09NOV2006 WD 2004/ 002304 PCT/ US2003/ 013071 SYSTEM AND METHOD FOR PREDI CTI NG
THE ONSET OF CARDI AC PATHOLOGY USI NG FRACTAL ANALYSI S FIELD OF THE

| NVENTI ON This invention is directed to the prediction of acute card 8@V 2006
activity fromthe fractal analysis of spatial |oops generated fromthe

synt hesi zeW A W4HY2W an el ectrocardi ogram ("ECG') der i ¥edU§PEGRIINE ee
measured | eads heokengi A MAThBS rdiCbrEAIEGNE BRE YonkEad obeasitnracnc! udi ng the
standard 12-| ead™ ECG BrRIIHSIIEY GEING FRACMINENaNYSTE £CG 15 a record of
the electrical activity o S a conmnonly used di agnostic
screening test in many nedical settings. The standard ECG record i ncl udes

12 | ead waveforns, denoted as_l|, | | I VL, aVF, V1, V2, V3, V4,
V5, and V6, arranged in a spe(ﬁIF‘fLB (]())Er'&JélF Pﬁ@{a%& interpreted by a physician
using pattern recequi tion.. {ochai gues. ahe, QR i3.ac0Uiled by physici ans,
nurses or other 'spécia ?y 1T aine echni ¢i ans Gs| ng specialrze har dwar e
and equi prentardiad hetusitat Tonf therfdaicbal drxlyeliectf odesialel@dmced on t he
body torso t re.the ..el jcal_ po i al ha ef i e standard 12
| eads. O he ellli%g%%gyg %Iﬁst ea\%gkgége’%ztegs%%dﬁ%\a/oeff abh%%/%a{osc %#1% 6" include

t he Frank vedt®ER@ar deogrvedn {roviCEyes ywaenredhiegks beksngBingedpl yheor t hogonal

| eads denoted_as. X, Y, ; i ght . - , ggegt v, V3R, V4R,
V5R, and VGRgegnof( OuFé?%lgf)ozussteér |l(%‘]:r1 'eégg?é%ledﬁgt% gg 2s rﬂ{%? BT Vo, No
single manufE8€turer currently nakes equipnent that allows for the
acquisition of all 22 leads. In order to acquire these |eads, the
technician nust first renove tEaekbROSNICOFPEHE aiNvagtteont 0 t he standard

el ectrode placenent sites and then re-attach themon the el ectrodes placed
on the 09NOV2006 The ECG is a record of the electrical activity of the

heart that is a commonly used diagnostic screening test in
many medical settings. The standard ECG record includes 12
lead waveforms, denoted as I, II, III, aVR, éVL, avF, Vi1,
v2, V3, V4, V5, and V6, arranged in a specific order that is
interpreted by a physician using pattern recognition
techniques. The ECG is acquired by physicians, nurses or
other specially trained technicians using specialized
hardware and equipment. In the usual configuration, 10
electrodes are placed on the body torso to measure the
electrical potentials that define the standard 12 leads.
Other lead systems have been tested over the years. These
include the Frank vectorcardiogram (“VCG”) system, which
uses 3 nearly orthogonal leads denoted as X, Y, and Z; 4
right chest leads, denoted by V3R, V4R, V5R, and V6R; and 3
left posterior leads, denoted as V7, V8, and V9. No single
manufacturer currently makes equipment that allows for the
acquisition of all 22 leads. In order to acquire these
leads, the technician must first remove the lead clips
attached to the standard electrode placement sites and then

re-attach them on the electrodes placed on the



WO 2004/ 002304 PCT/ US2003/ 013071 non-conventional sites. This requires at
| east 3 separ ate tracing acquisitions and a total of 21 electrode _
pl acenent s. is usual in the practice of nmedicine to place pati e A SSNOY; 2006

pot enti al normalities on a rhythm 5 nonitor i desi gned
har dwar e e%zgm?ﬁ?hat di spl ays only one ECG | ead butp(%/ﬁ%ﬁ t?i%""fh

capabi l ity ohon+@aAsientnendl diftfesr enthiLadgui ddeke aé@sﬁmegawt@ct urers

who have desi gned rhyt hm ponitors that can display three _|eads as wel | but

the usual di §pREPS é‘rcﬁﬁtst*slqgt% PPdofe-ofdt 8hd't WEATT RIS RIGEPBRRT, the

patient has 3 to 4 electrodes placed on the body torso to acquire the 3
different Iead cartf iigunatabrisn tWai peaq‘dieepafiMiciiae t@rpi@@leedto the rhythm

itor, d th
ol ace ai 1 of BRRE LEshtp ot iar cerfusd el Bt B ERINCLA0RM G o o
the ECG 5Thusnitdme ef Epecinicy dfsagupd hangwearre ECGipwentd et i nproved if
h i b | ead Vi
e’ om SRR PERCERE M e AR 2, e RREDRS | ool 10

the 4 right pos erior be acquired
i nst ant aneouskyswring0 ddhbfrirentodrade. r ﬁ?emnamﬁmSpme patuf@ctubhers t he usual

ECG  machi ne,ysing Hewe né&‘%y’ih@%ﬂo%”@@& Uan é?&gfayg%ﬁre? y'er' as, et

al., in United States Patent 058, 598 |nvente tem
synt hesi zi nglE&ES |asadslbaked the uééﬁﬂel@ﬁphgy afqaeitehs -spddi Pre transform

This sysiem gouhd BRnS¥RL HeHiASmBnl2 éh%aga%tb%geds%rﬁce' ving data from
3 leads. However, this systemrequired first acquiring a conplete n-|ead

ECG from a pat'-iﬂ@ifﬂtoqeﬁ pPheced il thankedy itArsortercabiedngit 8 a pati ent

specific trapstad B 98aq Wbth queatl shd.heRnbe: apRl bedi sibsequent ECG dat a
acquired fromthat 30 patient. This is cunbersone, as the resulting

t ransf or mat i SﬁnP%Cté&pFPc’é}b? FRYEPBNRYngog s pif | 2Rt aRAArdekidde2foE¥R stored in
a medi um t hat snitsde 2@, acBESEddMna chon wise tHel iflackhelpadd emk’ s hospital

stay. In addg&éfgaonaq electrodes for the separate acquisition of the
ECG. Thus, the efficiency of acquiring an ECG would be
improved if there existed a process by which the standard 12
lead ECG, the 3 lead VCG, the 4 right chest leads, or the 3
left posterior leads could be acquired instantaneously on
20 demand from the rhythm monitor rather than the usual ECG

machine, using fewer than standard number of electrodes.

Nicklas, et al., in United States Patent No. 5,058,598,
invented a system for synthesizing ECG leads based on
developing a patient-specific transform. This system could

25 synthesize a 12 lead ECG based on receiving data from 3
leads. However, this system required first acquiring a
complete n-lead ECG from a patient in the usual manner in
order to compute a patient specific transformation, which
would then be applied subsequent ECG data acquired from that

30 patient. This is cumbersome, as the resulting
transformation is applicable to only one patient and needs
to be stored in a medium that must be accessible for use

during the patient’s hospital stay. In addition, the



2 O9NOV2006 WD 2004/ 002304 PCT/ US2003/ 013071 Ni cklas transformation may
al so have a tine dependency, indicating that the patient transfor
change with tine such that the transfornmation nay need to be re- cghgmﬁé!dﬂ%

for each encounter with that patient for dl@-ﬁ% 5 _accuracy.
Dower , % ?@@Hélta%t es Patent No. 4,850,370, used the rani @8& 3 | ead
system to de‘hldm.a'sh{%r&r?sﬂcﬁaﬂtfﬁﬁmahp\a&verhavet hi slxseysieepléh'tiSn@p,t conventi onal
and i s unfani Id ar..to ni cal sg__ al.so deve%o ped anot her

unconvent i onat lf(?tf%%d COI’lftI gu??ﬁleéln kﬁ%v\%fofn {“ﬁ% ERYIS VIR Ut thi s
confi gur at i csugtegbat eshe haaasqgrmttuoonm@f rkedeadsbe craﬂelompeted hrl2 | ead

ECG. SUMVARY, gi ES'E @l}/ S@om@exp %%ﬁ”%hﬂ%»%@%&?{' £ 48 Fﬁé‘s&lc

af or ement i one using fhe I cal tec nrques of abstract
factor armal y@,¢cs1ra|¢d t he si rrpl ex optim zation algorithmto derlve a
uni versal transformation matrix that is applicable to all patients and is

i ndependent of tipARer NS MRLYET S@ltest b@f@’fto'iﬂ@ath%mt"l'b' Xub&q (s
appl i cabl e when needed and 20 does not require the ac%&:qm tion of a conplete

n-1 ead ECG FoinkedER Pat9acheypremrta derive ithsl ddetradd r PeveSider to do

this, one figsis ARasuness MY dbaiditARsaltdw Vel hagantiine datmdor some set
of ECG | eads to define an ECG training set. Wthout |imtation, exanples of

| ead sets 2&HiHCRbdEtIHe f QPFBH HF S?Hﬁ@edlznw%ﬁfs unconyentiqnal qyR VL,

avF, V1,10vV2,1868 c¥4riydratd®n kd&wd %%dﬂihemz-\dﬂ sy!si:ém, awvRk, tavk, aVF, V1, V2,
V3, V4, V5, V6, . X, Y. Z. 15.1eads: | ?g aVL, aVF, V1, V2, V3,
V4, V5, V6, CORFLgRratsen Jgduiges d Cﬁ“ﬂtmf‘l? Wgad5vEC VeV V2, Va3
V4, V5, \B, the 12 lead ECG.

SUMMARY OF THE INVENTION

The present invention solves the aforementioned
15 problems by using the mathematical techniques of abstract
factor analysis and the simplex optimization algorithm to
derive a universal transformation matrix that is applicable
to all patients and is independent of time. This universal
transformation matrix is thus applicable when needed and
20 does not require the acquisition of a complete n-lead ECG

for each patient prior to its implementation.

In order to do this, one first measures and digitizes
the voltage-time data for some set of ECG leads to define an
ECG training set. Without limitation, examples of lead sets
25 include the following formats:
12 leads: I, II, III, aVR, aVvVL, aVF, V1, V2, V3, V4, V5, V6;
15 leads: I, II, III, aVR, aVvL, aVF, V1, V2, V3, V4, V5, V6,
X, Y, Z;
15 leads: I, II, III, aVR, aVL, aVF, V1, V2, V3, v4, V5, V6,
30 v?, V8, V9;
16 leads: I, II, III, aVR, aVL, aVF, V1, V2, V3, Vv4, V5, V6,
V3R, V4R, V5R, V6R;



V3R, V4R, V5R, V6R, 3 09 NOV 2006 WD 2004/002304 PCT/ US2003/013071 18

eads: 1, 11, 111, aVR aWL, aVE, VI V2, V3, VA, V5, V6, VI, VB, Y@y
Z. 19 leads: I, I1, 111, aVR aVL, aVvF, Vi, V2, V3, V4, 5, V6, \v70SMV 24
V3R, V4R VR, 5 22 leads: |, II, 111, aVR aVL V3, Va4

'] '] 0 4 ) ) ) ') ) -1 )
VB, V6, \#,63\/?34, %3, V3R VAR VSR VER X Y. 7. once "é”sv%‘P{"gﬁ’él—tme dat a

arrays have bedradequirell, IThe abidt R¥dt &Gt 01, anal y&i,s Vd; AF® Ve, echni que
is applied to each EgG wpjtage-fing data array training set in order to 10
mnimze the error in the Meastred darrays. The final step is then to apply
the sinpl ex bptlegidzat TonlkedRAr qrER( 'a80P"3VFE,i Ylor Her ¥ ddri V& &6uni ver sal

transformation matrixy;app,i ¢3bl @340 vakl P&t eks, and is tine independent.
This universal transformation matrix can then be applied to a 15 standard
measur ed 3 | 2adeadbsy5i ehht d1deraVR talé, sa¥hddidd Y2 YdadieCHBad el | as

other systems, and caf; gener abe k! @482 vigadgrl oxenable a nore accurate
interpretation of cardiac electrical activity. These ‘deri ved ECG val ues are

approxi mately 98% accurate when conpared to observed | ead 20 neasurenents.,
The standard 3 | &38°sVR% eMLTEE8 TS YREACTAYS PAES 12290 409EE S Yre t he
measured |, e\F aasdr¥y2t | @adeort Aaklydiel qhgFA0 tthehsiqmdarsd apgii@pdosyst em
This measured_| eg:g sel ds _gconventi onal ar%:l f.am | i ar. 1.0 clini c,éal staff and
are thus ea®Fh gp‘ﬁ?é.a% 81 R ATERY of DS PP altt 555 Anal ysi s and
si npl ex DPpt i mirratizentias eexdeschnbelte intkakheed iavregtor ' Bhe ciandi sigepappl | cati on,
"SYSTEM AND METHOD FOR Y ESI ZI NG L S .OF, AN ECTROCARD), M', patent
SEATER KOnbREL G Ee0 RIS PPT N Ry TI7n 260,

application Seri al’ nu r contents
of whi ch areinrpoiepotatdaiver ei nnimersef et e or88t o momttiriks | ead set

apprOXirnatesaﬁghfggkmggfguﬂlls¥§£§Qﬁt§Jq%%§ is time independent. This

universal transformation matrix can then be applied to a

15 standard measured 3 lead subsystem to derive the standard 12
lead ECG as well as other systems, and can generate up to 22
leads to enable a more accurate interpretation of cardiac
electrical activity. These derived ECG values are
approximately 98% accurate when compared to observed lead

20 measurements. The standard 3 lead system used to synthesize
the 12 lead ECG are the measured I, aVF and V2 leads that
belong to the standard 12-lead system. This measured lead
set is conventional and familiar to clinical staff and are
thus easy to apply. The application of abstract factor

25 analysis and simplex optimization are described in the
inventor’s copending application, “SYSTEM AND METHOD FOR
SYNTHESIZING LEADS OF AN ELECTROCARDIOGRAM”, patent
application serial number 10/150,719, filed on May 17, 2002,
the contents of which are incorporated herein by reference.

30 Since this lead set approximates an orthogonal system, these
lead vectors can be plotted against each other in a 3-
dimensional space to yield a space curve whose properties

can be correlated with coronary pathologies. The properties



| ead vectors can be plotted agai nst each other in a 3- dinensional space to
yield a space curve whose properties can be correlated with coronary

pat hol ogi es. The properties 4 09 NOV 2006 WO 2004/002304 PCT/ US200 879N 02006
of the 3-dj [ | spatial curve can be characterize I ting the
fractal i%ﬁ?@@@%ﬁf he curves, and the values of thes%%sgﬁogf&#kgi ces are
predi ctive off atist 8-dtaenk axmadyndaaiads cubvd haant eehahapctefribeadial anal ysi s
abstract is |1 . _known_in the _appliged mat tical art. The concept of a
fract al inde%/(\aelv\%lsla gt u’%ﬁa§§?gdlrbd§cﬁﬁnﬁgﬁoq}%otcufﬁesrheandFFg%t al Geonetry of
Nat ure, FreevalhiesNeWw Ybeke fro83al imbioeponed aueldéreive yf mrehiteence. For a
di scussion o 1 tion of fractal indices of planar curves, see
Kat z, Fract%?%ﬂgdﬁdgyﬁgkﬁéa ysis of Wavefornms, Conput. Biol. Med. 18:3, pp.
145-156 (1988), the contents of which are _incorporated herein by reference.
BRI EF DESTRI PTI OGher terin prmwelcEras-af| epalygiepireesrach |igwwathgr am of how

the uni ver saknodd aRsStENBSH ORITREEhema@icheaRr eS@nt Esv&@pd g 4s cal cul at ed
and used. FIG 2 depicts a conparison of a_ neasured ECG agai nst one
F

predi ct ed byf¥afdadppPieaty¥eh GeEstnelunireted Y Yondeisttori@all®n matri x of

the inventi opradda® G3oHleptEleE NACuLdMirathae, PRECEPLRIEL 98N ance as a
function of fhe nunber of eigenvalues as determ nsd b&/ abstract factor
anal ysis. FI ﬁ?c%pﬂ’éﬁitﬁfish%retlg'bibéfaFe’ct?éreBFﬁc % cfr PLaf eC4sth®5 measur ed

by an ECQ) FRt&icliatiephChds arudie® piditlesUbf tflanacorpaves, neaskaed, val ues
against val ugs, 4eh'svega' MYt 08, UMbeXeo M, WofiBht O'baT5" "9,

18:3, pp. 145-156 (1988), the contents of which are

incorporated herein by reference.

BRIEF DESCRIPTION OF THE DRAWINGS

15 FIG. 1 depicts a flow diagram of how the universal
transformation matrix of the present invention is calculated

and used.

FIG. 2 depicts a comparison of a measured ECG against
one predicted by the application of the universal

20 transformation matrix of the invention.

FIG. 3 depicts the cumulative percentage variance as a
function of the number of eigenvalues as determined by

abstract factor analysis.

FIG. 4 depicts a typical cardiac electrical cycle as

25 measured by an ECG.

FIG. 5 depicts an ECG printout that compares measured
values against values derived through the simplex

optimization method.

FIG. 6 depicts a normal 3-dimensional spatial ECG loop.



FIG 6 depicts a normal 3-dinmensional spatial ECGloop. 5 0'9 NOvV 2006 WO
2004/ 002304 PCT/ US2003/ 013071 FIG 7 depicts a portabl e bedside heabt
noni t or. FI G 8 depicts a 3-dinensional spatial ECG | oop that rep egsf\H]thZQOG

an acute igf JXL FIG 9 depicts the vectorial forgle(ér I7P.C 5
potentlals in ag mensi onal spatial ECGloop. FIG 1 plc s ow a

3-di nensi onal sp&tical 7 E@pilayepaisortabdecdednaitdeoheart immitbt G 11 depicts the
area triangles of the 3-dinmensional spatial ECGloop. 10 FIG 12 depicts

the 3-di mensi 0”a|FI§;pa§'@épl'%@§ L 0fRy i@k s 1 GnI0TsBRE 1 AR :A188b) - tifdtG 13 depicts
t he 3-di nensi onal Eatl all ECG | oop for _a male heart exhibiting acute M.

FIG 14 il URRTRCEETE Nt SpdralPErior ¥Factal indices 15 for normal versus
M heart activity. FIGS. 15 and 16 illustrate the separation of val ues of
fractal indices frac.botdedienml ehantdcrakeaheriricesf 6f didhacnormal and M

cardiac activity. .FIG . 17 icts a table o values and fractal 20
i ndi ces. ﬁ_@éﬁlbgécﬁf ﬁ‘T?jO% ? a&\ﬁgﬁ cycle of cardiac

activity is represented by a wave knovvn as the PQRST vvave, defi ned by

Ei nt hoven, Arch. FIg5 Yasdaphiyss 160:235dingtgd onpdpspaitiad EAG AmopHéart J.

40: 163, 195%::4&%”%5@%9& hy E. E. Huff and P. Sekelj. This wave represents
full contraction and relaxation of the heart. An 6 09 NOV 2006 WO

2004/ 002304 PCT/ US2003/ 013071 exanpl e of a PORST wave i.s shown in FIG 4.
One conpl ete FIG. 11 depicts the ‘area triangles of the 3-dimensional

spatial ECG loop.

10 FIG. 12 depicts the 3-dimensional spatial ECG loop for

a normal male heart.

FIG. 13 depicts the 3-dimensional spatial ECG loop for

a male heart exhibiting acute MI.

FIG. 14 illustrates the separation of fractal indices

15 for normal versus MI heart activity.

FIGS. 15 and 16 illustrate the separation of values of
fractal indices for both female and male hearts for both

normal and MI cardiac activity.

FIG. 17 depicts a table of lead values and fractal

20 indices.

DETAILED DESCRIPTION OF THE INVENTION

The full cycle of cardiac activity is represented by a
wave known és the PQRST wave, defined by Einthoven, Arch.
25 ges Phys. 150:275, 1913, reprinted in Am. Heart J. 40:163,
1950, translation by H.E. Huff and P. Sekelj. This wave

represents full contraction and relaxation of the heart. An



heart cycle averages 1/72 seconds. Abstract Factor Analysis A flow chart
illustrating the overall process of the 5 invention is depicted in Fgﬁvozij
The first step, shown in block 100, is the application of abstract Ufg 06

anal ysi s t@oz@o&oro?iloi“ ng data set. Abstract factor anal yﬁfﬁlﬁ] od3foiSod1 1S

applied to the entire n-1ead ECG neasured data matrix in I'S |nvent|on to
"pretreat” téneantprlal atfn@ BEHSTOWateGs shoem &0 ruci.ch. t hend canpietdmat i on

matrix-is derilvec? <|‘il Si rr%lex g/p %m zation, so as to mnimze the inherent
error in thi &YArRg? Eete9%th VESPRYR of AFA is that this techni que
removes predictable error, such as a wandering baseline, baseline noise,
and | ead pl RkstixacteFacker Knadusds data set, 15 yielding an inproved,

reasured, data sat 16, ComAl 'ﬁ%spsauﬁngl&,%%awpwc%@s o@Scipasured and

as predicted throug AFA 1's shown iIn , showi hg cl ose agreenent. For
t he purpose PIVemfAont he d=pdcsen be Flépr éserfthed filhst afFapsdishevRighal system

by a Iinear $iunkoh ol 0dyClnd %bﬁﬁlcat%QnTBE Mandatdedd-d.eadaEpG d s A system
where n=12. At a partlcul ar time t, the 12-lead ECG can be represented as

V(t) —Vl(t)Lél traigipg) gata set. +Ahzﬁf(rta)=E facmuaeawwss a “2F2d} rehsi onal

vector, %ﬁlﬁ%dp‘%e@ﬁé alntale fhRoddt BobaAths deBH 82 Witk i¥eLior in the
12-di mensmna 25 space, and t is tine. The potential V(t) can al so be

r epresent ed i 1§1éff3n5+°%r’%ch §EREFeafas tae VA IS8 5@t 1HfaECCE paic®® he space:

V(t) Em mRInidH ttheXe rdWstdraatidmaiarianad ¥aiS vedentd fdiepi18x the number of
factors 30 i nf] uenci ng the data set, K the transformation coefficient 7 0
3

9 NOV 2006 S IBGRLH6B305° PETFOEBHIS LGS 36 IRRerPRY SHRE X Pt HttSabst r act
| ead-vect or B£diinihg petf orTheABAvameagORSi MEK ian thixM datsa teehfiiqud V] of

removes predictable error, such as a wandering baseline,

baseline noise, and lead placement errors, from a data set,
15 yielding an improved, measured, data set. A comparison of

ECG values for lead I as measured and as predicted through

AFA i1s shown in FIG. 2, showing close agreement.

For the purpose of AFA, the ECG can be represented in
an n-dimensional system by a linear sum of product terms.
20 The standard 12-lead ECG 1s a system where n=12. At a

particular time t, the 12-lead ECG can be represented as
V(t) =Vi(t)Ly + Va(t)DLe + ... + Vnp(t)L, ,

where V is a l1l2-dimensional vector, Vy is the potential at
the m*® lead, L, is a unit vector in the 12-dimensional

25 space, and t is time. The potential V{(t) can also be
represented by a set of orthogonal basis vectors (X} that

spans the space:
vt) = 21-Lm=1 Kn(t) Xa .

Abstract factor analysis identifies n, the number of factors

30 influencing the data set, K, the transformation coefficient



vol tage-ti nme neasurenents, where Nis the nunber of |eads, and Mis the
nunber of data points. In AFA a covariance 5 matrix is d| agonal i zeg |‘PD
yield a set of eigenvalues A that can be ordered by magni tude. 9 NOV 2006
covarlance

rix n be defined as [Z] [V]7[ V1, which Mrratrlx
with up to %Oﬁgﬁgal ues, or it can be def| ned as [ Z] P-CT[r"iﬁ%f@{aJls

matri x wth megrdix, Nagl genwleUgB st Fasth 1eh geradode st . 10 corresponds to an
ort hogonal basis ei genvector Xj. The di agonal i zati on procedure invol ves

finding a mirixLQL.cthatdl agonalizes, (£ LG R AL cdn the

context of ECGs icafly rreasur enent s over oné ete cycle.
Mil tiple travoitagesétise oﬁeatsrmeemmnsmtwrhexeam el sl Bhsubprestiredft beddwe, AFA

techni que. FLAM 18 8RO GaklOBs atd Dol el N ahRa Set dgaLEfdoe that 3 Teads

can account or al nost IOI’I conte In an n- ?ead ECG
where n =5 12matyriXx2 1Isead@gonﬁmlsed clan ieldemorsst oft edgdsyrarirelanskpfthtahe

cunul ative p t Theqyar f s: Var = A
B s vt o P Nt

ei genval ue. d¥fenedmabal?l e J&d c%tragbl%rﬂsaﬁ@eb’m& Rigfrilpeditmgi2SoCum % Var =

Ek=1 Ak / EnvkslhaMigse & TtClin %&%@Yﬁﬁé&? ddh (bhe-sggugRce iy ei genval ues
Aj ordered by magnltude The cunul ati ve percentage variance is thus a

neasure of tPREFIN LBt MRECInedFRNGLUERe BATefieryadue3djs a graph of the

cumul at i M PESSRIHANES Vs 136t RSgchadObh ¥ td 10Rn0E ¥ r a)d itHaustrates that
nost of the information 8 09 Nov 2006 WO 2004/002304 PCT/ US2003/ 013071

content of tHPAINPSLEARFETE FFCSPAREE iimVPREeT |08y inedi¥ Ued. In fact, AFA

denonst r at estkdatdidgbgadsz<sanz) accoun;f o A3pgyoxi mateley B8t&%f the
information content

ECGs, M is typically 300 measurements over one complete

cycle. Multiple training sets of the NxM matrix are

15 subjected to the AFA technique.

From the application of AFA to the data set we find
that 3 leads can account for almost all of the information
content in an n-lead ECG, where n = 12 to 22 leads. This
can be demonstrated by means of the cumulative percentage

20 variance. The variance can be defined as:
Var = Ay / 271 Ak .

where n = 12 ... 22 and Ay is the magnitude of the ok
eigenvalue. The cumulative percentage variance is defined

as

25 cCum % Var = X% Ak / 871 Ax

where ¢ = c™ eigenvalue in the sequence of eigenvalues Ay

ordered by magnitude. The cumulative percentage variance is
thus a measure of the information content of the system.
FIG. 3 is a graph of the cumulative percentage variance as a

30 function of Ay and illustrates that most of the information



of a 12-lead ECG Thus, for a 12-lead system the resulting 5 transformation
matrix [K] is a 3x12 matrix of purified ECG data, as indicated in l'ﬂ@( 101
of FIG 1. Gven a set of M voltage-tinme neasurenents for 3 |eads, OOV 20061
12 |l ead se urenents can be cal culated by nulti j

transfor rra%‘liooﬁ&r/rdé?gr%?x [K] by the 3xM voltage-tine data W{ﬁ%?ﬁo)?%%r the 3
measur ed | eaglenteHt Sfrelselldystan easddntabfed genenal Fzedk t30 a systemw th an

arbitrary nunber of |ead ence, our, n-|ead ECG {ernjnolaogy. Sinplex
Opti ni zat i on® TH& "REXE® st ZIpn itjr%c? he™ e rPVaPF bR 6P F%@t %iq\f&dga?an 15
t ransf or mat i arcawmttr frr odpdtvxipresntIsi-99&nef dewdsfompiiionatomrerdf t he

si npl ex opti ot zat,i,0R CEHY qu SSQP) to,_ Lpnin et _that. was
subj ected to A,lzi %8%§at ed i ﬁhga (C)%(I) i‘ogz O]%JL%} %igg{igrh’sg:r%ergslfgtaldlsg account
for al nost atfansfformhbi¢mimytmaki O] ofs an3nll erdrECRL SOR1Masdapfd ied to a 3

20 1ead sel GQIri-8eGn@lcdred ANMol o) 1he GAlfd.ate (aALDE ool A3y, Simplex

optimzation, winich is different fromt sinpl ex algorithm used Tor
m ni m zi ng covstagsi-iéde | nepsarensysy dey, 3i seadsrethedivly 12 pdddigset maxi mum

for a multipLe o sV@chabte Juneti om MhaRel g, whdes)yd Ay fiypction may be
unknown. A sinplex is a geonetric figure defined by a "nunber of points

(n+1) that israfforpreiemairteRe AGhtdr the 3xPhricAbRres-timsr data unction of two

vari abl esp z mafdd% M)k, IO nehdhtsd Wdads3 PR SeftXd, 36k eab¥Py p&) , (X3,
Y3) and the 30 value of the function is measured for those 3 points. These

3 points ar eIt YIZBE| BY asysRem wigh agpgrbigraryopumbgroofeteddl y, the
best, next besicd @urngxieaEel) reafthomegst Vvalues. Since we are seeking a
maxi mum poi nt, the best 9 09 NOV 2006 WD 2004/ 002304 PCTI US2003/ 013071

val ue has thgilgprleeq:t %;:ima‘,gaq:iitotﬂde.
The next step in the derivation of the universal

15 transformation matrix of the present invention was
application of the simplex optimization technique (“SOP”) to
the training set that was subjected to AFA, indicated in
block 102 of FIG. 1. Since 3 leads account for almost all
of the information of an n-lead ECG, SOP was applied to a 3-

20 lead set comprised of {I, aVF, V2} to calculate to other

leads.

Simplex optimization, which is different from the
simplex algorithm used for minimizing constrained linear
systems, is a method for finding a maximum for a multiple

25 wvariable function when the underlying function may be
unknown. A simplex is a geometric figure defined by a
number of points (n+l) that is one more than the number of
variables. For a function of two variables z = f(x, y), one
starts with 3 points {(x1,v1), (X2,v2), (x3,y3)}, and the

30 wvalue of the function is measured for those 3 points. These
3 points are then labeled as “B”, “N”, and “W”, for,
respectively, the best, next best (or next worst), and worst

values. Since we are seeking a maximum point, the best



The next point R for measuring the function f is determned by R=P + (P -
W, where Pis the centroid of the figure when the worst val ue point N?l
elimnated. 5 Once the function has been neasured for R, there are 89 NOV 2006

possi bilit]es he next step. First, if the value f i er than
t he val ue @rm%%%}r(\”expansi on is attenpted wth a new i 20{%@??0%(1 by E =

P+ 2(P - Wvalde hae vihd Ufreattest Endghihetiéer than B, E is retained and the
new sinplex is 10 defined by N, B, and E. If the value for E is not better

than that for B, e QNI ' ; fi d gk new sinplex is
defined by B, R Ig_l%dnﬁl;.{(tp eccr)l(r%d?‘ ??lst egség ‘ﬂ;:vcﬁgr_ k{g{g(?%lacgietftv\ggn that for B and
N, the new S¢gsimdreflsbyet im&d*t 6P be M, Wexmnd Ns Brl qandrebdpedcess i s

restarted. Fpaldi%rbfwhdle oRl WeriOrvaRubSpd 8RS 1desi il fyhan that  for N, a
step was nmade in the wong direction, andpa new sinplex should be

generated. There are %B‘,EOSSi bilitjes. the value for Ris between that

. | f
for Nand®W the &R Nt S8R oA Y N5ER PTRIT S Lo TR thrarfPRFE RSP + 0. 5(P -
W, and the possirsilapiex f& dabi netk reB, Nimgd CR tHd Wah@evadbtir at R is
wor st than the value at W_.then_the new point should be | oser to Wthan R
QW= P - 0. 5UPESHFT TR fl SPRET 505 &1 PhaRFRBPIHRd by B REShnd QW The
process is iwetlatedewnpoint defansddy@m=i B f euird- Wor tifethasealnfe t he 3-1 ead

ECG the val ues of. the_ other |ea are _cal cul ated, as functions aof a 3-1ead
cor el o B8 Pt BELR Pen BRR U BoBRLE BLECCAP JANGLhSG Bs o -
figure dedinedfineddbpolNnts, tahdt Er epifesbatvahe I0rsEard invg battes of (1, aVF,

N3 10700 NVSO0" BeF Fod Boo it Ber Ty 0707 irog, By TP 105

t ransf or mat i vew rEitpilrx[ K¢ fdhetihby Bvh&n and N.

Second, if the value for R is between that for B and N,
the new simplex is defined to be B, R, and N, and the

15 process is restarted.

Finally, if the value for R is less desirable than that
for N, a step was made in the wrong direction, and a new
simplex should be generated. There are 2 possibilities. If
the value for R is between that for N and W, the new point

20 should be closer to R than W: Cg = P + 0.5(P - W), and the
new simplex is defined by B, N, and Cz. If the wvalue at R
is worst than the value at W, then the new point should be
closer to W than R: Cy = P - 0.5(P - W). The new simplex is
then defined by B, N, and Cy. The process is iterated until

25 a maximum is found.

For the case of the 3-lead ECG, the values of the other
leads are calculated as functions of a 3-lead set,
preferably {I, aVF, V2}. Thus, the simplex will be a 3-
dimensional figure defined by 4 points that represent the

30 starting values of {I, aVF, V2}. The results of this

optimization were used to define, at step 103, an Nx3

10



mul tiplied by a vector conprising the 3 leads {I, aVF, V2} for a particular
time yield a full n-lead ECG In particular, the [K] matrix was calctﬂ@ted
for the full PP 5 cycle of the heart beat as well for segnents wi t hi0/ NHe2008p

cycle, suc t PR interval, the QRS interval, the j r and the
Qr int erva?’pai%“é&%@éur acy of the optimzation was che?%e%ﬁgéh@og%h dat ed by
conpari ng t heni¢isa¥edryad fasmadibh cRefdikC [ Ntsichothbbesddn 111, aVR and 10
aVL |l eads with measured values for those | eads., A éo arison of a

synt hesi zed B 1P42E8 BY 3 ASFEETIETTRIEE PP oh® S ABREX Ut iB¥Fzal%bn with a
nmeasur ed ECGfos depiretedlah Hime yidld Fpaulnlnlieedseds. Asrst at ed above, the

i nventor has_verijfied throu the ,applicatian of, AFA that_ -98-99% of the

i nf or mati on BFEPIAYEE” F}ﬁ r@gnmégﬁl’f)e“%rseﬁ?%ﬂl 85&% F3h it fﬁ*&isﬂ?em&nt of
just 3 |gadsyck ndfethbesentteddatane wadpr 6ut nedgaleyit sr vhidgonahe pPwal ues takes
at the same ] can be_platt agal nst. each [ 1 - di pensi onal
space, resul Y%e’i r?uggs%gt&a %%C@q@?rov(?&.’ @Igel’ tchgﬁ ﬁbggﬂra%’f %thﬁeg?nfornati on in
a 12-1 ead ECrtervaln the thaiQfemsteral.spdhe alcde@ech oop.then addition, the

i nventor has £ t i.nfo IOk t : nfigurations
of up o 25 PEeueRoh s M HlR el B oo 3 e by
i ncreasi ng t Aerieesd vepaee any Zpeffbgientsclpnitdicadd  cBRl mAVR, asudir at el y

di agnose, gar diyac RANQRL PPYmeasIHER 3510ds0Rbr NGRS hBEQL CLion or posterior
infarction. A typical 3-dinmensional ("3D') spatial loop for a normal nmale

heart is sho®ARIripPE, of. a TinFheypeedECH Bpted) on3uataes ¢eilvgdbErdsui It into

a standard heapldDBbt Ok 1 >SRN wh Bh Bl Geadurddaicd @Q%Qﬁ@cteﬁs ihhergi ngle wave
configuration as currently exists. This spatial |oop can also be printed

for 11 0 '93NOV 2006 WD 2004/002304 PCT/ US2003/ 013071

Spatial Loops

15 As stated above, the inventor has verified through the
application of AFA that ~98-99% of the information displayed
thereon can be reproduced from the measurement of just 3
leads. Since these leads are approximately orthogonal,
values takes at the same time can be plotted against each

20 other in 3-dimensional space, resulting in a spatial ECG
loop. Virtually all of the information in a 12-lead ECG is
in the 3-dimensional spatial ECG loop. In addition, the
inventor has verified that the information content of lead
configurations of up to 22 leads can be reproduced from just

25 3 measured leads. By increasing the lead space to 22 leads,
clinicians can more accurately diagnose cardiac pathology,

such as right heart infarction or posterior infarction.

A typical 3-dimensional (“3D”) spatial loop for a
normal male heart is shown in FIG. 6. This type 6f display
30 can easily be bullt into a standard heart monitor, shown in
FIG. 7, that incorporates the single wave configuration as

currently exists. This spatial loop can also be printed for

11



the patient nedical record. The 3D spatial |oop displayed in FIG 8
represents an acute inferior M. Wen conpared wth the display of no&&l
heart function depicted in FIG 6, it can be seen that the vector flot8&s2006

traveling %;095 o3 ti med sequence are clearly differ entpcﬁggzto{;ﬁ{m%arrpl e of
t he conparison ) spatial |loops for normal cardiac activity versus acute

M cardi ac athevpayieanmeditalintkdomd. FITB® BR spakilkld. 1the dextlawedl forces of
cardi ac potentia r in.a t.ercl i se S i ECG | oop 10
depicted in FI G hg'., Elanf%ggglggﬁ%%an tagggér]ol\qlllf&g%ggt}ﬂdgnggtglnc'p&%iﬂn ngati on, the
3- di mensi onaWispatheldiBetay oepsnaanlskeant fasctiatiiendctediiedIto educate
clinicians ig the {ielyd QbenCaldl Afe OTEAJORBYSL O Qe 1k Ay GENEME! . the
cardiac el ectrical vector traces a loop 15 in tine in Ndinensions, where N
i s the nufbeitiBed| RAPSnCceABSE rakes 1y a@t e ranat ysAnethes dsarmist odt ed that we

can take N 38.€84Rba %03 o2Nh tdHs i %E NRl ESRdSdna1a¥E @k V2  agai nst

each other as they are approxi mately orthogonal. However, there is no
f undanent al PERIBRCIWMFRTSHE 3pats AT Febpiarn achhnbtY 5@y 8gaftet 48 a curve in

an N-di nensi gnak spagfi 13Whetge Ndcsobhel revbes of dLadsc ghientspati al | oop
has a defined surface area, defined by tri angl es swept out by the |oop

vector as it 2Z8vape®s 1M 2 cRENtemicdorkviag 38t FRAERY ACCFEe9P 10. The I ength
struct ur eoandepuctace mireg. def i ned abByi 2odahi So SPadviali nhoepagztytel d
i nformation characteri zi Eggt?e . pat hol ogi-c a patient. In

X

, tate of
particul ar, &"fPERIGC™] T eﬁ‘é%‘é\?hﬂ"ﬁ?éﬁiﬁccﬁnltoﬁ SsPHt iS&FVPoop at step

104 of FIG a$%, taschirdie deatives afo tliuSatddintatagy ddi ¢het fieo 1oy @gence  or
absence of path logi C a%ut e, coronary syndrones ("ACS') at 30 step 105 of
FIG 1. Thi sciaﬁaé& TP AFSBPERIVE%s a trigger upon which the synthesized
ECG can be automatically printed, saving tine and noney, and possibly a
patient's |life asIhhgeenek2lQ9tiNOVCa2008c electrical vector traces a loop

15 in time in N-dimensions, where N is the number of leads.
Abstracts factor analysis has demonstrated that we can take
N as equal to 3, and thus we plot leads I, aVF and V2
against each other as they are approximately orthogonal.
However, there is no fundamental reason why the spatial loop
20 cannot be regarded as a curve in an N-dimensional space,
where N is the number of leads. This spatial loop has a
defined surface area, defined by triangles swept out by the
loop vector as it advances in time. This is illustrated in
FIG. 10. The length structure and surface area defined by
25 this spatial loop can yield information characterizing the
pathologic state of a patient. In particular, a fractal
index can be calculated from the spatial loop at step 104 of
FIG. 1, and the value of this index can predict the presence
or absence of pathologic acute coronary syndromes (“ACS”) at
30 step 105 of FIG. 1. This index can also serve as a trigger
upon which the synthesized ECG can be automatically printed,

saving time and money, and possibly a patient’s life as the

12



WD 2004/ 002304 PCT/ US2003/013071 di agnosis of ACS can be nade at the point
of service, possible before synptons devel op. This spatial curve can
LR ATS

characterized by various. fractal indices. The tine rate of changeﬂl

values 5 qu%gﬁgel ine value are al so predictive of 19@1(/9%2%/@9“%\” ty. As
%

the potentia ctor loop traces a loop in space oVé ime " Wwith each
heart beat, didgmediad afndes can beemadalaulkatepointomrt Bersimjence of

triangles fornmed, wt ea _A(t) an rimeter L(t), as shown in FIG 11.
The vari ancepiﬁs?k\)r/l\iea%f%;?g?i Sé%“(%%omtshge‘geﬁé’@t‘al i ndex on a beat-to-beat basis

is a neasurenment of autononmic activity. These fractal indices can be
cal cul ated by a dBVitEPaiénl agnvigecapdid ichgraprtidsdebhetriidasheart nonitor

depicted in EbGerdi i8-8t hoghok ifal Fllalisngnandd agt ahadndexuber a spati al
15 |l oop useful in the analysis of ECGs is based on a calculation of a
fractal iAdefraBaptRarldncavpluare citif Pasdigelsts iBed2Tdiakat z for 2

di mensi onal Xc¥idgtyp Asf Eastpdtendi AENSEIORBLOF B BBk LW W%o%sirdefi ned as
D= Iog(L)/Iog%d), where L is the total length of the curve, 20 and d is
the di anet er SBRCPI ek eREeitthracrhel@ntveeathe? :8nbeh Hide &8P ned in

terms of an avecape&d ERofi e Wequdhsd W rhehyBa) fOUREESHIKE aPOA Nt S, a, and
a nunber of stegzﬂl in a.curve n i ich case the fractal

. ..as n = L/a, in whi
di nensi on D 2 (Fog /RATIGERTT + (Tdg( BF LI THE ¥ - 13apeTh925’aﬁ|169F%ies
exanpl es1of thi 8 f@idaloa apptiedrhotsevieidak bAsd Geatayvefwydts bakis0 points
each in Katz''s Fig. 1. The nethod of Katz's formula for_Din_X-Y data can be
readily appl F&d®t B3 HE *EFAFi %1# al”g(?Bngo%ﬁcriféHlB}{/' t ﬁg‘eE&Gﬁfaecé:d‘l val ues, for
spati al | oopsndbced\cai ensabdulatedobyer de®id® glefh me the rfadactiad di mensi on
for an N-di rrenslé%)gf | oop,, it _.is useful to.d,géé ne sope p'rel i mnary

quantities. EPF %Aebedgéplen}éeaﬁ monitor depic
One method of calculating a fractal index for a spatial

15 loop useful in the analysis of ECGs is based on a
calculation of a fractal index adapted for a planar curve as
described in Katz for 2 dimensional X-Y data. A fractal
dimension D of a planar curve is defined as
D = log(L)/log(d), where L is the total length of the curve,

20 and d is the diameter or planar extent of the curve. The
length can be defined in terms of an average step size or
distance between successive points, a, and a number of steps
in a curve n, as n = L/a, in which case the fractal
dimension D = log(n)/(log(n) + log(d/L)). The Katz paper

25 provides examples of this formula applied to several basic

waveforms of 30 points each in Katz’s Fig. 1.

The method of Katz’s formula for D in X-Y data can be
readily applied to the spatial loops defined by the ECG lead
values, for spatial loops in any dimension. In order to

30 define the fractal dimension for an N-dimensional loop, it
is useful to define some preliminary quantities. First, we

define

13



09 NOV 2006 WD 2004/ 002304 - PCT/ US2003/ 013071 D(tk) _ (ENi | xi2 (tk) L(tk)
= (ENi=1 (Xi(tk) - xi(tk-1) )2)h DD(tk) = max(D(tk), DD(tk_1)) and 5 L SUM
(tk) = LSUMtk 1) + L (tk) , where xi(tk) represents the value of t @ N8V2006

ECG | ead quoﬂ)'f)' /&b&(ﬁad ECG at tinme tk. It can be s_een,__,vtg@,b}{ggi)sz%?ng%length in

an N-di mensional Space, while L is an arc segnent in th onal
space defined by phg)dif {gvgncehgyween D(tk) 10 and D(tk-1), the length at
the previous tine tk 1. The tine tk can be thought of as kSt, where St is a
unit of time. Then, we define a fractal dingnsion as a function of time k
as FD(K) = | og(k)¥{(xdgTk}Z += Gy DO tk¥ (tBuM TX))). 15 FIG 17 depicts a
spreadsheet table of |ead values neasured 46 tines over the ST-segnent of

the cardi ac cycl epp (tlhesand:qadtyal westare for the standard 12-1ead set,
whichis I, Il, Ill, aVR aVL, aVF, V1, V2, V3, V4, V5, and V6. The

col utms Iabelagg "D, "L", "DD', "LSUM', and the "Y" colum 20 of "FD'
correspond tovalues for, respectively, D(tk), L(tk), DD(tk), LSUMtk), and
FD(k), as defined above. The colums |abeled "ST" and "X' are val ues of the
time intebval coufifiMetx) ks LERYM (ti-me r dtléxlof change of FD as a function of k
as k 25 increases, referred to as the tine derivative of FD, can also be

readily cal cul at eghdi@r x he,) SPatdcdlenk80Pse vENGe bAVER! o ag foundthat the
tinme derivative of FD,_ hereinafter referred to as FD , is an excellent

predi ctor of anA¥S epst FGSeaFrFimee far atlés CRMtRE 19868t ERAE 2hdSpdstenaié val ues 14
09 NOV 2006 i 004iH32304naACHHSD0A1QE3071s an arc segment in the

N-dimensional space defined by the difference between D(ty)
10 and D(ty-1), the length at the previous time ty-;. The time

ty can be thought of as kdt, where ot is a unit of time.

Then, we define a fractal dimension as a function of time k

as
FD(k) = log(k)/(log(k) + log(DD(ty)/LSUM(ty))).

15 FIG. 17 depicts a spreadsheet table of lead values
measured 46 times over the ST-segment of the cardiac cycle.
These lead values are for the standard 12-lead set, which is
I, II, III, aVR, avlL, aVF, V1, V2, V3, V4, V5, and V6. The
columns labeled “D”, “L”, “DD”, “LSUM”, and the “Y” column

20 of “FD” correspond to values for, respectively, D(ty),

L(ty), DD(ty), LSUM(tyx), and FD(k), as defined above. The
columns labeled “ST” and “X” are values of the time interval

counter, k.

The time rate of change of FD as a function of k as k
25 increases, referred to as the time derivative of FD, can
also be readil& calculated for the spatial loops. The
inventor has found that the time derivative of FD,
hereinafter referred to as FD’, is an excellent predictor of

ACS because FD’ separates into negative and positive values

14



based on normal versus abnormal cardiac activity, respectively. This
separation of values is graphically illustrated in FIGS. 14, 15 and ‘Jﬁ
Thus, the crossover of FD fromnegative to positive val ues can seB IN0Y 008

trigger 5 for generating an alarmand for automatically printi e
synt hesi ze\YOE@%@,"Z:’%Vi ng ti me and noney, and possibly J&W§°8ﬁ%°ip| ife. The

fact that theadd OISO ePsub Sabrlr@dh CLiME 0f abPerOnset of M allows the
di agnosis of ACS to be nade at the point of service, possi bl%i bef ore
h

synpt ons of TAIPSKEIVELY ualThFSdEFRIFAFIORNPE Y3 lWesdilf f Eramidea nmake the
difference i DM Batmgea PatETest.’' $4) ifRandhete anhasot s ddcasbabrisfli ces

useful for predictin ai_p.normal cardiac function. In order to, define these,
we  need SomETaddioT BRETT el PP ATy GuaRLTE] 667 18T Bard TRoECLRICE DY ( K) 1
LSUM t k) #Ar eadt kjeneratifg (42 @Lk)m+dhd tHorlautdmattikhl)y (B ildthhg- Ehd t k- 1) +L
tk -D(tk) _+D.(tk-1) 4+l (tk (tk) +D(tk-1) L(tk))).. . and 20 SumArea
gtkg (: gjng%r%rf(ﬁ?lff +E(;§s((afas%if’£5’$ q"l&}? %ﬁﬂ%%}ﬁydéﬂléep%%%b&éfd?ti onal fractal
i ndi ces: KlpatidnSUM LkFé FDIhe) f&uitmArhea( tke andsker of FD’ is

(Peri mrot (t k) AF )L SupAr.ea(t k 2 ce.again, the tinme deriyatives of

t hese i ndi ceér%dg(cla@l)vfauﬂgﬁhc?n(ogfsgﬁ ?é@ag}(c&e %88t P Sorc)%o%\a{%(t,é’ because
the tinme debevatdevetatm paeparitsscvicto pegEbilyebafnkpeympioes d5 0 9 NOV

2006 WO 20044002304, POTALI2Q03/ 04307 L yal yesased on, harmlyer sus
abnormal "cardiac activity, respectively. e fractal indices presented are
only a sanpl fhffefencposnidrdwingr acpatidnidscesfepossi bl e for the anal ysis of

ECG 5 spatial |oops. For a general discussion of other neasures
There are other fractal indices useful for predicting

abnormal cardiac function. In order to define these, we

need some additional preliminary quantities:
15 PerimTot (tyx) = D(ty)+ LSUM(ty)
Area(ty) = % ((D(ty)+D{tg-1)+L(tx)) (D(tx)-D(tx-1)+L(ty))
(=D (ty) +D (ty-1) +L(tx) ) (D(tx) +D(tg-1) =
L(tx)))™
and

20 SumArea (tyx) = SumArea(ty..) + Area(tx).

We can now define two additional fractal indices:

K1l (LSUM (tyx) "FD (k) ) /SumArea (ty)
and

K2 (PerimTot (tx) *FD(k)) /SumArea (ty) .

25 Once again, the time derivatives of these indices as a
function of k is an excellent predictor of ACS because the

time derivative again separates into negative and positive

15



of fractal dinension, see Francis C. Mon, Chaotic and Fractal Dynam cs,
John Wley & Sons, Inc., Chapter 7, the contents of which are incoapﬁ{ited
herein by reference. The nmethod of the invention can be inplenented dNo 905
10 conput sing any avail abl e progranm ng | an enbodi ment
of the i nS‘gﬂf’?‘%@'&%y&Pi npl emented using M crosoft Vi sual%%glgslz%m@(}gyuti ng on a
personal conpatwers bagadi oy ndremalV neosvs apesaid Ingasyséemctibatiypvention i s
not |im tedréé)petc ii%e&npl enent ati on, however, and inplenentations 15 is

ot her progranmmng angﬁéges executing on other machines, such as the

Macki nt osh, or workstations running under the Unix operating system or

vari ants ther eof ,Thuéragakaliifgices gpeespntad richend¥opesatPlting pPAventi on.

Al ternativel Yosdn Methods Ofi ddiees Y&ILiHOB £80 the 2”014 ¢FepEgd in a
standard heart nonitor that_has been nodified to acquire 3 |eads in phase,
di spl ay a° 3DSBpEtalalo°Pdop, Falkc GFa% e 1a 9 F adtion AdeRtERH MeRERTEDOp and

moni tor theokimaydtaliedofesdidngeseé thechisac! alodnNdexaodites@q nodifications
can be acconplished by the addition of 25 dedicated,_ conmputer hardware and
sof t war e ton&ﬁe&m&wm@hgoﬁmé EaRS b N5 ogFRARERF Viirt K®he uni ver sal
t ransf or mat i eentEsi % £CkRi ¢ thden 1 hBSrdoUEBE He e in0bpersidyencappl i cation to
calculate an N-lead ECG fromthe three acquired |eads, and to display the
spatial |oop and Q ?’n%t%%l cgka]&zﬁetpﬁv fnrtai%'rtla!:aljlngeexiarid rgr)l@i(a&or its time rate
of change. In addition, fihe nodf f 1'ed moni't 6f  can pnrlpinmthe PUI PR 1 ead ECG
and sound0 or compliteat esyerteal arshnghemya afzahgiele 16r O@rdGM ng0AGng\WEyR004/ 002304
PCT/ US2003/ 0 71 1] . i der.i vat.i v f the fractal i X 1ndicates the
onset of car é?gc %ﬂé’[ﬁ%ft‘%g@_ %i ?tehet hemprgréés)leon ﬁﬁve%ﬁ’g%m%%%%belelﬁl%scri bed
and il lustrdiebsoftva¥iows pBafiar r edecutdngl tar nat ecasbodl newhputer

running the Windows operating system. The invention is not

limited to this implementation, however, and implementations
15 1is other programming languages executing on other machines,
such as the Mackintosh, or workstations running under the
Unix operating system or variants thereof, such as Linux,

are within the scope of the invention.

Alternatively, the method of the invention can be

20 implemented in a standard heart monitor that has been
modified to acquire 3 leads in phase, display a 3D spatial
loop, calculate a fractal index for that loop and monitor

the time rate of change of the fractal index. These
modifications can be accomplished by the addition of

25 dedicated, computer hardware and software to the monitor.
This software <can be programmed with the universal
transformation matrix claimed in the inventor’s co-pending
application to calculate an N-lead ECG from the three
acquired leads, and to display the spatial loop and to

30 calculate the fractal index and monitor its time rate of
change. In addition, the modified monitor can print the

full N-lead ECG and sound or indicate an alarm when a change

16



5 such descriptions and illustrations are not to be construed to be
limtations thereof. Accordingly, the present invention enconpasses
vari ations, nodifications and/or alternate enbodinents with the scﬂgﬁaﬂﬁfﬂ)%‘

the presenf invention being [imted only by the clainms_which foll ow 10 17
0 9 NOv 2088200400204 oy T pw 1 Nzi% N7 L., REYVRRRPOMR0IN it s
t 11 C . "ih, the! thik! derivative «of thel £rBEddl Uiies? fthaicARERdEROt  What

is clainmed is: 1. A nmethod for predicting cardiac pathology 5 conprising
the steps of °PaRlgut iG3gdaapIRAAICYYof | ead val ues as a function of tine
for set of electrocardiogramleads; defining a spatial curve fromthe | ead
val ues for at | ausitlet htiee pbeadsnt lAncaltcvhathdy) Beéd acdkeakbriexans a
function of ti fqr the spatial curve: and i,tori the t.inme rate of
change of théIJL ‘?Sé%]iagied ilrrlldér%rlo S’er%’ieﬁfeﬁr%(gg%rfclpeaeq tte’lr%ggaf%oo‘%lmgﬁtéﬁ@e of the
fractal bndexchsdesmhigatioue afid norlvekrgaradhisae@racthbvi ty, bambnatibegositive

tinme rate of _.change of the.fract index is,.1nd. jve of pathol ogical
cardi ac acti \1/:|8t y.BgZ. Pﬂleﬁeﬁéfh%d of (ﬁ%gi' m 1,A?équ}'§yﬁgl§R%bnp%esi %’gre?ﬁ%\gst ep of
cal cul ati ng theetiaah velarewaksem ehecvavidd icsadi mgdifderiong0 ahddor
electrodes abhachedd o AuRabhenls dytkhe (ELNGL,A Al Mk Whscehp the set

of electrocardiogram |eads conprises from3 to about 80 and wherein
the full set ioVerticut wedagdl buyrtaw behyidycshe belamsc ahéoh afadd of'r om a subset
of at |least 3 el ectrocardiogram .

10
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| eads_by using a universal transformation matrix. 4. The nethod of claim 1,
wherein the fractal index is defined by the equation 30 FD(k) =

| og(k)/ (1 og(k) + Iog(DD(tk)/LSUl\/(tk))) wher ei n: tk = kbt is the t'ﬁ@"m’tﬁdﬁ
k interval s of : unit LS L‘Jl}/ﬂtk EANnTd (X (tk)

Xi (tk- 1" 52T 4 ““‘3“&“ 3" Jo- 1‘N|d}v ﬁO@é“ l"“”‘““N” FERYY. c 11 "3 ' J1
7T N TN Th NGB I T ac! agdGghhbnk CU u..,L. DD(tk) = max(

(ENi =1Xi 2(tk)DD(tk-1)); N represents The number of el ectrocardi ogram | eads;
and xj (tk) represents the value of the ith lead in the N-lead set at tine
tk. 5 5. Thghgetiwdigimehaidn 1, wherein the fractal index is defined by the
equation KL = (LSUMt k) "FD( k) /SumArea(tk) wherein 10 tk = kbt is the tine
after Kk intervalls of AtReghod,for grediafiinot RyrdiqospRtpekody + (ENi.1 (X (tk)
- Xi (tks1)comgdisin F@ﬁg)steﬂsog(fk)/(log(k) * log(DD(tk)/LSUMtk))); DD
(t),) = max ( (EN =1 Xi 2 (tk) " (tk- 1& 15 SunArea (tk) = SumArea
(tk-1) + ( (D(tk)+D(BRIHITANG @) p}ufﬁl(ttwf ?(ci Ralyes ag 1) fynddiepk) +D
(tk_1) +L (6K)timd Rofkt kot +dx (etl%cl):ocah(dll@);):s 1mﬁre D (tk) _ (EN=1 xi2'(tk)

)" and 20 L(tk) (ENi =1 (Xi(tk) (tk-1) 121 N represents the nunber of
el ectrocardi ogram | 858521 ¢ )?PEH(?l r%‘ﬁ?’@s@ & ttq‘?elﬁaﬁu\éajd“fest K€Tith lead in
t he at least three leads;

10 calculating a fractal index as a function of time
for the spatial curve; and ‘
monitoring the time rate of chénge’of the fractal
index, wherein a negative time rate of change of the fractal
index is indicative of normal cardiac activity, and a
15 positive time rate of change of the fractal index is

indicative of pathological cardiac activity.

2. The method of claim 1, further comprising the step
of calculating the lead v;lues from electrode readings taken

20 from electrodes attached to a patient.

3. The method of claim 1, wherein the set of
':) ‘ electrocardioéram leads comprises from 3 to about 80 leads,
and wherein the full set of electrocardiogram leads can be
25 calculated from a subset of at least 3 electrocardiogram

leads by using a universal transformation matrix.

4. The method of claim 1, wherein the fractal index
is defined by the equation
30 FD(k) = log(k)/(log(k) + log(DD(ty}/LSUM(ty))),
wherein:
ty = k&t is the time after k intervals of time
unit ot;
LSUM(tx) = LSUM(te-1) + (S (x:(te) — xi({tx1))H™
35
18
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N-lead set at tinme tk. 25 6. The nethod of claim1, wherein the fractal

i ndex —l"?defi ned by the equation KL = (Perinilot (tk)AFD(k))/ SumArea(tk)
wherein .tk .= kbt is the tine after k intervals of time 30 unit 5t; B_QNUV 006
PerlmTot(tk) = (EN =1xi 2(tk))"+ LSUMtk) LSUMtk) = LSUMtk 1) + (EN'1 (X
(t],). - FXECE K- g 0. g 6 = I bg@mﬂﬁ“éﬁg&“ th) + I og %@3 LSUN(tk)))

19AI\/ENDEDS" 006 p:: - i T .
6L 1l:;:n "1~ %%[\@J’Z maxQ‘é“lﬂ 1"tlsip’ "rlf?){ll TG Ticiie n 14,

, Y u DD (tk) Nh&ebﬁ&ﬁ%nﬁb xhe ht)er B2 éigcﬂﬁ&camdlo rfﬁ%detkind

SurrArea(tk 1) ; (t 1) +L(t k)

(- D(t k) +D(j§l(f)‘zl-Llﬁ %s %’b‘("t‘k*) Iﬂ%lﬁ %?fsth_e(ﬁ%)lfa %@D& 5‘2‘ SQUENL. . 1
X12(tk) )' anckin(et k). (ENiel (Xi(tk) - Xi(tk-1) )2) N represents the numnber
of electrocardiogram |eads; and xi (tk) represents the value of the ith |ead
in the O Nlead set at time tk. 7. The nethod of claim11, further

conprising the si.ep Thé mleitﬂp:ldayifnglam lspaherdin adp Eraccdledhtesoni tor. 15

B. The net hod fl%le f%rthgr corrprl sing the steps of displaying the
fractal index vques Ph 2 hEFE“*Mnitor and storing said fractal index

val ues in said hdart ( LﬂmmiﬁkorFDBQ)g’SuAnr@qomv atus for nonitoring cardiac
activity CQhI"@I’I sing: neans for acquiring a plurality of |lead values as a
function of "tine for set of electrocardi ogram | eads;

10 tx = kdt is the time after k intervals of time

unit &t;
LSUM(ty) = LSUM(tis) + (ZMiaq (Xi(tr) = xg(tya))?)™;
' FD(k) = log(k)/(log(k) + log(DD(ty) /LSUM(ty)));
DD(tx) = max((Z%-1 x:%(tx) )™, DD(tk-1));

15 SumArea (ty) = SumArea (tyi)} +
Y ((D(ty)+D(ty-1) +L(tk)) (D(ty) =D (tk-1)+L(tx))
(=D (ty) +D(ty-1) +L(tyx) ) (D(tk) +D(ty-1) -

L (tx) )™,
where D(tyx) = (2% x:%(ty))™ and
20 L(te) = (BVa1 (x3(ty) = xilte1))H)™
N represents the number of electrocardiogram
leads; and xj(tyx) represents the value of the i*® lead in the

N-lead set at time ty.

)

25 6. The method of claim 1, wherein the fractal index
is defined by the equation
Kl = (PerimTot (tx) “FD(k))/SumArea (ty)
wherein
ty = k8t is the time after k intervals of time
30 unit &t;
PerimTot (tx) = (Z%io; x3%(ty) )™ LSUM(ty)
LSUM(tx) = LSUM(ty-1) + (B¥im (x3(ti) = xu(tea)) )™
FD(k) = log(k)/(log(k) + log(DD(ty)/LSUM(ty)));

19
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means for defining a spatial curve fromthe |ead 25 values of at |east three
| eads; nmeans for calculating a fractal index as a function of tinme for the
spatial curve; and neans for nonitoring the time rate of change of pqﬁnv 2006

i ndex. | & PngreblPELLT e toataalEd Y “and a Sfaﬁgfgév;@f. me rate of

change of the fractalppipgdex lmgx(l(gvdl cafiys ef lﬂga{tthol 9gi ‘et # ac acti vi ty.
10. The apparatus of claim9, furtHher corrprl sing nmeans- 20 tlj~& NQED Ski T
09 NOv 2006 151 N:: Slllml}\;@wk) N Srdeai(te-1l fH; 11 11" it 11-N A~iA tT~ly' +
for calculating the | ead ¥al Ué@;kfT@mkal)ebt(txddd!)ﬂeadimgm)thkt&m)f rom

el ectrodes attached to a pati eltD.(tQ1D (Fhe) Abpad at Bt fDétaim 9, wherein the
set of 5gel g¢tagar di ogram | eads conprises from3 to about 80 I|eads, and
further conprising neans for calculating the full set of el ectrocardl ogram
| eads from a subset of atwlheel&stD@x) e+e( r-ocaf dixbyt amdl eads by using a

uni versal transformation matriX. 1 The apparat us of aim9, wherein
the fractal index is defined HhFxt he @ﬁ%tﬁxeﬁtﬁD(k¥i Extdg{k (‘{/ (1 og(k) +

1 og(DD(tk) /LSUMTK)) N re &ldy the 1tn|ﬁ-nb'e1k§tf é§eéﬁl%cta'r8? gtdger k intervals
of time wunit St; LSUM(tk) = LSUMtk- 1%& (ENF=1 (Xi (LK) - xi(tk-1) )2)4;

DD(tk) = matpafENiand X 9‘(»«9 k}‘ehyrepequ(F emllﬁ PépER ent stease 1Aukber of
el ectrogar dyogeain d8ads; tand +,20 xi (tk) represents the value of the it" |ead
in the NNlead set at tinme tk.

7. The method of claim 1, further comprising the step

of displaying the spatial loop in a heart monitor.

15 8. The method of claim 1, further comprising the
steps of displaying the fractal index values in a heart
monitor and storing said fractal index values in said heart

monitor.

20 9. An apparatus for monitoring cardiac activity
comprising: - '
means for acquiring a plurality of lead values as

a function of time for set of electrocardiogram leads;

(_/

means for defining a spatial curve from the lead
25 wvalues of at least three leads;
means for calculating a fractal index as a
function of time for the spatial curve; and
means for monitoring the time rate of change of
the fractal index, wherein a negative time rate of change of
30 the fractal index is indicative of normal cardiac activity,
and a positive time rate of change of the fractal index is

indicative of pathological cardiac activity.

10. The apparatus of claim 9, further comprising means

20
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13 _The apparatus of claim9, wherein the fractal index is defined by the
equation 25 KI = (LSUMtk)"FD(k))/SumArea(tk) wherein tk = kSt is the tine

after k intervals of ti rre unit St; LSUMtk) = LSUMtk_1) =1 ( (N'UV)ZOUB
tk1,,2,,a|: K) fold OO KDY, tk)/LSU o

e ekt angestd ol gt e goC e oLl Y
EDkgt 5)(&Dt fcbi( c'la%lchh.a(:ikd Hhe( @eéakx)aldgs( tfkoﬁ)erﬁcwt(rgg&fe%ml(rfd@ll? (F k- 1)I +L
t I e

~—~" N b‘%‘f% gg-"’F“) el‘F“F'“r"des é‘%%agheﬁ %E AL g rr {~4~~u9 L(tk)))",
wher e D(tk) _ (ENi =1 xi 2(tk) and L(tk) (ENi=I (xi(tk) - Xi (tk-1))2)"; N
represents the nbe of electroca d|o ram 5 Iea ds; nd xi (t represents
thg val ue of thgﬂlth&}]e PRI AN h aq%]‘ ?ét B A Fkseqs gql’he gppar at us
of clains9, ekbermicartihegfaraciemlds tomexises debmrddpbbhe @mdaataldem 10 K1 =

Per i nilot AE K) mh t.k = t t ft Kk
ntervals oPtt i o ponp IR Rean s SR e o ey i 'EEEN?t 15
LSUM t k) ewndoar)img(@m:elad(sxfmk)a sulpet kofl )a2) LeasERK) =

'D‘[’)?( ) /1( | Ogéi(éctréc%%%]@éﬁ IFdMB) dding RO6h e FsaTBX Eal ERE k1120 K) )

matrix.

10

12. The apparatus of claim 9, wherein the fractal
index is defined by the equation
o FD (k) = log(k)/(log(k) + log(DD(ty)/LSUM(tx))),

wherein: '

15 ty = k&t is the time after k intervals of time
unit dt;

LSUM(tyx) = LSUM(tg-1) + (B%— (%5 (tx) - xi(te1)) )™
DD(ty) = max ((Z%-1 x3°(tk))™ DD(tx-1))7/
N represents the number of electrocardiogram leads; and

20  x;(tyx) represents the value of the i*" lead in the N-lead set

at time ty.

oS 13. The apparatus of claim 9, wherein the fractal
index is defined by the equation
25 Kl = (LSUM(ty)“FD(k))/SumArea (ty)
wherein

tx = kOt is the time after k intervals of time
unit d&t;
LSUM(tx) = LSUM(tyxa) + (SMia (x3(ty) = xi(tea)) )™
30 FD(k) = log(k)/(log(k) + log(DD(ty)/LSUM(tg))):
DD (tyx) = max ( (8% x3%(tx))™, DD(ty)):

SumArea (tx) = SumArea (ty-i) +
¥ ((D(ty)+D(tk-y) +L(ty) ) (D(ty) -D(tk-1) +L(ty))
(-D(tx) +D(tg-1) +L(tx) ) (D (tx) +D(tk-2) -

21
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Sumirea (tk) = SumArea(tkl)+ 4 ( (D(tk)+D(tk _1)+L(tk) ) (D (tk) -D (tk-1)

FL (TK) 20 (-D (tk) +D (tk-1) +L (tk) ) (D(tk)+D(tk-1) L(tk)))":
D(tk) = (EN xj2(tk) and J' L(tk) _ (Eni=1 (Xi(tk) - Xi(tk-1) )2)";

repr esent g the, puyher .of -
t he Valﬁéﬁbﬁ"tﬁmmﬁﬁmf f

-----

e itTh | gad" t

of claim9, kurther conprising neans for displaying the spatial |

16. The apparétus'of claim9, further conprising nmeans

fractal

i ndex val ues andwbtoeihtksas diZnaal adi) ) Aidexd val ues. 22

10

15

20

25

30

L(tx)

(a1 (xg(te) — xi(tx-1))H)%
N represents the number of electrocardiogram
leads; and x; (tyx) represents the value of the i* lead in the

N-lead set at time ty.

14. The apparatus of claim 9, wherein the fractal
index is defined by the equation
Kl = (PerimTot (ty)*FD(k))/SumArea (ty)
wherein
tx = k&t is the time after k interyais of time
unit ot;
PerimTot (tyx) = (I x4®(tk) )™ LSUM(ty)
LSUM(tx) = LSUM(ty1) + (ZVier (%4(tx) - xi(ty-1))2)%
FD(k) = log(k)/(log(k) + log(DD(ty)/LSUM(ty)));
DD (tx) = max((Z%a x2®(tx))™, DD(tk))s

SumArea (ty) = SumBArea (tyi) +
4 ((D(ty)+D(tyx-1) +L(ty) ) (D{tk) D (tx-1) +L (tk))
(=D (tx) +D (tx-1) +L{tx) ) (D({ty) +D (tk-1) -

Lty)))™
where D(tx) = (T x:%(ty) )™ and
Litg) = (Z%e1 (xi(te) = xg(tx-1))?)™
N represents the number of electrocardiogram

leads; and x;(tx) represents the value of the i™ lead in the

N-lead set at time ty.

15. The apparatus of claim 9, further comprising means

for displaying the spatial loop.

16. The apparatus of claim 8, further comprising means
for displaying the fractal index values and storing said

fractal index values.,

22
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