nedi unt shall also be
taken to include any device that is capable of storing a set of
instructions thr execution by the nachine and that cause the nachine to

per f or i¥HYT A B THole & hipfle Ak hég%ll%ﬁicégﬁ%jlﬂ fﬁégwg ﬁ‘? s EFE8Ur .
[0072] The term "conput er -readabl e medi un shal |l accordingly be taken to

i ncl udeChifE SHEE BECh FEtBP gsingoPien s8R Mshaid Beitei Rl d¥Sa*Wehory card
or other package that houses one or nore read-only (non-volatile) nmenories,
random i’a%fg%fs $henpprpielicppl Depepe caupicdn] PRl &1 EpHl §R11CE) thak Aty pieye as

magnet o-optical or optical medium such as a disk or tape; as well as

carri eringavens sgialsS28eH 648 a4k griapardprbotgidigt cefpemEridiky itfefdcens in a
transm ssion nmedium and/or a digital file attachment to e-mail or other

sel f - conttad mexteidatk arerassoo A0ty sugesesedt nasfrigat dhibyesiooonsidereddtiee be a

di stribution nmedi um equivalent to a tangi ble storage nedi um

Accor dimgloyintehe oflidetbsucesiss Aldmsglidéreduives coopardas anystone or sepore, of a
conput er -readabl e medium or a distribution nedium as listed herein and to
i ncl udeliscetogmiizechie t ivaknem s nahdnitddl indrineyaDodketxaNpic, 20008 cGO4der

(VLI 1040) successor nedia, in which the software inplenentations herein are
st or ed.s1100¢ 3hAlet oughcdshe 6ps esdnte spacidine abdotmndesardibesn companent s and
functions inplenented in the enbodinents with reference to particul ar

st andarigs @asitsiptoiacoksyildhedgesthostie dasurpotl chitatitedhd @nguehios hamdar ds
and protocols. Each of the standards for Internet and ot her packet swtched
net wor keohfr@ns N4gstami (. @paraitCRAOPmuldPR! LBypkhiIM bede anthoHII Pletk@psesent
exanpl es of the state of the art. Such standards are periodically

super sagdeghpy faster or nore efficient equival ents having essentially the
sanme functions. Accordingly, replacenent standards and protocols having the
same f upgdg; onss\alke @PNghaek ed eV akentsincl 0074 LARPLIGaNtSHPHe&ent, certain
t heoretical aspects below that are believed to be accurate

supporting surgical instrumentation. This could be replaced by providing a fixed camera mount
{i.e. fix 630) within the operating room. Sensor 630 is used to determine the location of all
emitiers within the operating room (to include optical stylus 620, or potentially a laser range
scanner 635). Emitter 620, or 635 could be used to detect a surface, or visible struchure of a
non-rigid organ or the location of an fnstrument. However, the invention is pot limited in this
regard and more than one scusing system can be used to provide surface data and/or
mstrument/object position data. An cxample of a system for generating surface data is a laser-
range scanner system, such as the RealScan 3D system produced by 3D Digital Corporation of
Danbury, CT or g similar system custom designed by Pathfinder Therapeutics Inc. of Nashville,
TN. Such systems arc capable of capiuring three-dimensional topographic surface data as well
surface texture mapping using an array of data points, For example, in one embodiment a

scamning field of 500 horizontal by 512 vertical points can be acquired in 5-10 seconds and used
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that appear to explain observations nmade regardi ng enbodi nents of the

i nvention. However, enbodi nents of the invention nay be practiced wthout

t he t heorwOi2edl098mpect s presented. Moreover, the theorePCTalS2@3P2PE ar e
presented with the understanding that Ap ica n ound by
the theory presented. 10075] Wil e varlou‘:é%% d?ﬁ%ﬁi Q@Fﬁ%ﬁéséﬂeggﬁ?

i nventi on have been descri bed above, it should be understood that they have
been presented by way of exanple onIy, and not limtation. Numerous changes
to the discl osed enbodi nents e made in accordance with the disclosure
MWm%ﬁ%%W%%Wﬁ%%#%@%@%%ﬁ%%%&@%WW%%M“%r
exanpl e, although the various enbodi nents are primarily described with

res pectsu?kbae?"’ﬁtf“‘%né‘*fld%n‘ﬁ%cﬁfh othecHEFEN R APE SB%M BE4tT SIS RS pHT et space
to a co uter nodel space or an inmage space, the invention is not |limted
in thi sehlgar dsRAHEPTS pHE sparBnsdarala iy tes c 57 bewikkrersearies equal |y
applicable for determ ning coordinates or |ocations in a patient space
based oesuliogfatlicongscofing nidepage ph thih dasgionpen sfansdertespace dhert helatarage
space. Such |ocations can be identified by providing coordinates or

| ocat i ohgitiradibatdclheqeas iaily chipadiey al captrie detor-rioh kafure ehey @ribesiriieatd ons
associated with the non-rigid structures in the patient space. Such a

conf i gurdt pothe apodrephutdl |charederiftioy.  Ach deriey Dockietn NocraR)(0841i804 9hy VUI 040)
exanple, to identify an initial |location for beginning a procedure or to

ot her wissgnasgiost i.4. heirarsen, dinhd Wentidfack g dgnwisualprapeaginst inugthgr@died n t he
patient space. Thus, the breadth and scope of the present invention should
not be drubtwiitedishypuldny: ofratieeé vaboved gese nitikddcebadiinentsaa! Rat/hehicribhe scope
of the invention should be defined in accordance with the follow ng clains
and t heirfacqidiay ahedis codid 04 6-Alid bataghunt hembavgnti@arhas beehdelchwshr at ed
and described with respect to one or nore inplenentations, equival ent

al t er atdn@sindnd: Apdcd iisatihans: wk id hogtwmeboedchers skilled in the art upon
t he readi ng and understanding of this specification and the annexed

drawi ngsesiin agdideron, Waid:e 680 RRpEhic Uksanibeat k@ ob Jherd nvenbiiomumay have
been disclosed with respect to only onc of several inplenentations, such

f eat ur e fBYind &eGRRRLAR: Wkl 1ONQOH HRLEsRRel fieabdpesiAfndibesQtdner
i npl enentations as may he desired and advantageous for any given or

par ti culsalo, aRRI fal bQR phBLLL TG L BRMIRAL PAYUNGED1BAIEI I8 shiSich Qhia lifd6: PUr pOSE
of describing particular embodinents only and is not intended to be

limti nﬂgﬂmdﬁ'&)h@qd;&M&ﬂhL‘oﬁﬁa &“9§W6mﬁ@iﬂagﬂc‘;(ﬁ% ;ﬁ‘b@,gsl& ahs tfrchrsﬁﬁs {@ data AN and
"the" are intended to Include the pldral fornms as well, unless the context

Cl early, &lmn‘ '1(::% ngtlng JB%EXM&% I‘dO & Lﬂgi}vh%’f%'{a?mn EfpthE h&n&%‘t&ﬁﬂtno%h@gm;tnhﬁr 4481 s

"inclu or variants thereof are

bl rLr %%IEKE m%aﬁfrdc%&'t 'tﬁcdug‘?ﬁ;?!%mﬁ’ﬁb&dl d%fr]rq{ 9%45 Q%‘mﬁ;’ %‘ nﬁg‘ff‘%ixgn%{%%ﬂs are

i nt ended’ usi Ve i

of the coraputer model to the surface data, as described in FIG. |, followed by the non-rigid
aligrmoent of the coraputer model to the surface data, as described in F1Gs. 1 and 2. Data/image
processor 605 may also perform transformations on the data.  As described above, a local
transformation may also be required. In such cases, the computation node controller 640 can
enerate such deformed and adjusted maps, as described above with respect to FIG. 5. The map
can then be used to perform IGS procedures cither by transforming poinis on the compuiation
node controfler 640, or by providing the proper mapping function to the data/image processing

unit 605 and allowing it to apply the proper transform for the IGS display 610,

2
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100781Unl ess ot herw se defined, all terns (including technical and
scientific terns) used herein have the sane neaning as commonly under st ood
by one ofwondivmizisskill in the art to which this invenPCorUusk@hoayso |t

wi Il be further understood that terns, such as. those defi N ce nly
used dictionaries, should be interpretedﬁggmﬁz%%gﬁ%ﬁlﬁ@gﬁﬁﬁ%gpﬂéﬁﬁﬁgn
consistent with their neaning in the context of the relevant art and wl|

not be interpreted in an idealized or overly fornmal sense unless expressly
so defined herein. Attorney Docket No. 20004.0049 (V1:11040) CLAI M5 What

is clained is: |I.A nethod for collecting and processi ng physical space data
for use while perform ng an .imge-guided surgical (1GS) procedure, the
met hod conpri sing: performng a rigid alignment of a conputer nodel

of a non;rg@id‘structure of interest in a patient and surface data in a
pati enttspHéeEassociated with at |east a portion of said nonrigid
structure; and conputing a deformation of the conputer nodel that
provi dd88@ nontheifgilaviag ignwaiing Skanpidseesip Utvsrainipistedgndodneracbthgat a,
said deformation conputed using a set of boundary conditions defined for
each nodenbén slaivd! comppureed odeiridyagad powosigneland e uatics gnrentiisgidha ker nel
function.

components shown will be apparent to those skilled in the art and are within the scope of

embodiments of the present invention.

18863} An exemplary system was coustructed, similar to that iltustrated in FIG. 6. In

particular, a Stealth Model No, LPC-650-T9500-64GF-04G-6-E-00 Little PC (Computer) was

configured to operate as the computation node controller 640, The controller was used to

provide a rigid and non-rigid alignment of a computer model and surface data of a liver in

accordance with an embodiment of the invention as well as the preoperative processing

components associated with 102, FIG. 7 shows the results of an initial rigid alignment of the

computer model 702 (black mesh) and surface data 704 (gray points). These results were

obtained using a salicnt foature weighting registration method. FIG. 8 shows the results of a

non-rigid alignment in accordance with an embodiment of the invention. These results were

obtained using a finite clement method m approximately 12 terations. As shown in FIG. &, the

deformed computer model 832 (black mesh) now is in greater agreement with the points of the

surface data 704 (gray pownds). The execution of the realization and result shown 1o data 704

represents a mean closest point distance between the model and surface data of 4.7 +/- 3.0 mm

prior to correction on the computation node controller, Atter the computation node controller

exccution of the invention reported herein, the closest point distance became 1.5 +/-0.8 mum,

The amount of deformation of the computer model is shown in FIG. 9, where the original

corputer mode! data and the deformed computer model data are overlaid. In FIG. 9, the
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2. The nmethod of claim 1, wherein said conputing further conprises:
calculating a set of spatial difference values between the surface data and
correspormipregiip®iziBons of the conputer nodel based on s&Cu/Usermazpondence

function; conputing the boundary Q%ﬂg&%Hﬁgimgghé&g%ﬁﬁ%;6%#%ﬁ§t|aI

di fference values and said kernel functi tric
def ormati on di spl acenent vector values for said conputer nodel based on the
boundary conditions; generating an updated conputer nodel based on the

vol unetrjc step val ues;_ updating the correspondence, function sed on the
updat e %@f%ﬁ%ﬁ}%a@piﬁ Toeeabenr g BHess aacf ParegrTeraREs” %181?%& based on
t he updat ed correspondence function; and repeating the conputing,
generaﬁ%ﬁﬁ?béﬂfﬁﬁ¥ﬁﬁﬁﬁland updating steps if the set of spatial Attorney
Docket No. 20004.0049 (VU 040)

88641 FIG. 10 is a schematic diagram of a computer system 1000 for executing a set of
mstructions that, when executed, can cause the computer system to perform one or more of the
methodologies and procedures described above. For example, the architecture of computer
system 1000 can be used to describe the architecture of one or more components of FIG. 6. In
some embodiments, the computer system 1000 operates as a standalone device. In other
ernbodiments, the computer system 1000 can be connected {e.g., using a network) to other
computing devices. In a networked deployment, the computer system 1000 can operate in the
capacity of a server or a chient developer machine i server-client developer network
environment, or as a peer machine in a peer-to-peer {or distributed) network environment, In
some embodiments, the system could be a plug-in card to the guidance system.

[B065] The machine can comprise various types of computing systems and devices,
inchuding a server computer, a client user compuler, a personal computer (PC), a tablet PC, a
laptop computer, a desktop coraputer, a control system, a network router, switch or bridge, or
any other device capable of exccuting a set of mstructions {sequential or otherwise) that
specifies actions to be taken by that device. It is to be understood that a device of the present
disclosure also includes any clectronic device that provides voice, video or data communication.
Farther, while a single computer is illustrated, the phrase “computer system” shall be understood
to include any collection of computing devices that individually or jointly execute a set (or
mudtiple sets) of instructions to perform any one or more of the methodologies discussed herein.

0066} The computer system 1000 can include a processor 1002 (such as a central
processing unit {CPU), a graphics processing unit (GPU, or both), a main memory 1004 and a

static memory 1006, which communicate with cach other via a bus 1008, The computer system



difference values fail to neet a convergence criteria. 3. The nethod of
claim2, further conprising outputting the updated conputer nodel 4. The
nmet hod ofwol2aiwnogi8\Wherei n sai d generating said vol unet PCE/Usedia/opbé on

di spl acenent vector val ues further conprjses |l a metric
def ormati on di spl acenent vector val ues, gﬁ’dn%ﬁﬁ?*g% ?@%@%&Wﬁ‘g further
conprises outputting an accunul ated di spI acenent vector field conprising

sai d accumul at ed di spl acenent vector field values. 5. The nmethod of claim
. further conprising selecting said convergence cr iato east
one of %ﬁ?n%ie At Fﬁ*g@ﬁé‘l @‘*%‘n Bt 1510 tHE Let "61?0%%1&& Fodlafiﬁ‘éﬁ*%ﬁ‘éém{/al ues,
a mninumdifference val ue between the set of spatial difference val ues

bef or e €W UpddYi hgHtanert helid spicofsréyats agatiyds fﬁérté%évlval ud§ CEFPEFT sai d
-updating, and a pre-defined nunber of iterations. 6. The nethod of claim

|., furtHep i@%*hp?rfi SPHgE o Wprialeving Tdkt @ & o kepheardh ¢ apdricosapiaieres Iplocedur e
based on said deformation. 7. The nethod of claim®6, wherein said
di spl ayiFagsFipster digofpriugid #16, a signal gemrsrtinidagon  HispEay sisrkgreop@iat i ve
i mage data associated with said conputer nodel, wherein the preoperative
i mage datich srdrogivérkdtyrbcedevnesiyetd to sai d deformation. 8. The net hod of
claim6, Wierein said displaying thrther conprises: Attorney Docket No.
20004. J0%Y] ( VULG4WMk drive unitrli@éerad nguiltragendatracakblo sicatse dnaditnh 1623 oh
conput er nodel and a |l ocation of an object in said patient space;
which is stored one or more sets of instructions 1024 (e.g., software code} configured to
implement one or more of the methodologies, procedures, or fumctions described herein. The
mstructions 1024 can also reside, completely or at least partially, within the main memory 1004,
the static memory 1006, and/or within the processor 1002 during execution thercot by the
computer system 1000, The main memory 1004 and the processor 1002 also can constitute
machine-readable media.
D68} Dedicated hardware implementations including, but not himited to, application-
specific integrated cireuits, prograjumable logic arrays, and other hardware devices can likewise
be constructed to tmplerment the methods described hercin,  Applications that can jnchude the
apparatus and systems of various embodiments broadly include a variety of clectronic and
computer systems.  Some embodiments wuplement functions i two or more specific
imterconnected hardware modules or devices with related control and data signals communicated
between and through the modules, or as portions of an application-specific integrated cireuit.
Thus, the exemplary system is applicable to software, firmware, and hardware implementations.
[8869] In accordance with various embodiments of the present disclosure, the methods
described hercin can be stored as software programs in a computer-readable storage medium and

can be configured for running on 3 computer processor. Furthermore, software implementations

can mclude, but are not limited to, distributed processing, component/object distributed
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transform ng said conputer nodel into said patient space based on said
rigid alignment and said defornmation; conputing reverse deformation
di spl acerneat2omedi18 fi el d val ues for each node of said ®oFpise@En/opddel ;

cal cul ating an envel ope of additional reyerse e%ﬁ&gﬁ%&@%ﬁ%gﬁéﬁgg%ég|d

val ues for a portion of said patient spat® Sdrid

conput ed nodel ; transformng said |location into a conputer node

space of said conputer nodel based on said rigid alignnent and said reverse
defornation,displﬁcenent,vector field val ues; an al cul atin

d
Coor di ATEE T PRA T RGE SHack 6t MeiiEF PRege HaACH 6t g B EPRHETER Fod
| ocation of said instrument 9. The nethod of claim8, further conprising:
di spl ayRETeal e MRiige GatRehe'A8ut def or mati on; and di spl ayi ng
indicia of said object |ocation in said inmage space based on said .
cal cul dfét¥! cootigimgeslischogaiconipiplges & pripricr-r@ably pierags ey oforEdRam 8,
wherein said calculating of said envel ope i s based on an envel opi ng
st r at egystructicps PR opfehideiod: eiaxpiues Wereim 193¢ dodi s pioaydarng Hdvet fer
conpri ses: ) “ » ‘ ‘ o
that a device connected to a network environment 1026 can send or receive voice and/or video
data, and that can communicate over the network 1026 using the instructions 1024, The
instructions 1024 can further be transmitted or received over a network 1026 via the network
interface device 1020,
{8871} While the computer-readable storage medium 1022 i3 shown in an oxemplary
ernbodiment to be a single storage medium, the term "computer-readable storage mediom”
should be taken to include a single medium or multiple media {e.g., a centralized or distributed
database, and/or associated caches and servers) that store the one or more sets of instructions.
The term "computer-readable storage mediam” shall also be taken to include any device that 1s
capable of storing a set of mstractions for execution by the machine and that cause the machine
to perform any one or more of the methodologics of the present disclosure,
16873] The term "computer-readable medium® shall accordingly be taken to include, but not
be hmited to, solid-state merories such as a mersory card or other package that houses one or
more read-only (non-volatile) memories, random access memories, or other re-writable
{(volatile) memories; magneto-optical or optical mediurn such as a disk or tape; as well as carrier
wave signals such as a signal embodying computer instructions in a fransnussion medium;
and/or a digital file attachment o e-mail or other self-contained information archive or set of
archives considered to be g distribution medium equivalent to a tangible storage medium.

Accordingly, the disclosure is considered to include any one or more of a computer-readable

medium or a distribution medium, as listed hercin and to include recognized equivalents and



receiving image data associated with said conputer nodel and at | east one
| ocation of interest in an imge space of said inage data; Attorney Docket
No. 20004wWO0Q401/001238040) transform ng said | ocation intoPaTasepaoer9verodel

space of said conputer nodel; calculating, coor nt space
for said transformed |ocation of interes *ﬁmﬁégkﬁa§~ r‘gﬁ?@?ggﬂﬁﬁg ting and

processi ng physical space data for use while perfornlng an i mage- gui ded
surgical (IGS) procedure the system conpri sing: a storage nedi um for

storing a ¢ d of _a nan gid structure of interest in a patient
and surFaesoHREYo; iﬁ"i%é%ﬁ S@Fﬁf‘«%%@@nﬁg@%@i%wwfﬁﬁﬁat | east a portion of

said non-ri gl d structure; I’OCGSSI ng el enent . comruni Catl vel Yy
coupl ed®&! saiditorsh 4 é‘“‘ﬁ%‘-ﬁﬂi‘ﬁﬁﬂ“\%‘é‘r %Sﬁl%éf?%}mﬁ?“é%‘é%%‘i higeténe frapemrged
configured for: obtaining a rigid alignment of the conmputer nodel and the
sur f ace® dia ambosifgents with cERSIRS APRBIcHIET SrIfstdSomd grotpends. dsndtRercnodel t hat
provides a non-rigid alifZ2aiment of said conputer npdel and surface data,
sai d defioigdpiseh sl add wsiteggla Beh dfthdeamiadsyiot bridietisoastigepieked f or
each node of said conputer nodel based on sald,rlgld alignnment and a kerne
f unct i omitchei3et ik tgpgpienmrofe.col JiHAF1 2 DRe HEMIL , st éIiTﬁlPé)é@S@ﬁfﬁg‘ieihfén% nt is
further configured during said conputing for

of the state of the art. Such standards are pericdically superseded by faster or more efficient

equivalents having essentially the same functions. Accordingly, replacement standards and

protocols having the same functions are considered equivalents.

{8874} Applicants present certain theoretical aspects below that are believed to be accuraie

that appear to explain observations made regarding embodiments of the fnvention. However,

embodiments of the invention may be practiced without the theoretical aspects presented.

Moreover, the theoretical aspects are presented with the understanding that Applicants do not

seek to be bound by the theory presented.

18875] While varicus embodiments of the present ivention have been deseribed above, it

should be understood that they have been presented by way of example only, and not houtation.

MNumerous changes to the disclosed embodiments can be made in accordance with the disclosure

herein without departing frora the spirit or scope of the invention. For example, although the

various embodiments are primarily described with respect to a transformation of coordinates or

locations in a patient space to a computer model space or an image space, the favention is not

Himited in this regard. Rather, the systems and method deseribed herein are equally applicable

for determining coordinates or locations in a pationt space based on locations of interest in the

computer model space or the image space, Such locations can be identified by providing

coordinates or locations relative to any fiducial markers or other reference locations associated

with the non-rigid structures in the patient space. Such a configuration can be utilized, for
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calculating a set of spatial difference values between the surface data and
correspondi ng portions of the conputer nodel based on said correspondence
functi on,wo02011/09¢fput i ng t he boundary conditi ons basedPOm/Uské&1821990f

spatial difference values and said kerne iun%%Lg N AL %y t@{fﬁ
vol unetric deformation displacement vect'ot* VAl aﬁﬁ?“g§¥é% oﬁﬁU(% gnnde
based on the boundary conditions, Attorney Docket No. 20004. 0049 (VU1040)
generating an updated conputer nodel based on the volunetric step val ues,
updating the correspondence function based on the uglate conput er nodel ,
recal cUF&TPRgOFHETSTRITEN e PRReREE U3 LRSCHUSEH D THE dpdhi ™o
correspondence fqnctipn[ and repeating_ the conputing, gener ati ng,
adj ust i Agerdrgeupyariifgestrapee B hhratssrye dpdt ebrareref exneecl ial ues fail
to nmeet a convergence criteria, 14. The system of claim 13, wherein said
pr oces STHg el et shiogldmg berEpiledduing oF Ge 29oe dout ptitarbedinats. Hodat &
conputer nodel. — , e .

scope of the mvention should be defined in accordance with the following claims and their

equivalents.

{6876} Although the invention has been illustrated and described with respect to one or more

implementations, equivalent alterations and modifications will occur to others skilled in the art

upon the reading and understanding of this specification and the annexed drawings. In addition,

while a particular featare of the invention may have been disclosed with respect to only one of

several implementations, such feature may be combined with oue or more other feabures of the

other immplementations as may be desired and advaniageous for any given or particular

application.

{88771 The terminology used herein is for the purpose of describing particular ermbodiments

only and is not intended to be Hmiting of the invention. As used herein, the singular forms "a",

"an" and "the" arc intended to include the plural forrs as well, unless the context clearly

indicates otherwise, Furthermore, to the extent that the terms "inchuding”, "includes”, "having”®,

"hag”, "with", ot variants thereof are used in cither the detailed description and/or the claims,

such terms are intended to be inclusive in a manner similar to the ferm "comprising.”

{0078} Unless otherwise defined, all torms (including technical and scientific terms) used

herein have the same meaning as commonly understood by one of ordinary skill in the art to

which this invention belongs. It will be further understood that terms, such as those defined in

commonly used dictionarics, should be interpreted as having a meaning that is consistent with

their meaning in the context of the relevant art and will not be interpreted in an idealized or

overly formal sense unless expressly so detined herein,

La2
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15. The system of claim 14, wherein said processing elenent is further
configured during said generating of said volunetric deformation

di spl acerEat20me®i118 val ues for accurnul ati ng sai d vol unetciraseéfiozivae i on

di spl acenent vector val ues, and wherein i d processi| | nt. i.s.further
configured during said outputting for Ou*?1‘?&%@£§§“@2@ﬁﬁﬁﬁ%¥@’fﬂﬁ@)

di spl acenent vector field conprising said accunul ated di spl acenent vector
field values. 16. The systemof claim 12, further conprising a display
devi ce communi catively coupled to said @rocessing el ement and confi gured
for displaying data for facilitatihéAgﬁid | GS procedure based on said
deformation. 17. The system of claim 16, wherein said processing el enent
is furtheé¥ X &3yt 8d for generating signals for said display device to
generate a display of preoperative imge data associated with said conputer
nodel , wHerei ﬁlﬁé)‘%@éﬁﬁé)@ﬂaﬁiWéﬁ%ﬁ*@"@gﬂw%a? Yappdi icewecdir esponRdisai d

def ormati on, Attorney Docket No. 20004. 0049 (VU1040) |S.The system of claim
16, wher ep ez gpidsd seassl (HgSalrerwsne. hempilipd pEppiser: sel ecting said
convergence criteria to be at |east one of a mninmmthreshold val ue for
the set of spatriainigisfied ensecovdlagenputar Mgl plamadiddiéptanbe: viahgasbet ween
the set of spatial difference -values before said updating and the set of
spati al di #perenod svdlcadsiaaf ¢ prticgiipacupdaticdgyithan bag apogdefol medindmunber  of
iterations. 19. The system of claim 16, wherein said processing elenent is
further conafitguoedafdr: receiving i mage data associated with said conputer
nodel and | ocations of an object in said patient space; transform ng
sai d conput er corodelg kitfrsaiod opakicenputspack! hasgdvids ssendigid gigdmahtd gnnent
and said deformation; conputing reverse deformation displacenent

vect or fio€kdd vahues rfde! @aehfnodes ofidskidnemput@tctdndsyd 3 sct of boungal cul ati ng
an envel ope of additional reverse deformation vector field values for a
portion obn&add dpaldieRtcaSIPRGR of bHid Qi ghogal s defhoraetiCorputadaapdel ;

kernel function.

2. The method of claim 1, wherein said computing further comprises:
calculating a set of spatial difference values between the surface data and
corresponding portions of the computer model based on said correspoundence function;
computing the boundary conditions on the set of spatial difference values and said
kernel function;
generating volumetric deformation displacement vector values for said computer
madel based on the boundary conditions;
generating an updated computer model based on the velumetric step values;
updating the correspondence function based on the update computer model;
recalculating the spatial difference values based on the updated correspondence
function; and

repeating the computing, generating, adjusting, and updating steps if the set of spatial
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transformng said |location into a conmputer nodel space of said conputer
nodel based on said rigid alignnment and said reverse deformation
di spl acemneat2omemdi18 fi el d val ues; and cal cul at i ngPCOAISAVINAREHY0 i N an

i mage space of said image data for said transforned | gcatiaon qf said
object. 20. The system of claim 19, furtH m%é%bgggﬁhg&ﬁMiﬁ498“#@%@?orning

additional locations in said patient space nei ghboring said | ocation of
said object into the conputer nodel space based on said rigid alignnent and
said reverse Attorney Docket No. 20004.0049 (VU1040) deformation

di spl aceEHCBEHB I 1B AFUREIEC Y diera. cal cul ating coordinates in an

i mge space of said inmage data for said transformed additional |ocations.
21. The system of claim 20, wherein said processing device is further
configured for generating signals for said display device to display said

i mge datta wi hwﬁtha@%%ﬁ}t%gtn‘thﬁwnfwdméioaipé#tmathelué%%d st Medild obj ect
and said additional locations in said image space based on respective ones
of said calculated coordinates in said i nage space.

4. The method of claim 3, wherein said generating said volumetric deformation
displacement vector vahues further comprises accumulating said volumetric deformation
displacement vector values, and wherein said outputting further comprises outputting an
accumulated displacement vector field comprising said accumulated displacement vector

field values.

5. The method of claim 1, further comprising selecting said convergence criteria to be at
least one of a minimurn threshold value for the set of spatial difference values, a muniroum
difference value between the set of spatial difference values before said updating and the set

of spatial difference values atter said updating, and a pre-defined number of iterations.

6. The method of claim 1, further comprising displaying data for facilitating said IGS

procedure based on said deformation,

~~3

The method of claim 6, wherein said displaying further coraprises:
generating a display of preoperative image data associated with said computer model,

wherein the preoperative image data is modified to correspond to said deformation,

8. The method of claim 6, wherein said displaying further comprises:

35



7r . P. The system of claim 19, wherein said processing elenent is further
configured for perform ng said calculating of said envel ope based on an
envel opi yoT1AMEYY. 23, A conmput er -r eadabl e st orage nediPGmUsk@vioayIst or ed

thereon a conputer programtor collecting and processing i .Sspace
data for use while perfbrning an inage-g'Fﬁ%ﬁEﬁﬁ%ﬁ?&hr&%$@g¥§ﬁﬁg¥%§'re, t he
conputer program having a plurality of code sections, the code sections
execut abl e by a conputer to cause the conputer to performthe steps of:

obtaining a conputer nodel of a non-rigid structure of interest in a
patient; RO SRR 451 i BRTEREYBE 4R GhERER hoLRY and
surface data in a patient space associated with at |east a portion of said
non-ri gi d" §¥¢ prtiegsgace: conputing a deformation of the conputer node
that provides a non-rigid alignment of said conputer nodel and surface
data, said defeistrarigradonparieanodd e @idpticyrrisbatrdiy seemgidt i ons defi ned
for each node of said conputer nodel based on said rigid alignment and a
ker nel f aHstiohandyid! Wigpiaying data for facilitating said 1GS procedure
based on said deformation. Attorney Docket No. 20004.0049 (VU1040)
computing reverse deformation displacement vector field values for each node of said
computer model;
calculating an envelope of additional reverse deformation vector field values fora
portion of said patient space surrounding said deformed computed model;
transtorming said location into a computer model space of said computer model based
on said rigid alignment and said reverse deformation displacement vector field values; and

calculating coordinates in an image space of said image data for said transtormed

location of said instrument.

9. The method of claim &, further comprising:
displaying said image data without deformation; and
displayving indicia of said object location in said timage space based on said calculated

coordinates in said image space.

10, The method of claim 8, wherein said calculating of said envelope is based on an

enveloping sirategy.

1t The method of claim 6, wherein said displaying further comprises:
receiving image data associated with said computer model and at least one location of

interest in an image space of said image data;
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74. The conput er-readabl e storage medi um of claim23, Werein said conmputing
further conprises code sections for: calculating a set of spatial
di f f er enc®Ovalum®s218et ween t he surface data and correspomdiﬂ@mpomzﬁmms of

t he conputer nodel based on said corresponden N , uting
t he boundary conditions based on the setA%#n% %%é r@?%FQ @4v§ﬁggs and
sai d kernel function; generating volunetric deformation di spl acenent

vector values for said conmputer nodel based on the boundary conditions;
generating an updat ed co uter nodel based on the volunetric step val ues;
updating the T SFApEaE @ﬂ%ﬁl&%W%&éé@d&ﬁ%%é’ftﬁa@a@%@tféw er nodel ;
recal cul ating the spatial difference values based on the updated

cor r espondencé& %ﬁél&cawdmaham said patighd 5Rage fHgaie ﬁéﬂ%%ééq%ﬂﬂ Jéerdt i ng)
adj usting, updating steps if the set of spatial difference values fail to
nmeet a convergence criteria. 25. The conputer-readabl e storage nedi um of

claim 24, farther conprising code sections for outputting the updated
conput er !AodelA system for collecting and processing physical space data for use while performing

an tmage-guided surgical (IGS) procedure, the system comprising:

a storage medium for storing a computer model of a non-rigid structure of interest in a
patient and surface data in a patient space associated with at least a portion of said non-rigid
siructure; and

a processing element communicatively coupled to said storage medium, wherein said
processing element is configared for:
obtaining a rigid alignment of the computer model and the surface data, and
computing a deformation of the computer model that provides a non-rigid
alignment of said computer model and surface data, said deformation computed using
a set of boundary conditions defined for cach node of said computer model based on

said rigid alignment and a kernel function;

3. The system of claim 12, wherein said processing element 15 further configured during
said computing for:

calculating a set of spatial difference values between the surface data and
corresponding portions of the computer model based on said correspondence function,

computing the boundary conditions based on the set of spatial difference values and
said kerne! function,

generating volumetric deformation displacement vector values for said computer

model based on the boundary conditions,

L2
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26. The conputer-readabl e storage nedi um of claim 25, wherein said
generating said volunetric deformation displacenent vector values further
conpri seswoada/®en8i ons for accunul ating sai d vol unet ri eCaafSermeioon

Code secti ons for out putting an Aceumi &Gl -ARLBldcuhanTeet SRR °°°

conprising said accunul ated di spl acenent vector field values. Attorney
Docket No. 20004. 0049 (VU 040) The conput er-readabl e storage nedi um
of claim 23, wherein said displaying, further conprises code sections for:
generating a 8V§piiayan go ’gé BRI P Pitaye dat A BEEESICA RO W th sai d
conput er nodel, wherein the preoperative inmage data is nodified to
correspond t o"&kfite HereFraIdsnce pwion pHed e HFUPE S FuES MY or age medi um
of claim 23, further conprising selecting said convergence criteria to be
at | east one &Falgulpiing thaspeti dd&naicy viiatspasHion hhwdslet cgfesspdercal difference
values, a mninumdifference val ue between the set of spatial difference
val ues bétistiengaid updating and the set of spatial difference values after
said -updating, and a predefined nunber of iterations. 29. The
conput er - r eadslykaing thorgeuisd senvaohe. clarmne2 31d wiideting steps ditke ©i sipbaldl ng
further conprises code sections for: recei ving i mage data associ ated
wi t h sai dittorpateresnpidiel mahd chroeatiensitdin. sai d pati ent space associ at ed
with said objec,t and nei ghboring said object; transform ng said
conputer nodel into said patient space based on said rigid alignnment and
sai d deformati on; conputing reverse deformati on di splacenent vector
field valides fibs syeretvintde 1dfwisatidstoppuiseng sodett ibased configatdior
def ormati on;

ouiputting the updated computer model.

Is. The system of claim 14, wherein said processing element is further configured during
said generating of said volumetric deformation displacement vector values for accurnulating
said volumetric deformation displacement vector values, and wherein said processing
clervent is further configured during said outputting for outputting an accumulated

displacernent vector field comprising said accumulated displacement vector field values.

16,  The system of claim 12, further comprising a display device communicatively
coupled to said processing clement and configured for displaying data for facilitating said

IS procedure based on said deformation.

7. The system of ¢laim 16, wherein said processing element is further configured for
generating signals for said display device to generate a display of preoperative image data
associated with said computer model, wherein the preoperative image data is modified

correspond said deformation.



cal cul ating an envel ope of additional reverse deformation vector field
val ues for a portion of said patient space surroundi ng said deforned
conput ed wode117091218 transform ng said | ocations into RCTASPULLAR199Dde

space of said conputer nodel based on sa - - ment sai d
reverse deformation di spl acenent vector t?‘j’é‘i‘céiqjo %‘Et%r @H%g)@ ‘?“l\gﬂg)
20004. 0049 (VvU1040) val ues; and cal cul ating coordinates in an inage
space of said imge data for said transfornmed | ocations. 30. The
conput er -r eadabl e storage nmedi um of claim 29, further conprising code
sections for: displaying said i mage data w thout deformation; and
displaying indicia of said |locations in said i mage space based on, said
cal cul at ég codberRisted clad & x&qqx%g'éd grﬁ%%mo elementt is further for selecting said

convergence criteria to be at least one of a minimum threshold value for the set of spatial
difference values, a minimum difference value between the set of spatial difference values
before said updating and the set of spatial difference values after said updating, and a pre-

defined number of iterations.

19 The system of claim 16, wherein said processing element is further configured for

receiving image data associated with said computer model and locations of an object
iu said patient space;

transtforming said computer model into said patient space based on said rigid
alignment and said deformation;

computing reverse deformation displacement vector field values for each node of said
computer model;

calculating an envelope of additional reverse deformation vector ficld values for a
portion of said patient space surroundmg said deforroed computed model;

transtorming said location into a computer model space of said computer model based
on said rigid alignment and said reverse deformation displacement vector field values; and

calculating coordimates 1o an fmage space of said 1mage data for said transformed

location of said object.

20, The system of claim 19, further comprising:
transforming additional focations m said patient space neighboring said location of

said object into the computer mode] space based on said rigid alignment and said reverse
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31, The conput er-readabl e storage nedi um of claim29, further conprising
code sections for said calculating of said envel ope based on an envel ope
functi on.wO 2011/091218 PCT/US2011/021990

Attorney Docket No. 20004.0049 (VU040

deformation displacement vector field values; and
calculating coordimates in an image space of said image data for said transformed

additional locations.

s The system of claim 20, wherein said processing device is further configured for
generating signals for said display device to display said image data without deformation and
indicia of at least one of said object and said additional locations in said image space based

on respective ones of said calculated coordinates in said image space.

22 The system of claimn 19, wherein said processing element is further configured for

performing said calculating of said envelope based on an enveloping strategy.

23. A computer-readable storage medium, having stored thereon a computier program for
collecting and processing physical space data for use while performing an image-guided
surgical (1GS) procedure, the computer program having a plurality of code sections, the code
sections executable by a computer to cause the corapuier to perform the steps of

obtaining a computer model of 4 non-rigid structure of interest in a pationt;

performoing a rigid aligrnoment of the computer model and surface data in a patient
space associated with at least a portion of said non-rigid structure;

computing a deformation of the computer mode! that provides a non-rigid alignment
of said computer model and surface data, said deformation computed using a set of boundary
conditions defined for cach node of said computer model based on said rigid alignment and a
kernel function; and

displaying data for facilitating said IGS procedure based on said deformation.

40



WO 2011/091218 PCT/US2011/021990
Attorney Docket No. 20004.0049 (VU040

24, The computer-readable storage medium of claim 23, wherein said computing further
comprises code sections for:

calculating a set of spatial difference values between the surface data and
corresponding portions of the computer model based on said correspondence function;

computing the boundary conditions based on the set of spatial difference values and
said kernel function;

generating volumetric deformation displacement vector vahies for said computer
model based on the boundary conditions;

generating an updated computer model based on the volumetric step vahues;

updating the correspondence function based on the updated computer model;

recalculating the spatial difference values based on the updated correspondence
function; and

repeating the computing, generating, adjusting, updating steps if the set of spatial

difference vahues fail to meet a convergence criteria,

25, The computer-readable storage medium of claim 24, further comprising code sections

for outputting the updated computer model.

26. The computer-readable storage medium of claim 23, wherein said generating said

volumetric deformation displacement vector values further comprises code sections for
ceurmulating said volumetric deformation displacement vector values, and wherein said

outputting further comprises code sections for outputting an accumulated displacement vector

field comprising said accumulated displacement vector ficld values.
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27. The computer-readable storage medium of claim 23, wherein said displaying further
comprises code sections for:

generating a display of preoperative image data associated with said computer model,
wherein the preoperative image data is meodified to correspond to said deformation.
28. The computer-readable storage medium of claim 23, further comprising selecting said
convergence crileria to be at least one of a minimuam threshold value for the set of spatial
difference vahies, a minimum difference value between the set of spatial difference values
betore said updating and the set of spatial difference values atter said updating, and a pre-

defined number of iterations.

29. The computer-readable storage medium of claim 23, wherein said displaving further
comprises code sections for:

receiving image data associated with said computer model and locations in said
patient space associated with said object and neighboring said object;

transtorming said computer model mto said paticnt space based on said rigid
aligniuent and said deformation;

computing reverse deformation displacement vector ficld values for each node of said
computer model based on said deformation;

calculating an envelope of additional reverse deformation vector ticld values for a
portion of said patient space surrounding said deformed computed model;

transforming said locations into a computer model space of said computer model

based on said non-rigid alignment and said reverse deformation displacement vector field
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values; and

calculating coordimates in an image space of said image data for said transformed

focations.
30. The computer-readable storage medium of claim 29, further comprising code sections
for:

displaying said image data without deformation; and
displaving mdicia of said locations in said irnage space based on said calculated

coordinates in said image space.

31 The computer-readable storage medium of claim 29, further comprising code sections

for said calculating of said envelope based on an envelope function.



