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FIG. 9

(57) Abstract: Methods and systems are disclosed for determining information about a position of an object within a distribution of
materials having different complex conductivities. The method includes: (i) causing current to flow in the distribution; (ii) measuring
an electrical signal at each of multiple locations in the distribution of materials in response to the current flow; (iii) providing spatial
information about the distribution of materials with respect to a first reference frame, the spatial information indicative of regions
of different complex conductivity in the distribution of materials; and (iv) determining the position of the object with respect to the
spatial information about the distribution of materials based on measured electrical signals and the spatial information. In certain
embodiments, the object is a catheter inserted into a patients heart cavity for cardiac mapping.
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IMPEDANCE REGISTRATION AND CATHETER
TRACKING

TECHNICAL FIELD

This invention relates © detormining the position of an object, such as wacking

the position of & catheter In g patient’s heart cavity, and s the re e,istrmim- of g

H

o

representation of @ space, such as a 3D representation of the pationt’s heart cavity, toa

goordinnts systom used (o track the catheter.

Use of munimally nvasive proceduores, such as cathetor ablation, to fread sovariety
of heart conditions, such as supraventricular and ventricular arvhyvihndas, is bocoming

snereasingly more prevalent. Such procedures involve the mapping of electrical aotivity
in the heart, such as at various locations on the endocardivm surface Feardiag

mapping ), o identify the stte of origin of the mrhythmia followed b'};" 2 targeed ablation

of the siie, To purform such cardise mapping & catheter with one or more slocirodes oan

b inserted inlo the patient’s heart chamber,

5 ¥

Unider some circumstances, the location of the catheter in the heart chamber 1

7

determined using a tracking systomn One type of & tracking system that may be osed

track the lecation of the catheter inside the heart chamber s an indepondent iracking

system hosed on the nse of magnetic o electric fickds to sense and rack the location of

the catheter. The location of a catheter tracked using such an independent tracking

system s Hus provided w lerms of the tracking systent’s coordinates syston.

systom and a coordinate system corresponding to some type of 3D angtomical
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The spatial information corresponds to an average of the geometricsd
copfiguration of the heart cavity over multiple cardiae cycles. Alternatively, the spatial

&

mionmation can cm‘resp@m}s oA spf:f:iﬁﬂ point in a cardiac cyele. The method can

M

i general, i another sspet, a method s disclosed for determinin

&

v
%

ransiovmation for rogistering fivst and second reference Sames for o distethotion of
saterials, The method includes: {1} causing current o flow in the distribution; G0
messiring an eleetrical signal at each of multiple tocations in the distributinn of materials
in response 1o the current flow; () providing spatial information about the distribation
of materials with respect to the first reference frame, the spatial information indlcative of
egions of different complex conductivity in the distribution of materials; (v} providing
positions in the sevond reference frame for the multiple Tocations at which the slestrics]

signsls are measured; and {v} determining the transformation besed on the messired

signiads, the spatial information about the distribution of materials, snd the

-

positions i d reference frame for the multiple locations at which the elecirienl

sigoals are measwred. For example, the distibotion of materials may include o patient’s

X &

heart cavity, wherein af least some of the clectrical signals are measured by clectrodes on

3

a vatheter inserted into the heart cavity, and whersin the second reference frame

corresponds 0 seardinates provided by a tracking system for the catheter.
Embodiments of the method may inclode any features descoribed ahove in

conyuetion with the frst method,
In general, v another aspect, a system is disclosed for determiining indomuation

hject within a distribution of matedials having different vomplex

conducetivities The yystem ncludes: (1) electronies for causing current to flow in the
distribulion; (i1} eloctronics for measuring an clectiival signal of each of multiple

3

tocations in the distribution of matedials fn response to the current flow; and (i) an

glectronic provessar coupled {0 current causing and signal measuring eluectronics, whereln

=)

the electronic processer 13 configured to determine the position of the obiject with respee
to spatiad wfonnation aboot the distribution of materials based on the measwred clectricy]

signals and the spatial informution, wherein the spatial informuation is indicative of

-
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ferent complex conduetivity in the distribution of materisls with respect to g

Bmbodinments of the systom may include any of the following featurss.

¢

The regions of ditferent complex conductivity can inchude regions of having

e

£

different real parts of the complex condactivity, regions having different imuginary paris

of the complex conductivity, or regions having different veal parts and different
wnaginary parts of the complex conductivity, Simiarly, the measured slostrical signal

o~

4 x

can melode intormation sbout the amplitude, phase, or both of the respective electries!
The spatial inforostion can be indicative of a position dependent complex
comnductivity throughout the distribution of materials, the position dependent complox

sonductivity inchuding s conductivity value for each of the different materials in the

distribotion
The object can include electrodes coupled to the measuring electromnies for

measuring Se elootriog! sfanalk

i W

The olvject can include glectrodes that canse at least some of the current to How

¢A,>

For exgmpie, the object can inclade munltiple pairs of corront injecting slecivodes soupled
o the cuerent causing slectronies for cansing the ourrent {o How bevween gach pair of the
current injecting electrodes. The object can also inchude megsuring electrodes positioned
o the objert and coupled 1o the measaring clectronios to measure the elecivios] signalsin
response 1o current Hoew botween each pair of current injecting electrades,

x

The determingtion of the position of the ob;m relative to the first sefrence frame

by the elecironic processor inchudes defermining 2 location of & point of & point of the
object i the Hral reference frame and an ontentation of the objest in the Hret reference
frame.

The determingtion of the position of the objeet with res *w to the spatial

determining conrdinates for the position of the object in the first reference rame.
he electrontt processer cant be configured to track the position of the objest i

the Hrst reference frame as # moves through the distnibution of materisls §

N \

additional earrons flow and elecirical signal measwrements by the elecironics

&
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The determnination of the position of the olyject with respeet to the spatial

cyend o :
N I
SEEE R S

uformation by the glestronic provessor can includs fracking movemoen of thes

Ly

second relorence frame and determining a transformation for registering the #

e frame with the second reference frame.

The determination of the position of the object relative o the fest reference frame

fry the electronie processor can include using an optimization &Eﬁsm‘ithm that minimizss

bl

3
o1

differences betwesn the measured elecirical signals and predicted signals determined
from the spetial nformation about the distribotion of materials as 2 function of the
refative postiion, The pptimization algorithm can forther determine 2 conductivity valus

1
H

for each of ome or more of the matenals in the distribiion of matenials,

embodiments, the distribotion of materials includes g patient’s heart
¢ otyect 15 a atheter cenfigured to be inserted into the patient”s heart, and

v ineiudes the cathoter,

H

e spatial nformation gbout the disivibution of materials can be bhased o ong or

more ¢ff g computed tomography (O} unage; & magostic resenance fnaging (MRI

imnage; & Rucroscopie rotational anglography mage: and an ultrasound image,

The catheter can inchude curvent pecting clectrodes eoopled o the current
causing electronies for causing the current o flow. The system can further inchude a
second catheter including additional current injecting electrodes coupled to the cwrrent

cauning slectronies. The catheter can include spatislly distributed clectrodes conpled fo

the mensuring elpuivonics to measure at least some of the electrical signals prodaced i

s

response to the injected current. The current injection electrides o the catheter for

3 1 =

infecting current info the patient®s heart cavity can be the same or different fom the
electrades used measurs the electrical signals,

The surfsce area of cach current injoction electrode can be larger than the surtive

C

area of vach electrode used {o measure an electrical signal.

The surface of wach current injection clecirode can have a coating to reducs its

X 1

slectrical impedance with respect to blood in the heart cavity, More generally, all of the

catheter plevtrodes cun include such a couting
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dimensional object in s three-dimensional cvordinate systers. For example, the pesition

-

'/‘
"
=
MJ
3
&

.
=
b

W the objest can includer three independent values indicative of the coordinstes

ri

of the objert is a Cantesian coordinate svstent and three independent values insicative of

the angles for the orfentation of the object about each of the Cartesian axes; or an vy subsed

i

§ Rt - 3 T
of such values,

sume meaning a3 commonly wnderstood by one of ordinary skill in the art fo which this
invention belenga. ln case of contfliet with docaments incorporated hovsin by reference,
the present document controls,

~

he details of oue or more embodiments of the invention are set forth in the

1.“1

L objests, and

!'4
by
e
b

accompanying drawings and the deseription below. Other fean

advantages of the invention will be gpparent from the description and drawings, and from

v

DESCRIPTION OF THE DRAWINGS
is 2 sehematic dlagram of an exemplary antomatio registration system,
FHES, 2e-2¢ show perspective, end, and side views, respectively, of @ deployed

\\\'\

Dandm

»”a

catheter with rultiple current injection electrodes (CHF ultiple potentisd measuring

clectrodes {PMEL
PR 3 is o schematic diagram of an anglog implementation of a signal generation
module (SGM) and signal acquisition module (SAM] for an electronics module couplod
to the multi-clestrode catheter.
Fitz 4 1s a schematic diagram of a & ujitai implementation of @ signal generstion

wl signal acquisition modade (SAM) for an eleotronics moedale coupled

Lt

1o the multieglectrade catheter,

FER 3 18 2 How diagram of an exemplary eobodiment of an astomatic registvation

orocadury using an }z*ats,,pc\“zda,nm tracking system for the catheter,
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crmining indbrmation about the electrical activity of  patients keart {z.g.,
different locations of the endvcardium surface) based on electrical signals measured by

eotrodes of the catheter, To perform such cardiac mapping, the position of

the catheter {or mre generally the positions of the catheter elecirodes) within the heart

Fo determine the position of the catheter in the patient™s he art cay by, pertain

embodinens disclosed hereln cause electrical current to How within the heast ravity

The current may eriginate from electrodes on the catheter itself andfor from one o more

X N

other sources that may be internal or external to the heart savity, The potential felds

generated by the injected current will depend on the condoctivity profile within the heart

>

or example, blood and heart muscle have difforent condactivities.

~

The potential
fields are measured af multiple locations within the heart cavity., For example, electrodes
on the catheter van be used to measure the potentials. The potentials measured by the

stheter within the heart

electrndes on the catheter will depend on the position of the cat
cavity, Moreover, when current is injected from one or more clecirodes on the eathst
the resulting potential fields will also depend on the on the poesition of the catheter within
the heast cavity, Accordingly, messuroments made by the catheter electrades ean be used
o inder infbrmation about the position of the catheter 1n the heart cavity.

o novurately determine the position of the catheter within the heart cavity,

mformation abowt the measured potentinls produced in response to the infected current is

combined with separately acquired spatial information about the patient’s heart cavity

-

3

(.8, magnelic resonance imaging {MRI) or computed tomography (O7)

~,,/

NERINCNIVIIN SRy
e shices of

&

s
-
4

the patient’s heart). Such spatial information is used to deterniine & 3D representatiog of

i

the patient’s heart cavity, including its conductivity profile. Based on this separstely

R

b vy
3

acguived condustivity profile, the expected potentials measured for different positions of
the catheter within the heart cavity can be caloniated and compared to the actugl

measwred potentialy fo acousately determine the position of the catheter within the heart

cavity
in some embodiments, petcmmia measured in response o the Injectud current can
be used 0 continuously monttor the position ot the cathieter In the heart cuvity, even as it
virvsrend arithvie e By W i ‘} 33 {3 !i A . iener fi ent trael Y RN
s micrved within the heart cay thy. I other embodiments, an ing ependont fracking system

¥
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35 used o moniler the position of the catheter in another coordinate systeny, sud the

4.

o/»

tntormation about the position of the catheter deternrined from the msasured potentials in
response o the igected current aud the separately acquired spatiad information shout the
patient’s heart cavity 1s used {o register the coordinate system of the independent racking
system o that of the 3D representation of the patient’s heart cavity,

in the sbove discussion and in the details that follow, the focus is on delermining
the position of a catheter in a heart cavity., However, this is only an exemuplary
apphication. i other cases, the method and systems penerally disclosed herain can be
apphed to determining the position of any object within any distribution of materials
characterized by & conductivity profile, or to register the position of that object as
measured by some independent tracking svstem with a 313 representation of that
distribution of materials.
Furthermore, while in some of the specific embodiments that follow the signalz

3

megsured by the obiset electrodes correspond to the refative sirength (e, ampli

ﬂ
o
o
%

the meassured electrical signal {e.2., potential), further embodiments may alse analyve
phase of the measured signal, either alone or In combination with the amplitide of the
measwred signal. The phase of the measured signal is indicative of apatial variations in

the imaginary part of the complex conductivity {e.g., permitiivity} in the distribution of

by

FICGL T shows a schamuatio dlagram of an exemplary embodiment of an automatic

registration system 188 that inclodes an optional tracking systent 188 o faciifiate the
tracking and registration of g catheter 118 inside the heart cavity of & patient L. The
catheter 118 18 a moveable catheter 118 baving nualtiple spaiially distributed electrodes.
The catheter is used by a physician 103 to perform vavious medival movedures, inclading
cardige wapping.  During performance of the mstomatic registration procedure, and
subseuently when the catheler goquires signals that are used o perform sardiag
mappng, the catheter 110 s displaced to at least one location within the heart chamby

info which the catheter 11 wag inserted.
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Iy some onbodiments the catheter 110 18 fitted with varions types of olectrades

-

"
ha

ot

avg conBipired o perform vartous functions. For example, the catheter 118 may

PP v

mchude at loast one pair of current injection electrodes (*CIBs™} configured to inject

clectrical cwrent info the medinm in which the catheter 118 s disposed. The catheter
118 may also wclode mudtiple potential measoring clectrodes (FPMES™ contigured o

mpasure {he potentuls resulting from the current injected by the current ini

electrodes. I certain embodiments, the potential measuring eloctrodes are also used for

116 conoected to base sleave 112 at one end and inney member 114 at the other end
Whan foner member 114 is in an extended configoration {not shown), sphines 116 are
palled tight to the inner member so that catheter THE has a narrow p;of s for puiding
throagh blood vessele, When inner member 114 {5 retracted {as shown in FIGS. 3a-by,

splines 116 we deploved and pushed jnto an owtward “olive” shaped configuration fbr

use in the heart eavity, As caplained in more detail below, the xpiim:s 16 cach curry

slectrodes, 3o when the inper mamber is 1n the refracted configuration, the electrade are
deploved in the sense tha they are Sistributed over a greater volume.

o
i
g
£
et
<
%

x

:
s
o]

arwn configurations may be used o deploy multi-cletirode cathoter 118
. the catheler may use g halloon, shape memory material such gz Nitinol, or a
P ¥

peiym@y or nther stiffornng material to selectively deploy the catheter and s electvode

o o desired configuration when in the patient’s heart cavity. In further embodiments,

fhe catheter geowoelry may be fived, v which case t has the some confipuration 1o the

heart cayily av in the blood vossels leading to the hoart cavity.

Returning o the speeific catheter embodiment of FIGS. Za-2e, FIG. Za shows a
;}uayads @ view of catheter 110, FHG. 2b shows an end-on view of catheter 118, and
FIG. 2o shows a side view of catheter 116, all with the catheter in it duploved

gonfiguration.  Hach :p‘iins: inclpdes mu}tipif; pmmﬁim nreasuring olecirades (PME) 118,

FEE

3 EI at s st

&

outward position. Current imjeetion electrodes (CIE} 119 are also nclnded on sleeve 112

P

af the bage of the sphines and on the front tip of inner member 114 where the sp

kS

A

s

=

i4
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mwel. Accordingly, i the presently deseribed embodiment, there are three pairs of CiEs,

defindng one axis in a Cartesian coordinate system.

~

The purpose of the ClFs is to inject current into the heard cavity, For example,

cach CTH paly can define & source aud sink electrade, respectively, for injecting current
into the heart cavity. More generally, however, current may be injected i the heart

cavity from muldtiple electrodes relative to a ground electrode. The purpose of the PMEs

o

is o moasere puteniials in the hoart cavity in response to the current provided by the

Cliks.

: catt also be used for cardiac mapping

o preferred embodiments, the carrent injecting clectrodes 119 are genevally
mournded at different regions of the catheter TH) so ay to maximize the information
cottected by multiple configurations. CIE pairs that are oviented orthogonally relative o

euch other produce less correlated measurements, which in furn increase resolation. In

oY

addition, slectrode palrs that are distant from cach other alse produce tess correlated

measurens which increase resolotion. This is why in the prefered smbodiment of

catheter 116 shown 1n FIGS. 2a-2¢, the CIE clectrodes 119 are aligned as pairs on three
orthogenal gx

PO

I some embodiments, lke that shows in FIGS. 2a-Z¢, multiple CF electrode

ressr

pairs are employed so that a large sample of measored potentials in the heart cavity can

be obtatned to thereby tmprove the robustiess and accuracy of the registration pracedige.

At soame given tme, any two electrodes from the CIE electrodes can be seluctad angd

activated so that one of the selected electrodes acts as the source electrode and the other

stectrode acis as a sink slectrode. A control mechanism in electric

cal compmadcation with
the CiEs cnablies selection of any two electrodes to serve as the activated sowrce/sink pair
at & partiouiar ime. After that selected pair has boen activated, and the resulting
potoniials in the heart cavity are weasured by the muliiple potential measuring electrodes,

the pair of ClEs can be deactivated, and another pair of CIEs is selected to cause another
eleetric feld to be formed inside the heart cavity, Thas, the control mechanism regulates

" N

the selection aud activation of the ClEs to vause 1 temporal sequence of njected corrents

o
o
o
o

> created at difforent Hme instances, which in fum resulis ina tempora! sequence of
: 1

different electric Helds formed inside the heart chamber i which the cathefer 11843

P

deployed. The control mechanism clectrivally conples & signal generator to the selovted



()

Py
(>4

Kit

WO 2008/097767 PCT/US2008/052385

clectrodes. Belection of the partizular electrodes to be activated can be based on 2 pre-

deternuined sequence that is stored in @ memory module connented to @ cemtral processor
omected 1o the catheter 118, or it can be based on user-controlied signals that are

clectrically relayved to the control mechanism o cause the desired activation of the CIEa,

;‘w‘i’e;‘coves‘i.s‘u‘cmher embodiments, more than g single pair of CIEs can be simaltancoasly

activated to fyeet currant Into the heart cavity,

Referving again to FIG. 1, systom 100 includes an electronics modile 148 coupled
to processing unit 120 for controlling the dectrodes on catheter 116, including a sigual

generation module for injecting current into the heart cavity through the OlEs and a

x

signal aoquisition module for measuring polentials through the PMEs. The slectronics
module 140 can be implemented using analog or digital cloctronics, or a combination of
both, Such sxemplary configurations, which are intended to be non-limiting, are now
deseribed,

seterring to FIG. 3, the signal generation and acquisition modules are

il’i}‘pkﬁ}?iﬁ}ﬁ;\{‘i asing analog hardware. The signal generation module (SGM} depioted

supports 8 CiEs defining 4 source/sink electrode pairs, where SRC vefors to a somee

clectrode and SNK refers to g sink electrode. For the purpose of this example, each pair

i dhrtven asing a 10 kHr oscillating TmA current source. A selector switch is used fo
select each of the pairs sequentially based on control signals provided by the processing

uitit or other contrel logie. Bach channel in the signal generation module is connected to
a cwrent injerting olectrade. In this case the source and sink elecirodes ave pre-sulevted

permanently sach that cach electrode 8 always exther a source or 3 sink, although i

o]

seed not he the case in other embodiments
The signal soquisition module (SAM) buffers and amplifies the signels as they are
1 potertial measwring eloctrodes. The buffer prevents the scguisition

3

systegn friam doading the signals collectad by the electrodes. Atter buffering and

P
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o
e
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dgnals are split and filtered 1m0 two channels, one for detecting the

N

registration sigmi {1.e., the signals produced in response to the CIEs) and one for

detesting the signal generated by the heart's clectrical activation (Le., cardine mapping

- b =

’Cf‘l';

o)

Beosuse slectrical achivity is primarily below 2 &Mz, & low pass filter {E’E’F} I

(/

used to separate th

,.4

e cardiae mapping potential signals from those produced in response

155
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the O1Es, The low pass filier may be implemented as an aclive filter responaible for both

filtering and smplitication. The signal is then sampled by an analog to digital vopverter,

To support bundwidth and resolution reguivements the converter may sample at »4 ki at

g

15

ek

rits per sample, After sampling, the signals ave passed to the processing wnit for
further analysis. Both the LPF and A/D may be configured such that the filter and
sample frequency can be changed by software control {not drawn),

The seeend chamnel following the inpas buffer detects the rogistration sigmal. In
this embodiment, the detection is implomented using a lock-in amplifier approach to
detect amplitede. It shoald be appreciated that other implementation can be used to

ceomplish the same task. In this channel the signal is first fitered using a band Pass
filter (BPF} whose pass band frequency is centered on the 10 kM2 generated by the SGM,
Following the BPF, the signal {s multiplied by the same 10 ¥Hz signal generated by the

SUM wsing a mixer, As aresult, the signal is down converted to 0C such that its value

fisllowing the down vonversion is proportional to its amplitude hefore the down-

Ay ¥

conversion. The signal is them filtered using a very narrow LPF of roughly 100z, The

fiiter bandwidth Sas two effects. On the one hand, the narrower the filier the better noise
performance will be, On the other hand, the wider the filter, fie more registration

apdates ave availsble per second. A flter setting of T00Hz provides excellont noise

perfurmance with a location update rate of roughly 20Hz, After Bltering, the signal is
rapiified and sumpled by an analog to digital converter. The converter in this case may

sample st 200Hx using 13 bite per saruple. Afler samipling, the signals gre passed to fhe

processing wait for further analytis. As before, the channel propartiss can be configured

o5

ny sufbware control {not deawn),
Reforring to FIG. 4, the signal generation and acquisition modules have s digital
fmplementation. The SGM generates the required signals wsing an arra vy of o digital o

snalog vomveriers (IMAY Ina proferred embodiment n=6. I shonld be appreciated that

¥ ‘

instead of s DIAs it is possible to use fewer DA and a multiplexed sumple and hold

amplifier. The signals generated by the D/As are controlled and imed by the THGCessing
unit, I one embediment, the signals may mimic those deseribed in the analog
implementation wherehy a sinnsoidal signal is switched between clectrodes. B other

¥

smbodiments, however, the digital implementation provides move Sexibility in thet more

§ =
:
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complex signals {o.g. different frequencies, sinmltancous activation of multiple
sleetrodes) may be driven. After the conversion to an anslog signal, the signals are

Butfored by sn amplifier eapable of driving the necessary corrent (<2mA 1 at relevant

oA

frequencies (<30 kHx). After buffering, & processer controlled switeh is used to support a

3 '
figh fopedance wode. This & necessary in order to hlock a particalar clecimds from
geling a8 & source Or g sink at & particular time.

~

in the SAM hardware, an taput stage amplifies and bufTers the signal. Following

amplification the signal is fow pass filtered in a wide enough band such that both the

heart’s electrics] sctivity (<2kHu) and signals genersted by the SGM are kept inside the

filtered band. ln FIG. 4 the frequency band is 15 kHa. Following the filter, the signal iy
sampled stove MNyquist frequency (30 kHz) st 15 bits per sample. The smapled signals

are then transforred o the processing unit which uses digital signal processs g (AP

technigues o filter the two chanuels in cach electrode and dowrs-convert the registration

signal appropriately.

&

A relatively small nunber of CIEs can result in a relatively fargs muber of
possible electrade pair combinations that can be activated to enable different potential
wations o be formed inside the heart cavity, in which the catheter 118 i3

d thus enhance the robastness of the registration procedurs. For example, six

mownted on the catheter 118 can be paired into fitleen (15} combinations of
different source/sink pairs, thus resulting in fificen ditferent potential §
particaiar potential value, formed inside the medium. As noled shove, 1o achieve high
robustness of the registration procedure, the varivus source/sink slectrodes disposed o
the catheter 118 may be mounted at different regions of the catheter. For example, one
usetul configurations corresponds to that shown in FIGR, 2a-2¢ in which the six (8) CfFs
include w palr of C1Es align along ecuch of three orthogonal axes,
he putential measuring electrodes, configured to measure the electrical signaly in
the distribotion of materials fu.g .. the intracardiac blood) at the lncations in which thoss
lectrodes are situated, ave generally distributed sobstantially uniformiy on the catheter
130, Prefirably, the current injecting clectrodes wre designed 1o have low tupedance at
the interface between clectrode and blovd. The impedance between clectrosdes and hlaad

i3 determined by the swface area of the elestrode and electrode material, The lareer the

g
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~

surface areg, the lower the impedance. In one preforred embodiment, the potentia

measuring olecirades would have dimensions of 100pme100nm, viclding a surisce area
of a surfice srea of 10,000um”, while the current injecting electrodes would have

. - o~ 3 o 2 2,‘=~: e o y N
dimenstons of T Tmm , vielding a surface arer Tmm”, The larger surface area for

ClBs is preforred in ovder (o reduce thelr impedance at the interface to blood and aliow

ihe ijection of currsnt, The PMESs are logs sensitive to Meod nterface impedance

because they are performing the measurement with very hgh input impedancs.

Agcordingly, reducing interface tmpedance for the PMES is generally not as imporiant ag
reducing  for the Cifis. Specialized coatings such as Platinum Black, Iridivm Oyide and
Tiamtum Mitnde may also be used to reduce iopedance of electrades for & given surface
area. For example, such coatings may be apphied to one or more of the Clbs, one or more
of the PMEs, or all of the catheter clectrodes.,

I soms embodiments, stxty-four {(64) potentisl measuring electrodes are gsed.

The exact number of potential measuring clecirodes that we employed depends on the

dimensions of the vatheter 110 and on the desived accuracy of the registration provedure,

Am

~

I order to rogister the catheter with 6 degrees of freedom, a mintmunt of 6 data points

o

ave reguired, and thus at least six electrodes are necessary, However, given that the

¥t

rapnerical problem s lconditioned, sdditional electrodes help better condition the

;*‘es‘ni 7, and vonseguently improve sceuracy. I embodiments in which the sensing
ectradis serve in the dual capacity of registration slectrodes and cardiae mapping

Slectrades, the number of sensing electrodes to be used will also depend ou the desired

aceuracy of the physiological information st the endocardium surface that is to be

reconstracisd

fos

As noted above, the PMEs on vatheter 118 can alsoe wsed for cardiae

i’ P
s
M
o
6
oy
s
il o
s
poecy
16 9)
#

such g that desoribed in comumonly owned patent spplication no, 11/451,898,
SNONSCONTACT CARDIAC MAPPING, INCLUDING MOVING CATHETH
MULTHREAT INTEGRATION” and filed June 13, 2006, the conlents of wiuch are

invorporated herein by reference. As also noted above, because the frequency of the

carrenst injected by CIEs (g, 10 kHz} s muoch higher than the freguency of the electnead

pet

h
aetivity of S patient’s heart, the signal acquisition module can separate signals

mensured vy the PMEs hased on frequency to distinguish registration signals from

£y

1%
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cardie mapping signals {e.g., § §kHz, and lower than iz,

e
&
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separate lectrodes used only for cardiac mappin
As further shown in FIG. 1, the registration system 108 includes the image
acyuisition and preparation moduale 136, The acguisition and preparation module 138
reeeives volumetrie images (e.g., CT, MBI or ultrasound images taken by & scanner
spparatuat of the torso, and processes them to provide spatis] information shout the
attent’s heart wa (o, m other non-cardise applications, spatial information may be

derived from other imaging means about some other distribution of materisls) The

&

spatial nifbrmativn thus provided can subsequently be processed to inchude comduchivity

iformation relating o the heart chamber (or dstribution of materials 1 o thereby provide

piog

spatial imformtion that 3s indicative of position-dependent conductivity throughout the

-y

heart cavity. Thus, modaie 130 processes the volumetric ima ges o provide 2 30

.,/

vepresentation of the heart cavily. The generated 3D rs::p;‘e‘zzcnta‘;:ion of the heart cavity

e
et
224

R

he registeation operation, as will be deseribed in greater dotail

o

then used to perform
balow, Adiditionalty, mapping of the data acguired by the multipde mapping clestrodes of
b

catheter 118 38 sybsequently performed with reference to the 31 representation of the

frear? cavity.

lvapf

The registration system 100 further includes the processing unlt 126 which

N

performs severst of the operations pertaining to the awtomatic registration procedure,

including the determination of catheter electrode locations that vesait in the best §it

between the measured signals and those calealated for different positions of the catheter
in view of the conductivity profile correspendin gt the 313 reprosentation of the heart
cavity previded by modale 130, Additionally, the processing anit 128 can subsequently

aiso perform the cardiac mapping procedure, including 8 reconsiruction provedurs 1o

e

detenvine the physiological information at the endocardium sorface Fom messured
signals, and may alsoe perform post-processing operations on the reconsiracted
phystological information o exiract and display usefal features of the information fo the

operator of the systerm 100 andior other persons (e.g., a physician),

Although the position of the vatheter may be determined on an ongoing Dasiy as

the vatheter is movid within the heart cavity based only on the frnsls measwred by the

’-’/

{"'
o
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3

PMEs {and the sepavately acquired conductivity profite}, optionally, sn independent
tracking systent may be used track the location of the catheter 118 8s it is moved inside
hus, a3 shown in FIG. 1, the registration system 108 may inclade an
independent tracking system 180 that provides the 31 spatial coordinates of the catheter

sndfor s snltiple electrodes with respect to the tracking system’s coordinate system,

The teformation fom the PMES produced in response to the CIFs can he used o register
the coordinate system of the fracking system o the 3D representation of the heart cavity

e
o
":
ot
fach
o
i
"3“
_'
ot
,-.
b2
foea
=
=
o
{‘J
s
r éa
oy
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i some embodiments, independent tracking systeny 180 is 2 conventicns]

iy by the

>,,1

tracking system based on tracking clectrie or magnetic signals pensrated externa

independent tracking system 180 and detected by nne or more trackin ng elumenty, such as
aemsors, atlised to the catheter 110, Alternatively, tracking elements such as emitiers or

beacoms affized to the catheter may emit clectric or magnetic signstures that are detestest
by the independent tracking systert 184, and used to determiine the location of the
pitters, and thas the location and orlentation of the catheter 118, For example, o

collechion of miniaturized coils oriented to detect orth wgonal magnetic Helds sud orming

a sersor can be placed inside the catheter to detect the generated magnetiv fields. The
independent fracking system 180 is generally disposed outside the patient’s body st 8
distance that enables the system 180 to either generate radintion of suitable strength (Le.,
generate signals whose amphitude will not harm the patient or otherwise interfore with the
operstion of other apparatus disposed in the near vicinity of the sensing and tracking

w

system 188, or deteot magnetic or eleciric radiation smitted by the omdtters affixed o the

In some embodiments, the Jocation of the clcotrodes relative to the catheter 110 s

."4'2

ixed and konows, and thus the only information that needs to he dotermined is

focation and orentation of the catheter 116 in the 3D space defined by the heart cavity,

ecifically, a sensor that s affixed to the catheter 110 may be vsed to determine the

[£23
3

arss

veabion and orientation of the catheter. In other embodiments the location and
origntation of the varions eloctrodes refative to the catheter may vary, and aveordingly,

such embodiments multiple iacking clements attached proximate to the vatious
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electrodes or the clectrodes themselves i case of inspedance tracking may be used to
‘ 1

facilitate the detornunaiion of the location of the catheter andfor i elecirades.,

Alternatively and/or additionally, the independent tracking system may be based

o

7.,

on ultrasound, impedance or fluoroscopy tracking. In impedance and fluoroscopy

tracking it is possible o locute the cleetrode location without necessttating dedivated
sensors, 1n the oase of tmpedance, electrical potential generated by elevine field

¥

senerators are detected by the existing electrodes. In case of flucroscopy, clectade

iocation may be deteeted by an image processing scheme that identifies and racks the

electrodes andfor opague markers located on the catheter.
The sigrals scquiived by the various clectrodes of catheter 11 during the
mgisﬁmi‘_i;_m procedure and/or the mapping procedure are passed to the processing unit

&

126 via clectronios module 140, As deseribed above, electronios mondule 148 can be

used 1o amplify, filter and continuously sample intracardiac potentials mensiwed by sach

£

In zome embodiments, the electronics module 146 ix implomentesd ry use of

jreq

ot

integrated components on a dedicated printed sirewit board. In other cbodiments, some

N \

of the signal conditioning tasks may be implemented on a CPU, FPGS

ke

or D3P after
sampling. To accommodate safety regulations, the signal conditioning modute is wwolated
from high voltage power sapplies. The electronics modale is also protected from

defibrillation shock, and nterference caused by nearby pacing or ablation,

The processing unit 120, image acqdsition and preparation module 138 shown m

FICGH 1 is o processor-hased deviee that inclades a computer andfor other types of

processor-based devices suitable for multiple applications. Such devices can melude

volatile snd sonevolatile memory clements, and peripheral devices to enable inputioutpid

functionality. Such peripheral devices include, for exampie, a CI-ROM drive andfor
floppy drive, or 3 network vonnection, for downloading related content o the connected
systemy. Such peripheral devices may alse be used for downdoading sofiware somtainin
compuier instroctions o enable general operation of the respective unitmadale, and for
downloading sofbwars implemented programs to perform operations in the manner that
will be deseribed in move detailed below with respect 1o the vartous systens and devize
shown in FIG. L Alternatively, the various units/modules may be implemented on a

]



W

15

an

WO 2008/097767 PCT/US2008/052385

~ . N 5 N

single or mulli processor-based platform capable of performing the functions of these

3 3.

unite/modules, Additionally or altematively, one or more of the procedures performed by

1z unit 128 andior image scquisition module 130 and/or electronics module

(...
73
%
&
£
73
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o
et
5

fmplenumted using p‘;‘acessing wrdware such as digityd \if.?.zi DI

Pl <

-

gie. The clectronios module 140 s typically i p%f\nmmﬁ S mai{s@i ardware
sugmented with signal processing capabilitios provided by DSP, CPU and FPGA dovices,
As additionaily shown in FIG, 1, the registration syster ﬁiﬁ ingludes poriphergd
devices such as printer 180 andior display device 176, both of which are interconnected
to the provessing unit 128, Additionally, the regisiration system 108 includes storage
evice 164 that 18 used to store data acquived by the various Intereonnecied modules,
including the velumetric images, raw data measured by clectrodes and the resoltant
ertocardium ropresentation computed there from, the recanstracted physiological

v

information corresponding o the endocardium surface, sic.

§r

FIG. S is ¢ How diggram providing a top-level degimiom of the varipus provedures

represemation of the sndocardium swrface of the heart. In the embodimens shown in FIGL

b3

s generally performed with the aid of an independent
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o 86, catheter T1 13 postioned in the heart cavity and in step 08 the
position of the catheter {8 measured using the independent tracking system 138, In step

™

510, the Ot are used o inject corrent into the heart cavity, and in step 812 the PMEBs

mmeasyre polantials in the heart cavity in response fo the injected current. Although not

.,

8

exphuitly depioted 1n FIG. 3, the steps 510 and 512 can be repented for different

comthinations of the UlEs. Furthermore, as noted by step 518, the process can be

"C‘»’
f

repested for difforent positions of the catheter, the relative positions of which can be

tracked by ndependent tracking system 180, Details of these steps are descrihed furthe
helow,
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The volumetric representation may be acguired using a number of source
computed tomography (CT), magnetic resonance imaging (MRI}, slirasound,
Huoroseo rafional angiography, ete. In each fmaging modality the patient may be
éz&acis& wiih a vontrast agent to enhance the boundary betwess tissue and blood, In
addition, the volume & sequired over multiple phases of the heart's mechanival
contraction. In order fo oblain a particular phase of the mechanteal contraction {o.g, ond
diastole}, an BOU signal may be acguired in paraliel in order to gate volome acquisition
gt the correet phage.

Yartons stroctures in the heart cavity are identified and delinested using 8
segmentation scheme. Theso structures inelude cardiac tissue and related veasels, blood,
general torso tissue and lungs. Aller scgmentation of the structures 0“ migrest, g cholos I8

vade reparding assigning of conductivity values to the structures of fnterest, Given
saitable wpriord knowledge of the different characteristics of the conductivity ofthe
medium in which the catheler 118 15 inserted, as well as the surrounding structures, the
conductivitios can be assigned prior to the registrations process. Specifically, the
respective conductivity values {or, cquivalently, the resistivity values) of the imtracardiae
bload {i.c., the blood occupying the heart chamber} and that of the cardiac muscle are

5

substantially vaiforn throughout the endocardium surface. For example, the resistivity
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donad i3 1.0 Qm and that of the myocardium averages 5.60m, The
heart i surrounded by the lungs whose resistivity is sssigned 15Om. Other torse Hasue i

sssumed 10 have s conductivity similar to cardiae musele 5,68m. Thay, the conductivity,

o~

or resistivity values of the blood andior cardiac muscles for the particelar patient with

respect to whuch cardige mapping s to be perfbrmaed can be determined in advance, and
these determined values can be psed to perform the rogistration procedurs, a8 desoribed

herein. FIG. O te an lustration of respective conductivity values assigned 1o the varions
tissoes snd needia, Thus, a8 shown, the myovardium is assigned a conductivity of &,
intracardine blood is assigned a conductivity of g7 and the lungs are assigned a

condpetivity oy,
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in the absence of this epriosf knowledge, the conductivities of the

e determined as part of the rogistration provess. For the

embodiment deseribed herein, we consider the case that fnclndes o Eesaleled xn{wm{?ga of

%

that desoribe the conductivity of the various structures of interest, Thus, solving for the

atditional conductivity parameters as part of the registration process can be done in s
similar manner to the embodiment deseribed herein,

Turning hack to FIG. 3, having generated the 3D representatinn of the heart cavity

and assigned, at step 304, appropriate electrical conductivity values, defermination of the

¥

tocation of catheter 110 with respect to the generated 3D representation of the heart
cavity is performed. This is accomplished by comparing observed values of electrical
signals measured in step $12 to computed valves {i.e., theoretical valoes) of those signals

{eavity soenductivity representation. Particularly, the measured

t:..;

potentist field due to an inpat corrent from a dipole source is refated via the comduetivity

structure of the medium by the continuous form of Ohm's law:
VgV = {8 ~x, )= 80 1, )).

“, s

Hquaticn | is the partial differemtial equation that relates the potential fleld {61 10

the

P

npat current {1}, from a dipole, through the conductivily structare of the medium (&),

£

In Bquation (1}, re angd v, are the locations of the source and sink current sourees,
vespectively, snd ${r-rg} 18 the dirae delta function, certered 8t the current souree or sink

location. Thas, o compute the potential field §, it is necessary to know the conduotivity

o

values {denoted o} in the wediom in which the potential Seld is computsd,

B

With regard o step 506, the catheter TH s ty Hcally insorted inte the heart
B I

1.
iy

chamber via g suitable blood vessed leading o the heart chamber, I some embodiments,
the electrodes of the catheter 110 are bundled into a compact configuration that cnables
+},\Am§ =tor § 18 E ii‘() 3 ;\' & .‘:—. her w ¥ strnction Onee
the cateteor 1o be dettvered to the heart ehamber with minimal ohatraction. Once
insidde the heart chamber, the electrodes of the catheter are deploved into 2 specified

glectrode arrangoment relative 1o the catheter 110,

o
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e

With the catheter 118 inserted into the patient’s heart chamber and placed into a
particuiar pusition withis the heart chamber, information sbont the particular position can
next be delermined using the CIBs and PMEs disposed on the catheter 1316, A pair of
CiHs is selected as a source/sink pair by elecironics module 148 to inject corrent o the

heart vavity, One of the clectrodes of the selected pair serves as the sowrce elecirode, and

acvordingly that electrode iy activated by spplving o voltage source fo the sourpe

ey
e
e
o
P
£
ond

The other elecirode serves as the sink clectrode, and is thus set o g lower
potential tevel than the seuree clectrode. The other sinkfsource eletrodes disposed on
the catheter 118 are electrically deactivated and held at high impedance.

be selected palr of sourge/sink electrode thus becomes active angd imparta
current, ab siep 318, into the intracardiac blood medivm in which the catheter 11} is
disposed. Ay shown in FIG. 7, causing a current o flow in the distribution of materialy
constituling the medium o which the catheter is disposed (in tiis case, the intracwrdiac
blood} resulis v the formation of potential fields in tie modinn.

n rosponse o curent flow botween the pair of selected source/sink electrodes, the
PMEy distributed af multiple locations on the catheter 118 measure, at step 512, the
resultant potential field present at the those multiple locations. The measured potentials
are recorded, slong with other information associated with the measuremen, inchuding
for example, the identity andfor location of the activated sink/source slovtrodes that
anparted the cuwrvent through the mediom.  Additionally, the Toeation of the catheter 118
in relation to the coordinate system of the independent fracking system 186 is Tkewise
vevorded at slgp 308,

After the measurement of the potential fiekls caused by the activated source/sink
clectrodes has been completed and reeorded, the pair of source/sink efootrodes is de-

activated, and another palr of source/sink clectrodes is subsequently aciivated © cause

a

potential Helds corresponding to the next activated pair of source/sink sletrodes 1o form.

Although 4 new patr combination of electrodes is selected and setivitesd, 8o as 1o cause an

~

erectrie Held that is different from the potential field previousty formed, cue of the

&

3
3

sy be an electrode that was previously selected in g preceding source/sink

3,
ﬁ/
b5
i
o
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O
-
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The number of different source/sink electrode pair combinations that mmay used far
arty ome given location of the catheter 110 depends on the dusired balance between
accaraey and robustness of the measurement to determine the positional faformation of
the catheter 138, and the computation complexity and volame of data that can be handled,
the processing time requived to process the acquired data and compute the
desired positional information,

{n ene embodiment, each source/sink pair penerates an osciliating current of Tmd
at 10 kHz while the switching between different pairs ocours at 1008z 1 would he
approviated that other values of curvent amplitude, frequency and swii ching frequengy

¥

may be used. The amount of current is chosen such that it is safficiont for signal

detertion, but low encugh such that it does not affect cardiae Hasus. The frequeney s
chosen such that it {s hgh cnough so that it can easily be filtered from the intracardiac

3

signals (which are typically <2 kHz), and Jow enough so as to minimize cross taik

between PME signals. The switching frequency between pairs is chosen such that

stuble mechanical configuration (~100m3). In the case of 100Hr switching and three
sowrce/sink paies, at least 3 scans of all pairs may be acoomplished while the hemtis in s
stable mschanieal configuration,

minee the heart beats doring the automatic registration process, 1t is praferable to

perform the steps S08, 510, and 512 while the heart is in 2 mechanical cyele
corresponding 1o the one represenied by conductivity representations 504, In certain

exnbodiments, BUG gating can be used to control the timing of the activation of the OiEs.

faitially, an alignment algovithm is employed to detect the R wave from the BOG signal.

3

Follewing & delay, each sonree/sink pair is activated in sequence. FIG. 1
tuming for a sequence of ¢ CIB pairs. The initial defay is adjustable and is used o align
the timing of the K wave with that of the mechanical phase in the chamber of interest,
The four CIE pairs are then activated in sequence over a time period that is small relative
to the period of the heart oyele.

Istead of ECG, other signals may be wsed fo synchronize on the heart's
mechanical contraction. For examples, the signals measured by the PME's st the

%

requency Injevted by the CIE continuously throughout the heart's eyelo may be uved i &
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manner sinsiar 1o & conductance cutheter or plethysmograph used to'detect stroke

X S R PEL TR - $
volume, More sponifically, the signal represented by S{#) = | i

the munther of PME's may be wed for the synchronizstion. The smplitude of the PME

-

stgnals that result from the injected CIE current ts modidated by the heart's contraction
due o the conductivity coutrast between myocardium and blood. This modulation is

synuhrontsed with the heart’s mechanical contraction. Signal 8(8 may beused to ina
manfer ientieal to ECG gating shown in FIG. 13

Othey signals such as infracardiae clectrograms, and pressure can aise be used 1o

Heart’s mechanical contraction.

o
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smbodiments, the poteniial field inside the patient’s heart chamber may
ve created by having move than two CIEs activated stimultanesusly, For exenple, in
somne sircumstances, two or more CIEs may be simultaneonsty coupled to signal seyroes

FHS. 4 to cause those two or more clectrodes 1o imogt current into the

intracardiac Hood in which the catheter 118 1s disposed. In addition, in vet other

amvtbodiments multiple orthogonal frequencies may be infroduced simualfangously in

Caee megsuarements of the vanous potential ficlds resulting from activalion ol ang
or move source’sink electrode palrs at a particalar focation of the catheter THE have been
completed, the catheter 11 is moved, at step 518, o a new location within the hwart

chamber, At the new ocation of the catheter 110, a sequential activation of source/sink

am,.

slectrode pair s performed again, thus repeating the sequence of operation discussed

above o relation to S48, S10 and §12.As a result, i s formed by the
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source/sink olecirodes of the catheter 110 and micssured by the PMEs s performed at
mudtiple locations of the catheter within the heart chamber, The displacement of the
catheter 118 to mudtiple locatinns within the heart chamber and the subscguent sequence
of measurement performed o cach of those location effectively results in the
toplomentation of a mega catheter having @ number of electrodes that s proportional to
the pradoct of the sotngl number of physical electrodes mounted on the catheter amd the

number of locations to which the catheter s moved. In some embodiments, the sequence

of source/sind clectrodie palr activations i3 constant such that at every location the sume



e
h

oy
s

30

WO 2008/097767 PCT/US2008/052385
pairs of vlecrodes ave sctivated, af the same order of activation. However, difforent
setivation sequances for the pairs of source/sink electrodes at ditforent locations of the
catheter 130 within the heart chamber may be implemented.

(e measurements of the polential felds for different CTH pair combinations

anddor at difforent locations of the catheter 110 fnside the heart chamber have heen

performed, an optindzation rovtine {e.p., non-lincar optinization routineg} is applied, at

o~

sten 314, to the sets of recorded measiweements to determine the }{,‘i}siﬁ(}ﬁ of the catheler
138 velatvve to

m/,.

he 30 reprosentation of the endecardium surface, Specifically, the
optimization procedare applied at step $14 seeks to find the clentrode positions within the
heart cavity that mintmized the digrment ervor between the observed potential values

v Siie PMESs, and the theoretically derfved potential values.

In order to femulate the optimization problem, we first define the vector form of

(DS Gl s Alou=q. {3
In Hguation {2}, B and G are mattices representing 31 divergence and gradiant
operators, respectively, S{o} s a matrix containing the conductivity values, w is a vector
containing the potentials, A{o) s the complete forward operator mmm cand g s 8 vector
containing the lecations of the positive and negative curvent sources, Althoagh the
tocation of the ClEs with respect to the independent tracking syatem is known, the
lncations of those electrodes with respect to the coordinate system of the 3D

¥

represeniation of the heart cavity is not known, and thus needs to be determined,

is

o b noted that the above formulation expressed mw Squation (2} &8

differential equation formulation of the forward problem. However, the forward problem

can alse bo salved using an integral equation solution, mud thus in sove embodiments the

~ 1 - N PSR | Terer 1 R . Ayt oo b aeds “
desired resnlts may be obtained using integral equation selutions. As deseribed hereln,
the optimization problem will beexplained in terms of wing o differential formudation
for the { i woblem,

As cass be seen from Bguation (2}, the theeretical potentisls, for the given
conductivity model assigned at step 304, can be determined according o)
= Ala} q. {3
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Fauation (3} yields the potential everywhers fn the 310 volume defined by the 3D

represenptation of the heart cavily, and therefore provides the theoretical potentials in the

heart cavity's frame of reference for a given location of the Clfs. However, becuse the
actugd measured data against which the optimization provedare will be performed

corvssponds to g small subset of potentials (namely, the potential measured af the Bmited
number of PME locations), the set of theoretical potential values can be rediced to 2

subset of the available computed theoretical potentials, Accordingly, a projection mateix,

&

3N

{3, 15 defined for selecting data points from the volume, for partivedar locations inside the
vatume, Those particular locations associated with the projection X  correspond 1o
the PME locations that mwasure the potential fields ereated by injecting current using the
aiving the mattix Q to the veclor o representing all the potentis! over the entirg
cohume of the 35 representation of the heart cavity yields the fallowing oquation for
supressing & subset of potential values at specilic catheler locations:

(i W Q{i = {)Ai\ﬁ‘}l q. ‘{'{%\}

lncations correspending to the PMEs. The locations of the catheter”s slentrodes, as used

 the ) oo ave defined with respect to the exiernadd frame of reference fnamely, the

&> P

s

frame of reforonve of independent tracking system 188), which is donoted £3,. The fin
of reference of the 3D representation of the hewrt canity s denoted £y For convenience,

the origin of the 31 representation of the heart cavity roprosentation’s frame of reforence,

€3, is defined as the controdd of the chamber of interest.

As noted, the data set that was obfained at the iterative measwrements performed
al stops 508, 318, and- 512 15 a composite of the potential field measuraments porformed

af maltiple catheter locations. As provioasly explained, obtaining messuroments at

multiple eatheter focations within the heart chamber is offectively eguivalent
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mega catheter having a number of electrodes that s proportional to the product of the
number of actual phyvsical clectrodes and the number of locations to which the catheter i

noved, horeover, the relative changes in catheter position can be tracked by

mdependent fracking system 180, Thus, to register the 3D representation of the
endocardivm surface with respect to all of these data sets simulfaneousty, the data sels

(.,4
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obigined at those nultiple locations are viewed as data messurontents Som a single

X

experument ostensibly performed by a single, glant catheter. FIGS. 8a-b are illustrations

's

of electrode mensurements taken at a single (FIG. 8a) and multiple (FIG, 8) catheter

(‘.«

focativny, respectively. The accuracy of the optimization procedure performed on
measnrements obtained from a single catheter location is afforted by the nwmber, and
spatial span, of the electrodes partaking in the messorement process, wwd therefors the

sasurement arrors. On

P
[+
o
v
T

acourgey of the oplimization prevedore may be susceptible
the other hand, when the catheter 110 is moved to multiple Tocations, the effective
number of slectrodes partaking in the measurement process and the spatial span of the
mwasurements lken are increased, thereby improving the accuracy of the optimization.
T use ail the data stmultancously, another coordinate sestem, denoted €3, is

defined for the catheter, where a given electrode locstion is defined as follows:

LA {3
B “F H N

Where ¥ is the location of the centroid comesponding 1o the composite of all the

nmwasurements laken at the various eatheter locations. Given this new coordinats system,

i

3

a corresponding projection matrix, Q. ¢, 4, ¥1, is defined in which 1 1s the Jocation of
b ] @

the ventroid of the mega catheter measured in the € frame of reference. $.8 and vile

the yaw, pieh and roll, respectively, of the virtual mega catheter with respest to the £
frame of reference {Le., the coordinate system of the 313 representation of the
tocardivm surface). Additionally, a new source veotor, g, 8.8, 7}, comesponding o

<

the new conrdinate system, (&, i3 also defined, Having defined the new coordinate

systery, £, for the virtual mega catheter, Hquation (4) can thus be expressed as follo

g

RO

dim)=d(r. 6,8, v} = QA{eY '

s
s

3
¥

Eguation {6} yields the computed theoretical potential valoes data as a functivn of

the mega catheter’s location with respect the 3D represertation of the endocardinm
surface’s frame of referonce. 1t is to be noted that another equivalent formulation of the

X

relationship between the measured potentis! field values and the computed theoretical

vatues would be io consider the mega catheter as fixed, and view the conductivity matrix,

L)
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5, av o fonction of m. Both these equivalent formudations would produce the same

Given equation {8} we can define an objective function, $(m), that enables the

~

determination of vy, and consequently the location of the mega catheter with respect to

KIS

the 3D endocardinn swiace representation:

$fm) =

s

i) ~g,

Tt

Ye

where dope 13 the veetor of nbserved potential field data measured by the elecirodes of the

catheter, I this case, the vector of ebserved data corresponds fo the separate

&7

wwasurements performed for each of the CIE pairs that were sequentially activated t

.~

et
(9]

4
o
(@)
i
'}u

e carresponding potential felds inside the intracardiae Mood medium. The
observed data portaing 1o meastrements performed by the mepa catheter {La, over the

ultiple locations to which the cathetor 110 was displaced during the seurse of

ey
o
»}
]
Bonrist

conducting the measyrements), and not merely by the vatheter positioned in o single
location of the catheter. It should be again noted that what enables measurements from
the mega catheter o be used as opposed to measursments from a single catheter loostion
§a the tact that the mdependent tracking system 188 is employed, which enables the
relative pusitions of the catheter 118 with respect to the various locations tn which e
catheter 11 i3 displaced to be determined.

~

By minimizing equation {7}, 2 model, m, is determined that leads to the hest §it of
the ohserved data (Le., the measured potentiad fields) in a loast-squares sense. While the
above optimization is cast in torms of mindmizdng the Ly nowm of the residuals, Le, the
sum of the squares, other ervor metrics may be used to perform the best 8t of the
observed dats to the theoretical dats, such as any standard L, sonm or a madified norm
sach as the Huber norm

Soiution of Equation (7} vields the locations of the reepa cathater electrodes, with

respect to the frame of reference of the 3D representation of the endocardium sorface,

e
ok

that resplt in the bext 1 between the theoretical data and the ohserved data, As will

become spparent below, with thes trode location values now determined, the
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wndependent racking system 186 to the frame of reference of the 3D representation of the
endocardium sorfaee may subsequently be computed.

Mininirmg Equation (7} requires a non-linear oplimization approach. There are
mulliple techniques that may be used Yo arrive st g solution. In general there are two

classes of rechnigues that may be used: stochastic and deterministio. Stochas

optimization technigues, such as simulated annealing and genctic algoriths, fnvolve

stechastically guided searches of the model space to find 8 suitable mininunm.
Deterministic spproaches, such as Gauss-Newton approach, Levenberg-Marquard:
approach and the Newton method, invelve solving a Hnearized version of the non-lnear
problem muitiple Himes in order to achiove o suitable solution.

For llustration purposes, deseribed horeln is as an example of & determiuistic

approach, namely, the Ganss-Newton approach, which can be used to solve Equation (7).
However, other non-Hnear solution technigues may bo used to solve the above
optimisaiion problom.

Given the objective function defined Equation {7}, the Gauss-Mewton approach s

ased 10 wdeniify the model that leads to the best it of the observed data to the theoretical

data. & starting guess, m, is fest defined. In practive, this starting puess would usually

i *E

be & veotor of zeros. Equation (7} is then lneartzed about this model to vield:

Qi = {8}
To oblain the nuninuay of Bquation {8), the derfvative with respect to the model
is taken, and set it to zere, This yields the following Gauss-Newton equation:
{ o E " T - 43
(I3} -6m=—{ I (QA"G-d, )] (%)
N s Y - 2 .

S annnnnd

i ' o

the gradient ot the

2o

where J s the Jacebian, or sensitivity masrix

abjective function, and H s the approximstion to the Hesstan, Bauation {9} is solved to

yiekd the se-valled model-update, dm, which represents an incremental change in the

Lk
Lra
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madel, which decreases the value of the objective funetion. The model-update is then

used {0 penerate o new model:

i s O {1

5 whers ;s 18 the new moedel
Because Bquation {9) resulted from g lincarization about the model, oy, the
resulting model, m, 15 Hhely not the locs] minimum of Egustion {73, Therefore,
another Gagss-Newton Heration s performed, this time Hnearizdng Ee ;hai‘ism {71about the
midel sy Thix ftorative process is repeated untit the objoctive function has decreased
1% ot notse lovel of the data
Aligring the mepa catheter with the 31 representation of the arliwardiom surface
wnage it done by spplving the following transform:
r, = Rir +ar {11}
where 1y and ry are coordinates in the £ and £, reference frames, Aristhe
18 trazalution veotor that can be derived from m, where s= {Ar, 6, 8,7 ), sand B s the Baler

rotation matrix defined as follovws:

R=8-C-D

where 123
3 & ¢ cosd O —sin 6’ Ccosd sing i%
B=i0 conp siny U= ; ¢ 1 i} I) =i —sing vosg §
o o—siny ooay 3, sin 0 gosé R it

Howing the application of equation (1), the coordinates of each catheter

o~

20 elecirade in the G reference frame {Le., the reference frame of the 31 reprosentation of
the endocardiun surfvee) are determined from the catheter’s electrodes
ihe £k Az previously explained, the catheter coordinates in the £ Fame of reference arg
determined nsing the coordinates of the cathweter in the £, frame of referencs (e, the
frame of rolerence of the racking system) using, for example, Equation (3.

2% Ax woted, the procedore deseribed in relation 1o BEquetions (7]
tocations of the electrodes of the mega catheter with respest the frame of reforence of the

34
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313 representation of endocardium sweface, and thus enables aligning the catheter’s Fame

g

) gin

of reference with the Srame of reforence of the 3D representstion of the endocardiom

surface with respect to the catheter current location {'f}r, TOTE sp\,cﬁ‘\x iy, with respoet to

the sutomatic registration process invelves caleulating the transform between £ and £
50 that the coordinates of the catheter 119 in the frame of reference of the 3D
representation of the endecardiam swides can be obtamed from knowledge of the current
coordinates of the catheter 118 gy indicated by the independent tracking systom 186,

objective funciion for registering the two daty sets ean be deseribed as follows:

o
i
povg

(R Ar} = Yz}iﬁl ~Rox -~ sﬁréf {1

where 1y and re ars coovdinates in the £ and Q reference frames. Onees again, Aris the

transiation vector and R 18 the Buler rotation matrix, Unlike equation {‘s }_,, where R and

{his optinaization problem can also be solved using & variety of non-Hnear
ophimization techmques: As an tllustrative example follows,
Firstly, the two seis of coordinates, ry and r, presented in Equation {8} are

smaodified so that the m‘igm of the cach point cloud is the centroid of the point cloud.

Thas, Hquation {

WIRY = %}1 F -R-

where £ and £ are the point cloud coordinates, shifted abowt their respestive controids,

Agcordingly, at step 314 of procedure 508, the coordinates of multiple catheliy

Iocations, defernuned during the msitiple fterations performed with rogpedt 1o 308, 518,
and-312 of procedure 808, ave provided. These coordinates are provided both in fenms of
the frame of reference of the independent tracking system and in terus of the frame of
veference of the 3D representation of the heart cavity (as provided by step 304 of
procedure 3083, With these colneident point clouds of catheter locations provided in
{the frame of reference of the independent tracking systent and the frame of
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reference of the 31 representation of the heart cavity, the rotativnal watrix R thet
minimizes the difforence between R-F and £, i determined. The optimal sohution to
aquation {14} can be determined osing the singalar value ﬂ{tc(mrmosiﬁ{:«n {3V ofthe
correlation matrix between ¥ and £, The correlation matrix s defined ax

E! PRYS i;: . :ii:i.

/,
[
L8y

pT ey

§

sing the notation of H = UAV"Y for the SVD, the optinal solution for B s thas

=V.U! {163
{Ouee R has been obtained, Ar is computed as;
Ar =T ~RF

Where ¥ and T are the locations of the centroids of the twe rospective point
clonds. Because Rand Ar ave now known, Equation (11} is applied to the voordinates

of the 3D representation of the endocardium surface o vield the new serfes of eoordinates

in the §, referance frame of the independent tracking system. The indspendent tracking
systen can now be used to track the catheter with respect to a visual representation of the

‘

heart, and obtain, at step 816, snccessive catheter locations of vatheter 118 i terms of the

30 representation of the heart cavity given the coordinates of the catheter sy Indicated by

:,4

the wdependant tracking system 188, It should be noted the frame of reforence

trapsformation can be performed in the opposite direction, Le., projecting fron

One drawbaek ol such an approach is that every time the catheter 110 is moved, Bguation

\

1 must be applied to the catheter location. However this is an instantanecus

-

catcnlation, so i practice either approach would be suitable.

{ atheter Tracking without Independent Tracking Svstem

(8 e flow dingram of another exemplary embodiment of & registration
procedure 688 that is performed without using any independent tracking svsiem,
Berause the tracking system is not utilized, the positions of spatial locations of the

catheler 118 relntive 1o sach other cannet be ascertained. In other words, without a

tracking system to track the relative movement of the catheter 118, no mfosmation is

3D
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available on the distance and direction that the catheter 118 moved from a first position 1o
goond position inside the heart chamber. Accordingly, because relative positions of
the catheter with re o different locations in the heart chamber cannot be divectly
determined (e, without having o pecform optimization cm_np'uiamsms}, an approach thet
gses & compostie of measurements taken at differont locations of the catheter 114, as was
performed in relation fo procedure 500, is not used. Conseguently, while the spatial
pesiboning of the catheter 118 with respect to the coordingte svstem of the 30
reprosentation of the heart cavity can be determined for a particular location, onee the
catheter 118 is moved to a difforent location within the heart chamber, fhe procedare 61
has to be pertormed anew o determine the spatial positioning of the new location of the
catheter 110 refative to the 3D representation of the heart cavity This spprouch has the

advantage of ne

I

ed for addiionad equipment {Le, the independent tracking

uJ
ifc
5
pay
”
joo]
i
P
el
%
ot
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[

arly, as shown in FIG 9, 8 3D representation of the patient’s heart cavity

woonstrucied, ab step 802, from volumetric data in a manner sumdlar to that outlined with

i~

respect o the constraction of the 3D representation performed at step S82 o ';};‘oc-e{i‘-.im

S04, The conductivity values at various lecations of the constructed 31 representation of

i 3

the heart cavity for various tissues are then assigned & step 604 10 2 manner similar (o the
conductivity sssignment performad @t stop 504 of procedure 586,
AL step 809, the catheter 118 1s inserted info the patient’s heart chamber, and the

catheter 118t moved to some unknown position. Subsequendy, st step 688 the control

mechaniam of electronics modale 140 commences an activation seguence of the OiEs of
the catheter 118 to cause current tjection into the intracardiac blood medium m which

the catheter 118 s disposed, in o manner stmilar to that performed at 818 of procedure
S Here tog, the control mechaisoy, or alternatively, the operator of system THY,
causes currend fo be gected 1 an ovdered sequential manner. Couseguently, potential
fields, vorrosponding o the various source/sink electrode configurations activated, are
formesd wmside the patient’s heart chamber,

The PMEs of the catheter 118 measure, ot 610, the potential fields present at the
slevtrodey” positiony, and the measured potentials are ampitfied and sampled by the

he

—

gloctronics module 148 of svstem 1080, Thus, at the catheter’s posttion tnside

37
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U heart chamber, multiple sets of potential ficld measurements, corresponding to

the respective source’sink slectrode configarations that were activated to create those

potential felds, are recorded and constitute the observed raw data that subsegnently is

usid 1o determine the location of the catheter 110 rafative to 3D reprosemsation of the
heurt cavity
Accordingly, as forther shown m FIG. 9, | at step 612 the measured potentials are

e, ssod W\‘ an

that may beused v

procedure $88, o defermine the position of the cathater 11 with respest to the

outimization ronding, such as any one of the various son-linear technique

-~

i respect 1o the non-linear optimization technigues porformed i

3

.,,.3
e

representation of the heart cavity. The processing operation and optimization procedurs
performed by procedure 600 af step 612 are similar 1o the operations deseribed sbove in
relation to Equations (612}, Briefly, an objective Rumction is defined that searches for

the coordinates of the catheter 116 {and by extension, the coordinates of the slectrodes

mounted on the ¢

would provide the

measuremens {1

catheter) with respect to the 3D representation of the heart cavity, that
Chest fitmasteh between the observed data sets of the potential

i, for each of activated CIE) and the comesponding theoretical potentind

valus,
Partivularly, the theoretical potential values at the slectrodes vsed 10 measnre the

potential field on

gated in the heart chamber as a result of the current injected by activated

soureesink electrodes can be expressed ast

%

i the pre

respectively, of the catheter 1310 with rexpoct 1o the €& frame of refe

vector, gy, ¢,8, ¥}, corresponds to the locations of the source'sink electrods

£r 3

the currendt relafi

tocations of the

dim) = d{r.6,0.71 = QAl6) ' § {18

cection matrix, Q. ¢, & 7). 1 s location of the centradd of the catheter

1w £y frame of refirence. .0 and y denote the yaw, pitch and roli,

21 -\ ~ g

¥ 3
L%

25 m u.tm;’

v o the centroid re. FIG. 10 shows 8 schemadic reprosentation of the

clectrodes relative to the origin of the frame ot reference of the 3

representaiion of the heart eavity, and relative {o the controid & representing the contar of

the objeet oy which the CIEs are mounted. Bguation (183

o

funcHon of the

aodtdo s g
 yvields the thooreticg] data as a

catheter location with respect to the frame of reforence of the 30

38
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representation of the heart cavity, Asnoted with respect to procedure 388, an squivalent
fornuiation of the problem represented by Bguation {18) would be o consider the
catheter as Ted, and view the conduetivity muatrig, 8, 88 @ function of e Under those
cirmunstances, this altermative formulation would produce the sgme results as the
formudation of Bguation (18),

With the fermulation of Equation {18), the objective function that will be used w0

determine the focation of the catheter 118 with respeet to the 3D representation of the

P{m) = d(m) ~d

um

i

By minimuring Hquation (19}, the model m that Teads to the best 1t of the

observed dals io a least-squares souse is determined. The optintization techdques that
ary appited to deternuning the best-Iit model moare similar 1o those desoribe in relation to

procedurs S04,

After the procedure 88 has determined the position of the cathwter TH with
respect o the 31 representation of the heart cavity, & cardise mapping procedurs
parformed wing the cathetor 110 can be performed, ss deseribed above, Upon the
completion o the mapping procedure at the carrent location of the catheter 11, the
gatheter may b meved 4o @ new location. Unlike procedure 566, which generates &
franstormation function that may be subseguently used at other catheter locations o
Jdetermine the positing of the catheter 1190 relative w the 3D reprezentation of the
endocardnan swelaee, once the catheter 110 18 moved o & new location, the procedure

Hi 18 repeated to determine the new location of the catheter 118,

Additiona Bleotrode Conlizurations

In the apecific embodunents deseribe above, both the CIEs and PMEs are on the
same catheter. Other configurations are also possibie as shows in FIGS. Ha-w. For
example, widle FIG. ia shows catheter 11043 in & paticnts heart chanthey 108 s having
both CIEs (specifically, CIET, CIE2, CIE3, and CIBE4) and PMEs {spocifically, PME

-ong, FIGR. T and e show configurations with two (2} catheters, the second of

which iv anchored within the heart 3o av not fo move relative to the heart chamber and

13
red
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wmclades some or all of the CIRs, while the other catheter ix movable and inclodes the
FMEs (which may alse be used for cardiac mapping).

3

Referring to FIG. 11b, the first movable catheter 110b includes the PME

L

5%

{speoificatly, PME 10, but not CIEs, all of which are located on the second catheter
111h, The seoond vatheter may be anchored in structures such as the oo CTANY SINUS,
afrial appendsges, ora ventricular apex. The second catheter may be o Hnear catholer

with ClEs spaved apart from each other along & linear Hne, The frst cathetor would

vontain ol PME which would be distriboted somoewhat wrnformly on a 3T ewrfhce.

Beturing to FIGL T, the fivst movable catheter 110 includes sl of the PMEs

{which may also be used for cardiac mapping) and some of the CIBs {specificatly CIEN,
CIELZ, CIELS, gnd CIET4), and the second catheter includes the vemaining ClFg

{specrfically, CIE2Y, CIR22, CIEZ3, CIER4). Accordingly, source’sink slectrode pairs
sy be wsed across the two catheters. In this manner one of the current injecting

0y

clectrodes can anchored with

=
vu

espeet to the heart while the other 1 moving.

o

In general, the vartous electrode types may be mounted on multiple ui’}jt}{:’iﬁ that

are deployed

embodiments, rather than injecting

P

the curronts using a scuond catheter \,*\ i FIGS, 1
and Ficy, cutaneons patches may be used on the body surface to inject current into the

heart savity from outside the heart cavity.

o

n yet furthor embodiments, one or more of the electrodes on ﬁ catheter can be
driven by electronics module 148 to function as both a CIE and a PME. For example,
when 1 1s desired to use an electrode as both PME and CIE, the clecirade is sonnected o

both a signal acquisition module and a signal generation modaele, For erample, or the

18

3

clectronics module depicted in FIG 4, when the electrods 15 not nsed as o CIE 4o drive 2
current, the ywilch in the signal generation module corresponding to the respective

electrode is opened.  Accordingly, time division multiplexing schemes in the driving

ped

-

clectrontes of module 146 can be used to operate a given catheter electrode ax cither a
CIE or a PME. In yet another example, the dlectronics module can drive 8 given efeetrode
s that it functions as o CIE at high frequencies and a PME at fow froquencies {such as

might be usetul for cardiac mapping)
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sonoplex Conductivity

Agmoted shove, the measurements collocted st the PMESs as aresull of current

frjocted by the CIE are generslly affected by the complex sonductivity, or admiitivity,

£

distribution of the mediun, While the specific embodiment discussed above fovus on the

real part of the conductivity which affects the amplitade messured by the PMEs,

3

additional iInformation can also be obiained by accounting for the rea! purt {oonductivity)

and imaginary part {(penmittivity} of the medinm’s comples conductivity, which affects
the amplitude and phase of the signal measered by the FME. In this manner, the use of
both amplitude and phase, or phase alone may also be wsed for tracking andior astomatic
registration, Use of the imaginary part of the complex conductivity is of partieular
tmportance n material distributions where the permittivity contrast exceeds that of the

scductiv Hy vonirast.
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o modify the mathematical formalism for the specific embodiments desoribed
above to aceount for imaginary part of the complex conductivity, the forward problom
expressed it Hgoation (1) is changed. Specifically, Bauation (1) is modified as follows:

VotV = 1B n, =Bl ~r_§). {3

s

where o and ¢ represent the complex conductivity and complex potential, respectively,

The complex conductivity Is defined av o = o+ joe, where o is the real component of
srductivity {as in Equation 1), o is the frequency of the corrent souwrce, and gis the
clectrical permittivity. From Bquation (2Q), one can obiain a corresponding discrotized
system, analogous o Hquation (2}, that accounis for the complex conductivity and
potertial, The eptimization approaches deseribed above can then be applied o this

complen discretized system to pecform the complex impedanee registration.

Post Rewtstration/ Tracking Operation

Once the registration procedute is completed, the cardiac mapping (2.2, noo-
contact mapping) of lectro-physiologieal information about the endocardium surfhee, as
woll ay sther post-registration operations may be performed. A deseription of the
mappng and other post-operations procedures that may be performed are provided for
example, in application serial No. 11/451,871, entitled "NON-CONTACT CARDIAC
MAPPING, INCLUDING RESOLUTION MAP” and filed June 13, 2008, the content of
which is bereby tncorporated by reference in s entirety, as well a5 appHcation serial Nos,

Iiﬁ"i

b

114451, 90K, referred o above.

w‘ ]
P
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Brietly, and with reference to FIG. 12, the cutheter 110 niay be moved to a first
fovation within the heart chamber, at step 902, in which the first set of measurement by

H

the catheter™s multiple mapping electrodes is parformed. Control of the catheter’

movement and location within the heart chamber is performed manually by e operator
manipulating the catheter 110, Alternatively, the movement of the catheter 118 within
the heast chamber may be sutomated by use of technigoes such as magnetic (see, e,

Stereotasss, Ing. of St Louis, MO} or robotic (see, ¢.g., Hansen Roboties, Ine)

-!./“

3 T

navigation. Catheter manipalation may be used to cause the catheter fo follow a pre-

deterniined displacement route to collect data at locations that may be considered o be of

P

Py
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higher interest than others, For example, in some erabodiments, the catheter 118 may be

<3

moved at specified displacemoent intervals fo an arcs of the heart chamber that is know

»s

1
¥

ey

to have abuormal cardiac activity,

~

The 3D lecation of the catheter 110, andior {6 iis multiple clectrodes, is then

determuned using one of the technigues discussed sbove, I s tracking sysiem, such as the

3

mndependent tracking system 188, 18 used, the coordinate systim transformation function

1

between the tracking system 186 & of reforence and the 313 represenigtinn of the
heart cavity as determined, for example, af step 516 of procedure 504, {5 applied s the
coordinates of the catheter 118 identified by the independent racking system 186, Wan
sudependent tracking system 13 not used o facilitate determining the location of the
catheter 138 in the pationt’s heart chamber, the location of the catheter 138 in relation to

3

the 3D representation of the endocardinm surface is detormined by performdng, for

&

,,»

exanple, procedurs 680 as deseribed herein.
Al fts current location, the multiple mapping electrodes of the catheter 118

{which, as previcusly noted, may be the same as the PMEs used during the tracking

N\

process as implemented either through procedure S8 or procedure 608} aoguire signsls

*r

vesulting Hrom the heart's clectrical activitics (at 994).
The mapping system {which may be implemented using the same hardware usad

toy imploment rogistration sysiem 100) generates reconstruction travsformation functions,

i step ¥, 1o be applied on the sequired signals to reconstruct the electro-physiolagical
iformation at the endocardiom surface. The generated reconstrustion transformation
functions may be based, among other things, on pre-computed reconstruction

transformation functions that were previcusly determined {generally prior to insertion of
the catheter THY into the patient’s heart chamber), and the catheter’s lovation relative to
the endocardium surface. Thus, in some embodiments, for every location of' the catheter
118 at which raw data 13 acguived, a corresponding set of reconstructed electrn-
physiclogiont information Is computed.

Adfter the raw data corresponding o the heart’s clectrical activity has heen

aeguired, revorded and processed using reconstruction transformation functionds) o
obiain reconstrucied electro-phystological information at the endocardium surlace {also

al step 900}, a dotermination 1s made, at step 998, whether there are additional locations
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vithin the heart chumber to which the catheter 11613 to be moved. I there sre sdditionsl
locations 1 the hoart chamber to which the catheter 110 needs to be nwved the catheler is
moved, using manual or sutomatic control, 1o the next location in the heart shamber,
whereupon the operation descrbed in relation to the steps 902-986 i FIG. 12 are

performed for that next location.

the endocardium surface, in some embodiments the cz;the’{a;:r 110 12 moved to more than
three focations (for examplo, more than §, 10, or even 30 Jocations} within the heart

chamber. Farther, the spatial range over which the catheter is moved muay be larger than

=

one third {1/3) of the dlameter of the heart cavity {for example, larger than 3386, 40%,

i
%

0% or even G0% of the diameter of the heart cavity),

i1 some iy

vt

(¢

hodinents, a composite set of eleciro-physiological information can
ne geporated by selecting from multiple sets of reconstrucied clectro-physiotogical

fnformation portions of the reconsiracted information. Selecting which portions of

oy

reconstructed information e use can be based on resolation maps that are indicative of

o

the quality of the recoustructed information for @ particalar portion or set of the

£

secomstnieted alevtro~physivlogical information. Other eriteria and teehniques for

2 a

mitable portions of data to reconstruct 4 composite sot of electro-physiological

e 7
&
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3
L
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indormation way be ased,

N

in some embodiments, one {or more) composite reconstruction tranaformation
function 1s comypruted that is applied collectively to the raw data acgoired al multiple

i

iovations to gensrate a resultant composite set of reconstructed eloctro-physiological

information based on & sobstantial part of the data scquired. Such a transformation

function represents A “megy transformation function” that ¢ ,szsp{mdz: a “mega
catheter,™ whose sffective number of clectrodes and electrode span is related w the

mamber of ocativns to which the catheter was moved within the heart chamber, Under
those crrcumstances the generation of the composite reconstrugtion transformation

erred until data s collected from the cathoter’s multiple focations.

et
ol
~
ey
vy
e
e
Z
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pos)
ot
N
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P
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m

;:\_‘si‘gfm;zsi':i*«?ﬁ:‘i}-‘, in some embodiments, the “mepa transformation Rmetion”™ and
moga vatheter™ may bo updated on an ongoing basis to take finto avcount & given

relevant messurement window, This window may be g fixed nunber of mes

a4
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such that the amival of pew measurements displaces measurements that were obtained

volore the tme window, This vields a constanily updaiing moving average.

in some embodunents, sigeals are measured throughout & heart heat eyele (for
xample, & megsurement can be made at each catheter electrods at sach of multiple,

. &

different phases of a single beat heart cyele).
Yot in fwrther embodiments the reconstructed set of electro-physiological

o

information {3 computed based on measureraents taken over one or more heart heats, In

the latter situation, the catheter is moved to a particular loeation, and acquires nuultiple
sets of raw data over several heart beats. The acquived data is averaged, and the

reconstruction provess is applied to the aversged values. H the data iz scquired over &
heart beats e, § measurements), an improvement in the signal-to-noise ratio

3

proportional to « A s obtained. The timing of the measurement operation ia generally

synchronized to ensore that measured data Is aoquired at approsimately the sane phase of

i i determined at 908 that there ave no additional Tocations within the heart

chamber i which data needs to be collected, then the non-contact mupping system may

N

perform at $18 post-processing operations on the reconstructed electro-physiologionl
information to exteact olinteally useful date. As noted, in some enmbodiments the
mapping system produces a composite reconstructed set of electro-physiologioal
wlormation. Post processing operation are perfornied, under those sircunsiances, on the
coamposite set of reconstructed electro-physivlogical information. In some circumstances
wihers the non~contact mapping systom produces maltiple reconstrocted sets of electro-
physiplogieal information for the raw data collected at cach location in the heard chamber
to wihnch the catheter 110 was moved, the post processing operations are performed

mdividually on one or imore sets of reconstructed clectro-physiological Information.

=3
o

somie embodiments, the post processing may involve nothing further then
sefecting a format for owlpuiting {e.g., displaying} the reconstructed potentials to a user,
thor embediments, the post-processing may involve significant further mathematical
manipiiation of the reconstructed potentials to provide additional types of clestro-

L

physinlogical information.

o
LA
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The reconstructed clectro-physiological information andfor sets of post-processed

daia are then displayed a1 912, The informstion, be i the reconsiructed gloctro-

i

physiological information or any data resulting from the post-processing perfonmed at

A= & =

910, is displayed o a 303 graphical rendering of the 3D representation of the
endocardinm surface genorated from the same data set acquired a2t 602 or at 502,

N

One of the post-processing operations performed on the reconstructed setfs) of

>

eleciro-physiological information can include the geperation of 2 resclution map. Sucha

X

=

resclution map mdicates the spatial resolution of slectro-physiclogioal information at

potts on the endovardium swiace, therehy providing s measure of the refability and

accurgey of he information at various poim‘s on the endocardium surface. The

infurmation by associating with individual sets of scquired raw data andior individual

3

sets of reconstrncted lectro-physiclogical information corresponding resolution maps.,

y
L4

hd I

resuliant composite set is then formed by selecting portions of acguired taw data {or
reconsiracted infonmationy whose reliability or accuracy, a3 indicated by the resclution

map corresponding 1o the set from which the dats is “&,h.v{k(i 15 sufficiently high

Resolution maps may be used with any form of post-processing opergtion inclading all
mades linted below. Strictly speaking, information about the resciution maps cas he

determined prior fo obtalning the reconstructed potential data; however, herein we

generaily refer to the generation and display of the resolution map as “post-procesdng”

hecanse such information is typically presented to the user after at least some of the

potentials ave reconsiracted,

o
—
Sanps
oyt
&

Ancther type of post-processing operation that may e performed includes
generation of isopotential maps. Particulardy, whers the reconstructed elegtror
physiological information pertaing to clectrical potentials, the reconstructad potentials
may be color coded and superimposed on the 3D endocardial representation. Isoppiential
miaps are the reconstructed potentials computed for every sampled thue instance for a set
of data acgquived over a single or maeltiple heart beats

¥ et another type of post-processing operation includes the generation of Hming
maps {such as activation time maps). The iming maps provide information on the Ume-

dependent behavior of the hearts clectrical activity, Particalarly, the activation map

46
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indicates at what polit in time particular points on the endocardiom surface experience s
change in thelr electrical activity, For example, the sclivation map sould identify the
point i tine af which particular colls on the endocardivm sorface sxperionced
depolarizalion. Another type of tming map may be an so-doeration map whers the
amount of Hme cortain tissue has been active for is detected, Thming maps may be
computed from the reeonstracted potentialy over & single or mudtiple heart beats, Timing
maps way be determined and displayed for one or more poinis on the endocardium
surface representatio

Auother type of post processing operation that may be perfin oved 1t $18 s the
genoration of veltage maps. Voltage maps can be used fo display charncteristios of
visltage ampifude ina given area. The voltage maps may be computed fom the

reconstructed potentialy over & single or multiple heart beats. Usefud voltage map

sformation that may be determined and displayed for one or more po
endocasdinm surface representation includes the maximum amplitude, or root mean
sepuare potential valnes,

Another type of post-processing operation is the generation of & difference map.

T

ot

w difference map provides mformation regarding the effectiveness of the clinies!
provedure {v.g., ablation) performed on the patient to ameliorste the symptoms of
arrhyythmias. The difference map compares the electrica] behavior of the heart, as
reflected from two or mote voltage maps generated before and after the perfumance of
the particnhyr clinical procedure.

A Burther type of post processing operation is the generation of fregueney maps.
Freguency mapping, and more gencrally spectral analysis, are used {o identiy on the
endocardiun surface localized sttes of high-frequency activity doring fibrillation.

Frequeney maps are compated by acquiring multiple sets of reconstructed information

A

Hl

over @ particular Hme interval which inchudes a single or multiple beart beats. The
acguired raw data 18 then used to oblain the frequency representation of that dat
Specific information {e.g., dominant frequency components) from the frequency

representation 18 subsequently identified, and that wentified information may be

drsplayed.
Other types of post-processing information may Hkewise be performed at 9318,

pos
a3
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OTHER EMBODIMENTS
The methods and systems described herem ars pot limited (o 2 partioniar hardware
or sefbware configuration, and may find applicability in many computing or processing
environmurds. The methods and systems can be implemented in hardware, or a

combination of hardware and software, and/or can be implemented from commercially

available moduies applications and devices, Where the implementation of the systons
and metheds desunbed herein is at least partly based on use of microprovessors, the

1
i3

methods and systers can be implemented in one or move computer programs, where a

computer program can be understood to include one or more processor executable
mstryctions, The computer program(s) can execute on one o more prograzamabie
processars, and can be stored on one or more sterage medium readable by the processer
{inchuding volatile and non-volatile memory and/or storape elements), one or more input
devices, and/or one or more cutpit devices, The processor thus can 80008s 00¢ OF Mot
tuput dovieot i obtain input data, and can access one or more output devicss ©
conmmunate sutput data. The mput and/or outpas devices can inchude one or nmrore of
the following: Random Access Memory (RAM), Redundant Arvay of Independont Disky

{RAIDY, floppy drive, CI, DVD, magnetic disk, internal hard deive, externad hard drive,
memory stiek, or other storage device capable o being accessed by a provessor as
provided herein, where such aforementioned examples are not exhasstive, and are for
Hustration and not Limitation.

The computer program{s} can be implemented using one or more Mgh lovel

£

»

yocedural or oblect-oriented programming languages to comnmunicate with a computer
R K &

veiam, however, the program{s} can be implemented In assembly or machine languags,
i desired, The language can be compiled or interpreted. The device(s} or computer

systems that infegrate with the processor{s) can include, for examyple, 8 personal

computar{s), workstabion {e.g., Sun, HP), personad digital assistant {PDAY, handheld
t A, el v =

v

device such as cellnlar telephone, laptop, handheld, or another device capable of belng
integrated with & processor{s} that cun operate us provided bersin, Accordingly, the
devices provided herein are not exhaustive and gre provided for tustration and aot

Tvitation.
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Reforences to “a microprocessor”™ and “a processor”, or “the micraprocessor” and

¥

“the processer,” can b understood to include one or more microprocessors that can

communicale in a stand-glone andfor a distributed covironment{s}, and can thus be

ured to conumunicate via wired or wireless communications with other processors,

where such one o more provessor can be condl gu.mai 1 (}pemm €371 GERES 7 FHOTE

referonves o memory, onless otherwise speaified, can inchude one or more processor-

1

readable snd accessible memory clements andfor components ¢

7
P
rvs/
£
(‘)
2
(e
g
g
[
)
joes
i
[
9
el
£~
=
;"
e,
povs
&

processer-coniroiled device, external fo the processar-controlled deviee, and can be

accessed via aowired or wireless network using 8 vaviety of communications protoeols,
and uniess otherwise specified, can be arranged to include s combination of external and

internal memory devices, where such memory can be contipuons andior partitioned based
on the application. Accordingly, references to a dutabase can be nnderstoad to include
O OV MOPe memoty asseciabions, where such references can include conmercially
available database products {e.g., SQL, Informix, Oracle) and alse proprigtary databases,
and may ala wnchude other structures for associating memory such as hinks, gueuss,
graphy, troes, with such structures provided for Hhustration and not Hmitation

A numiber of embodinents of the invention have been deseribed, Nevertheless, ¢
will be understood that various modifications may be made withowt departing from the
spirit and scope of the invention. Por example, a8 noted above, while the disoussion
above fooused on the awtermatic registration of the coordinate system of & roprosentation
of the heart o the coordinate system of an object inserted into the medium enclosed
within the heart {namely, the intracardiac blood), the procedures and systems desortbed
heretin may slse be adapted © be used for registering the coordinate sysfem of
representations of sther objocts that can be characterized ay # disiribution of muaterials
having difforent conductivities.

Furthermore, while i# s generally preforred that complete information about the
position of the pbjeet is determined, such as the Iocation of a point of the objeet and the
orientation of the object with respect to that point; in ofher embodimenty, the determined
posttion for the object may inclade fower than all of these degrees of freedom.

Acvordingly, other embodiments are within the scope of the following clavms.
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