WO 03/ 099115 PCT/ US03/ 13069 SYSTEM AND METHOD FOR SYNTHESI ZI NG LEADS OF AN
ELECTROCARDI OGRAM  FI ELD OF THE INVENTION 5 This invention is directed to
synt hesi zwog3tobei1$ eads of an el ectrocardi ogram ("ECG') f pamyuses/emeaeasur ed
|l eads belonging to the set of routinely used |eads, including the
standard 12-1ead ECGgaAd A WeFHab! Yo H68MEsE zRREYLEAGS ase anap ("BSM')
based on an n-lead ECGTHAt 5 UBIRCakoCARBIGERAM €€ neasured leads, and to
predict the devel opment of pathotogy, rncruding acute nyocardi al
infarction (nore commonly known as a "heart attack") using the calculation
of the ECG eigenval ues. BACKGROUND OF THE | NVENTION 15 The ECGis a record
of the electrical activity of EHELDhRE THE HAVENSI8Ncomonly used diagnostic
screening test in_ many nedical settings.,6 The standard, ECG.record i ncl udes
12 | ead %avef or mEM L eI EE 17 P%Fe$%9@ Efvﬁ?ngaﬁflék$ﬁ ,ﬁeQ%? V3, va,
I\O/ﬁ, and V6, apr émet@?m@a@di&m@iﬂa‘i(eE@@dﬁrfﬁdafatthiréezﬁemmﬁcprmm by a
ysician using pattern recognition techniques. The ECGis acquired b
special ly tréﬁgéﬂglﬁ%cﬁ%iEﬁ%ﬂﬁ?tu§¢nﬁogikﬁﬁ¥ﬁi9§§8 h&RdSar & iéﬁutgﬁen¥ I'n

the usual configunali on.1dd elest nadeso arespliagedrepehbea oty sueraeet 0
measure the electrical potentials that define 25 the standard 12 | eads.

Cther |ead sysperfSBRMVL Rrsaf 1¥sPedn 6% Hife tydhr &5 FHESET fdMde t he

Fr ank Ve§50r§%&@boaeggﬁré& V& s Sushend %@&iws;aa de e phryera tdrogonal

| eads denoted as X Y, and Z; ri ght chest |eads, denoted by V3R V4R
V5R, and V6Rpaghe18g¥ef inpbitiard ecuFeafsocafchstled a8 ¥7iov8mHF and V9. No
singl e manuf agiines CunbEnldy Sokes-eaut pRBRY dhaly shbous: dofadiba of
acquisition of a 2 leads. In order to acquire these |eads, the

t echni ci an midte ECEseigempviEighe

BACKGROUND OF THE INVENTION

15 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, aVL, aVF, VI,

V2, V3, V4, V5, and V6, arranged in a specific order that is

20 interpreted by a physician using pattern recognition
techniques. The ECG is acquired by 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

25 the standard 12 leads. Other lead systems have been tested
over the years. These include the Frank vectorcardiogram
(“WCG”) 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,

30 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



| ead clips attached to the standard el ectrode placenent WO 03/099115

PCT/ US03/ 13069 sites and then re-attach themon the el ectrodes placed on
t he non- cwovsrvdanal sites. This requires at | east 3 sepa@resoBnashng
acqui sitions and a total of 21 electrode placenents. 5 It is usual in the

practice of madicG AUt OhPh aEL-atRAIdheRhEm Wbk heROtaRrickabaear gidked on
abnormelities on a rhythm nonitor, a specially designed hardware equi pnent

that di spl aydiomop-6RBVERE PeHd HiEESwhi EALh AL THESaphbl£REY Df measuri ng

3 different Is%%%sratlhgggcﬁaﬁ SYE sTRAYhACLAM & ScokQivwhe haverdesigned rhythm
nonitors that Can display three |eads as well but the usual display format

is still onePlYaegaen®pth this equi prent, the patient has 3 to 4 electrodes
pl aced on the body torso to acquire the 3 different |ead configurations.

Wi | e thespatient 1ics i d5useanent athd @ribei ebydhmamriiher toi placst andard 12
|l ead ECG is ordered, the technician will then place all of the _additional

el ectrodes fdrtif@tseparatROERR i CREALBE %WﬁPrqgééﬁl?ﬁugn ? WP ci ency

of acqui ring ;@ iECE, MaULHe 86211 PRIV Gl hiR@lL LMt @ReAL PERLSESS by Which
the standard 12 20 l'ead ECG the 3 | ead VCG the 4 right chest |eads, or

the 3 left pbsidrysr OPeEdINe R Ysecabhti Vel fersaib&n68RaPY L by Yenmand

fromthe rhythmamankos fakhefedihanaile usnale QG sBRehhBguraist g fener
t han standard nunber "of el ectrodes. Nicklas, et al., in United States

Pat ent NGO 510881898, degboned cHdiamoys Eens fidiats \i#hedrpiay HOGY eads

based on dewgl[ Q{y g @leﬁﬂ?tbggtt@%‘ufa'lcdﬁgﬁﬂ %cmma-Eh'l§ syst e coul d
synthesize a 12 | ead ECG based on receiving data from3 |eads. However,

this system rlemdr efithr shiacemiinnegta thonprietentnhagad ECGHfrom a patlent
in the usual SR o8 30288400 1" BIBY! Bos DAY AIquiRECLALC3

transformati
different lead configurations. While the patient is

15 connected to the rhythm monitor, if a standard 12 lead ECG
is ordered, the technician will then place all of the
additional electrodes for the separate acquisition of the
ECG. Thus, the efficiency of acquiring an ECG would be
improved i1f there existed a process by which the standard 12

20 lead ECG, the 3 lead VCG, the 4 right chest leads, or the 3
left posterior leads could be acquired instantaneously on
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,

25 invented a system for synthesizing ECG leads based on
developing a patient-specific transform. This system could
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

30 order to compute a patient specific transformation, which
would then be applied subsequent ECG data acquired from that
patient. This is cumbersome, as the resulting

transformation is applicable to only one patient and.needs



woul d then be applied subsequent ECG data acquired fromthat patient. This

is cunbersone, as the resulting transformation is applicable to only one

pati ent aw®d is@egids2 WO 03/ 099115 PCT/ US03/ 13069 to be st aadusos/izvesedi um

t hat nust be accessible for use during the patient's hospital stay. In

addi tion, thetoNe«ktasda anstonsal iwdrtHiy maksobdayecas dilbIR depensency,

i ndi cati ng th%t f he @g@ti ent. transform rggy change_with tinme 5 such that the
n

transf or mat i WP fed PPG1EBCr 8- ROMUEd SFY - et PibSEFuelifeencount er

wi th that patiestldort @GinagoeshtCon atoHAGY. hBowes , ik le!’éipte@i@e§égt es Patent
No. 4,850,370, used the Frank VCG 3 |l ead systemto derive the 12 | ead ECG
however, 10 tHi Ay A%mPS hBE RONVSH iTGARPTaAA Ty WiieR9e WaFht bihdst

clinical o affuchbowert ahso tderetopadt @0RAG nHBE ONY &Y i:@RAomphead for
configuration known as the EASI system, but this _confitgurat_l on requires
the acqui siti®FCHISWIENGEtt BRaRP I VRY Witd thafeRtEs 5 SURNARYCTE THE

| NVENTI ON The; pe@sgnt. i nvention sol ves the aforenentioned problenms by

usi ng the mat hemati cal techni ques of abstract factor analysis and the
sinpl ex optim zation algqrithm t(g derive a universal transformation matrix

that is applicabl @JETo R PrpEEF ePtEShdaFent iRpendatfty >dP ¢ Pied i s

uni versal transfiornrad ioneaat 5i¥cés tduerappl teabl 2 mhen meedgduang., does
not require the acquisition of a conplete_n-lead ECG for each patient

prior to i%s Fipt eneiftdt AonPOFnCoR eI 1B 2do2PHi §5 FHEHIlASE FBaSeFles and

digitizes 25:1hei 0l tagerti MBoat aafdy =QBopel St herdsviR-define an

ECG training set. Wthout |imtation, exanples of |ead sets include the

f ol | owi ng f or hadg configuration known as the EASI system, but this
configuration requires the acquisition of 4 leads to derive

the 12 lead ECG.

15 SUMMARY OF THE INVENTION

The present invention solves the aforementioned
problems by using the mathematical techniques of abstract
factor analysis and the simplex optimization algorithm to
derive a universal transformation matrix that is applicable

20 to all patients and is independent of time. This universal
transformation matrix is thus applicable when needed and
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

25 the voltage-time data for some set of ECG leads to define an

ECG training set. Without limitation, examples of lead sets

include the following formats:

12 leads: I, II, III, aVR, aVL, aVF, V1, V2, V3, V4, V5, V6;

15 leads: I, II, III, aVR, aVL, aVF, V1, V2, V3, V4, V5, V6,
30 X, Y, Z;

15 leads: I, II, III, aVR, aVL, aVF, V1, V2, V3, V4, V5, V6,



;15 |l eads: |
12 leads: I, I, IIl, aVvR aVL, aVF, V1, V2, V3, V4, V5, V63 : ,
I, 111, aVR aVL, aVF, V1, V2, V3, V4, V5, V6, 30 X, Y, Z 15 leads: I,
I, L1, waR3eadis avF, V1, V2, V3, V4, V5, V6, V7, V8, \IET/G09B@88/ 099115
PC%/U803/13069 16 leads: I, I, 1ll, aVvR aVL, aVF, VI, V2, V3, V4, V5,
V6, V3R, VAR 1¥5FeadmRI1gT,eads: 4VR/ I3VL,| kyFaVRL, axd,, vaVFvaYlysVove \\;3,
VA, V5, V6, V7, VB, V3pX, vY e ]\&#Féeads: I, 11, 11, avrR avl, aVF,
Vi, V2. V3, V4, V5, V6, V7, {378, ! , VAR, V5R, V6R 22 leads: |, II,
111, aVR, aVLl8 avgads T, V2T, VBIIVAaVA/5 2 W6, avw,%yg,vzgggggyg?éﬁi\/ﬁa %S’Tb -
V6R, X, Y, Z. Once the ol ge-§| tg arrays have be ,
abstract factor anal ysi‘i\sﬁ'('g]%FAv "[%’cﬂﬁl %Ue. is applied to each ECG
vol tage-tidre Hatkeass:ay,i Ala TTRi VR SO, | ﬁvEr der, vfz?), m?![:gﬁl wgﬁfp%g)%,@lrror
in the neasured arrays.,The,final ep.j,s then to apply e sli _
Iopti i zati on technique .’ (" g&"?g’t ovs“{%evt‘“l‘%al Hg%g &t/ in order to derive a
uni versal 1522 rlasstsor @at iLon n:a:t,riam:ap[a_lvm(;agd;p, jt\pl,al\,{z,p@'gl, e@g,s,vglnqzé s tine
i ndependent. Thi s uni v%sa{] transformation matri x can then be appli€d to a
standard nmeasured 3 Iead’su%Sy‘ZttS]'e Vd8ri VeRt NEPRot #nd¥r d%12 | ead ECG as

| eads to enable a nore
wel | as other systens, and can generate at least 22 |¢ _
accurate 20 interPreeathenvoitazr-diiae ehestsicals ackieVbb¥n I eferived

' d | ead
ECG val ugg ar . t 99% accur.ate when conpared to observe
measur engﬁ)ts.&'lgﬁ%%g?g% ar ggét?%aadlaﬁé’ﬁ%tse& WEed ttedypiHesi s 2R e Hoead

ECG are the meeduf€6 vbltaydtaine M2theadsayhat Dbel.angihg tbe ﬁ%ad];%%_rrd
12-1ead 25 sysf qin;fhis pRasured Lieadysel i s, conventional and famiar

step is then to apply the simplex optimization technique
(“SOP”) to the training set in order to derive a universal

15 transformation matrix applicable to all patients, and is
time independent. This universal transformation matrix can
then be applied to a standard measured 3 lead subsystem to
derive the standard 12 lead ECG as well as other systems,
and can generate at least 22 leads to enable a more accurate

20  interpretation of cardiac electrical activity. These
derived ECG values are approximately 99% accurate when
compared to observed lead measurements. The standard 3 lead
system used to synthesize the 12 lead ECG are the measured
I, avVF and V2 lead§ that belong to the standard 12-lead

25 system. This measured lead set is conventional and familiar
to clinical staff and are thus easy to apply. 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

30 correlated with coronary pathologies. 1In addition, it is
theoretically possible to use the universal transformation
matrix of the invention to generate an n-lead ECG, where n

is arbitrarily large.



to clinical staff and are thus easy to apply. Since this |ead set

approxi mates an orthogonal system these |ead vectors can be plotted

agai nst ewa@ho3gbyias in a 3-di nensional space to yield a sppaa@spansswhose
properties can be 30 correl at ed with coronary pathologies. In addition, it
IS theoretlcally SsSi us ers tr trix of
the invention to ggge?a e a S— IO% (%%E%&y J‘Farct?or%c aﬁgi&%?ﬁ%@l arge 4
WO 03/ 099115 REIMUS88L38068 wiHid keokni qmuelsheofa@bstemmathemmCaa]naalrysl s and
si nmpl ex opti g zat ar iin_the applied he ical_.art. For
abst r act fac{Po hﬁ%%?g Fg%%or .\Aﬁysfis S | n&/\réklg?& quaffmowﬁné 'ysis in
Chem stry, Z2atctoioRnalWiey i Srmsushsleyv, 52é@)r K, b9 FilEQr & s$anH ,eXew

optim zation,, see, ., C Shaver s arsons " Si npl Optim zation
of Chem il YSHet ehg® T 3ol B S enr it Ak FaR 5B: 307, C Ny 1979,

BRI EF DESCRI RHa0NreF MHE. DRAWNGS 16 iflpGex loweipiictat ianf bﬁV\C]ﬁiezangiaEilm of how

t he uni ver sal ran formati o i x,of t resen ntjon cal cul at ed
and used. FI&YS e&ézrcmﬁﬁiﬁ&@%—ﬂ&@%%e% r%ayffo%r?ed from
conbi nations of 3 leads. 15 FIG 3 depicts a conparison of a neasured ECG
agai nst one predicted by the application of the universal transformation
matrix of the invention. FIG 4 depicts the cunul ati ve percentage vari ance

as a function of the nunmberyof ﬁl%&%b?f aédE‘dﬁJfEeﬁa'ﬂAﬁ? fcBy 20 abstract
ar di

factor analysis. FIG 5 depi cts a typica ac electrical cycle as

measured;By an ECGrcFl G g8 depl of $1theqdt Pt O HRUERaf uhhee Hstial 12-1 ead

transformation matrix of the present invention is calculated

and used.

FIG. 2 depicts how the various n-lead systems are

formed from combinations of 3 leads.

15 FIG. 3 depicts a comparison of a measured ECG against
one predicted by the application of the universal

transformation matrix of the invention.

FIG. 4 depicts the cumulative percentage variance as a
function of the number of eigenvalues as determined by

20 abstract factor analysis.

FIG. 5 depicts a typilcal cardiac electrical cycle as

measured by an ECG.

FIG. 6 depicts the graphed output of the usual 12-lead
ECG.

25 FIG. 7 depicts a normal 3-dimensional spatial ECG loop.

FIG. 8 depicts a portable bedside heart monitor.



ECG 25 FIG 7 depicts a normal 3-dinensional spatial ECGloop. FIG 8
depicts a portable bedside heart nonitor. 5 WO 03/099115 PCT/ US03/ 13069
FIG 9a i woasgotiasati c representation of a sagittal view dfCTise3pbmmeenent
of the aVF and V2 | eads on a human torso. FIG 9b is a schematic

representation of pacfrontal VieWenat@f tdordiasenenh gk fheaaMrand | | eads
on a human torso. FIG 9c is a schematic representation of a transverse

vi ew of the pliavemEnthefridrenendn@iVvihe B and ¥2hdrafds eBraduwErG 10
depicts a transygrse planar cutaway view of a 10 human torso show ng

pl acenent of the 13 V leads and the 3 Frank leads. FIG 11 depicts a
frontal cutaway view of a human torso show ng placenent of the |eads of
FIG 10. FIG 12aFd€pi &psig e saieBprof (PR TMIGHdsE Péadl AP Hdc&tsift s of

an 80-el egtrode yeshfobngenesatinig grbody -1 swiacenval haaen s G 12b
depicts the posterior view of chest |ead placenents of an 80-el ectrode

vest for generati ng a body- surface voltage map. 20 FIG 13 depicts an
unwr apped body suffSce’fap® a5 SHCTREAGeBCRFEIHEAELE PALRr B YEESSFI G 14

depi cts the kady, sértagepmdintd cgathent amd h2 acute bh. aFh@anl5 depicts
the body surface map of a patient as 25 calculated fromthe application of

t he uni versaltomsPansformati on matri x of the invention to a 3 |lead system 6
FIG. 10 depicts a transverse planar cutaway view of a
10 human torso showing placement of the 13 V leads and the 3

Frank leads.

FIG. 11 depicts a frontal cutaway view of a human torso

showing placement of the leads of FIG. 10.

FIG. 12a depicts the anterior view of chest lead
15 placements of an 80-electrode vest for generating a body-

surface voltage map.

FIG. 12b depicts the posterior view of chest lead
placements of an 80-electrode vest for generating a body-

surface voltage map.

20 FIG. 13 depicts an unwrapped body surface map as if
hinged on the left lateral side.

FIG. 14 depicts the body surface map of a patient with

acute MI.

FIG. 15 depicts the body surface map of a patient as
25 calculated from the application of the universal

transformation matrix of the invention to a 3 lead system.



WO 03/099115 PCT/ US03/13069 FIG 16 depicts an ECG printout that conpares
nmeasured val ues agai nst val ues derived through the sinplex optimzation
met hod. FW@B13/027asand 17b depict plots of normal eigenval pEI/UH3A3069 M
ei genvl aues in an 8-1ead ECG DETAI LED DESCRI PTI ON OF THE | NVENTI ON The
full cycle of cardiRe aet b¥phytrd Sad eRIESLALEGuDY it WANSaKBOWRe Asutdle PORST
wave, defined by Einthoven, Arch. 10 ges Phys. 150:275, 1913, reprinted in
Am Heart J. L UEGR 29PA56E VRARRT ASTa Ry threugtHthe &igpbexSekel j. This
wave represeftssfiuldt i6@nkeagbhon and rel axation of the heart. An exanple
of a PQRST wave is shown in FIG 5. One conplete heart cycle averages 1/72
seconds. 15 A flow chart illustrating the overall process of synthesizing
and using the uni Vé&Sal 1 rafsf of fatde SraPrlrks of t1H&FIn¢eHENBRITRS depi ct ed
in FIG 1s ThesfinsteigkeRiausbown 40 shheek 283, is to acquire a sequence of
digitized voltage-time data for one conplete cycle for leads I, Il, 20 and
V2. Miultiple data sets can be acquired, and each set typically contains
upward to 300 neasurenments. Fromthe known geonetry of leads |I and I1,
| ead aVF can be calculated in block 102. The formula for generating |ead
aVF from leads | and || | PEThDLED DESIRIPTION oF THECIMVENRIONI ternatively,
a sequence of digitized voltage-tine data for |leads |, aVF and V2 can be
nmeasured directly,.as dndicated in hlock 103. leads |, aVF and.\2 are
menbers of the setTho fuﬁeaﬁgcﬁﬁa?% n%aIZ:eCQL&S ?ﬁelg%t%dle?r dfeff-efgré e%&/ and are
very well knosre tkhcoini piscahesP@RIT wHve ,sdqlitned mf HEirgihbivzed Bfch.
vol t age- tie grasyrenenty boems, & mtri [V, whigh i .2.35M grigix. where

i s the nunber-etAreasureMent s 11 tie, as

1950, translation by H.E. Huff and P. Sekelj. This wave

represents full contraction and relaxation of the heart. An
example of a PQRST wave is shown in FIG. 5. One complete

heart cycle averages 1/72 seconds.

15 A flow chart illustrating the overall process of
synthesizing and using the universal transformation matrix
of the invention is depicted in FIG. 1. The first step,
shown in block 101, is to acquire a sequence of digitized
voltage-time data for one complete cycle for leads I, II,

20 and V2. Multiple data sets can be acquired, and each set
typically contains upward to 300 measurements. From the
known geometry of leads I and II, lead aVF can be calculated
in block 102. The formula for generating lead aVF from
leads T and II is shown at step 202 of FIG. 2.

25 Alternatively, a sequence of digitized voltage-time data for
%eads I, aVF and V2 can be measured directly, as indicated
in block 103. TLeads I, aVF and V2 are members of the set of
leads that make up the standard 12-lead ECG and are very
well known to clinical staff. The sequence of digitized

30 voltage-time measurements forms a matrix [V], which is a 3xM

matrix, where M is the number of measurements in time, as



WO 03/099115 PCT/ US03/13069 indicated in block 104. Typically, 300
sequential time neasurenents are taken. The placenent of leads I, aVF, and
V2 on a hwoans/boidy is schematically illustrated in the tmCIRUBEIEB9
depicted in 5 FIGS. 9. These views are, respectively, a sagittal view, a

frontal view, and,fedr ANSYIRISE 19l eW. T}?@i@all%ad 3981 s@@&eﬂmethh@r the
follow ng reasons.. As stated, these Teads "are well known to clinicians,

nurses and E@eatevcemériamre tEkere is no need to place these | eads on
pl aces that are 10 unconventional, thus there is no need to research,

devel op and valigrte, ﬁaé&a!&ntuwomg%lélp,naévﬂ eaddcopf b9t atunei. bbay
addi tion, these Ieads are approxi mat el orthogonal Any of the other 22

| eads di scusdedsabemettaml e désGEates ot t1he thess g%@w%ﬁdqp19§9§ i8nd V2.

FIG 10 depi ghgstransvense 1A Rkapat viewotitheypl aceapnitof ke, 13
V-1 eads (Vl V9, V3R VBR) and the 3 Frank (X, Y, 7) leads (labeled as I, E,
and M respdepnvelyview, tams dr é\ﬁﬁﬁgvﬂﬁ%r‘él)e"\bf Thes23e3@atPséS that can

be predlcted %%%tggrn@@§Lgéyiok§ﬁg §@£soﬂ%'fr@@t%Eat¥&ewtﬁgsé|T%ab%ad
pl acenent s of is shown in FIG 11, 20 which also depi cts placenents

for | eads RAareAweRL, kagidn (1o ClAnﬂéﬁaPSofHQEPQ§Ié@ﬁrB@%st?ﬁEﬂ1Q%§nﬁlaced to
capture the cyoltage-fi g datg Ipq éZtﬁgggsleameo%yﬁigewftﬁﬂe aRiesent

invention requires the p acemen only 4 or 5 electrodes (depending on
t he desi gf omnmhevgnbuﬂmahg1@h@tﬁh@é@)l%oﬂQsﬁﬁﬁpﬁﬁréege@%%@s<*¥6ﬁ$%h|ch t he

other 19 |eads arg, fdgtived o Th'u?lcgf}@?ﬁ@foz‘?éjﬂ/al@a%ggﬁn@i%[ﬁf’é@lo%av' RS,

speed, minimzing errors from lea acenent vari abi |l and efficiency,
partlcularIyawwemlsequ2h¢$%ulQadacamgsaBpprmmﬁﬂﬁiy OAbb@g%%QlFa@@droﬁnalyS|s

30 Abstract 136t e, apal ysi s, {: ABAL). L8 aBRLI S%ak0 HhBer2hka el hoad ECG

nmeasur ed data natrlx I's 1 nvent
lead set of I, aVF, and V2 FIG 10 depicts transverse

15 planar view of the placement of the 13 V-leads (V1-V9, V3R-
V6R) and the 3 Frank (X, Y, Z) leads (labeled as I, E, and
M, respectively, in the drawing figure) of the 22-lead set
that can be predicted from the measured lead set. A frontal
view of the lead placements of FIG. 10 is shown in FIG. 11,

20 which also depicts placements for leads RA, LA, RL, and LL.
A total of 21 electrodes must be placed to capture the
voltage-time data for 22 leads. The system of the present
invention requires the placement of only 4 or 5 electrodes
(depending on the design of the grounding electrode) to

25 capture 3 leads from which the other 19 leads are derived.
This has the advantages of cost savings, speed, minimizing
errors from lead placement variability, and efficiency,

particularly when sequential tracings are needed.

Abstract Factor Analysis

30 Abstract factor analysis (“AFA”) is applied to the
entire n-lead ECG measured data matrix in this invention to
“pre-treat” the training set of ECGs, from which the

transformation matrix is derived via simplex optimization,



"pre-treat” the training set of ECGs, fromwhich the transformation matrix
is derived via sinplex optim zation, 8 WO 03/099115 PCT/ US03/ 13069 so as
to mni m»® aeditbherent error in this training set. Thi dUSchawatically
illustrated in FIG 2. The advantage of AFA is that this technique

m ni m zes pregi ablenghiRlze SUCh A% RnvaBdest Noy hasel ikrginbageldne noi se,
and lead 5 placenment errors, froma data set, yielded an inproved,

measur ed, datBisetis AckeRphtFably ofllpetrehpdeln fhC | €ad Fheaadviasiged and
as predicted Angugh sARAL L Stshow dh iBhE m§mm§£@"‘ﬁl@d@i'c@§%l@%§@c§£e”t For
the purpose of AFA, the ECG can be represented in 10 an n-di nensi onal
system by a Hq@araSsarrWQﬂd@rmdtaqeéfl@@, bpel Starmdisg, 12nfebe®ECG i s a
system wher e Il zndi @rr?egtlfwl@r fdamfa bee! *g(;lell?;féae% E&Eers\a@d,be _
represented as V (t) =V1 (t) L1 V2 (t) + , Where Vis a
12- di nensi ondteasaigtedy, d¥hRi 8t he Ppoftoém’:lifalsoatof jLasle hf@lmeﬁ Ffeadleél_d Is a
uni t vector iz the J2-0i TRRSE ONAleq:5RALELHE Tenoffie RobROL Al V(1)
can al so be E%epreésenteedggy a 2%%6 of orthogoﬁgk}l Aba5| '$ vectors { ?

spans the spagwwivig( ClosezZpgpgemerk:. (t) X. 20 Abstract factor anal yS|s
identifies n, the nunber of factors influencing the data set, K the
transformation coglfd ¢henbyrPBLL ixs ~3Rd %hetﬁ@G%{r%Ctrebgége%?&cﬁof set. To
perform AFA, we consider an M data matrix [V] vol tage-tinme

nmeasur emgift s, amierddIRns§onht PYRILRSE Lof 2l dadsar ?@na§5mﬁ@d@§teﬁe¥mﬁ4ﬂ ock 105
of FIG 1, anﬂqé\ﬂgt%nfda%dnwaéa@fﬂﬁ i BOLDLEem [ hAfRAn-BaC0vRE Ance maLT i X
is di agonal ized to yield a set of eigenvalues Xj that can be ordered by
magni t ude. ThHeawigwarlipgnéemeatr i e dil BeadeFEfaetemsyq Zjepresented as

V(t) =Vi(t)Ly + Va(t)Lp + ... + Vya(t)L, ,

where V is a 1l2-dimensional vector, V, is the potential at
15 the m™® lead, L, is a unit vector in the 12-dimensional

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:
v(t) = an=1 Kp(t) Zn .

20 Abstract factor analysis identifies n, the number of factors
influencing the data set, K, the transformation coefficient

matrix, and X, the abstract lead-vector set.

To perform AFA, we consider an NxM data matrix [V] of
voltage—time measurements, where N is the number of leads,
25 as indicated in block 105 of FIG. 1, and M is the number of
data points. 1In AFA, a covariance matrix is diagonalized to
yield a set of eigenvalues Ay that can be ordered by
magnitude. The covariance matrxix can be defined as [2Z2] =
[V1T[V], which is an MxM matrix with up to M eigenvalues, or

30 it can be defined as [Z] = [V][V]?, NxN matrix with up to N



[VIT[V], which is an MKkMmatrix with up to M eigenvalues, or 30 it can be
defined as [Z] =[V] [VT, XN matrix with up to N 9 WO 03/099115

PCT/ USO3/ we0B@99ls genval ues. Each ei genval ue Xi correspond®CTrasoan3oss

ort hogonal basis eigenvector Xj. The diagonalization procedure involves
finding a mateigeh@ludhat Michgengbhzesue [M] cortddpdddd t& Ab[QG] . In the
context of ECGs M%%%Pd%¥$l cal,l f\%/[1300 neasurenents, over qne conplete cycle.

Mul tiple trai AFRGe e SRINPRBE TP %re S0Dj Tazarald zathan aAFa

techni que. Fr prvtaeupplrvediviesn fohd Af 4 edthe xdaba selatveibypda1ihed 3

| eads can acmz?t. fPr Fl qogt all of the information_ 10 content in an

n-1 ead ECG & ntd K1t 5 dpl9idadstn THis ©ahekE aEnkrdtr &t é6 by neans of
the cunul a3 i veypee£ery agm méakuabeént Jherataldnaneensddrde-fdefd ned as: Var =
A | Znk=1 Ak r where n =12 ... 22 and Al _is the magnitude of the jth 15
ei genval ue. THELELMA atid/e1per c8ht age Wi Na¥cBafFEigetThetrbigstednt o var =
Eck=1 Ak / Znkgrd mmi@#@cth ei genval ue in the sequence of eigenval ues
Aj ordered by magnitude. The cunul ati ve percentage variance is 20 thus a
measure of the infgrrration cogtent,of the system FIG 4 is a %r,aph of the
cumul ati ve percent 3G VAl &RE& 15850 1UndfifolCok e 2k 991 oSt FAPes ¢ hat
nost of the inhetnhtians comt astooht tHe: sYstem ksl contaidact foRnhheohi rst 3
ei genval Uf . In fact,. AFA deg}é%trat es that 3 | eads can 25 account for

appr oxi ma CZI yCBBBELF T'héd RrdPAtt For cBiftent of 12at1229 depdee Tirhes, for a

12-1 ead systesantbe desitdtrBgedt bansdHITREA @ReMBlkb Xaf e e B@edxdgde mat ri x,

indicated in block 106 of FIG 1. Gven a set of Mvoltage-tine
variance. The variance can be defined as:

Var = }\.j / an=1 }\k ’

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

as

Cum % Var = ch=1 }\k / an=1 }\k 7

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

ordered by magnitude. The cumulative percentage variance is

20  thus a measure of the information content of the system.
FIG. 4 is a graph of the cumulative percentage variance as a
function of Ay and illustrates that most of the information
content of the system is contained in the first 3
eigenvalues. In fact, AFA demonstrates that 3 leads can

25 account for approximately 99% of the information content of
a 1l2-lead ECG. Thus, for a 12-lead system, the resulting
transformation matrix [K] is a 3x12 matrix, indicated in
block 106 of FIG. 1. Given a set of M voltage-time
measurements for 3 leads, the full 12 lead set of

30 measurements can be calculated by multiplying the

10



measurenents for 3 leads, the full 12 lead set of 30 neasurenents can be
calculated by nmultiplying the 10 WO 03/099115 PCT/ US03/ 13069

transformata amwosmsri x [K] by the 3xMvoltage-tinme data natam/usoBasosh he 3
nmeasured | eads. This result can easily be generalized to a systemw th an

arbitrary numbeansfoleatiSon mheRee OHI By |@ad F=EGvLet sh80t Y da2alhe
reduction of dinensionality of the factor space of the ECG shoul d not be

surprising si ARETLReTRY aftfart M2spEad 1e8ds al Féddy *Aael bufat Sasid&dlAdancy.
For exanple, ybgeraeassd er®nt s9ktanyw2cfad hefiickatybnlgads anhgsused to
calculate the other 4 | eads according to the follow ng 10 geonetrically
based formul aBeRCeeddr |1T1e2q E84 FPrIipRkRPY- Lead aVR = - 0.87x((Lead | +
Lead I1) / 2) Lead avVL = 0.87x((Lead | - Lead Il1l) / 2) Lead aVF =
0.87x((Leasl | + Leage |tdqudtidh 35 dheesddrdaridyldrl ead BB M idgazesoE2
PORST confi ggéati ons in a format from whjich the physician makes a

di agnosi s bas&d®ofi®F eToYM LG P4t FRFRE-T Y R pPotPedS RIS drimeeads

shown in Fl G g6c dhee&GEHds PuG1tbihsrédendissl. apd sustomar ynl2-| ead ECG
and is a 12-di nmensional 20 representation of 12 voltage-tinme signals. As

stated above, “CRRBTFRVENtDT HWas 2vefi Fred ttiobghepAe applicatsicenter AFA

that -990 of thechndes medd Urndirspl ayeds theiQeNngalobene reIRRuegd fromthe
measurenent of just 3 |leads. Since these |eads are approxi mately

ort hogonat? t AEYMRER- tl 5 BAS6Ct E8rEgAiHst each other in 3-di mensi onal
space, resulting in a spatial ECGloop. Virtually all of the information
in a 12-1ead ECG isad mihe 3dinmensionedd spatial ECG | oop. In addition,
the inventor has verified that the information

Lead aVR = - 0.87x%x((Lead I + Lead II) / 2)

Lead aVL = 0.87x((Lead I - Lead III) / 2)

Lead aVF

i

0.87x((Lead I + Lead III) / 2)

15 The standard 12 lead ECG utilizes 12 PQRST
configurations in a format from which the physician makes a
diagnosis based on recognizing patterns in the plotted wave
forms, as shown in FIG. 6. The ECG in FIG. 6 is the usual
and customary 1l2-lead ECG and is a l2-dimensional

20 representation of 12 voltage-time signals. As stated above,
the inventor has verified through the application of AFA
that ~99% of the information displayed thereon can be
reproduced from the measurement of just 3 leads. Since
these leads are approximately orthogonal, they can be

25 plotted against each other in 3-dimensional space, resulting
in a spatial ECG loop. Virtually all of the information in
a l2-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

30 reproduced from just 3 measured leads. By increasing the

lead space to 22 leads, clinicians can more accurately

11



content of lead configurations of up to 22 | eads can be 30 reproduced from
just 3 neasured | eads. By increasing the I|ead space to 22 |eads,
clinicianwocewoymse accurately 11 WO 03/099115 PCT/ US03/ 13@a%USditzgnose
cardi ac pathol ogy, such as right heart infarction or posterior infarction.
A typical 3-diteqasoenatasyati @bth@D@gﬁf,Ol'sLﬁt:hn@@rrB!i?H@!I?eaftearntfa'r%t§gﬁvm In
FIG 7. This txpe of display can easily 5 be built into a standard heart
moni tor, showR®i ROEYETH, A FHhedr porates the singl e wave configuratioq
as currently exists. This spatial |oop can also be printed for then

pati ent nedi cal rekoryxhid@iinplaxnépsisizatspenii Thep e SteRPmbhl hbhee

derivation of _the universal , t sf rmag}iﬁon matri x of the present invention
i S

was applicati R of - ha Linpltex-dp ZatPoh YPEchhi Gt ievseem) epgilyhe

trai ning set bhabuias isij ectedndard\fiiards moht Ust) adiedm iim pex 187 of FIG
1. Since 3 legds account for a£ st,all 15 of the information of an n-I|ead
ECG SOP was appriat +6°42355| &4y SHICoBrPsEa byt ipprasvenrently
calculate to ethers. | eads. sBhaPLEXL @RS idEnZzal k@Nbe Whi Gl des Bif fgEgNt from
the sinplex al gori thm used for mnimzing constrained |inear 20 systens,
is a method 87 TTHaiMFG &2 Makf for a nultiple variable function when the
underlying function may be unknown. A sinplex is a geonetric figure
defined by a Simpldry Qpftipdeatsofn+l) that is one nore than the nunber of

JaL LAt S For 8 TIELRR, B v LSRG L0 e, 2R, 2T
i s measured fiorandfusmalipai nasridhesene3ppekshs awddien Label ed as "B",
"N', and "vv’agégication of the simplex optimization technique (“SOP”) to
the training set that was subjected to AFA, as illustrated
in box 107 of FIG. 1. Since 3 leads account for almost all
15 of the information of an n-lead ECG, SOP was applied to a 3-
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

20 systems, is a method for finding a maximum for a multiple
variable 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

25 starts with 3 points {(x1,y1), (%2,v2), (%3,v¥3)}, and the
value 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

30 value has the greatest magnitude.

The next point R for measuring the function f is

determined by R = P + (P - W), where P is the centroid of

12



respectively, the best, next best (or next worst), and worst values. Since
we are seeking a maxi num poi nt, the best 30 value has the greatest

magni t udewoOlis@osaxt poi nt R for measuring the function f iPCT/d®BA8GY Nned by
R=P+ (P- W, where Pis the centroid of 12 WD 03/099115 PCT/ US03/ 13069

the figure whenet hegies siharalte ReikBt +81.@ ighinat ed. «Ongendhe function has
been neasured for R there are 3 possibilities for the next step. First,

if the value for ett he val ue for B, an expansion is
attenpted 5 with 50?1%%“35% n’cteunt‘féloﬁe afyPIEIL NSaFuFEH fOWR' |¥h9%%e 254 de  for
Eis better thassBriE ted efcai ned asgtthe-newrsi-gpl exsishe defiiredbyrN, B,
and E. If the, vaéue for Eis not better than that for B, the expanS|on IS

said to have fFIBG-ENd T1RE ThewVeithpl £XC i%y F&f PrfeanpyoB, 1R 2 EerrNed10

Second, ifstheival &l@né@l’pcﬂﬂts dla@r&yi@@nbgl hat= fror B and f . the dwsihgel ex is
defined to be B, and N, and the rocess is restarted Finally, if the
val ue for R |§°Fegsl%é%?tr?d1 &PeRaR’ thats FUriNeda2Bfepr ot rad@riin=t he

wrong directi a@flﬁ@@i By NEWELS asidmpl exr shawd drahecgeperat £4.nJheje rane 2
possibilities, the value for Ris between that for N and W the new

poi nt  shoul d B@nc\jb%ter To R thanSHpaER e Pst sgig(po-haye Hred ked kbw

sinplex is dehenedimyidk N RFNER plfefhe wlqug.at R is worst than the
value at W then the new point should be 20 closer to Wthan R Cw = P -

0,5(P My The, neuIp! o s, LhenCeLined by BN, and O, Tne process
val ues of theththesw doads.ane eakcubates ws o, Ugt heASY Ofard 3rleead set, 25
preferably {Iprg(\:/gss\/lz .re'g%lésrtetdhe sinplex will be a 3-
Finally, if the value for R is less desirable than that
for N, a step was made in the wrong direction, and a new
15 simplex should be generated. There are 2 possibilities. If
the value for R is between that for N and W, the new point
should be closer to R than W: Cz = P + 0.5(P — W), and the
new simplex is defined by B, N, and Cg. If the value at R
is worst than the value at W, then the new point should be
20 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

a maximum is found.

For the case of the 3-lead ECG, the wvalues of the other
leads are calculated as functions of a 3-lead set,

25 preferably {I, aVF, V2}. Thus, the simplex will be a 3~
dimensional figure defined by 4 points that represent the
starting values of {I, aVF, V2}. The results of this
optimization were used to define an Nx3 universal
transformation matrix [K] such that when multiplied by a

30 vector comprising the 3 leads {I, aVF, V2} for a particular
time yield a full n-lead ECG, as illustrated in block 108 of

FIG. 1. 1In particular, the [K] matrix was calculated for

13



di rensional figure defined by 4 points that represent the starting values
of {I, aVF, V2}. The results of this optimzation were used to define an
Nx3 uni vewsaids/ooemnansformati on matri x [ K] such that when maAdn/ysosesheby a 30
vector conprising the 3 leads {I, aVF, V2} for a particular tine yield a

full n-lead ECG: &fslll|lPristydteedsi Brbl 0k tl@RBa0f asFh& 1 1ol iUl ar, the
[K] matrix vvasiggl cul at ePcajP for (13 WD 03/099115 PCT/ US03/ 13069~ the full PP
S

cycle of the Re&rt"bedt XS £ BFCR etfhreritss PRii RRPAVE he 1P @RSl e, such as

the PR intervahtethel (RSie ig® ehvakval hesndP that ervaheAgh then QT i nterval .
The accur acyaof t he ocptt %zati on, was, validated by conparing the 5 derived
val ues for th&“Fr-25Y ¢ . ORhdmA%R L g swivehidaked ke dammlardésgf bhet hose

| eads. A conpaetsesd ofalaiessydt-hestzed, BGE,based 9Aqvaines Jgr iw‘igﬁ from
simpl ex opti rrizatiegg with a measured ECGis depicted in FIG 16. Body
Surface Maps 102 M Hes@id5ed ToBoTROS: Headisrr eAt ComparipTdse 8p to 22 | eads

pl aced aroundsyiendmihed 01s0baAbl hOMGIL LR HEYERLQ! £ HRS: ipgLeased n from
12 to 22 leads,, jt.is possible to use the method of the invention to

I : . .
derive rmore t AANBYE 400 "1ty 28R 14uRgl EFE V6| EeRtcitd e rddls - ol 6mul ti pl e
| eads in a 15 contour graph, a body surface map ("BSM') can be visualized.
FI GS. 12a andBddp Silepfacie Mapschest | ead pl acenents fromone el ectrode

system s to be co rci.al available. This systemincorporates the
pl acerren?lqgf an 80AselrggeEtcrI6§8dv%§?ve'artél?n&uﬁrﬁ%i%rﬁ@f@l”clﬁ@ﬁ upofo 22

vol tage-ti me besis silldced ahodfd BSM ooy RaLEENt AeriyRm fhem SUSh: &
configurati onhi s ., displayed in FIG 13. This figure uses a color-coded
cont our dr awn Uh &5 Es i FrAP ntred- ot 2t hgafaf t1t atemsissibildetecushat t he

posterior surt@cendthadi ol ayedihvention to derive more than 22 leads.

By plotting the voltage-time data of multiple leads in a

15 contour graph, a body surface map (“BSM”) can be visualized.
FIGS. 12a and 12b depict the chest lead placements from one
electrode system soon to be commercial available. This
system incorporates the placement of an 80 electrode vest
around a patient’s chest for voltage-time acquisition. A

20 BSM of a patient derived from such a configuration is
displayed in FIG. 13. This figure uses a color-coded
contour drawn unwrapped as if hinged on the left lateral
side so that the posterior surface is displayed in
continuity next to the anterior surface. FIG. 14 displays a

25 BSM measured from the end of the S—-segment of the PQRST wave
to the end of the T-segment (“ST-T”), in a patient with
acute myocardial infarction (“MI”) whose 12-lead scalar ECG
showed only a depression in the ST portion of the PQRST
wave. The BSM demonstrates a large posterior red area

30 (indicated by the arrow in the figure) that indicates a

posterior MI.

The cost of the numerous leads required for a BSM and

the time it takes to place the leads make BSMs prohibitive
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continuity next to the anterior surface. FIG 14 displays a 25 BSM neasur ed
fromthe end of the S-segnent of the PQRST wave to the end of the

T- segment WO'@M9dt1y, in a patient with acute nyocardial i rH@resososned”M ")
whose 12-1ead scalar ECG showed only a depression in the ST portion of the
PQRST wave. The mﬂmummas achias gemrposkering. rwb;afl%ael%gt(eundl cat ed

by the arr0W|n he fi that indic tesa osterior . The cost of the
nﬁmarous | eads réqwr agnc{ rdw§§ﬁ/l aRd® %%Eeﬁ“ﬁg tt?a?(%asl}fzt? pP&c8S¥he | eads

make BSMs pr Obllabat|abthdibme%h@99édﬁqd1@1us@3é&3%@esfnﬁera[%Blllscat' on in
an acute care_settin SOphIH%tI cated software_and hardware is _al so

required to aRalyze® t1he BSM™CFACe e al tHIR)IF reBelif 26 MY Sgisddl advances

make this 5precassviless me‘i@eltﬁ@nﬁetHrM\ﬂMiertheB§%séiﬁ@ Noweash, Ya2 any
achi evabl e usi nﬁ(ﬂ%)the O}d of the present invention, as any nunber of

| eads can be d8 SuSE3 et &f Ifégﬂ"sjuﬁgl%dneta}?élr@ﬁll vepdal

t ransf or mat i onsimg rie ofmfjvlae:sauesemsl%dmloﬂtahOﬁatﬂll;BgM d—.%}[é \p%dsfeﬁep a
3-lead systemis display in Fl G . I nlca I gni ficance o

Ei genval ﬁes ARBY et (grh ni MappFited i o™ théchtt Wt St theisphesadion is
t hat the cunubiatrve. p_Er.cent age sum of the eigenvalues cal cul ated from AFA
demonstrate statistically significant differences between nornal and M
ECGs. Th 1§lthe nva e contr ti ontaﬁ.o the information space of the
ECGis a mar ker  Tor- M= F i pareF %u? I VErdeRi ng the change in

ei genval ue magni tudes over successive ECGs, a clinician can predict the
onset of M in a patodm: cllrinacslumpjﬂn@iwhngfz%@aﬁé‘rﬂmpflehgen and 10

womren, 20 wh%ﬂ@éﬂkfgﬂfléﬂkh%%cghgrg ulafyy a%%?oéﬁ%é@ﬂ JE%?%% LgnCtlon
eigenvalues calculated from AFA demonstrate statistically
significant differences between normal and MI ECGs. Thus,
15 the eigenvalue contribution to the information space of the
ECG is a marker for MI. 1In particular, by tracking the
change in eigenvalue magnitudes over successive ECGs, a

clinician can predict the onset of MI in a patient.

In a study involving 20 patients, 10 men and 10 women,

20 wherein half of each group displayed normal heart function
and the other half of each group exhibited MI, and in which
an 8-lead ECG was used, it was found that the two largest
eigenvalues decreased in magnitude in going from normal
heart function to MI, while the 6 smallest gained in

25 magnitude. Although the decrease in magnitude of the two
largest was not statistically significant, the increase in
magnitude of the 6 smallest was statistically significant.
FIG. 17a depicts a plot of the cumulative percentage sum of
the normal and MI eigenvlaues for the two largest

30 eigenvalues, here denoted by EV1l and EV2. The plot displays
a sharp break between the MI eigenvalues and the normal

eigenvalues, wherein for normal function, this cumulative

15



and the other half of each group exhibited M, and in which an 8-1ead ECG
was used, it was found that the two | argest eigenval ues decreased in

magni t udewiowgosmg from normal  heart function to M, whi IrETVbs®3G3@HRI | est
gained in 25 magnitude. Al though the decrease in nagnitude of the two

| ar gest was netmsiatgsédtcal lhaai gm%fbt:fatfﬁe ttdt%li::g%ﬁleﬁ@ild@ f_dl?ml %nget Off
the 6 small est_was statistical significant. a depicts a plot o
the cunul at i vgujﬁgf@éﬁf%gﬁé‘m’sdﬁ h)fx'sstﬁ]%arhogﬂnfaIOfaﬁBeNFOE?Jge‘Fﬁ/]é%%esMPéP the two

| argest 30 ei gepuataesly heriecdennted byrferard EV2. sThei il displ ays a
sharp break betweeﬁ.the Mt&]le?ingenv | ues and the normal eigenval ues, wherein

for normal fuRcETontC3Hi’s PRPLSEIYS SHY @3/ 399125533503/ 13069 sumi s

greater than 878entalies !t olsale auAbtyhide ey tM et/be sigstpdllatdvgrsumis |ess
t han 97% of tge total value. Mre incréJortantIy,, since these differences are
statistical | y°SFERTH iNChftioerNeleameat iRRFednedpertel e snmallhdst is

ei genval ues, Gepeceenotredrioy 1E¥3 t0s BMG, ehewenarbigak,e batiygen M
ei genval ues and nornmal eigenvalues. This is depicted in FIG 17b. As can be

seen from t heSPRGLF &L Ve F¥™ Ofntitat Y ev&iinsorapRe FFowARRE Bdnge tpom about

3% up to abodbo®% ®f dhe HeOokakas Ui Whiria ot RecCHmph Ali Me SR oF the 10
normal values is less than 3% of the total sum This has great clinical

i npl i cat i Ohs. "AERF fHelescder dREStin ¥nefokbp Fakxkrsf.or M are measured
through blood testing. This takes time, and has an associ ated cost. These

bl ood test neasur erreid s graksoc NGl pear figpredat Mok eal S Jd wBe They are
ordered by the gh si cian when needed, but it takes tinme for the technician
K

to arrive and®t % He'M5r05de gﬁﬁ%II%alf}ie_&rﬁ the Pat rentmeqsures thseusbt
feasible to peréed mesuchy.chenisatatestiing, e¥8aYnds 1o Iud8StedNEost .

ei genval ues These blood test measurements are also NOT performed in real

15 time. They are ordered by the physician when needed, but it
takes time for the technician to arrive and take the blood
sample from the patient. It is just not feasible to perform
such chemical testing every 1-15 minutes. The eigenvalues
of the ECG can now be measured on a beat to beat basis using

20 a 3-lead bedside monitor, in real time, on demand, without
the need of a technician. This invention would allow the
immediate derivation of an n-lead ECG (e.g., 12-lead ECG)
from a 3-lead monitor from which the eigenvalues can be
calculated instantaneously. The eigenvalue percentage

25 contribution is itself a marker for MI. This can be
displayed along with the heart rate on any customary bedside
monitor. Because this eigenvalue marker can be calculated
on a beat-to-beat basis in less than a second with current
conventional computer technology, the variability of the

30 eigenvalues in time, and the rate of change of the
eigenvalues, either by magnitude or percent contribution,
are also markers for acute MI. This invention would allow

the first known real-time electrophysiologic marker for
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of the ECG can now be neasured on a beat to beat basis using 20 a 3-1ead
bedsi de nonitor, in real tine, on demand, without the need of a

t echni ci awo oBlwwgI1snventi on woul d all ow the i mmedi ate derircaruses/18069 an
n-lead ECG (e.g., 12-lead ECG froma 3-1ead nonitor from which the

ei genval ues canube uTal mﬂtaatr@dlyns&ﬂyltﬂnmsﬂnyutIh@zﬁh@etfH@eli%ea%%QEage
25 contribution itsel f. .a ker for . This can be displayed al ong
with the heart® ‘rl%fﬁe 2 Gy Sty NS{“SWE?%}@ b%‘ﬂ‘%ﬁci:?é3 nonitor. Because this

ei genval ue marker can be calculated on a beat-to-beat basis in less than a
second with currenfhe cosvent i ahathe ofpureri dne clamolegYindlkeewaed abhl bhy of
the 30 ei genvgg%{}g‘% in t| ar&g the rate of, lc%gn ge of the, K eigenval ues,

ei ther by maghriude or >perZentSEBRt APButT GH 12P4Pe RIS MBI REr S 3PG1ageut
M. This invedtéonemoedihedtd ows t htref | Hatreknowm real -ingmented using

el ectr ophysi oﬂdo?lgs [Ar k@r. foi[ ]Er? WO 03/099115 PCT/US03/ 13069, acute M
Natural |y, any FUnctton GEPFTziths CheSETYEmAd uB8 woRPESARETbmITSRtERe
same pur pose. riheimet tiod Wwindche iopeenting spscde. | NMplenetedion aBYnot
conputer system _H;fel&gc ”%1 .avai | bI e programy ng | angua One enbodi nment

of the invention s inp r‘h?nf‘E‘B PR Mo LG V?Fsuﬁ?géé‘éq%%éﬁﬂpﬁg on a

personal conpus eothénnmasmratn’manw rldmgﬁag@gr aké g S¥ptRMotRe AvERhiEeN 1S
not Ilmt dtoth|5|g§ nta however , andlnplenentatlons i.s ot her
I

programiing | 2NGagss & Gk r]rfj‘ ot RE&r "AKRLABLONY OreRinGsURfer the

Macki nt osh, ouniwor K@éﬁétm sy@mnmgoﬂndghm@s Hhi Xe Oper 8t dmga sy st gL Or
variants ther eof , ch as Linux, are wthin the scope of the inventi on.

Wil e the predEnt” Ji {6n SASBS been-HeddeBEdoRnd il lustrated in various
preferred and alternate enbodi nents, 15 such descriptions and
illustrations are wioitld othe gonRskhtiedinvention has been described and

illustrated in various preferred and alternate embodiments,
15 such descriptions and illustrations are not to be construed
to be limitations thereof. Accordingly, the present
invention encompasses any variations, modifications and/or
alternate embodiments with the scope of the present

invention being limited only by the claims which follow.
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to be limtations thereof. Accordingly, the present invention enconpasses
any variations, nodifications and/or alternate enbodinments with the scope
of the prweanw9dtifiventi on being limted only by the clai neCrahisosiioed | ow. 20
17 WD 03/099115 PCT/ US03/ 13069 CLAIMS What is clainmed is: 1. A nethod for
synt hesi zi ng el ectrocardi ogram | eads comoasMeg the steps of: 5 obtaining
a sequence of voltage-tine neasurenents for a set of electrocardi ogram

| eads; perfor i tjJu zation on a subset of the voltage-tine
measur enent s %%gu%gg%\ngﬁgg 1ns1n']ni mal subset of electrocardiogramleads to

obtain a universal 1t ransfroetiatd dor $0nhBésixingardemikbeptyidg drea damisver sal
transformatio Lx_by the, subset of the voltage-tine neasurenents to
cal cul ate the%og%%ﬁl%% %ffe VO etpasgé{%t'i me nmeasurements. 15 2. The nethod of
claimi1, férther cohpaisimy a fs@qushepSof)fvﬂLﬂbjg%eﬂthmg_MQ@sﬁﬁe%&ﬁﬁ%e ok a f
vol tage-tinme agyrepents to abstract factor analysis to obtain a set o
ei genval ues aﬁg%aégo%gg?%r cealrgdglr?\%éf“o;%?g%’nd i dentifying the mininmal subset
of el ectrocardi ogr parf2onireads mpiem mpi:ﬁh&iahﬁovlolohage?ﬁbf@t fﬂi‘a-ﬁ:lh][eeneﬂt S can
be calculated with acceptable error. 3. The t.hod of claim 1, further
conpri si ng thé’o\sytt%%e—%%mégﬂecalﬁugtef“ﬁﬁgﬁn?e%se‘ﬁ?@:?laf‘ Bt fhepdl 85f rom
the 25 univer sakctraostdismianoneidsbl t& @stapPla ediversde thHd®Irmakead
subset. 4. The nethod cht claim1l, wherein the set of
10 matrix; an
multiplying the universal transformation matrix by the
subset of the voltage-time measurements to calculate the

full set of voltage-time measurements.

15 2. The method of claim 1, further comprising the
steps of subjecting the sequence of voltage-time
measurements to abstract factor analysis to obtain a set of
eigenvalues and associated eigenvectors; and

identifying the minimal subset of electrocardiogram
20 leads from which the voltage-time measurements can be

calculated with acceptable error.

3. The method of claim 1, further comprising the step
of calculating any segment of the cardiac cycle from the
25 universal transformation matrix as applied to the minimal

lead subset.

4, The method of claim 1, wherein the set of
electrocardiogram leads can comprise from 12 to at least 22

30 leads.

5. The method of claim 1, wherein the minimal subset

of electrocardiogram leads comprises 3 leads.
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el ectrocardi ogram | eads can conprise from 12 to at least 22 30 |eads. 5.
The nmethod of claim1l, wherein the mniml subset of electrocardi ogram

| eads cormpnIiosee918s | eads. 18 WO 03/099115 PCT/ US03/ 13069 6PCThmsosretobod of
claim5, wherein the 3 |eads are the |, aVF, and V2 leads. 5 7. The net hod
of claimb5, wherein the 3 leads are the |, Il, and V2 |leads. 8. The nethod
of claim5, mhereig the 3 | eads arg t?e. I, aVF, and V9 |eads. 10 9. The
method of claim1,°furtH&t Wﬁﬁ%ﬁﬁi§'n§ THe Bt eperBincbRetS utdddsy 2&ehh
surface map fuomtvhe sad cud ateedisf.ul |l set of voltage-time neasurenents. 15
10. The nmethod of claim1l, wherein the full set of electrocardi ograml eads
can conprise up to 80 or nore leads, and further conprising the step of

constructing a body. surdeeedme brom it s ,f wiherseh ofe voliage GirlBirhe
measurenents. 20_11. The_nethod of claim 1, wherein the technique of

cumul ati ve pefecehtagd™¥afd difédSi's used to identify the minimal subset of
el ectrocardi ogram | eads. 12. The nethod of claim1l, wherein any 3 neasured
25 | eads of a conventional n-lead ECG can be used to derive the conplete
ECG 13. The nethofl: of TraimatRods gft akd it ohpribsiagnt Hee s3 ekpadst atrleaggﬁng
ei genval ue magni bugdesadorvesucegssi ve ECG 30 neasurenents in order to
predi ct the onset of pathology, including nyocardial infarction. 14. A
met hod fo?osynthesizing el ectrocardi ogram | eads conprising the steps of:

9. The method of claim 1, further comprising the step
of constructing a body surface map from the calculated full

set of voltage-time measurements.

15 10. The method of claim 1, wherein the full set of
electrocardiogram leads can comprise up to 80 or more leads,
and further comprising the step of constructing a body

surface map from this full set of voltage-time measurements.

20 11. The method of claim 1, wherein the technique of
cumulative percentage variance is used to identify the

minimal subset of electrocardiogram leads.

12. The method of claim 1, wherein any 3 measured
25 leads of a conventional n-lead ECG can be used to derive the

complete ECG.

13. The method of claim 2, further comprising the step
of tracking eigenvalue magnitudes for successive ECG
30 measurements in order to predict the onset of pathology,

including myocardial infarction.

14. A method for synthesizing electrocardiogram leads

comprising the steps of:
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19 WO 03/099115 PCT/ US03/ 13069 obtaining a sequence of voltage-tine
nmeasurenents for a set of from12 to 22 el ectrocardi ogram | eads; subjecting
t he sequewoa3p91vdl t age-ti me neasurenents to abstract faeCerusanadoysi s to
obtain a set of eigenvalues and 5 associ ated ei genvectors; using
cumul ati ve percentagen MairiaRCeetQeheendf fyplaagat-0inel m&isRInedk s3 for a
electrocardiogégn% gggs fromwhich_ the volt%ge-tine measur enents can be

a

cal cul ated w ePtabIE C&r For S1AB-IRSF L PRE s BBE®X opti mi zati on on a

subset of the voliagediig FRaSHEQIBNMS JTRADUELHe W e the JHrinaBk sSHbset
of electrocard%ggégg%hfads to obtain a universal transformation matrix;

and nul tiplyif A Ea PR ERST or de e @t FRK DY tipenvedueghare of

the vol t age- t isBofERdd iRy eb@oea) cul ate the full set of voltage-tine
measurenents. 15. The method of claim 14, further conprisi%E% the step of

cal cul ating any seyirefl DFURELES IR BRI VRAF6ARC20-¢ higlamtiver dal

transformati oninBhdl Xs@saaPpIfi 8del Ot FerardiBgiah | £3@s sphsetmnila. Abe

met hod of claim 14, wherein the 3 leads are the |, aVF, and V2 |eads. 25
17. The met holCbF2%T i Mol FCARHEPBPRCS HETS e ga4 cutated HELhh acreprhalle?

| eads. 18. Thersasthod of claim 14, wherein the 3 leads are 30 the I, aVF,
and V9 |leads. 19. The nmethod of claim 14, further conprising the step of
constructihg a boRPEiRTHEY FAPPitdRRHEICAtégRatede SWdesef she

vol tage-ti me (BREAYELNEBMS measurements measured with the minimal subset
of electrocardiogram leads to obtain a universal
transformation matrix; and
multiplying the universal transformation matrix by the
15 subset of the voltage-time measurements to calculate the

full set of voltage-time measurements.

15. The method of claim 14, further comprising the
step of calculating any segment of the cardiac cycle from
20 the universal transformation matrix as applied to the
minimal lead subset.
16. The method of claim 14, wherein the 3 leads are
the I, aVF, and V2 leads.
25
17. The method of claim 14, wherein the 3 leads are
the I, II, and V2 leads.

18. The method of claim 14, wherein the 3 leads are
30 the I, aVF, and V9 leads.

19. The method of claim 14, further comprising the

step of constructing a body surface map from the calculated

full set of voltage-time measurements.
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20 WO 03/099115 PCT/ US03/ 13069 20. The met hod of claim 14, wherein the
full set of electrocardi ogram|eads can conprise up to 80 or nore |eads,
and furthwo osoegans sing the step of constructing a body 5 arfises1vap from
this full set of voltage-time neasurenents. 21. The nethod of claim 14,
wherein any 3 neasured |eads of a conventional n-lead ECG can be used to
derive the conplete ECG 10 22. The method of claim 14, further conprising

the step of trackfhy eiffempibae PHinetaighd 4 orhetetesEis & EéGsekeadur ement s

in order to peedi€foddeiionsth 2kafatbol edprivhensi fo sei dpabhel 08¥ds,
i ncludes nyocardial infarction. 15 21
and further comprising the step of constructing a body

5 surface map from this full set of voltage-time measurements.

21. The method of claim 14, wherein any 3 measured
leads of a conventional n-lead ECG can be used to derive the

complete ECG.

10
22. The method of claim 14, further comprising the
step of tracking eigenvalue functions for successive ECG
measurements in order to predict the onset of pathology,
wherein said pathology includes myocardial infarction.
15
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