; +, -. e3e5USNNCSQ>RUBNUTUy  COVPUTATI ONAL SYSTEM AND METHOD FOR MODELI NG THE
HEART : BACKGROUND OF THE INVENTION 5 Field of the Invention: The present
invention constitutes a conmputin mspftvvare nodel of a physi cal
organ, and rticularly to @mmm m pr ocedur es ating a
bi ophysi ca%o’g@?;a | ed, predicti ve o lof t he mammal i aﬁéﬁgﬁg@ ich

accepts anatom c and b| ophysi cal dat aand generates 10 a representation of
the el ectrophysiologic state of the heart. Description of the Prior Art:

Physi ol ogi ¢ organs congighipOITARION4SE. $VEEEMANE METHI®PNI Zed into

ti ssues. These tissues™TOr M pHYROVGHELINGCTHE HEART ! Nteracts with the 15
whol e body. The ability to noder_orgam functron wtn a high level of

bi ophysi cal , bi ochemi cal, Clrr | nornous val ue to
bi ol ogy and nedi ci ne, céh NI - ,! nsight into the

cause of 'Si‘ ga gven the i mrense corrpl exity of even the sinplest organ,
the 20 pri'nc dnfronts the nodel builder is to recogni ze what
bi ophysi cal detail canrje f&%ﬁ?%ﬁ@éﬁtio&& ‘éb§§tﬁgﬁgd§dc6rﬂplﬁ9&3ts§'§{€ﬁm' R4 a

conmput ati onal | y usef ul | . heart for exanple includeS a sino-atrial
node and atriS@?/ vemmpédleframbdeyala@gml andamor @atiigndarty tf pracgssahand he
Purkinjefib I t.,.on the
el ectrical a (l)c\%é ‘fegr%’ségﬁ'%?@@ge of lto ﬁ@%&?@t Hé\ﬁe(fe}p I%glﬁie)ygqr\}\%ﬁ%? tp fe atria
and ventri cl ma,mtﬂﬂii(hnt llmast hhice e anatotsc and didphgsichlhéathaad igeserarehani cal
function. It is wel ani.c and anato cdefectsmthese
struct ur &9 cér{e?résﬁi‘ltﬁt'qw t?"Fé ?HPE&S&{P% state 9f the Bfafthyt hni as. A nodel that
allows a user to interact with an accurate 30 and predictive nodel of the
heart's cells and tissues would be of great value. SUBSTI TUTESHEET (RULEZ26)
WD 001 46689 Desexiptiomod tipPrigr Mtis obj ective has spurred the devel opment of
conput ati onal nodel s LiaC, I i . e e nal
nodel s have sought toollthrﬁgtgg%\l?e g%ﬁe‘?‘?'ﬁ%ﬁtogl&%ﬁggrtyg% gﬁgagﬁg}%ﬁ}eogetl cal
know edge i nnmoaxs‘socsmarrhandekswx;fomaaobrgm nehit@niat fucmlintesctss witiahe ous

al gorith ses dure are used to describe.the behavi or of
Ehetel | By RICSEaL ¢ B ahaiel s o MR o B fovel S
conput er - i nplogspnticst, nmdeillexﬁxla@lul ﬂldefsfr&ﬁhta\lehé’taﬂmﬁ Rf Cendtn@LESEalY to
behavi ors. The earliest nmat hematical npdels of the heart. used.fornal
mat hemat i cal bilegmpnd Jnedigissy deeavse sugh rwffﬁéﬁ FroYge desp igXghpfEoVAR der Pol

10 and Mark' gaglesfirdihhton of the heartbeat as a relaxation oscillator in
| 928. Real physiol ogical paraneters were not included in nodels until 19S2
when Hodgkl n and Hux| egivergheaiimawgnseomplshierofaavienribe simplagt ergen,ghe

pot ent i al &mg ﬁ,g]f Ak t‘il.‘d{rdco%’(&%ﬂts' Thd gﬁbgﬂc'bﬁﬁﬁkrc JOfL r%@o%za o AT by the

processes an he succe wor kK can be

many nodel s tblrnafhyix'ﬁalhadmali otdrowesl suceessfyibr adisggatded migekosytens as
di verse as neurons %iig %& lcelcll pancreatic beta cells, and other
excitabl e celSPRPUELgn yenp ‘?ind was the 1962 Nobl e nodel of the

cardi ac Purkinje fiberTydinchrt\Was e&aﬁlgd: 1 edaRes | sihidtlal eldddeddeadrfdat t wo
pot assi um conduct ances together with a _sodi um conductance, are sufficient

to generate énirishlassodet ¢Sawslla@ﬁdh?buwae&%kéransdheml&m figz ctysteanl
i nnovatiops Rue. Leduhis @{Q%Ea% hﬁ(?lrﬁ A%%Mﬁ@%?éct#@aﬁ%cmtﬁt{ geauén%n has

| ed to the ongol ng refinenent as new I nformati on has been
i ncor por at ed.of The hpm uhuschaﬁbbeewthlhametaMa awdwm@yclancbnpr@ds doebihi ty of

nodel s have been r ade h pect .t o ual. 25 bi. op cal n

physi ol ogi cal®"p g‘FH’.ﬁ Pof’ob “é“"B‘é‘ﬁ?lan“ﬁ i tllli lf’h 'Eﬂ%n r%‘gel of

the Purkinje of:gdm andsuﬂmemueaéfeaxn@rtme@t@c@xésemmsmen life-threatening
cardiac arrhythmias. A model that allows a user to interact with an accurate

30 and predictive model of the heart's cells and tissues would be of great value.
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description of cardiac el ectrophysiology to include nore refined nodels of

the Purkinje conducting system as well as sinus node) atrial, and

ventricul a These single cell nodels have evol ved

successi vewé’fﬁg%ﬁ%’rum SHEET (RULE 26) WD 00/ 46689 PCTI\I%SBQ%%@%ES-B

i nprovenents and refinenents, into a -2of t war e package call ed "OXSOFT HEART

4.5" presently available to investigators under licensc from Takhus, Inc.

Presently the " OXSOFFHismhdedtivieshasespuriedt e deyelapmeny | ¢amgpwiatidnatar di ac

function at j . . zer .mensi | ") | . . Thi del

i ncor por at ené&ir%’gst ii;e%géllg%g ue?('é&r){égsélﬁngh%aﬁoﬁgg{r@g@%@o? %lg F%é%%%ggal ,

bi ophysi calto imfeprare! éxpesimetiest habsesvaionsloahdk tieokttidab Wnowilédpen b ngl e car di ac

cells. Thesge eatj s collectjvely, def |{1§ a given_cardiac-cell state. The
[

uati o
" OXSOFT" et r"é‘lﬁ’ﬁr r‘?‘PFT'Fée%p%t‘%tHe‘Bf‘“ farfnsor  YaFaus prlepHthmsaneous
non- i ngar b fEesseil e KAV hitNssed BY &sibd 1R BAabR? lofRRE pN@Lngonput ers
it can také several mnutes to conpute only a few seconds of activity.
Nonet hel esdisseasothdi reemprionahe nrdan syktame pk osseful t eonimterdicnpdeénied not onl y
in reproducing,normal sinale cell cardiac electrical activity, but also in
Feconat r uc ot SRR sreo i emflete, SRR FERENE 3 Dyt b &) i nel udi ng 18
ectopi c beating and The eafliedctmathémbfiei] apouéls Cofdthey haai niedt fatiapn (e. g.,
cardi ac glycosides). These nbdels can exhibit the action \Fot enti al
shor t eni ng TeRTR¢Aicalrpssymptians abput spliulapahysiolpegy:der exaraRls oY 4y 4o Ko ons

charactgy i shicvafk'Pats 'i'tiHﬁ“J}*l Qe B LERTROYNERxalIch GRLiflatyR RIPIIEST S

observed in actual " hearts. Initial success has pronpted researchers to
try to extdiral phesiclogigahpmreingteas Werohot nsbuledodahedaitiuniild®Shvhebest to do
this has r i ped e LVe. . efforts. th i cel l
nodel s and {00 ggglvé?dog%%‘}é geex-gg%g%ﬁm"g {éér%r%aﬁlr?égs??l )é‘tr‘l‘gr“%ﬁ%’a&@é“@%?ﬁ y have
favored si njud igtdnt \squidl #xanbin tHeyr, clasdc omrpuiniearbddnecpiocedsenayd ivhi | e t hese
characteristics ke it 25_possible to, sinulate. |l arge syste for extended
per ods, || EGyITIESUEHEST OB TETRYSTCEI IR BrEh S MRS HE' essent | al
to the BXplvatdiwef thaik rﬂawdﬁfﬂmas niRieP X st ROAAi00rs8 A neittoRs Oardias -
Extrapol ati on of the essential nechanisns ?overni ng real systens is done by
guesswor k &RHS. Ragcrsatie betat eils. prd pibst exsidplopslis- wRBn dpteeneentunedel have been
tested in %Mh@tl?@wo%wm%@l Hpﬁr%'éu&a@pﬂﬂ&rgtésfféea'wmcprv@aq'tﬁgedfs o
SUBSTI TUTE SHEET ( RULE 26) WO 001 46689 -4 PCT/ US99/ QZ7S5 Sone Tini tations
of existingxperbnental 2videnerddhay hew epdtessivne| doniluciancgsbyogethes| withent of
sof tware pagkages. Gallsthe, Sie AduciViVlo, bhasRSGdGLe LIAKHSs LA ) These
one-and two- direnslonar fet wor K nodel's of BERE" ramral i aR si no-atri al node,
at r i um20angavaniker pbeeatialacor porate all of the 5 bi ophysical detail
described within the." %SOET" Si ngl e cel dels, but. al so accou?t for cell
fect'P?

|
to cell propagation b$° QuRH1ong thaye ded \ip (APRT BIEHISE CXPEPECAR! cel |

networ ks. \#agn whidd &Ndurd Radmsiehs 188 SrigbBipat@theRént e GOANLILRN new he state
of the various nodes change, giv

) rbg rise to data that expresses the
propagat i odnrmatien: hay beefdpeorppisinds The rasult dagbeen thaththgeaccutgey 2pd 2- D

nodel ' s el : si, o), P0i f t t @St | 0N curately
mmc the 0%‘{;929“‘2%?2&‘3?%‘;}”?‘%‘? o§&gctu%gfardg§r ﬁ'{l/tlthhrﬁ'h%’s%.cgI\/ttgn;}’Ic ftgiﬁor atories
val ue t2%i s bigphlysisak aekipbysinlp gical giacanseters; GXSExdmplEBEEINNIAS, wihdh&/ENT (1-D

and 2-D netywark nodel s) ..neit her. si.pul at e nor _accur at el edict. the heart's
Chr eo- o oAt tunPORE B u; PhGiss BP B A E T MG eI whe

| NVENTI ON Idesciitfonaicatddaddéle@fopBsivldgy thlifclpdemors refidde mddendsthe det ai | ed
t hree-di nensi onal information about the heart based on cell function. The
present i nFaEEintsn condugting ysiem: esowvelhrasceinuy dede.natrial.t #ndo yeptricleer act i on,
20 permts ee i hensi I e hysi.ol Qg Lol oat i ..f he heart,
comonl y rec%feié'r ed%%@a?ﬁg ,9§1|_1D Jgggt kI}ﬁllrvrgdgIgé.)lg%’eSdrlr{)gélg gggrrcﬁ‘g%%%i onal |y
represents cardi ac anatonmy and a system of mathemati cal equations

descri bing the spatio-tenporal behavior of biophysical quantities such as
cardi ac voltages at various |ocations, The 25 conputer processes conbines
these two parts of the nodel in a sinulation presenting the tenporal
evolution of the state defining quantities in the anatom cal nodel.
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The preferred finite difference expression of the conputerized anatom cal
nmodel -consists of a set of N nodes that are arrayed in a three 30

di mensi onal network. Each node corresponds to a region of tissue within the
heart. AndYOHM68bde has at |east five neighbors. This rBGTHRPEi ssue may
SUBSTI TUTE SHEET (R ULE 26) WO 00/ 465389 PCT/ US99/ 02755 -5 be defined as
follows: a) a‘'segnent of an individual cardiac cell; b) an entire cardi ac
cell; c) a isiptbleri@gs airdofefit@ménBe ihios s U fomie i Rickage odlled"OXSOGHRT one cel | .
Regardl ess of how a node is defined, .each node communicates 5 With its

nei ghbors. HEARTcHmmpirseatly giyatlahle de davestigiors uaderdingpss Agmodekitsn adj acent
parts of cefls, cells, or groups of cells within the heart. In an actual
heart the coupling strength depends on | ocal anatomy. Thus the network

| evel description th@ressupyithg"OKSOKJ mbds]vieecstrictdé so ald omdelimpeof 0 encode

or nodel .the heart's. ani sotropic tomc detail. 10 Thus .fhe anatom cal
and bi ophysf&diac 55?‘:{%}06%% tgf SPHe® ﬁ%gz r aﬁeéo’ggﬂ%‘fsf'ﬂ\?‘fvgde d 'ltkﬂéﬁ“‘t%ﬁ y are
passed tO aingPlpdtdted) RadeAAULE, XpRigions! thad képresehhathes 6édenfisall he
initial state of the heart. The nodel's org_anl zation and structure

faci | i t at esbiephynigadt 3sheadlulanmeshgpisredSlodgkigniiuxley swhbitatingletgediapdes
engage onl YodiR NG5 BRIARRCE et vBh Al Ofi%en NALEIARNSHdE uPdating
process for a large n er o ocal’l'y coup ed hodes can be easily segnented
and assigned to a si fAjlec"@XBOETS anodelh raquirpethief sodutigpyp oH dltinty eoraimoes

reasona )Pe grogessi ng}tiges fdi{f Iar.%e nunbers of nodes,. and so resol ves the
f undament al STRHSBPEMS Jronsinesr diftereptizl equapians, - kiven Qnsthe fpstest parsanelby nodel s
whi ch are cedrpitadsi RNédnl YakieNdcvatal akin@tes2(d BRhpe DRICR KW QdcbidsTHE DRAW NGS
Thr oughout the several figures jdentical reference nunerals indicate

i denti cal s?qtiyétyur¥onstheless zeromimensionad medelehayht provem tobe sHecesifub |
depicting t I ! 1 k.0C : LS a

ropr osent at aresy o FARLAREL bl SHRIG LA ol AR aRTaL SRy Ul T of @
finite diffibreconstnetingrdomeFdiGthe3cdlbilar mephamsans af iaohyhinit hinchoiihed

depicting the arganizatio f des and coupl.ing relationships; FIG 4 is a
represeﬁ?at fcg?lp‘Sf g?aﬁlé‘gaé? otﬁep%?eecﬁ iogl g‘emeg{ﬂcrcggﬁl?@%’(ﬁusﬁagﬁgt {feB-set of
ggyaté iesggs gwghfﬂﬁgf%&h Thee medies cﬁB&Tﬂ)iTkﬂEacSidEﬁiBtér?dﬂ-Eﬂ&)enénéle

4 -6.P 755 FI is a representation of the, npde
depi cting tﬁ‘gwge?{i&gﬁ SﬁBHF‘B“bé&\égﬁ epH¥ acfreg-é*ﬁpggf%ﬁhor&f chagactenisfict Pht i ve

conput er sygs@a&Bivvht BlocRmgmespoudds GinPaalcium hadifs Seskived fPrthhaPr ef erred
set of node equations; 5 FIG 6b is a table sefting forth preferred set of

node equat i Bepsts. F|Xgitigc specess thap| prosyrted gsqasehens gpefrdr tedxdend dhe node

equatiopg; [ Lol tLeN; ute ' 9L anty al al on
W cort eoBeIEl g ert Ses Surronr e ediel BRRC Ee im0
EMBODI MENT Selusive.

To date, efforts to extend the single cell models and to develop
large scale higher dimensional models usually have favored simplicity,
flexibility, and computational efficiency. While these characteristics make it

25 possible to simulate large systems for extended periods, it requires that
biophysical and biochemical mechanisms essential to the explanation of
arrhythmias be extrapolated and rule driven. Extrapolation of the essential
mechanisms governing real systems is done by guesswork and, to some extent
is justified only when basic rules have been tested in simulation. Such

30 models are not usefully predictive.
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10 1. Overview The conposite nodel includes both "nodes" and a
conplinentary "network". The network reflects and represents the anatoim cal
structure Qf eart; the nodes reflect the spatio-te ution of
t he nodes'&&oyg?%ggi cal quantities. 15 Therefore at eachnﬁgfégggg'ﬁ*?%e nodel ,
vari ous bi ophysical quantities and thetr rel ated equati ons are defi ned.

Thi s bi ophysical nobdel along with the anatom cal network is used by the
sol ution programto Sompulimitatienewlexisting dD taheé biDopivdsischdveqbeesnt i ti es
defined at the nodes. In this manner the el(ect r%@h sial,ogy of the whole

até ﬁ% i

heart can b¥HBAdebY dovelopmentsed softWHR RoC utér'i VM oni cal
Portion of f; r - SARPRShda® nbRARL nfidid & UStrat es
pr ocedur es ¥1£§m%g§ﬁ%%)hgg{e§§8% §?)&f (t}g%gs 10 %fa?tnhe hiéart' lsé Jéldnat om cal
detail is ethermemmdliin simo2Brialheodee atriunanzhdcwentriglies ancodparatet b ofjthenet ry

generator 12. Two . acqui,re. anat,omnj «Sels are these:.published
data sets t lgPh#éV‘@la%eZ%L%E?Cég’tegdwﬁ@ncgﬂgef%g@?gsesé?qS]Snce@f mﬁgéﬁ’t Bgt~ and data
derived froglsoagédint Gof CSDNAREIR propagalion &ff dlédribaadctivitilomeMarsiapht om ¢ dat a

sets can cone fromany of several sources. SUBSTI TUTE SHEET (R ULE 26) WO
00/ 46689 ' qarfiasNesdbmgwosks.co Jrhany - Betist 2 Br mpdels, asgr dsrated: dyptheeri zed

anaton cal gaiglef nt \uDoR ihe! GRIGRCASRA Blhnb] ERing dise TSR ARA: f or m that

anatonmi c no | ect assumes depends upon thé type of generation
process. Thexpresses thedprbpagatino eofrebebedic mave dodmts futhei moddiolfowaver the

Cont omph Ot A R REE ey piteiod! DA Euy Raen T Hn o fpiPhl ° *'°

devel opnent migiohe $smplexi chatieedistios 6DnGhdluethythrhiagi t e di fference anatomi c
representation of the heart which is best illustrated in FIG 2, which

shows a finite di f f ed#te lﬁ@é?tf’riﬁ%d’éi“°4(§hi§o}‘fﬁﬂi ?é‘bl_“d‘iiS‘H‘gl(ﬁeqsé’t“fi%fe 41 of
nodes typif p&G&divr NGHRREE ASTNmAN9ERT PP LADD-BNRktWRHE MfRRNTGeliRS are
speci fied by object 16. The "conduct i vity between nodes Is nodel ed by object
18. These ceimilaei vinpy r atcuratelyshiprédiset welen chearss of thr¢redimensighlan heart
arc speggfi%gctg%p&gg%g AaTe] breﬁ%‘ﬂ&j‘onshi ps between the nodes of the nodel. In

obj ect resenting specific tissues types and how they are

coupled to the rest of the heart are specified. For exanple, a set of nodes
and their coupling relati éﬂﬁﬂﬁ&&ﬁmﬁt o represent Purkinje
fiber cells, thus representing the physical extent and direction of
Purkinje fibers withiln cohwashtoqaiati medelgothe qireszot impdgh eanders ddtditedt ashi on to
capture tis s.tike. i I j.ect 1 r 0 to the
finite diffoycadmdbiiot FF ﬁa}e’{‘]ﬁtf{%é g.\}mfm?ﬁ,eﬁtgysg& °?h?A&é’C %%‘ff‘?@-n o the nodel
I S combi nedpmsért inlventidropdyas cemposiedeF procddueess kit diroogh pnegrcdon28. FI G 2

depi cts finite djfference. ne rk of t.he ventricles of .a heart 40 with a
port i onzﬁz BiMiHe t#‘f@ﬁr 9’"2:‘1“3%?\93%@%&?4‘6518%&3# hEMWRE0a i i 283%yr f aces
and the chag@igmofdBOREIrfed.to lak ti*@uDthebR" hsegni zed that the set of nodes

forms a lattice 41. The figure also shows that the nodes typified by node
44 lie on or in the rAhscBedslurAmpationadlynisPresgals cardiap ranatamy apd tthe chanber

proper. Thi g &dQWrendihdiididafl tﬁngid%&quiﬁgh}gé %&%%hk@g@ﬁﬁ%miﬁﬂ;emde 30

and its corriesponding spatial "location in eart picted i

conpl et ed | hiophesical 1quaBtides soch ds ofasdiny evoltages whenriauf ilodatiensdi fFler ence
geonet ry. SUBST] l;I;UrTE scggg;r ngLI%ZBt ose }/\Q) Oglt46 8@ PCTJ\I§99/ 02{?53 t.mcilr

gener at ot pro%%sg PRFERSRE T R RS P % CEsPEd 4P 8 STt ure with
each node hpiesérgingt tHee &afipdralv evdlation el eheC @1id micYinfigk juiities Nidi ghebors. Fi g.
3 shows a subject pode 46 extracted fromthe finite difference nodel of the
myocar di um éﬁéﬁorﬁk"é BRfeld with its near neighbors. 5 The lattice 41 reveal s

three gl obal or t hogomgle A¥Rsred T AN ABe AR IGRNE o Cotfiflerdzddii S 52

pass through an origin which is occupied by the subject reference node 46.
The coupl i ngnatehical areslal polsestneé e seidel Moneded thatsarcompaeid ansa thyegshown as a
bl ock tégi fied ts)%/ bi o&k %Qn Eog\nec ei Iy node 4t6 W t h nofdte 58. .%;he ani sot r opy
of the ar flméeé‘ ORI fe' Dt O EPULL A Fet®BhY T'sH5PE 4 H’ftt? defi ned
each of thenemnyAneleath asshhfsati lehst Fiveai@ghtitys.C UN togdbn &f GdshOnsy P
depicted by block 60. In general the tensor of the anatom c data will be
resolved into the three orthogonal axes shown on the figure. This figure is

i ntended to show the co i | ¢ i rel ati onshi p between nodes such
as node 58 and node 46.@#&@@5&%?" 12%@8&@%9 rel ati onship

>y




| S between nodes depends on both cell type and cell orientation. For
exanple, in the heart, conductivity between adjacent cells is strongest in
the direction of the Iong axis of each cell (cardiac cells are typically
long and tWPH4668%hi s direction is known as the fiber oriRe/BIPEHSS Fi ber
orientation changes throughout the nygcardium thus varying fromnode 20 to
node in the nodel. In the 3 D heart nodel, coupling strength bet ween each
node i s varnj ' N e ation.
node 13, SHRER L o' EARAPRELE ARk KRRy B BT

comuni cat icardiad celbt @) bamvatieregt@ bfibadideaikese condighrg <bibm6fhcﬂﬁﬁ dnke detail ed
anatom cal structure of the heart nodel. This coupling relationship is a
part of thé&®bbject 25 14 and is represented by object 18. Conputation of
the spatial dependengy, eﬁnewt)tme 9%93@%dehnétetesémhawgmtanﬁn?éa&%t rical
current flow between adj acent nodes of the latfice, because a triggered
depol ar iSzatwithnits emgttbgmh’éhlscnmmmxcatimﬂent%oeleptngdecorupbng zbntmjnacent

node. This current at ed in.si 30 using
Chit s Low. BUE it oot Gl oF eftet ALREME MR iR, R ecalie 55 anc
46 (Pig. 3)heaRnhe touiinkereaigihndepefdsCo tbeal #a¢siny.i Thus tHemetwoik 1@4elSUBSTI TUTE
SHEET (RULE 26) WO 001 46689 -9 PCTNS99/ 02755 resi stance) between these
two nodes, desuiptianetheocpinling strenethibetwesn Aedes, iaWoQBe 48 ENFOHB R 58 i s

gi ven by I'nﬁ)dkel WP heartBnisotipie aﬁd?oﬂf@&rtaﬂo conpute the coupling current |
between any 5 pair of nodes typiftied by node 46 and node 58) it is
suffici¥nt that the hbaethecanratemicehard didphysicalhpartiens of tianswdebamne

mmy be a cORERER] MRbdendBRATsrARE o erRP ey I, g gt - ©
bi ophysi calthy specifieatiss iftile softe pf hafehites of cardi ac gap junction channels.
The transnenbrane voltages ire 10 .di scussed in the foI | om ng section. 3.

Description of the B BpgRdct 8 orpfiization #rd staeetwmsgiacilitptgs campatation | ar t o
Fig. 3 in thahuitfpreeyst Rnlfii:€$eoiat 'tl’{eenm%nﬂﬁgeo&nlghﬂ ntee.aaélgﬁt%r In this
representation the node 46 is associated with chart whi ch depicts a
conmput ebd adpiesstions.enthessfor thehvpdaiing. pmneSSaﬁ@naohrgﬁmémbmapf ilecalliye bi ol ogi ¢

termused t t i Vol tage.
Al cells hcg\‘/lgl%gorpmgt@gtr??? t{% dats IPEsr gﬁgfe‘égeﬁ(\ie%\r%p%n%a 3 ernigor O#L% e cell and
t he ext eri drhipfpdchfic a@rbachT&nablescreewlnhbld momsn’gnbmarfer pogentinbkrsr esul t s

fromthe acqgu ation of ne ve char ns th|nt e cell. In 20 the
case of phy? r&d Se t%HFg’g {h§ }W%Sﬁmﬁhtgﬁﬁ‘é‘tb P P tWéOrn%r PBSe8Sen and
cl ose sequetﬁtapra,lsicmlwrabfahtealntm WhRhia®dSorhputhii GaAkyEngas@bis. t he menbrane
results in the depolarization portion of the wave form shown as intrinsic -

deflectjon 70. In thi he j i nel s open. This
sharp cfitange in voltﬂﬁlc‘?.ﬁg t,uér 'ﬁjgbgﬁﬁﬁﬁlwéﬁgyi@&gghbor cells,
triggering a 25 depoiﬁrl zatio |n thel acen eI]I s.. Metabolic processes

t hen comence to rep 8utt S&Y§ra IeSef it rfq‘?eenl‘:%s't‘f’hﬂa%otentl al

i s shown i NnéiR6teagéntal PRlRinel Mhefedd! € 68 by curve 72. Again referring to
Fig. 1, once the object 14 has been defined and created, the bi ophysi cal
model 22 nust be spefl€: &ds ramreseptatign gfdhe godsl depictingethforganizationophysi cal
guantities g Next, a mathematical nodel that describes their
spati o- terrpdgrtﬁT Q(Efewh%?;ég&ltsg SdeveI oped in process SUBSTI TUTE SHEET ( RULE 26)
WO 00/ 48689 PCT/ US99F0@+~55 518 f(@resesiasibhyof hhsevqmoc;less@'s tearhebe descri bed
in the form of These equations describe the

i ff
cel lul ar aﬁaprs?ﬁ%g%‘i }"U%?Fqﬁ et%?ﬁ‘étet%ﬁgmﬂ‘é? ger?ﬁ B the val ues of the

bi ophysi cal quantiti gsG{reampng repedehtatibnt bfiBtHeO el NA¥pictidgethet hi s
mat hemati cal nodel must be translated S into a conputational form by

process 26 gganipgion ¢fanadss and eoppdinggelationshipocess 28 can use the process
26 as a subrouti ne. i UC i |1 depend
upon what type of angtilgm%clgLél {rrg(ge:semang@oozstﬁér %&@%b%nghg%lﬁ%%t&ewdl fference
anat om ¥kl frordehe skewfiegsationkiassdceated Mithreacic fodeepr esent ati on of the

bi ophysi cal nodel. 10 The bi ophysical nodel 22 (Fig. 1) includes in a set
of N x Neqg coupled (through voltage) nonlinear ordinary differenti al
equations (ODEs), with coupling as defined by the anatom cal nodel. G ven
initial values 34 for the state variables defined by each of these
equations (referred to HBSHIUIEBSHEETRULE26n), and gi ven boundary
conditions on electrical current flow at the |5 bounding surfaces of the
nodel , these ODEs nay be evolved in tinme to predict electrical activity
within the heart. The ability to relate this predicted electrical activity
to cellular electrophysiology is the single nost useful characteristic of
thi s nodel . Repr esent at| ve equat| ons for def| n| ng the state of the node are

~ N . r 1 1 o — -pm ] —— o




WD 001 46689 PCTNS99/ OZ755 punps and exchangers in the cell menbrane; c)
equations describing the buffering, uptake, storage, transfer, and rel ease.
of cal ci um .8@@1 E intracel lular organelles; and d) equations descri bing
time-varyi r?lé 8 ”ées of intracellular ion concentration. PgTﬁs&g/oz'ésa sets
forth exenplary equations while the tatbles of Fig. 6b and Fig. 6¢c identify
a groupi ng of biophysical processes that are suitable for use in the
preferred nodel . Theseid.aly 65 BBYehresdntdtiinebit Qhd NRoaslt | RPideLenkd al of
Fig. 7. The corresponding ionic current flows are associated with the tinme
course of Firgjatignshgpbepween thesgrgenizatiorrphan illustiaive computer systpmowttam 28
interacti vewe @&mut es the action potential defining equations fromthe

bi ophysi cal "nmodel "22 for all the nodes and additionally conputes the
contribution that nedfIGdagikhanisie Battimgdorthipeefortd sgofabde bguatiodes. Thi s
process i_s represent in.the figure by integration progess 30. The initial
conditiofs are prese thdstaﬁé{’]%@e‘é}“ﬁtfloéfgipé °HF‘$€‘§5‘§"2§eﬁﬁuﬁt}?stbj ect 34
which is typically a pit.ascfik laQablE@ct@i_n@'fﬂ?th%?ef@ﬁé&‘é&%f%h@e bylbrRAs;ameters are
presented by a data file shown as object 32. The output 36 of the

si mul ation program 2FKan’ irea eopsesentasion; of aapgmpiied getien peieneéal dengvays. One
very usef ul t p i lLjjati on of the tinme course of voltage
over several\’\g e‘g’?{%éﬁ‘{@%ﬁ’%ﬁ%guﬁéé@m mation is 20 created by a graphics
term nal dedicated to animating |arge data files. Single node results are
al so avail abl e an®ESCRIRTION SOHTHE PREFERREDMEMBQ@RBIYMENES act i on
potentials. Fig. 5 anong other things illustrates a parallel processor
conput erlOsy 3t dweBBiew The operati ng system software can select a set of
nodes 25 81 and have .the state.equati,ons.ryn,on i ngl e, process 90. A
separate set of nodes’hgfz Sﬁrﬁp%sétecom‘:)gfperﬂ?#k}deéongﬁ@edg‘b%e roé’Béso‘?’ 92. In
this fashi ogoinpEmehate Uskwoikng eqhat inenSorkt rtflectnosRs fupresbftsCaheul at ed
simul taneously. The fact that the state of each node is essential]y |ocal
renders thi SPHBMIGACHIYSHUEL Pledhe hoatte PRenotesi tilepbitheitsPate-tePe®l " nodes is
conpl et ed t RELIAABA SPtHeAIRes Bi tRad@laAtigiap he accumulated in the shared
menory 94. Wth this data SUBSTI TUTE SHEET (R ULE 26) WO 001 46689

PCTI US99202955 - 12 avEherefbree at heachnapde difaltheprmedets yegoenrbierhysicebrput e t he
coupling rel atl [,S1.di, Vi i t t (i : Val.i ous

gr aphi cal diqgén‘}tg&%[]‘{éx@htrlhlggu%gaq %cgﬁa aélog‘sse%gt&c%lﬁ%fgg'seﬁﬁsttﬁhg“yagac%dg 1% e{ he user

i ncl udi ng 3Blongiwith ihcrand®misalmgtwonkdsl@saktby the spbttmntpragrah wemmge 39 or

i mul ated syr f ti.ons 37. Figure 7 sh ted-acti
potential {5 & QR ¥TrBEeoioB iahuittfe deREcdét e 158FendPal™ 5 br oken

i nto sever amaphas®s eldctrophiwasdlbgoPicaridlahe0tirebpmadeleto Phase 4; the
rapi d de%ol arization of the cell across the nenbrane is represented by
Phase 0:2%Phases 1 and 2 correspond to a 10 depol ari zati on pl ateau; and

Phase 3 cor Q?m@ﬂ?tibﬁ off Bife Cﬁgﬁu?e#ﬁedthﬁaﬁ(ﬂﬂﬁaltpoﬁﬂ% A4he ety state. The
action potential ol I S . ubj of 1 nse study,
and it shoul d be apprid&i dtrepresinas thefrompogie GMPE@Jdﬂluﬁh@Gi)mmqraﬂ shown in
Figure 7 isy o&qﬁﬁ%ltfwﬂzarya” ous ionic transfers shown in 15 Figure 7. The
initial in-rush o al'cium’and sodiumgives rise to the loss of potenti al

di fference between t hat protesa- idedf thedreaatisdarandmizal édthilligexspaed frobhi s
process ,.nduces vol tage-gated ionic current) which giyes_ rise to Phase 3 of
the 11 gdPe. T hesrt apd Sommaumigtipd do Jhe (8ramply, BGiSFater { Ak eRYAS¥R'Sum of ¢ he
Phase 0 thr qygifirePRRdiOmfc Qhtal QB4 re ﬂés@puﬁﬁlblléﬂed_cdﬂzf QB¢ SthdERhed Beled N Figure
6(a), 6(b), 20 and 6(c) are preferred, the precise fornmulation of the
currents ar éregigdj bt carefuf (disseetion effi heartsnend sdasal derived afromy pwehetimt al

evi dence be viai | & r.ther il a to.fhes i.fic
curronts carcpaos iy &bt ATk AL ankhitl Bkl uf DS EBERI: o,
exanpl es andnylaf severabgouteesan 25 il |l ustrative description of the invention.
Si nce many enbodi nents of the invention can be nmade w thout departing from
the spirit and scope of the invention, the invention resides in the

follow ng clainms. SUBSTI TUTESHEET ( RULE26) WO 00/ 46689
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-13 PCT/ US99/ 02755 What is claimed is: 1. A conputational nodel of the
heart 'conprising: a space defining lattice having a set of nodes; each of
sai d nodes Bositi oned in said lattice such that each node is 5 adjacent to
nei ghbor i nYOAYHE8 \whereby said lattice and node toget hePCHESPMISE t hree

di mensi onal representation of at |easfy. a portion of the heart; each node of
said sct of nodes representing a unit of the nyocardi um each node having
associated with it .04 i comput i ng
an action potenti al a%ﬁ%%%qﬁg?%%g%@oﬂf%egggigﬁ g‘gﬁé&glﬁgqp %&)h@%ﬁmﬁﬁe}]g a node
pot enti al ; ofdEhhewddeepresented Bssbjectal €d Mhiet éxact f@rns giat ahatoatiplmoigl

relationships related to,the,anatom c struycture of the heart for conputin
he contr i BRBFDR® B5Tsergte Dot e upe A e RRR Ao, DDAl g nodes. -

15 wher eby diff@ed@tBbdeifie tQéhn\I?let RAAswaAlin@AE Bp&ifiediod MAdRawiRRREENt S the
gl obal depol arization state of the heart. 2. A conputational nodel of the

heart cénpfinye glpment andimnliignid modelsaare sgnigmplatedywithire the ope gt thisf sai d
nodes posiPisgﬁggreat a vertex of said lattice; each node representing a

bi ophysi cal "conput ati onal unit of the heart; each node havi ng associ at ed
with it a set of stdhehdgkéfeirad degglapments peoqesedBiingsat at eonsaucvdl es
sufficient to congpute node response at ti t +del t at .gi ven_node response at
time t) safdig nee%arf%mscﬁeﬁbesaitaﬁl%gf ﬁgesh%'evv@tfﬁ}d? 068 Wptsatedd from

bi ophysi caly pQCoswWhict h&rd adriAitOMrlien&Cheart In&RYADI MivpdRE 4 ye-varying,
vol t age- dependent transnmenbrane conductances perneable to sodi um (Na),

pot assil@m {aice ¢hpEnedestypified ddvode 46hl ori de (Cl) ions, the tenporal

evol ution of which e | ed. usi - inary.differenti ations;
SUBSTI TUTE SHEET (Fﬁ‘l&‘“ gzg‘%%@%q‘%(ﬁggé%gé%ﬁﬁb&g55’2"511%2?% f")"I‘equati ons
for tinme-vaéyi Mhet caninodvioy sreeweanninodeuip modklak dyanget L r eTHese
properties of, whigch are del ed using, al gebraic equations; iii, quati ons
For L me vaPYANSE VIR ElanaRBipsarEsh rells e amprpakantsarercapraified Tnodel | ng
the regul aby ofbu _fin%%fa@i@ﬁiﬂibﬂ Bbtviedn| R¥BAGHeRYofChle! Mbakl. OTRIBk M, the
properties of i ch are nodel ed using coupl ed systens of ordinary

di f f er dAt i apdescrgareseming speyificcisspesoiypes apd boydhey prerrovpladrianke restix of each
| oni ¢ spechesnd Rethlafd shRFHGE! IFMRARMBNE d SetPEY m@'a@'ﬁa_ &Qire&%gﬂggde

connection to nelghborihg nodes represented by a coupling con ance, the
val ue of whélationshipgetcpuldd bbymokiiednao orepresent dhirkimghifibenf cellse twe nodes;
each node having..a upling. ,current sociated w.t.h it deternmned by the

t ot al cur r SYFEE {1ggﬁﬁcg p{th%lgﬂoc S qh"}“gﬁéﬁeﬁ}ﬂ“ gaiparkéglﬁp lt|’er{ V‘él?)}f{a[}gfances 15
defined at ngfairdianle Objrerely usal ih thisifashiog t6 taprwpd &saiesl likodifesstimt e

equati Qns be solved for the te orab evol utjon of all state variables
at a1l Mo medels ;Qb_ée*"ésg‘{ COTePERuL? i e nitsotiicgmes hrasy fw?s'nﬂ ising the
steps of ! 2fovd ifl€fG.M.NThA poRtioRbr HRt hbEA i9RIRDIncAAGHN kit Eibﬁﬁysﬁ'&qie
representing a biophysical subunit of the heart; each node having a set of
bi ophysi camasdgLiax the sintlgtior pragEaMA§- a total node current associated with

o, Ca and K Ton LT AR heifhs SO ARRLEI R SHOUE e R ARE br ROCC

associated with at least five adjacent no node coup
nei ghbor i nhearo & syitls aiporitaup? iof ghenbhohet eldawasl avayesi stcen de; edlpecadiali ng sai d

a1 d ndde. BUFRERCTHGTHr R PRE ot H D PE BT e CHN AL Of ctul L1 g~
fromthe dep@dsaformgtd Ritied 4 eacimengp@ehnsd sRowO et tBIRSAEsTibiicHEET ( RULE
Z6) node 44 lie on or in the myocardium and that no nodes are present in the
chamber proper.
This figure illustrates a direct relationship between each node
30 and its corresponding spatial location in the heart depicted in the completed

lattice 41. One should observe that when a finite difference geometry

SUBSTITUTE SHEET (RULE 26)



WO 00/ 46689 -15 d) displaying a representation of said . .conputed voltage.
PCT/ US99/ 02755 4. A nmethod for nodeling a heart with a conputer conpri sing:
a) definin of nodes; 5 each node representing a bi i subuni t
of the heaﬁ@ooz‘g%:sﬁ node havi ng a nenbrane, defining an ihgf)%%(o%&#ar and an
extracel | ul ar space; each node havi ng-8& set of biophysical equations
associated with it for conputing a coupling current associated with ion
transport i gesatdr Plodesé nacigl sdll AtheSpariee; foA G cilsid Gattiae i shGicfurs &¥itiof

bi ophysi cal equatiaons assoqciated with it for conputing a coupling current
associ at ed #penqdshaying8 denst five (and; mogs,qopupenly spameiighbogach node havi ng
a set of biophysical qgualisnhms 395Qieal Gfhabi 48 bkl Honf PUiAI 2
transmenbrane current Between the intracellular and extracellular spaces;
b) defi ni ngdiffdrendei medé¢lnef tdi mygomadiomoind predemed oxwith @aateanadighbersoci at ed

i th ical I ion jn, heart, ti : h nqd t ith at |east
fve ad 3renbe mtEea! evalsdnres Fiebal oRABFinat 3¥eh, e XARROR BESHNT g w i
nei ghbor i ngspasaszfakfsl S5t pa3s thivagRAat &igie WAtk QRENiEd B9t tveanbrech nodes;

sai d coupling nodel ed as a coupl | nlg resistance c) solving said set of
bi ophysi cal refgeace diedet #6.delbe rroyplingrglatignshie Upatweens ngde otfi andditsni t h

exttacel] U b 168 oGO AL, BBl ko UL Sl Bl oo on

to conpute the voltage present a
depol ari zat node 58. €he hninouiepyaoiitht hean ao pkga tfioon thef anatoheip dlatar sex 40 ion wave

front through each de; e) di.splaying a,representation, of said.conmputed
vol tagenosogﬁﬁsé‘*ﬂ ﬁqﬁ“eﬁs?%"( At En3EY rc‘a\?{ﬁgﬂ?}?ﬁa‘ 89 8e% Uss9PpEs - 16 5.
A model  of gelhiiédsAE @ﬁdic@awrmsa@wm&g&wralsmegénsarpru{eaédatdfni@fdafwdesg each
node havi ng associated therewith a set of state defining equations which

take their WaHibeoresslved dpieyUicctirecoartbosonl axesashovsupathfigdre.y Thital to 5
the node 'tﬁghife' is°Ahddads AW Y Amg ftidna BGughid Fol s h !ﬁeﬁ@@é,{?h takes
S I r ig

as its ar gu nt par aneters comuni cate olely m near n ors; a
net wor k connedesi suphadd nedec 58 remdenodes46.d Inegemorat the cloupling reletigrshipy

rel ationships, defi ned between h node, a Lts near nei ghbor node

wher ei nqéai getggﬁﬁlnf’nas (?eéjle\'zg?sl Oheni ﬁgﬁgéﬁ e cetl %rlezi%?itfoélm cal structure of the
bi ol ogi cal organ, andF@rexamppy, @&s decheas, s@iduofivey deevedafadjucag cilpad | ons;

wher eby said state.definjng.variables can be _solved interatively and state
Vari abl e varteRseEb i CLIEHOR o e B Wi Shgeh ,c%m‘%@c S84 % net wor k

equati ons CapiLAlyC HHBUAROHiRY. e ditesteon & khowktabade Gfbed &frichidtiana nModel

conprising the steps of: applying nuclear magnetic resonance inmaging to a
bi ol ogi cal &ikgaRrieatatienspaness shrauehovt themyesardiny thus wsyiae feupapdt ed with

the di sthi byf |odk A thd@iddel 2fh FRICOBUeER Mbdel] ddublife BRYRR bR en LGRN:
applying said tensor dataset to a network to determ ne the magnitude of
coupl i ng conddeisavaréssl dnspideng) thtibes spdtial lvbamgss wdrfkbes woeientatian. tThaist ensor
the lattice parameters (coupling strength), which control the communication
of data between cellular nodes is used to encode the detailed anatomical
structure of the heart model. This coupling relationship is a part of the object
25 14 and is represented by object 18.

Computation of the spatial dependency of voltage depends on
determining the electrical current flow between adjacent nodes of the lattice,
because a triggered depolarization results when current flows into a node from
an adjacent node. This current flow is simulated in simulation program 28 by

30 using Ohm’s Law. Defining VA and VB as the transmembrane voltages at

node 58 and 46 (Fig. 3), and G as the coupling conductance (i.e., inverse of
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information is reflected by the internodal conduction values of the
network, thus enbedding the anatom c characteristics of the organ in the
nodel. 25 7. A nethod for using a nmultiple processor conputer to solve for
the tenpor NOWHMBUti on of state variabl es defining bi ophfSTUSIIHS

bi ochem cal properties of nodes withim.a network nodel of a biol ogical
system conpri sing: SUBSTI TUTE SHEET ( RULE 26) WD 00146689 PCT/ US99/ 02755
-17 partitipi td i . ;| N nunber
of 15t co Supanyd Brya E Rio BRAGS IR b NBlhe CuREh AR B e 1
at | east onwdef46zaindds GBsegiven dgsoci ati ng state equations and state

variabl es describing the 5 bi opg_irsj p?{é a_ng gl ochem cal properties of each
node in said subsets with particular foc E ing units in the said parall el

conputer such that egalls,SHOsEr & compeR $he RaPRAE FuBdniM bRtdeedi &yl NCt
processi ng uni and that all processing units are assocjiated with at |east

t
one subset RHT pluedss tymifisdbympderts ardrpedends.ciy by sufifisiens that|the spdese
vari abl es V}éo‘rﬁ}{\ﬁhﬁﬁghoﬂfy Jin]tﬂ hﬂaeﬁo%arﬁ%aﬁﬁ?neaséo‘?&!g@é efh Viakh ‘Jhﬁ}.'_ nct
processing units concurrently across each of the processing units;
concur r ent | goraimanicagors dn thesmatiel isathemlfdreslocal. cOnpay be aremstant lieapl ayi ng a
sequence of said state vari aIHI ﬁs. .15 % A g.etpod %?IY nodel | n&g cardi ac
di sease st HOBGUFANGS: Sl Yt Pt B OYa8 WOPRYRFRNY PRSP MO8 c¥npri sing
the additi %}BbeﬁE@Bﬁcé}ﬁiaca%?pa}dhéiﬁid SMhnh8. 'Biet SR nfd&{brMdGolidiRs anat onic
structure of the heart such that anatom cal structural changes known to
occur i K t His¢ussgdinghe follpvaag dedtionease state; 20 b) using said adjusted
tensor dataset to determ ne the nagnitude of coupling conductances between
nodes of the network such that the altered structure of the heart in the
di sease st a}.eDesxiptiqy eftdrtBidpbysit4lP adijonsifatie Modddr dat aset, is enbedded
in the network nodel Fi C) ad;.ugtipog par a,met&}eriﬁgf t he set otft.stat def i ni ng
equations, 25 specifyigd BrioBrt 1BER A 18152 BYPF ASEPTGFUP BT B¥%sses
defined at fmehthed@ertafl. tidahlsadepteSentation fRPICIGUREI sCRANGAS With dHase

paranmeters known to occur in said disease state; d) adjusting initial
val ues b¥ st&evehighdepiste@ comauted nardion petesliak abthefnagsi chihes agidmer ni ned by

the set of equatd Q@ﬁxeﬁﬁ@lﬁhf&ﬂeﬂﬂ u@é@&?&{:do@xﬁn&fe tRO tifl OGREE Glvohfildntl! ar

processes defined at each node of the lattice) I1n such a SUBSTI TUTE SHEET

(RULE 26) ofypliabirsebsge. PET ¢idboiaye zopotendalwhiference bervegsndbleiaeddranges i n
these state i abl nQwj.. 1.0 C i B, sal [ sease. st . | ving for
the-tenpor of" Bb ST EREMECR D die W6 P Mol o Gafle R EAR GO Blfie aG6aR8) ¥\ e
lI'atti ce; 5 rfepulsd frvmnife natuinsladbe of avepativety chargad damgpuithin thenaily Fnor

gr aphic di spl a nd anal ysi s., 9. A conputational nodel of the heart
Qompri it aRea of PRysiird pkEhRite SoL ISR TRANECIBTL they ETIEET8 PREACHER node
havi ng at |@Qasd séquentisley GHIeH Sllows the ions to migrate across the membrane

results in the depolarization portion of the wave form shown as intrinsic

deflection 70. In this phase the rapid sodium (Na) channels open. This sharp

change in voltage is communicated to the near neighbor cells, triggering a

25 depolarization in the adjacent cells. Metabolic processes then commence to

repolarize the cell. The return to the resting potential is shown in the action
potential table 68 by curve 72.

Again referring to Fig. 1, once the object 14 has been defined

and created, the biophysical model 22 must be specified. First, a choice is

30 made of what biophysical quantities are of interest. Next, a mathematical

model that describes their spatio-temporal behavior is developed in process
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10 each node having a set of state variable equations associated with it;
sai d equations descri bing bi ophysi cal and bi ochem cal reacti ons at each
node whi ch soI ved to find the currents present at t he
| attice hav:@%w"g Set of coupling equations associ ated thggi‘ %9ﬂ9%gf| ni ng

t he coupling between each node which -ty be solved to determi ne 15 the
total voltage present at each node in the lattice. 10. Afinite-difference

conput at i ong6,MURLaIDf tBedRePrdceSREPEAS b destlibad Skt tRd Mrmodespapiislanged in a
cubic lattice with each node_having at |east five neighbors; 20 b) a

subrouti ne §iffseengial eqayationp. Bhese eqpationsednsanibe theeealnlargandasubcghuari her
orientation P%és@':ptﬁalf'%e&qﬁﬁﬁe tRbLaLRedr tﬁ'e %16}‘1&?3%51 bant@%s  frdf Gddi N9

direct anatdm cal neasurements or use. of sonance I magl ng

met hods) f omomenpinttimetd the reann®ben dris matheﬂratxsalbaoduimmdtd»bttranelateddes c) a
mul ti-di n5|onal dataa N2, N3 S2,S3, ... SNe n 25 which
i ces N LA, CofPIRELah By Ph BETEPDASCHO T ghe SRR PHORERtE o
lattice, angho¥asi BPLAS uSe the - roéquaaﬁa@bmmef shetstru¥@kd 3plgs defined
at node (NI, NZ,N3) at tinme t; d) a nmufti-dinensional data array

F(NL, N2, N3, Smulatpnggogram 2Riewjll) depandspen vise tyner ofaanatormical qwdeiwes t he time

rate of ch )./ e Tl TUTE
SHEET (R Uﬁtgglggf&%jﬂgeo %4%@&39 c&@%ﬁa@%%%@&l Eﬁ’dgg dtaehlrsgﬁ rou'?lll% % procedur e
whi ch specidiiffesemarqirguntahlomoffmhe biophydicabgnoedlebnent s of t he
mul ti -dj rensi onal I S.Subroutine pro u itself
bei ng cL‘gEosed of a hﬁﬁg’é‘?pﬁfmétﬁ’?ﬁ‘ﬂt&@& LG indss 1%é|5§[;f’gﬁd¥ ﬁ\@fh alibrary
of procedur@fpfr {t%ﬂ@ﬂdﬁoﬂﬁ% )Ondt1RRRY Sidifdry m&m&aﬁsse@mdel(ed)ms t he
sub-cel lul ar | eve a subroutine procedure specify ? a nuner| cal

M

i nt egr at i onWith Gepp} trwrﬁsrdﬁﬁmﬁéyabmnﬁtami%hweb ires lmma dlugy 34forso at tine
t+At given fﬁ@lsﬂﬁé vﬁ{xa@@s Meg%ﬁa %om?hése elr]{Q%\t%)Jns (f%f@r? | C?{A:Pﬂ%alm)de' of a

heart conpri sing: a set o es arra in ac attice with each
node havi ngeeaditieasand igivenniougld bgr sqndnt)omsacm ehothécahaurmegt flosedt tfe st ate

vari abl uat| ons _associ d wt it sai d equ ti ns descri bing

bi ophysfcal Mg S%rﬁaecﬁis cjlﬁlreeggfigogl‘gesﬁt Ogg%hmﬁ%g’ee %Yf?lc‘f RS By BE ol ved to
find the cugeénrt sleprriRabadtivady wakin thedeaxbasmel abjiig tb eslale thirmediceds, and the
vol t ages preisent at each nodgl E}g caI and near nei ghbor

par anet er s; 919YTIgl AHEIPYALQ jEUY ﬁ?;}r B sHgledquati b lassoci at ed
therewith d@{ah{uté}g;tkmtggmdeng bet ween each node whi ch may be solved to
determ ne the total node voltage present at_each node in the lattice. 12. A
met hod of conputi ng Represeialivorauatignmier defining shngtatmefl él!eeB%deoﬂe 25 i) '

partiti gni ngy tehen ity f;gsemg PO 6 PROGY a?dadmaﬁﬁ' 8@' n ;,?t ifﬁkﬂ.&a%l

conmputations to one o processing units; urrently ¢ nput|ng
state vari a&bﬂlpesdcmttﬂnartshgrrrbrpreocessntngfomnmaé, (K(n and)Cajonmuclsmgcrehe t enpor al

SUesTi ToTeckpbperiiisil Py Gt g Bin et BoPBeRS B R hoa of
conmputi ng tirenshrpbeil flew of A4)p(Kfand (@hpionds spableeStottdl ttd@membrane
ion flux in cellular organelles; each node having a total transmembrane flux
25  due to lipid bilayer membrane capacitance.
In the preferred and illustrative finite difference development,
the partial differential equations reduce to a set of ordinary differential
equations defined at each node. These equations define the biophysical
processes giving rise to the unique properties of cardiac tissue. In general,
30 this system includes: a) equations defining properties of nonlinear, voltage-

gated transmembrane currents; b) equations describing properties of ion
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nodel of claim3 on nultiprocessor conputers consisting of a set of P
processors each with | ocal nenory of size M a conmunications network 5
supporting data exchange between processors, and a global shared nenory,
with the n¥ORddbnprising the steps of: a) partitioni ngPEHESPEEBFce into Q
sets of nodes, referred to as node sejf, in such a way that all state

vari able values at tinme t, paranmeters, and required tenporary storage

| ocat i ons (ngﬁyﬁ%a%%hatmggrsaﬂytl{l?g% %ﬁémlﬁﬂahé 5 LI1Qudlss! 5l 0Ty

avail abl e t pr ocess assi g to a
speci fic prafRsiaghguptakd, antage ' sahgfeg| aﬂaerrwlyasec)ofi nilefunpr ooes der

conmuni cati,on y data re ed ta c ute. new val ues o state vari abl es
for nodes ﬂbg?%eﬁlﬁﬁ’é(fréi‘“cﬁﬁ% "g’g‘r@e?q\?aﬂgﬁ\ggﬁ? @f“fgr Umgriarying fhaneesffs: )
concurrent jgefGuula o Botbatritigif.ocessors of the conputations to conpute new
val ues of local state variables at tine t+Dt in each of the node sets that

have beén assigned t Bigerfecssts farth gxﬁmlﬂar}'eqquatienawhd)ln tbﬂ tslulepgf thig.and d)

until conp of, stat varlable ues,at ti

arml 1, “For teaindPietes Gy i bloRBing & wiPhyou Bho b ohilhvs MBRE e st o
state vari abt @se oR twtpeéfeﬁbd &ﬁweagembewtsm% iy Beélhelagpderst thgr &ddidnCal

di splay; g) iteration of steps b) - f) until t+Dt equals sone end tine T.
25 14. The royentishprbFig|7ai Thescarraspording iqnie cunrent fhwseare gseostatest Wirpound
data: a) ajjeais Jog;serm:qjlgy-y ng one or nore of said state variables as a
result of inposing one of “said chem cal or conmpound data; chenical or
conpount) dat a i ncl ud®&tineeshestitorfiipf 1 atiei amubidion; pregrast 28 intatagtiveliyocheni cal ,
mechani cal and_und e o0l et e, set of

ot egral  naeiBests SERPR roRaiaP ustifife 3RS Hod tnd SipaRg R hRA8° o s,
SUBSTI TUTES4EE (xlIRUhE nddps anW\Odditi Hafl§ Oc N MO 2éhiributidn Chavnearans t o
determ ne the currents present at each node based on changes,in the | ocal
and near ndicgHIOFS BavarQn \Pﬁr"oﬁﬁg%a‘p‘gf’é’ﬁéf%rg igPropespifjiepregented in the

chem cal / corngeng lﬂeetg%aud%) pRERANT TRe GRiAI BbABLbACaRCHMMAPILH! al each
node in the Tattice; e) means for nodifying state variables as a result

of cherﬁi:aISﬁméhpl@Qrmod%i@aZﬁ by the abigns 34 ovhicle ipsyritdly adetpliler dntao sol ve
for the t ergi)r%flgl fashion the run parameters are presented by a data file shown as object

32. The output 36 of the simulation program 28 can be expressed in any one

of a number of ways. One very useful output format is a 3D animation of the

time coursc of voltage over several heartbeats. Normally the animation is

20 created by a graphics terminal dedicated to animating large data files. Single

node results are also available and may be presented in the form of computed
action potentials.

Fig. 5 among other things illustrates a parallel processor

computer system 86. The operating system software can select a set of nodes

25 81 and have the state equations run on a single process 90. A separate set of

nodes 82 can be concurrently computed on processor 92. In this fashion the

state defining equations at the nodes can be calculated simultaneously. The

fact that the state of each node is essentially local renders this approach

practical. Once the action potentials of all nodes is completed the appropriate

30 state data can be accumulated in the shared memory 94. With this data
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evolution of state variables and chem cal /conpound data defined at each
node of the lattice; 10 g) a neans to graphically display the changes at
each node w}b&l}gﬁatti ce as a result of said nodification of the system of
daim4 vt eh cal / conpound data; h) a nmeans to stor ePEHPF 5 e

vari ables in conputer nenory and or ek2-ernal data storage devices for
graphi cal display and analysis. 15 15. The systemof claim4 wth

el ectrical dvapabledahe GRNEANST NGoced3ord RBANTIeXOr complité Y kg enpliag nore of

said state varjiables as a result of mgos,i n? one of said electrical input
data; el ectrelagignshippgivingsrise toribe qupyt 36 ggigr ik wavef orm stimul ati on

protocols, etc. 20 b ] SOLVi i QmLgt e set of
i ntegral network al gézﬁﬁ?ﬁ?ngﬁgg{ggfe?g@tayit%nﬁlﬁgggﬁggtuga} $r1°h§r|ergre seltgs; c) a

means to delaes no ke tuser dnotading S3Pransieatiornitl 8¢ atiplaanbde basied watemtirdnges i n

the | oc and negr nei ghboy state variable paraneters as a result of

el ectri % .rFﬂH[f‘tfgq%ftsé’,"%IZ]“Se‘{iﬁ“r cﬁﬂﬁgntﬁﬁo?%‘};l ize the origin the origin of
the el ectrical stinmukygire §)sRWIBABSmpRcdLAbNIPICentiRE fEICH sigl€a6de.n0de i n

the lattice, f) a neans for nodifying state variables as a result of

el ectrical Bngomvention,; thg)actionpatentiabisuzrekemn e severaboplngessribe restiss| ve for
the tenpor . eV | t e yari abl | ra.cal i dat a
dor i nod at ioscilisP Eakelialy 8 pRbE £ MRUISRR FonoPiteaoR e e Belt SRS U

00/ 46689 PGRh&IS8&NEIANS5s r&teiental by dtimse @; gimpds ¢ adndy2 diosgekpondt fveachanges at
each node i% tre. lattice as a risulg of sai rmd%ficatio of the system of
a ai m 41%i t9fPafacizetion platsayy apd Fhpse S icprrgsnppds Lo the eqtpincolsthe pode dpe

vari abl es e gaiERednektafemOry and or S external data storage devices for

graphi cal display and analysis. | 6. The nodel of claim4 further
conprising: a) a neahbe fagtongwitdnpiahplotrediee aglp chagfbegn; hessubiest \edr i abl es as

a result of; i i C }.C 0 LWn.sal.d..st.a tgons,

wherein 10 Iggﬁggcsslktl‘g%i’ c%%nzzto?rﬁp%ﬁﬁ(rjg%dg ae?i%% uitj){e}lst %%cﬂgl%i I:sérqﬁrgﬁgL‘!)Zc‘!thlgon dat a;

ki neti c datmotersiabchewn dalFigwe Tiscthanesdl ofisamqushioni rewsiers fsbowsdhvi ng and
dating. t conpl et e.set. of integral network.algorithns d

chem cal) colBtd: 11 ancaats! frishad Sefvun ot et BV 5 ae PRt ofne

currents preseiial diffaasde badeed areckitncel mlahangimsratdellulze shaxzal TRisd near
nei ghbor state varjable paranmeters,as a result of chem I/cogt)pt%und dat a;

d) a means RTBCHEIRAUGEHECIRE-galsyl opicesierpnhadich giveRgise 49 jsﬁ%sé? & means for

nodi fyi ng s@lre. Tahs,aké Bmeaduisel?Ihe LoltdgeGhedleh @k IkOfmPYNthedBlage 020 f) a
nmeans to use parallel conputers to solve for the tenporal evol ution of

state vari dbraghdiiasehenirents/ Adihonethecrireentfedqpieted i Fieaeh6@dddln the
Gt cotud R SETRY bRrQANERepite ToRRiBloh BE LA OORPER: e RREIOCS " 1
conpound  further refinement as additional experimental evidence becomes available.
Further detail related to these specific currents can be found in Oxsoft
documentation.
The above specification, examples and data provide an
25  illustrative description of the invention. Since many embodiments of the

invention can be made without departing from the spirit and scope of the

invention, the invention resides in the following claims.
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25 data; h) a neans tqQ store said state variables in conputer nenory and or
external data storage devices for graphical display and anal ysis.

SUBSTI TUTE_ SHEET (RULE 26) WD 001 46689 -23- PCT/ US99/ 02755 AMENDED CLAI M5
[received W OPA%8Y nt er nati onal Bureau on 2 June 2000 (02PEBUNIS%Hr i gi nal
clainms 1, 3, S and 9 anended; renuaini-pg cl ai nts unchanged; (12 pages)] 1. A
conput ati onal nodel of the heart conprising: a space defining lattice

havi ng a seaynef is"Qsiasea Rach of said nodes positioned in said lattice such

t hat each node S adjacent to nei ghbori ng nodes; whereby said lattice and
node t oget Her Adehiputationahmedeldifithebeashedmprgingsent ati on of at | east a
portion of the heart; ch de of .sald set qf nodes representing a

bi ophysi cal subﬁr???ceo?&?nﬁ%g [r%l;t(')ccea}}a i"ﬁﬁn‘s S ﬁmﬁgsde havi ng associated with it
a set of state dgdh Bf R@idAGEsespsaidmRdsinf did Aaietitsubl tAit &dthi MeepRRt enti al at
the |l ocation of said ngde based upon a bi ophysical nodel that explicitly
relies on theadigsgptitonsighbasing spfeds dual i onic current that collectively
give rise to sai i p tLad . i ntial at
the node fromt Hg]eac i gz{nldp%%tgdr%t :ﬂg(? sno\?\npt olgﬁtﬁlteﬁggﬁﬁ%pﬂ)%ﬂ%ec;@ggag%ﬁ derived
di rectly fromepimsentatipuio€dt kastiagportion efithedieart; each node havi ng associ at ed
with it a set of coupli rel ati.onshi ps rel ated t. e anatom c structure
of the hoart. f oPsbiindYaa €3 of AT Bareh e wiif of S s athi o
contributed by tehéh \Wolt agRsn@ndsdridte®nbish axchapged wadehdéfhgingehqdeboring
nodes; whereby the total set of voltages at each of said nodes represents
the gl obal defaiasPny 494 eQmMBYtiRte 2 Actipn PRESREAL abthepogatign phspignagdenpdel  of
the heart conp[ ﬁirfegmpatiﬁgtain%dbaskhgq;havi ng a set N nodes; each of said
nodes positioned at a vertex of "sal attice; each node representing a

bi ophysi cal conpattanbdadlavingi assoéiatcdewitbartta seVENCBEIpIBHEEalidRRifSLE 19)

WO 00l 46689 PC]'ItI é’;S%Qthg?sSata%flc es??u@tur}(e)de ht Vi n? gs?oci ated.wth it a set
of state defiHi ?‘l@ equa Foftd expr essing sf)gt evg #hnfUs CUPPPRE MY 1o
conput e node é@fifibitsén &t said ABdd pulentidicogiribRtedWokei gtsRMpSHdes; tine t, said
equations including at I easﬂ one_equati on sel ect;t ed from bi ophysi cal

processks sel ectBiisWoihettate! set of yplagss pieathhef £oid 1qdge renfesanty the

vol t age- depengleBh) 4R {RADA 3t sOMdwesance perneable to sodi um (Na),
pot assium (K), calcium (Ca), and/or chloride (Cl) ions, the tenporal

evol ution of which are nolded using ordinary differential equations;
2. A computational model of the heart comprising:

a cubic lattice having a set N nodes;
20 each of said nodes positioned at a vertex of said lattice;
each node representing a biophysical computational unit of the heart;
each node having associated with it a set of state defining equations
expressing state variables sufficient to compute node response at time
t+deltat given node response at time t, said equations including at least
25 one equation selected from biophysical processes selected from the set:
i) equations for time-varying, voltage-dependent transmembrane
conductances permeable to sodium (Na), potassium (K), calcium (Ca),
and/or chloride (CI) ions, the temporal evolution of which are modeled

using ordinary differential equations;
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(i1) equations for tinme-varying transnmenbrane ionic punp and. exchanger
currents, properties of which are nodel ed using al gebraic equations; (iii)
equations f\oh obdeb@- vVaryi ng Ca uptake, sequestration, and PhRisEsurrents
nodel ing the regulation of intracellular Ca | evels by cellular organelles,
the properties of which are nodel ed usi4ng coupl ed systens of ordinary
differential equations; (iv) equations for total transnenbrane flux of each
i oni ¢ speci es t oiinkqedtionke forl limeevabyiage tiansmembesiel épnieagiunmmpdendonnect i on

t o nei ghboring nodes represent ed a coupl.i ng conductance, the val ue of
whi ch Ua det 1 aBREERE (HPieRBy OPRerTEr it ST AP TR AR BLEFAEGh  node
havi ng a coupldgagisdst rent associated with it determ ned by the total

current entering the node through all said coupling conductance defined at
that node; wher ebi) equatipnsofps| lime-vaurne fis vaishiensravestration, agdateiedps may be

sol ved fgr thecuh%HROﬁm%heﬁn‘\ggggFé i;?éhé&lilorlalolf T e 'c@égf‘ﬁgp?%%¥lgpdes- 3. A

process for conputing a eart conprising the (a)
defini ng a setorgdnellas,tthe proydiess, oAWVRNDED: Stddelled(wsiiig CGhiplddyysteriDoN0J 46689
PCTNS99J02~55 -35 ea&E’;I ati'ice node representing a biophysical subunit of
the heart; eacHoWBReYSTIMNG SAWAYONYf bi ophysi cal equations for computing a

total node curreRl egestfnis afof dovil tfarmenBrar@NHulk dfOBach! AP Rpéci@CEPSS
cel lul ar menbranes in said biophysical subunit; each node associated with

at |east five wirhthemellypgmbrangagpermsgblecoupl ed to nei ghbori ng nodes; said
q 3 . _ . | e
node coygl I ng rmﬁaﬁ:h%d@%oﬂné&ﬁ:‘n%%?&yg?@pﬁqﬂﬂeE‘géﬁ%&ﬁgeggﬁ’ﬁﬁscoué{?%g’ solving

sai d set of biophysical equations to e curre (c)
sumi ng sai d nodduaanceetite vabtuedef whivhrie defieedviny thegmapmes eelatiabshimoh node
resul ting fronht he deé)ol.ari zation of each node in conjunction with each
nei ghbor i ng nd8®!™{ 894t spl ayi ng a representation of said conputed vol tage
to show the timeefauicde Hvirghakeesiigcwedr: agestiatd RAGER defermindiebyrod f or
nodeling a heart with a conputer conprising: (a) defining a set of nodes;

the total current entering the node through all said coupling conductances

15 defined at that node;
whereby said coupling currents and node state equations may be solved

for the temporal evolution of all state variables at all nodes.

3. A process for computing a model of a heart comprising the steps of:
20 a) defining a set of lattice nodes;
each lattice node representing a biophysical subunit of the heart;
cach node having a set of biophysical equations for computing a total
node current associated with Na, Ca and K ion transport in said biophysical
subunit;
25 each node associated with at least five adjacent nodes;
each node coupled to neighboring nodes;
said coupling modeled as a resistance;
b) solving said set of biophysical equations to determine said node
currents;
30 ¢) summing said node current to determine the voltage present at each

node resulting from the depolarization of each neighboring node;
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each node representing a biophysical subunit of the heart; each node having
a menbrane, defining an intracellular and an extracel lul ar space; each node
having a set of biophysical equations associated with it for conmputing a
coupl i ng cWO8HEE8Yssoci ated with ion transport in said i REFHEWOREF ar space;
each node having a set of biophysicaljgquati ons associated with it for
conputing a coupling current associated with ion transport in said

extracel | ul ar sgg_cf_ﬁé lggm, q%g,gggé;,gatﬁmlﬁtgaid:@m}'{%ﬁwdm Lach of said nodes;
AVENDED SHEET (Al ICEL 15) WO 00/ 466B9 PCTNS99/ 027 -26 each node

associated wth a physical location in heart tissue; each node connected
wth at legst,fiv j.acent. nodes.. each node. exhibi.ting an ani sotropic
coupl i ng V\Ilglf hAﬁ’é?tg%cggdrri"r\%J]etrlllg &Pl f’g@ icﬂﬁlpﬂ% cgwg%%fr%@c rel ati onship

bet ween such nodpsiefinigh s2w@hbdes; nodel ed as a coupling resistance (c)
solving said set of biophysical equations to determ ne said node currents
associ atded wi t hetsh rodedEPigFatingigbIPpRYsicad s pbymdt ofcthe heptts: (d) summi ng sai d

node current toccHMidhe hdiing Ol tARRLRLES Wlinfl GACRARLLPSHI 1aRY 1 Om the

depol ari zati on of eac nd t propagati on of a depol arization wave
front throwglracdbtarrspdes; (e) displaying a representation of said conputed

voltage. 5. A nmpdel o bi ol ogj cal. organ .system conprisi,ng.. A plurality of
nodes; each nodgacﬁ‘awclfgﬁﬁ'é%éisg{ 8@%‘“’&?@*5\?% uatiany ass °‘§fe§t ity d¢ P% ng
equati ons whinphtihgke cbepling agirsdik eassociapddy swithl islat @anspbttCHnakgid

substant i aI,Ity | ocal to the node itself, and which include explicit
conput atd orBrasiulasgpaces | ux across cel | ul ar menbranes far giving rise to

acti on POt ent | alefeiphodd ayifElS:s<PBEBNATIENUATORL ol 6BRIcNRNGE R vari abl e

whi ch takes as its argument  paraneters’ conmuni cate rom near

nei ghbors whmpkting ei tcheplingir cwerdant egdotitel withetiowr kamspottaiini ngidall such
nodes; said_network including coupling relationships defined between each
node where % Sﬁéli@’(mpﬁpf‘ﬁeg rel ationship is nodel ed as a conductance which

permts vol t ageeadidnode having a set of biophysical equations associated with it for
15 computing a transmembrane current between the intracellular and
extracellular spaces;
b) defining a lattice including each of said nodes;
each node associated with a physical location in heart tissue;
each node connected with at least five adjacent nodes;
20 each node exhibiting an anisotropic coupling with neighboring nodes
reflecting the anatomic relationship between such nodes;
said coupling modeled as a coupling resistance
c) solving said set of biophysical equations to determine said node
currents associated with extracellular and intracellular currents;
25 d) summing said node current to compute the voltage present at each
nodc resulting from the depolarization of each node and the propagation of a
depolarization wave front through each node;

e) displaying a representation of said computed voltage.

30
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current summations at each node, and its near nei ghbor node wherein said
coupl i ng AMENDED SHEET (ARTI CLE 19) WD 00/ 46689 PCT/ US991 02755 -27

rel ati onshi ps refl ect the anatom cal structure of the biological organ, and
are express®d %% of state defining equations; wher ebyP THI"X 5 e
defining variables can be solved intermsti vely and state vari abl e val ues
comuni cated to the network nodel, whereby said network equations can be
conput ed f ors, eAGhodePdea bfolodichEdraad systerl @bmptisigga nodel conprising the
steps of: applying nuclear nmagnetic resonance inmaging to a biological organ
to generate a dae@!yrplity ofdfadgsing t ensors associated with the distribution
of water nol ecul i thi e .ql.pgl.c..ar X | j sor

dat aset to a not SO HhyilCaRualed Relehi AT or SRR Kol s SabukiEROCT

bet ween nodeshic tikeetheirt vuniables U bpliysital tdhe, tiverictonrei substandslilypiodat to ef | ect ed
by the internpodal conduction val ues between the nodes of the network, thus
enbeddi né t e BOER I3RS characteristics of the organ in the nodel by

representing theesiddeNavi A1ERNSHE RAtcArROROMBIER IS s RS indRBFun ghbor i ng
nodes. 7. A nethod for using a nultiple processor conputer to solve for the

t enpor al ev@erAmeserssommuieatedhsqlely feam @eds nhighpopi:ophysi cal and bi ocheni cal
properties of nog%%tmrkr&iopw%ipg%m%h H{)’(ﬂ%l of a biological system
e ice o

conprising: partitioning nbdes maki ng up the network into N
nunber of | atti ceaidulsebsk isdading wupHag refaddeships Hefinddhbetweenogakhi s

included in at |east on of said sybsets;. associatjng state .equations and
state vald adrods AddEs PEAT SIS r&°§5ﬁ§ﬁ‘&‘3l“5ﬁﬂ°‘tﬂt"6‘éh@ tonphigs seflect s of

each node i Rhsahstomidas @haicitid Bf B biofdlidl REAL AR HE elprebfed 4 dbrsai d
paral | el computer such that each subset of nodes is associated with a

AVENDED SHEETt¢ ARfmige Equ&jons; WO 001 46689 1' CTNS99/ 02755 _28_ di sti nct
processing unit, a@@%b@“é’aﬁd%ﬂée%&ﬁﬁﬁ&%ﬁ@ab ' tah %ofi«%ﬁqglegeﬁ%é ahf at |east

one subset of no onputing the tenporal evolution o ate
vari abl es wistdie nvazimble ohlueheomodenisaibd dbsthgsnetwiosht avodelt wheiebyi said

processi un'gt S concur rent I% acr %chd f%ggglchog dtehe processing units;
concur r el | Ry O SRYRUYISF AP D RBIPRECY 19T (8% nenory; di spl aying a
sequence of said state variabl es.

6. A method of defining a model comprising the steps of:
applying nuclcar magnetic resonance imaging to a biological organ to
generate a data file defining tensors associated with the distribution of water
20 molecules within the physiologic organ;
applying said tensor dataset to a network to determine the magnitude of
coupling conductances between nodes of the network such that the tensor
information is reflected by the internodal conduction values of the network,
thus embedding the anatomic characteristics of the organ in the model.
25
7. A method for using a multiple processor computer to solve for the
temporal evolution of state variables defining biophysical and biochemical
properties of nodes within a network model of a biological system

comprising:
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8. A nethod of nodeling a cardiac di sease states in a nodel of the heart as
set forth in claim3 conprising the additional steps of: (a) adjusting the
| attice defining the anatomi c structure of the heart such that anatomn ca
struct ur al WOPHEES known to occur in the heart during saPETUSYWOAHE state;
(b) using said adjusted tensor dataset7to determ ne the magnitude of
coupling conductance between nodes of the network such that the altered

structure of the, | af er{%e%gwtdﬂﬁléy &kﬁgm%‘%?g f?&%ﬁ@ﬁ{t@‘k R¥mbBe adj usted

t ensor dat aset, I'n the net usting paraneters
of the set off laticet eibdets] suchgthatjeadhi oods usﬂmnltlf\g/nmqunk opemluéai of at

bi ochem cal, cel |l ul ar progcesses defined at each node of the lattice, to
reproduce ciiahPBE O?ﬁa@ g%e“bar ameters known to occur in said disease state;

(d) adjusting injsidcMtingdl 488 Qlquaticise M | aRceSvarfabRst QI¥RGiRhg eVd Uti on of
which is determ ned by the set of equations specifying properties of

bi ocheni Zal breeh)rsmaéranﬂom%hwﬂemor@xtmaﬁ@éaf# dede dassaibfsupgeds ariteach node

of the latt]

vari abl es k %\%ul%‘ gpt%gg%}r?gl ér(l\@gbaf?‘?i‘h%i?%Xea 4[4 mﬁ%ﬁ%ﬁ%ﬁ&éﬁg‘(%ﬁl CLE 19)
WO 00/ 46689 PhddSIOhE3detated @gh a(da)stmcnlpmc@singrumhanﬂehmcrrlhbroeemng i on of
state variabl.es, defined at nodesﬁxg?etgoge l.attice; (f) storing said

state vari amxgsarpﬁssgc%%mtg'at ﬁ‘o‘?'ﬁ? A9Af%al display and analysis. 9.

A conput ati onal dmﬂﬁltmgfthéﬂﬁn ar &vol@neY bfaNGiatd vadghbled Wik E8sh 8f ranged in
a cubic lattice with each no havi ng at | east five neighbors; each node

havi ng &0 setheafodstsabseta/@aspabqeéswxélqdwﬁmehnrogsm whitsdeagicutrently aergpy
equati ons dé:’ascﬁ prm@és?ﬂ%ﬁﬁé Cand bi ochem cal reactions at each node

whi ch may be so ved urrents present at each node based upon
conput ed i oni ¢ cuwnheendrslyasooss sadidistam asriakdedimanegutdrheethatyt i ce havi ng a set

of coupling equaj.i gns _associ ated_.th W th fining the coupling
conduct ance bet vﬁé@ﬁagﬁﬁﬁsﬁ%‘&é’cﬁﬂ Eﬂgﬁg@ nglélﬁf“iled to determne the total

vol tage present at each node in the lattice derived fromvol tages generated
wi thin the node and communi cated to the node from near nei ghbors. 10. A

finite-dfffer dnBethodnfumadslingss sadéac diseaspstaienin 2 aadst p§itighearyss a set of

welngﬁggrgrr?é@‘l@x@h'hﬂcl@uﬁ@%ﬁxp‘rﬁ“g‘&@a%ftﬁnﬁﬁ&@psn@fde having at |east five

a) adjusting the lattice defining the anatomic structure of the heart
such that anatomical structural changes known to occur in the heart during
said disease state;

20 b) using said adjusted tensor dataset to determine the magnitude of
coupling conductances bctween nodes of the network such that the altered
structure of the heart in the disease state, as represented by the adjusted tensor
dataset, is embedded in the network model;

c) adjusting parameters of the set of state defining equations,

25 specifying properties of biochemical cellular processes defined at each node
of the lattice, to reproduce changes in these parameters known to occur in said
disease state;

d) adjusting initial values of state variables, the temporal evolution of
which is determined by the set of equations specifying properties of

30 biochemical cellular processes defined at each node of the lattice, in such a
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(b) a subroutine procedure which uses experinentally nmeasured data on fiber
orientation within the heart (obtained in a nunber of ways, including
di rect anaqm measurenents or use of magnetic resona

met hods) for cg'r%r%’atl ng the connection currents between Iggf’U%%%%}&g
mul ti-di mensional data array S(N1, N2,-N8, S1,S2,S3, ... Sneq) in whlch
indices N1, N2, and N3 specify positi on of a node within the cubic lattice,
and AVENDEDwy&HEETo tArddidehbAges inVihe 0414660 aBCE/ RASHY (Zd&Rar iBGQaidar i abl es
S1.... Sneq are values of state variables defined at node (N1, N2, N3) at
time t; (d)digeaseptatsdi nensional data array F(NL, N2, N3, S1- S2- S3-. Sneq ) in
whi ch the vari a &R d@p%@semsraaImlatgmeopgtawammesdSaquead;t, of state
variable x at tifre t; ge a subroutine procedure specifiles an

al gorithm f@chmdpafthwgmice;rrent s of the mut | i -di nensi onal data array F(),

wi th the, subrout roce itsel g . co

subr out i he procetbiugg ngSp ft&f f’?%?ﬁlﬁs I"? B‘rg?r?‘qgtfr ﬂ?e&oeﬁapesgrﬁﬁpﬁjspondl ng
to bi ophysi qadplgrgﬁieﬁﬁgalmdel ed at the subcellular level; (f) a subroutine
procedure specifying a nunerical int e?r ation al gorithm for the conmput ati on
of values of- #heompyigiionshmedek ofithe hanf compepingal ues of So and Fo at tine t.
11. A conputati J94 f AEL 2CQIRL b L odes
arranged in a c%m?éé Iat ?%)%eg %P%nggea%h node ﬁg%?%t 3‘%“?&3’& h?i vgl %el ghbors;
(b) each noldestrfamnwgg}é;omet of state vari abI e equatl ons associated with it;

(c) sai equatlons de CI’I bi n p and hi oc ctlons at each
hotie whitn may GRS BPGERRE ¥ soh RIS Lfhef PanalioBE AL R o 0e based
upon | ocal par argidelguativnd ddieriviakt agpsymaﬂsant badchemidal nesktidagasad upon

| ocal and near nei ghbor paraneters; the lattice having a set of
coupl i ng eqﬁfablneﬁgwamﬁa%aoiv%roem FPeo‘é’FTeﬁfsrﬁei%éa'c‘Eﬁﬁbl‘HOH& bet ween each

node, which may Qe 1§l@i|c¥%v§xf\{v7qu§&r6? B&u lfh} t?(ia%lonﬁoag&cYQL& QH@reWitﬁsent at
each node in the lattice NDED SHEE RTI CL WD 001 46689

PCT/ US99/ ozdﬁs‘mme1he1<20umnmhwno¢a0bm§gtwlngh ey bmel@wed)to detgrming

CONPri S4919 %0 8} CRMBloredeh? oA hbdOM 8 1hiige. 2t t ce into m nodes and

assi gni ng state var

(c) a

10. A finite-difference computations model of a heart comprising:
a) aset of N nodes arranged in a cubic lattice with each node having at
least five neighbors;

20 b) a subroutine procedurc which uses experimentally measured data on
fiber orientation within the heart (obtained in a number of ways, including
direct anatomical measurements or use of magnetic resonance imaging
methods) for computing the connection currents between lattice nodes;

¢) a multi-dimensional data array S(NI,N2,N3,51,52,S3, ... SNeq) in

25 which indices N1, N2, and N3 specify position of a node within the cubic
lattice, and variables S1.... SNeq are values of state variables defined at node
(NI,NZ,N3) at time t;

d) a multi-dimensional data array F(N1,N2,N3,S1- §2-S3- .. SNeq-) in
which the variable Sx' denotes the time rate of change, dSx(t)/dt, of state

30 variable x at time t;
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conputations to one of (p) processing units; (ii) concurrently conputing
state variables with the p processing units; (iii) conputing the tenporal
evol ution of state variables and storing or displaying the results. 13.
A et hod ol O%¥A8Y i ng the tenporal evolution of state va?&ﬁ(ﬂ?”é@”ﬁ t he
nodel of claim3 on nultiprocessor cotputers consisting of a set of P
processors each with | ocal nenory of size M a conmuni cations network
supporting data eswmﬁa@tiﬁe{n\eﬁ@dhr@rvﬂﬁas§péc$ﬁesamalgogtmm ShapRthgnenory,
with the method conprising the steps of: (a) partitioning the lattice into
Q sets of redereentsreff dhe eultibdimensipnal siatas arfay $ifhhwithwalis ¢ subrowtine st at e
vari able v 1 WP r a uj r.ar rage

| ocati ons ?ﬂvr\g‘?%ugépa@g;?#) %lrngaﬁélﬁﬁg%g §£ta 191 ?lfr{sb%?né{)%g#gﬁfrg%a‘ﬁ ogreedr?r%ér)sy

avai |l abl e tsaleerdd fromcetibtany ofiprdced(izs cdsesponding tobiophgdicaiqieceeds to a
specific processing,unit and it's local nmenory; (c) inter-processor

communi c%ti‘Bﬁ‘?%? sweaa'?-ae#l‘gaufcﬁ'sb to compute new val ues of state variabl es
for nodes posi tifpnegiibutifEpdet e Spely YRED niinkfied1GR e PR 23 rithm( d)
concurrent execution on all P processors of the conpu%atlons to conmpute new
val ues of [fotrshe exmpusatien phivalues of theiarmyt Saat fimed4adh gvfentvialueasdSoset s t hat
have been a%%ifg)ngtd(i gtprocessi ng units; (e) iteration of steps b) and d)
unti | corrpuatation of State variable values at tine t+Dt, where Dt is small,
for all Q node sets are conpl eted; AMENDED SHEET (ARTI CLE 19) WO 00/ 46689
_32- PCT[US99/ 02755 (f, torage,of the conputed set of state variables on
ext er nal st]o‘r'£g%°’ﬂ%‘9§*ﬂé%ﬁﬂﬂdaeg%§ga‘ﬂéﬁ?marr‘%l‘ﬁﬁi cal display; (g) iteration of
steps b) - f) until t-Dt equals sone end tine T. 14. The systemof claim4
with the inclusion of chem cal or conpound data which has an inpact on the
ionic currents cGdnperted nfundes arraniged ing) cubigrizdiiee Wish epthinédd mayinmat or nore
or said st i s a result of inposing one of said chem cal or
conmpound dgltggs;t\{%en%?%hz’l%rsgr conpound data i ncludes nechani smof action data;
ki netic data; bib)céeehi male, haveghaneicaf stafebyariabieageations assaicvdated warhd updat i ng
t he conB%eL. set of integral network al gorithns and chem cal /conposition
data in“ti sets; (c) a neans to determine the currents present at each

node based on ch3nges eqbatidhe deserdingbiophssicanehd bitRhemical eeaclohald €
paranmeters as a result of

each node which may be solved to find the currents present at each node
based upon local parameters, and the voltages present at each node based
upon local and near neighbor parameters;

20 d) the lattice having a set of coupling equations associated therewith

dcfining the coupling between each node, which may be solved to determine

the total node voltage present at each node in the lattice.

12. A method of computing the model of claim 8 comprising the steps of:

25
i) partitioning the lattice into m nodes and assigning state variable
computations to one of (p) processing units;
it) concurrently computing state variables with the p processing
units;
30 iili)  computing the temporal evolution of all state variabies and

storing or displaying the results.
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chem cal / conpound data; (d) a neans to determ ne the action potential each
node in the lattice; (e) a neans for nodifying state variables as a results
of chem Calv('(?fwﬁ?dénd data; (f) a neans to use parall el corTFuters to solve
for the tenporal évolution of state variables and chem c € @3??{)”8(?% dat a
defined at each node of the lattice; {29) a neans to graphically display the
changes at each node in the lattice as a result of said nodification of the
systemof Caim4 with chem cal /conpound data; (h) a neans to store said
state variables in conputer nenory and or external data storage devices for
graphi cal dil3phayethod ofsampsting thevieumpma SpEE Tt oMRT |s@ate vagybles yptlro/ 46689
PN S99 0~ HRaer 3P dim W n MR RIMorcL AbA I L ECHE OBy bPRUL data
conpri si ng: af a neans for nodi'fying one or nore o ald state variabl es
as a result prozkssorpesinyithnkcalf neaiody alfesike iMah dommbnidaicns wdtwotk i cal

i nput data i ncl udes el ectéi veform stinul ati.on Pr o[ ocol etc. (b) a

C )
means for sSYRAORENE ARt fpaatnssPtweeh BIsessors. A0f Helqbat shared memam¥r k

al gorithns R B afetfdCdmpriY thdatepsion: time sets; (c) a neans to determne
the currents present at each node based on changes in the | ocal and near

nei ghbor state var pamitiongg thendatties irde Qusateofihedess refgreest toj asalode 3ptat  dat a;
(d) a neans.t ocal ] e i, rigi.n of ctrical. i mul us;
(e) a means’ guctl}fetf anﬁflaétap hséaélc‘:yghé}f&&g‘g%sﬁgggn § thp%%gnel?éargt%nger?%ﬁs&a nmeans
for nodifyi pgnpgdradyestyage addacisnaswerkr grab) fovfangl mdersec fiks impulie thebh; (g) a
means tqQ use parall eLq gegrrput ers to solve for the tenporal evolution of
state vaPi aBleBYTEAYRIAPLC O ANY ATOEIHA8 Wt a defined at each node of the

lattice; (h) a wpansighMes! 8PBAGRhOIE disPl A¥pddific Phengang alnicathinode in the
| attice as a result of said nodification of the systemof Claim4 wth

el ectrical fesgbmes®ry; (i) a means to store said state variables in

comput et TETDTY &y pRXb SR M BhRbPEAGR AN LERRLAL SRARNIAY i 5P 2y

and anal ysis. 16. alm4 turtHer conpri sing: a nmeans for
nmodi f yi ng omalues ofretate Giriabkes dosnedes poartionbd et thesboadere datweenfdiffensosi ng

chem cal 5cor’r’gg)un data in said state equations, wherein said chem cal
corrpounc} daf'®S ¥l udes mechani sm of action data; kinetic data; biochenical,
or nmechani cal dad#@concurrent execution on all P processors of the computations to

compute new values of local state variables at time t+Dt in each of the node
sets that have been assigned to processing units;
e) iteration of steps b) and d) until computation of state variable
20 values at time t+Dt, where Dt is small, for all Q node sets are completed;
f) storage of the computed set of state variables on external storage
devices for subsequent graphical display;

g) iteration of steps b) - f) until t+Dt equals some end time T.

25 14. The system of claim 4 with the inclusion of chemical or compound data:
a) a means for modifying one or more of said state variables as a
result of imposing one of said chemical or compound data;
chemical or compound data includes mechanism of action data; kinetic data;
biochemical, mechanical;
30 b) a means for solving and updating the complete set of integral

network algorithms and chemical/composition data in time sets;

SUBSTITUTE SHEET (RULE 26)



(b) a means for solving and updating the conplete set of integral network
al gorithnms and chenical/conposition data in tine sets; AMENDED SHEET

(ARTI CLE 19é V\D 00/ 46689 PCT/US99/ 02755 -34 (c) a neans to determne the
currents pRI¥ME89t each node based on changes in the | REVUENRELar

nei ghbor state variable paraneters asgja result of chem cal /conpound dat a;
(d) a neans to determ ne the ecg at each node in the lattice; (e) a neans
F Pl 1100 bRyl AU Bmitc Iné Sitlehus PrefthEH el GoEDGUN gt (1) a
means to use parall o sol'v £ ora evolutron of state
vari abl es amhgeklhmtmabéalcumdcmndn@i@hbommn&dahlb ;memhetmdes d restiloef| atti ce;
(g) a neans to hi cal ly display the changes at each node in the lattice
as a resul €h ?ﬂ“cggﬁ‘gn fq%@atl on of the systemw th chemnical conmpound dat a;
(h) a neans to §f Qfeanditdl dsfepthfe\MRE hamrﬁﬁmernlaq@wa@de mﬂpua)fu@@d or

external data storage devices for graphical display and analysis. AMENDED
SHEET (ARTI CLE ¢Qp means for modifying state variables as a result of

. A9. Af . Ay. A‘A‘ﬁﬁ Alléb%ﬁ’oﬁtpﬁy AR A Ay A Ay. A A@. A A@ A. Aye. A Ay. A" . A&SR A A9

He. A9! . ALREATAGE P Ut LA (" V2K| wr mhc”YSV] ca] ca] ca] ca] ca] ca] ca] ca] ¢

aU] ca] cal] ca] cRf WVhrahs abcajec phedlet adormjuiak ca) calvealfern thd cremporl

U c’\a] caj c’\a chalc<a #/ 9 5N'm

LTV | weRIEHSRPE Siof e AT aanéaﬂhew@éﬁce@peaqdc%teéréngﬁ 8L§ch0df ca] ca] ca] c

a] c"a] ca] cal mhg&\,l{(ca] caV] ca] ca] ca] ca] cal] ca] ca

ViYrrtxt & (MOh( (p(()E)))))))&)O* ~****++{vgl ga\ W] Ul ca] cal] ca] ca] ca] ca

] ca] calPcal] ca] ehd] madnwsaty gajnhadadly] displaa(] tbaU]f@a;@aPt:a]lda]nodi dajtheéa] ca] ca] ca
cal] ca] ca

LQ+\L;]+++L++éa,tB° e r}csult )&)tt 6\/\/806’85%‘:888977 éll gBT’XPgaQWLﬂ] caﬁ'ca] caJcalc

a] ca] ca] ca]cnahicab(;m;}m}icra\d cal caUca]ca U c"a] ca] caU] ca] cal] calca U c"a]ca

Ul c”*a] ca] cal] ca)] ca888899q: ; . . .

G=? AAAABB{ BBSf Di PRSI 895 S QIR AraPIg R\ ISP PP P ERONE APE &

W] ca] cal] epdeeliliaml stéra acﬂb&m} @ Adph ?&a@ﬁlﬂgﬁga@@%ﬁ kiza .

UV] ca] ca] cal] ca] ca] ca] caJcal] ca] caV] ca| KLRSS) S7Sv[[[[[[ M\ g**"_" paaabbbbbccf

f &g{ upjld ZUV]]ca] ca] ca] c*aU] ca] cal] ca] ca

U cal cal cgbonhed)siat b rtheal arbialial okt akh eabiade) caul cald oo cavl cal o

&ggiiiii=jm.o- pHmevp\qoﬁpl\m@dffyingomwommygfcwglmmdvaZLdV]e]sca:s] ga] ca] ca] ca
| ca] ca] ca] ¢a afll VL: ect ical-input
UV] ca] ca] cé‘fﬂ (] {’ch f '] ]'&pa gﬁ] tal caUl cal] ca UV]ca]ca]ca

yyzzf {{{{| leldc}rida} mp)ulVBitaHmElqdésVﬂbng: WiavEfodm stimulation protocols, etc.
) o caba] ol Chl CalEATTAPLRRIY S0 RISBG: B e THYEEUF O] CLIBRFEL] baj o] ool
ca] ca] ca] C%@adrﬁ&lmitmk aAd eRLaRY] ﬁfsphc data in time sets;

UV] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca X*) o}
c& ¥%: Szupkf a\ V\rma] mggnsa|oc 46N g the | coaent] Rrayana |at £pela]nodp dapehpeal cal cal ca

]U(\:/?]h?r?{]G\(j\Y?\]lﬁ o] e F@}P{Aﬁa ?] ac‘?]‘?ﬁq flgllf ?%gi%h?@g]pcaé Cafca sc%U]sgetl]oca\/] calcalc
a] ca] ca] cagbkairva] cgjut dptea] ca] ca] ca] cal] ca] caV] ca! WOMou3?RI | E czupkf azU] ] ca
25 d) a means to localize the origin the origin of the electrical stimulus;
e) a means to determine the ecg at each node in the lattice;
f) a means for modifying statc variables as a result of electrical input
data;
g) a means to use parallel computers to solve for the temporal
30 evolution of state variables and electrical input data defined at cach node of

the lattice;

SUBSTITUTE SHEET (RULE 26)



UV] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca
U ca]caV]ca]calca]calcalca!c& fc!fL8~{vpkfal\W]]ca]ca]ca]ca]calca]caV]ca]c
ajcalca] ca a] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca] ca] ca c a] cal] cal
t%l\mSLQ&ijh‘%‘?@%éf L\ V\]]] ] ]ca] ]ca] ]ca] ]ca] ]ca] ]ca] ]ca] ]ca] ]cau] ca] %%],f,g‘},,of})sg Jeald

UV] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c&Rea] ca] ca] ca] ca] ca] ca] ca] ca] ca! 2f | #x;
D ZuxbQRzupkfa\ W] ]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]calcalca

UV] ca] ca] ca] ca] crj aahealsca] g ﬁ&hﬁﬁt]dﬁ lan]ea]changR] Mabddh, hddedkd ahe

~ytoje [V]]]ca] ca] ca] ca] cal. ca ca cal ca] ca] ca] cal ca] ca] ca] ca] ca] cal ca] ca]
cal] caU] ca] nwt&:cawa t@éf@é]%ﬂl 51‘&91] ehthg sygtom nfjGlaim 4 with electrica

WHFI di zupi d’\}; Ml ]]c]calca]ca
UV] ca] ca] ca uFca ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]

ca] cal] ca] ca WV] DaaimedBR. w&t@zu]nkfswte/\]v]a]lilhiaﬂ cra]com]mu-] aegroarycajdca cal] ca] ca
I'EPXI L

VLSOl wegt oF BTy [ A A A dbs EAPBGF LR Bhf ShTgur i‘Lf i‘Lf chU] o cal) ca]

ca UV] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! hn[ 40RnT .

>kFgzupkf a\ V\]] l]Eﬂca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca

] caU] ca] ca W] thy majidfegine Buthearempesipgal g! &uaNBg

>kF kf a\

V] ca] ool oa] o] c5h EcRLaR A ARATAE RAnbERIEEIRRETR60 (Atifilgy os g
10%g/ & () - 3rdedlt16pmmo's (ne- Glemié.lﬂ/g:&h(p))uﬁtﬂ Iﬁ%gﬁd (a)d s;al@%’g&t(o)xs,)(wherem

Igm (16 (%B;@&]Q' gq# 10 d%a(:% ‘_Bcg ?fg?gg‘/ Sipyol l'acti /g ,(&&&\Ltlc Qta

10%9& () - F+bRfd8&nlcht, lor HcbARcdl)data3( 10%9& () - f VxmbCl ( YGLO%&' () - 10g 10g
10g#910%g& () - s@10%g&' ()-410%g&' () - 9310%g& qm H }H[herbCI 109& (% 1 Jy
1008 () - | p@ 1oo A peans g 194nsseny qﬂdetls;ld qopptete osag’ 9f) intogarl onby | f*

10%&; B : o | #y 109% () - bC
| mlO%E?& () 3f 0% ?qé(")‘ ?h’%yi@éé%%lgali%@«fk ? {i%“@ata ﬁj‘?ﬁ{@%t%cyé‘ (3/ y+evai(3%)C| #XF(

10%/ /& ( ¢) a means to determine the currents preqent at each node based on
RATIOSIE TR T RE
chemical/compound data;
d) a means to determine the ecg at each node in the lattice;
e) a means Jfor modifying state variables as a result of
chemical/compound data;

20 f) a means to use parallel computers to solve for the temporal
evolution of state variables and chemical/compound data defined at each node
in the lattice;

g) a means to graphically display the changes at cach node in the
lattice as a result of said modification of the system with chemical compound

25 data;

h) a means to store said state variables in computer memory and or

external data storage devices for graphical display and analysis.
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10/ 10/f;10% & ()-F( 10% & ()- B|\9 ~?bCl #XF9 109%VE ()- !9 109XX& () -

1090VE ()-y&S 109V& ()-!&S 109& ()-3 3109%VE ()-
Y5Na?bCl #XF! X! 109M& () - SLO%E () - @

109V& () -1 | STOYVMVE: () - 109VD& (). 'T'}"’>bCl #XF
2310%/&'()9’%& ()-S . 10%& m@) . 1658 Berusesarss

10My; 10%V&' () -! #6 Ypp& m YO VA

10%& () -f3$10%v& () 1%_celved\€(We)ﬂl rmatio zif ure on2 r/mf() (O%Dé gd)J-O%& ()- 10M 10M
F(Y10% & ()-S&10% & () - 83463 f&n ‘)M,J.,_L, nLQa ed&(lékoéqu)‘jm% t & ()-"h1'10% & () -

(h(()E)~_@\: ! #! 3GL0% & () - 10% & ()-!6 - 6- 10%.& ()-3

| +F10% & ()-)T10% & () - E)))))))))bCl#l 10%0&() FlO%o&'()- 10° 10°

10" yy; 10% &A (dim ?%@aéd&ai )noaeﬂﬁltﬁe@&r@ loaxbﬁsm*** +dEbCL#!1° 10% o0& () -Y
s10% o& () -1 % 0&

3310% o&' () - 1 09KOXO&!
i o

& 10% 0&' () -, &adh of $RIOMEUESWRSVES inléhi® 1atBcesuth thit ehBYh8&e {s)adiacent to

10% o' 0& ()-!, T 10980S0& ()- , 109B@B& ()-)!1 109X0X0& () - wo00012P2a@\Cs!

10" N 10%eeifNboitd P& ()-Z!' Tyg 10% ;& ()-Z ! f10%& () - F@
109& () - YGLO%&:' ()-P231455J6n6WUGNC8! (109X&' ()-f! (y3" 10%& ()-!(y3"

10%& ()-!" 10%fketd 1 lati%éfand)nddle to%él?(& defin3nGhfee/digiehsich&8! ! , y5
10% () - 3GLO%’ ()-1: 10%& ()- ! (y9- 109&
+10%& () - ! afepeédénialioh B8 88I8Y -aGortibh bf/thehbﬁ% 0& ()- !TLY - 10%0& () -
P310% 0& () - 310% 0& ()- 10 10 10Sy; 10%: ()-g:

, =GP ?} [ 9_ @ kdchli3de¥ shid def bBACHEDEPrepenting’s 1518{)](1951(:&1 sdbitofRe () -

10% 0& ()-3!'& 10% 0; 0& () - 3?@AAAAAAAZOdY: I F109%VE' ()- 10'0 10' 0

myocardium;

each node having associated with it a set of state defining node equations for
computing an action potential at the location of said node based upon a
biophysical model that explicitly relies on the computation of individual ionic
current that collectively give rise to said action potential, and for computing a
node potential at the node from the action potentials within the biophysical
subunit derived directly from the computed action potentials;

each node having associated with it a set of coupling relationships related to
the anatomic structure of the heart for computing the contribution to said node
potential contributed by the voltages and currents exchanged with the
neighboring nodes;

whereby the total set of voltages at each of said nodes represents the global

depolarization state of the heart.

2. A computational model of the heart comprising:
a cubic lattice having a set N nodes;
each of said nodes positioned at a vertex of said lattice;

each node representing a biophysical computational unit of the heart;
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organelles, the properties of which are modeled using coupled systems

of ordinary differential equations;
(iv) equations for total transmembrane flux of each ionic species to which

the cell membrane is permeable;

each node connection to neighboring nodes represented by a coupling
conductance, the value of which is defined by the anatomic relationship of the
two nodes;

each node having a coupling current associated with it determined by
the total current entering the node through all said coupling conductance
defined at that node;

whereby said coupling currents and node state equations may be
solved for the temporal evolution of all state variables at all nodes.

3. A process for computing a model of a heart comprising the steps of:

(a) defining a set of lattice nodes;
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said node coupling modeled as a resistance between adjacent nodes;
(b) solving said set of biophysical equations to determine said node currents;
(c) summing said node current to determine the voltage present at each node
resulting from the depolarization of each node in conjunction with each
neighboring node;

(d) displaying a representation of said computed voltage to show the time course

of changes in voltages at nodes.

4. A method for modeling a heart with a computer comprising:
(a) defining a set of nodes;

each node representing a biophysical subunit of the heart;

each node having a membrane, defining an intracellular and an extracellular
space;

each node having a set of biophysical equations associated with it for
computing a coupling current associated with ion transport in said intracellular
space;

each node having a set of biophysical equations associated with it for
computing a coupling current associated with ion transport in said extracellular
space;

(b) defining a lattice including each of said nodes;
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(c) solving said set of biophysical equations to determine said node currents
associated with extracellular and intracellular currents;
(d) summing said node current to compute the voltage present at each node
resulting from the depolarization of each node and the propagation of a

depolarization wave front through each node;

(e) displaying a representation of said computed voltage.

5. A model of a biological organ system comprising;:

A plurality of nodes;

each node having associated therewith a set of state defining equations which
take their variables biophysical data, which are substantially local to the node itself,
and which include explicit computations for ionic flux across cellular membranes for
giving rise to action potentials at the node;

each node having at least one state variable which takes as its argument
parameters communicated solely from near neighbors which is either current,
voltage;

a network containing all such nodes;

said network including coupling relationships defined between each node where
each coupling relationship is modeled as a conductance which permits voltage and

current summations at each node, and its near neighbor node wherein said coupling
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6. A method of defining a model comprising the steps of:

applying nuclear magnetfic resonance imaging to a biological organ to
generate a data file defining tensors associated with the distribution of water
molecules within the physiologic organ;

applying said tensor dataset to a network to determine the magnitude of
coupling conductance between nodes of the network such that the tensor
information is reflected by the internodal conduction values between the nodes
of the network, thus embedding the anatomic characteristics of the organ in the
model by representing the coupling relationships as conductanes between

neighboring nodes.

7. A method for using a multiple processor computer to solve for the temporal
evolution of state 'variables defining biophysical and biochemical properties of
nodes within a network model of a biological system comprising;:

partitioning the lattice of nodes making up the network into N number of
lattice subsets, such that each node within the network is included in at least on of
said subsets;

associating state equations and state variables describing the biophysical and
biochemical properties of each node in said subsets with particular processing units

in the said parallel computer such that each subset of nodes is associated with a
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node subsets associated with distinct processing units concurrently across each of
the processing units;
concurrently storing said variables in computer memory;

displaying a sequence of said state variables.

8. A method of modeling a cardiac disease states in a model of the heart as set forth
in claim 3 comprising the additional steps of:

(a) adjusting the lattice defining the anatomic structure of the heart such that
anatomical structural changes known to occur in the heart during said disease
state;

(b) using said adjusted tensor dataset to determine the magnitude of coupling
conductance between nodes of the network such that the altered structure of
the heart in the disease state, as represented by the adjusted tensor dataset, is
embedded in the network model;

(c) adjusting parameters of the set of state defining equations, specifying
properties of biochemical cellular processes defined at each node of the
lattice, to reproduce changes in these parameters known to occur in said
disease state;

(d) adjusting initial values of state variables, the temporal evolution of which is
determined by the set of equations specifying properties of biochemical
cellular jonic current exchange processes defined at each node of the lattice, in
such a way as to reproduce changes in these state variables known to occur in

said disease state;
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(f) storing said state variables in a computer memory for graphical display and

analysis.

9. A computational model of the heart comprising:

a set of N nodes arranged in a cubic lattice with each node having at least five
neighbors;

each node having a set of state variables equations associated with it;

said equations describing biophysical and biochemical reactions at each node
which may be solved to find the currents present at each node based upon computed
ionic currents across cellular membranes;

the lattice having a set of coupling equations associated therewith defining
the coupling conductance between each node which may be solved to determine the
total voltage present at each node in the lattice derived from voltages generated

within the node and communicated to the node from near neighbors.

10. A finite-difference computations model of the heart comprising:

(@) asetof N nodés arranged in a cubic lattice with each node having at least five
neighbors;

(b) a subroutine procedure which uses experimentally measured data on fiber
orientation within the heart (obtained in a number of ways, including direct
anatomical measurements or use of magnetic resonance imaging methods) for
computing the connection currents between lattice nodes;

(c) a multi-dimensional data array S(N1,N2,N3,51,52,53, ... Sneq) in which

indices N1, N2, and N3 specify position of a node within the cubic lattice, and
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variable Sx’ denotes the time rate of change, dSx(t)/dt, of state variable x at
timet;

(e) a subroutine procedure which specifies an algorithm for computing elements
of the mutli-dimensional data array F(), with the subroutine procedure itself
being composed of a number of subroutine procedures selected from a library
of procedures corresponding to biophysical processes modeled at the sub-
cellular level;

(f) a subroutine procedure specifying a numerical integration algorithm for the
computation of values of the array So at time t+At given values of So and Fo

at time t.

11. A computational model of a heart comprising:

(a) a set of n nodes arranged in a cubic lattice with each node having at least five
neighbors;

(b) each node having a set of state variable equations associated with it;

(c) said equations. describing biophysical and biochemical reactions at each node
which may be solved to find the currents present at each node based upon
local parameters, and the voltages present at each node based upon local and
near neighbor parameters;

(d) the lattice having a set of coupling equations associated therewith defining
the coupling between each node, which may be Solved to determine the total

node voltage present at each node in the lattice.
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computations to one of (p) processing units;
(i) concurrently computing state variables with the p processing units;
(ili) computing the temporal evolution of all state variables and storing or

displaying the results.

13. A method of computing the temporal evolution of state variables in the model of
claim 3 on multiprocessor computers consisting of a set of P processors each with
local memory of size M, a communications network supporting data exchange
between processors, and a global shared memory, with the method comprising
the steps of:

(a) partitioning the lattice into Q sets of nodes, referred to as node sets, in such a
way that all state variable values at time t, parameters, and required
temporary storage locations (work space) for any node set fits into the local
memory available to any processing unit;

(b) assignment of each node set to a specific processing unit and it’s local
memoty;

(c) inter-processor communication of any data required to compute new values
of state variables for nodes positioned at the borders between different node
sets;

(d) concurrent execution on all P processors of the computations to compute new
values of local state variables at time t+Dt in each of the node sets that have
been assigned to processing units;

(e) iteration of steps b) and d) until computation of state variable values at time

t+Dt, where Dt is small, for all Q node sets are completed;
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(g) iteration of steps b) - f) until t-Dt equals some end time T.

14. The system of claim 4 with the inclusion of chemical or compound data which
has an impact on the ionic currents computed for a node:

(a) a means for modifying one or more or said state variables as a result of
imposing one of said chemical or compound data;
chemical or compound data includes mechanism of action data; kinetic data;
biochemical, mechanical;

(b) a means for solving and updating the complete set of integral network
algorithms and chemical/composition data in time sets;

(c) a means to determine the currents present at each node based on changes in
the local and near neighbor state variable parameters as a result of
chemical/compound data;

(d) 2 means to determine the action potential each node in the lattice;

(e) a means for modifying state variables as a results of chemical/compound
data;

(f) a means to use parallel computers to solve for the temporal evolution of state
variables and chemical/compound data defined at each node of the lattice;

(g) a means to graphically display the changes at each node in the lattice as a
result of said modification of the system of Claim 4 with chemical/compound
data;

(h) a means to store said state variables in computer memory and or external data

storage devices for graphical display and analysis.
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imposing one of said electrical input data;

electrical input data includes electric waveform stimulation protocols, etc.

(b) a means for solving and updating the complete set of integral network
algorithms and electrical input data in time sets;

(¢) a means to determine the currents present at each node based on changes in
the local and near neighbor state variable parameters as a result of electrical
input data;

(d) a means to localize the origin the origin of the electrical stimulus;

(e) a means to determine the ecg at each node in the lattice;

(f) a means for modifying state variables as a result of electrical input data;

(g) a means to use parallel computers to solve for the temporal evolution of state
variables and electrical input data defined at each node of the lattice;

(h) a means to graphically display the changes at each node in the lattice as a
result of said modification of the system of Claim 4 with electrical input data;

(i) a means to store said state variables in computer memory and or external data

storage devices for graphical display and analysis.

16. The model of claim 4 further comprising:

(a) a means for modifying one or more of said state variables as a result of
imposing chemical compound data in said state equations, wherein said
chemical compound data includes mechanism of action data; kinetic data;
biochemical, or mechanical data;

(b) a means for solving and updating the complete set of integral network

algorithms and chemical/composition data in time sets;
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(e) a means for modifying state variables as a result of chemical/compound data;

(f) ameans to use parallel computer to solve for the temporal evolution of state
variables and chemical/compound data defined at each node in the lattice;

(g) a means to graphically display the changes at each node in the lattice as a
result of said modification of the system with chemical compound data;

(h) a means to store said state variables in computer memory and or external data

storage devices for graphical display and analysis.
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