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ChapterChapter 3 

Analysiss of Intracardia l 
Electrograms s 

Thiss chapter discusses the physiological background and methods of ana-
lysiss of electrograms that are recorded in the heart, either from endocardial, 
epicardial,, or intramural sites. A new algorithm for the creation of isochro-
nall  maps is presented. 

Inn this chapter, methods for analysis of intracardial electrograms wil l be dis-
cussed.. Sections 3.1-3.4 summarize the genesis of electrograms and the the-
oreticall  foundation for their analysis. Sections 3.5-3.8 discuss some practi-
call  methods for electrogram analysis. A new algorithm for the creation of 
isochronall  maps is presented in section 3.7. 

3.11 The Cell 

Thee contraction of cardiac myocytes, which makes the heart perform its 
pumpp function, is triggered by an electrical impulse. The electrical current 
thatt is responsible for the contraction is generated by the myocyte itself, 
aa phenomenon called the action potential. Action potentials also occur in 
nervee cells. The action potential can be triggered by electrical activity from 
neighbouringg cells, allowing the activation to spread quickly from a few 
"pacemaker""  cells and cover the heart in an organized fashion—a precon-
ditionn for efficient pump functioning. 

Thee electrical behaviour of the cell consists mainly of the movements of 
Na+,, K+, Ca2+ and Cl~ ions [84]. In contrast to, for example, oxygen and 
alcohol,, which can enter the cell by diffusion through the membrane, these 
ionss can enter and leave only through specific ion channels, either by diffu-
sionn or by active transport. An example of an active transport mechanism 
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iss the so-called sodium /potassium pump, which exchanges three Na+ ions 
forr two K+ ion at the cost of energy. 

Thee ion specificity, time dependence, and voltage dependence of ion 
channelss make the cell's electrodynamic behaviour, especially the action 
potential,, possible. There are many different kinds of ion channels. A defect 
inn one or more channel types, for example due to a genetic disorder, may 
provokee depolarization or repolarization abnormalities leading to electri-
call  dysfunction, and may cause sudden death at any stage of life. Exam-
pless are the Brugada syndrome and the long-QT syndrome [26,27,44,272]. 
Multichannell  ECG recordings can support the diagnosis of these disorders, 
ass discussed in chapter 5. Drugs are used to inactivate specific channels, 
experimentallyy to study the behaviour of channels, and clinically when it is 
desirablee to change the ion balance in the cardiac cells. 

Inn the following sections, a short discussion of the physical properties 
off  the cell that are important for its electrophysiology, and for the measure-
mentt of electrograms, is given. A complete discussion of these subjects was 
publishedd by Gulrajani [84, chapters 1, 2]. 

3.22 Action Potentials 

AA mathematical description of the dynamic electrical behaviour of the cell 
membranee is called a "membrane model." Such models can be used to 
improvee our understanding of the membrane, and for computer simulation 
off  its dynamics. The most important aspect of the membrane dynamics is 
thee action potential, which enables signal transport in nerves and triggers 
thee mechanical contraction of myocytes. 

Thee Hodgkin-Huxley membrane model, created specifically for the lo-
ligoligo (squid) giant axon [94], was the first dynamic model of the cell mem-
brane.. It was based on current-potential curves measured in cells. It uses 
aa simple description of the ion channel, which results from observations 
off  the time- and voltage-dependent permeabilities of the membrane. From 
thiss model and several empirical constants, differential equations for the 
Na++ and K+ permeabilities can be derived, by which the action potential 
andd several related phenomena of the squid giant axon could be simulated. 

Modelss with the same formulation as the Hodgkin-Huxley membrane 
model,, but parameter settings adapted to other cell types, were created 
later.. Such models are known as "Hodgkin-Huxley type models." McAllis-
terr [170] created a model for Purkinje fibres. Beeler and Reuter [19] created 
onee for ventricular myocytes. More elaborate models exist [51,52,61,159], 
butt for many purposes those of the Beeler-Reuter type suffice for simula-
tionn of ventricular muscle [110,165,247]. 
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Figuree 3.1: The tissue model that is commonly used in propagation models con-
sistssists of "cells" with a complicated electrical behaviour, here taken as "black boxes," 
connectedconnected to each other with resistances. These connections represent the intra-
cellularcellular conductance ff ;. The other side of the bidomain, the extracellular space 
oror interstitium, has conductance ae. For computation of the activation order, the 
extracellularextracellular domain can be assumed to have zero resistance, i.e., <re = 00. 

Theree are also membrane models that are not of the Hodgkin-Huxley 
type.. Hoyt's model, for example, is an equally adequate alternative for the 
Hodgkin-Huxleyy model [101]. Models of the FitzHugh-Nagumo type are 
muchh simpler. They are intended for simulation of action potential propa-
gationn or "conduction" (section 3.3), rather than modelling of the electrical 
behaviourr of the membrane itself [30,75]. 

3.33 Propagation 

Thee capability of cardiac cells to excite their neighbours, which leads to 
propagatedd activation, is essential for the coordinated contraction of the 
heart,, and for the generation of measurable extracellular and body surface 
electrograms.. Defects in this mechanism are a main cause of cardiac ar-
rhythmiass and may lead to a possibly fatal deterioration in cardiac func-
tion.. For the understanding of such defects, simulation of the propagation 
mechanismm has been used [84, 249]. In general, this is done by coupling 
celll  models, incorporating one of the membrane models described in sec-
tionn 3.2, with a model of the interstitium and the electrical interface between 
cells.. Thus, a complete tissue model is obtained (figure 3.1). 

AA particularly simple model was described by Van Capelle and Durrer 
[30].. In this model, the membrane was characterized by two functions ir(<t>) 
andd ia (4>) which described the voltage dependence of the transmembrane 
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currentt in the resting (maximally excitable) and active (inexcitable) states, 
respectively,, a voltage-dependent excitability function Y(4>), a membrane 
capacitancee C, and a time constant T. The state of a cell was characterized 
byy its excitability y and its membrane potential 4>. The time-dependence 
wass described by the equations 

C**  = i i on-yi a(<!>)-{i~y)i r(4>) (3-1) 
ryy = Y(cb)-y (3.2) 

Currentt flow between cells was limited by an adjustable resistance R = 
l/ffj .. The extracellular resistance was taken zero. 

Inn contrast to the Hodgkin-Huxley type models, the description of the 
membranee in terms of iT(<$>),  ia(4>), and Y(4>) was not intended to clarify 
thee membrane gating mechanisms; rather, its purpose was to allow any 
desiredd cell type, such as infarcted cells, to be represented. The purpose 
off  the model was to simulate propagation, assuming that the behaviour of 
thee cells is given from experimental or theoretical data. For example, the 
genesiss of focal arrhythmias due to injury currents could be simulated with 
thiss model I30,116]. 

Maglaverass et al. employed a Beeler-Reuter membrane model, to exam-
inee the suitability of the surface Laplacian of the extracellular potential as 
ann indicator of local activation near tissue discontinuities [165]. This is dis-
cussedd in section 3.4.2. In other papers these authors describe the effect of 
barrierss and infarction on simulated propagation [163,166]. 

Propagationn models without realistic modelling of the cell membrane 
dynamicss and tissue conductance have also been described [72,175,261]. 
Manyy phenomena can be simulated with a model consisting of a limited 
numberr of elements, representing cardiac cells or groups of cells. The el-
ementss are finite state automata with two states: active and inactive. A 
largerr number of states can be used to model relative refractoriness [175]. 
Theirr behaviour is characterized only by (1) an activation delay, the mini-
mumm interval between the activation time of an element and the time it 
activatess its neighbours, (2) an active time, the maximum interval between 
thee activation time of an element and the time it activates its neighbours, 
andd (3) a refractory period, the time interval during which the element can-
nott be activated again. Activation delays can have fixed values, or can be 
computedd in more complex ways. Numerous simplifications and compli-
ficationss can be implemented; for example, the interval between activation 
off  the element and its activating of other elements can be fixed, in which 
casee the activation delay equals the active time. 

Suchh simple models can be implemented in computer programs, but 
alsoo using dedicated electronics. Therefore such models could be devel-
opedd during the nineteen-sixties and -seventies when computers were not 
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Figuree 3.2: (a) Circuit diagram of three elements of the electronic heart model de-
scribedscribed by Van der Tweel et ah, reproduced from the original publication [261]. 
EachEach element consists of two timers, implementing an 80 ms activation delay, 
andand a 350 +80 ms refractory period, during which new activations are inhibited. 
(b)) Overview of the model display. Each dot indicates a light, dashed lines separate 
groupsgroups of lights. Each group represents one element of the electronic model. 

yett common equipment. An electronic model of the entire heart, intended 
forr demonstration and teaching purposes, was described by Van der Tweel 
ett al. [261]. This model is illustrated in figure 3.2. 

3.44 Extracellular Potentials and Activation 
Detection n 

Too determine propagation of activation on a microscopic scale, measuring 
thee transmembrane potential is very appropriate. However, for macro-
scopicc activation mapping, i.e., mapping of areas much larger than a single 
cell,, intracellular recordings are not practical. First, because an intracellu-
larr recording provides information on a single cell only, and the number of 
cellss would be far too large to measure each one of them. Second, intracel-
lularr recordings are hard to obtain with conventional techniques because 
theyy require the insertion of a small and fragile glass electrode into the cell, 
whichh is difficult at least, and virtually impossible in a beating heart. 

AA relatively recent solution is optical mapping using voltage-sensitive 
dyess [75,267,277] to measure action potentials. If a video camera assesses 
thee dye activity, thousands of "leads" are available. However, the temporal 
resolutionn of such systems is currently limited to a few hundred frames per 
second.. This means that temporal multiplexing is required to obtain the 
samplingg frequencies of a few kHz that are necessary for recording action 
potentialss [267]. 
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Figuree 3.3: Upper panel: stylized intracellular electrogram, representing the mem-
branebrane potential cbm of a healthy myocyte in normal circumstances. Lower panel: 
stylizedstylized unipolar extracellular electrogram <J)e that would he measured at a site 
wherewhere propagation passes, by cells with a membrane potential that behaves as in 
thethe upper panel. The instant of peak negative cjje corresponds to the upward slope 
ofof 4>m in cells directly under the extracellular electrode. 

Extracellularr recordings, which compare potentials at different extra-
cellularr positions, are more commonly used as an alternative for intracellu-
larr recordings. Endocardial, intramural, epicardial, and body surface leads 
aree all examples of extracellular recordings. Propagating action potentials 
inn intracellular recordings are accompanied by steep negative deflections 
inn local (unipolar) extracellular recordings (figure 3.3) [115,246,248-250]. 
Suchh negative deflections have become the most commonly used indicator 
off  activation passing under an electrode [4,13]. 

Analysiss of the extracellular electrogram is complicated because the ex-
tracellularr potential is a result of activation in the entire heart. In order 
too understand this, we can consider the heart as consisting of two spa-
tiallyy coincident domains (figure 3.1). The bidomain model of cardiac tissue 
consistss of the intracellular space, i.e. cell interiors and conducting links 
betweenn cells (upper layer of resistors in figure 3.1), and the extracellular 
spacee (lower layer of resistors in figure 3.1). These domains are separated 
byy the cell membrane. Potentials are measured in the extracellular space, 
whilee the intracellular domain and membrane are considered as a "black 
box""  that injects current into the extracellular domain. This current is spec-
ifiedd by a current density Im. Generally, the current density varies over 
space;; hence it is denoted Im(r). If Im(f) is given for all positions f i n the 
entiree cardiac volume V, the potential at a point x is given by [84] 
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wheree the integration is over the entire cardiac volume. <re denotes the 
conductivityy of the extracellular space, which must be homogeneous. The 
potentiall  <\>  is defined with respect to a reference that is placed infinitely 
farr away. In practice, either an approximation of "infinity " is used, or the 
differencee between potentials cj) at two locations is observed instead of the 
potentialss themselves. From equation (3.3) it is clear that the contribution 
off  remote tissue, represented by the injected current Im at remote sites, to 
thee local potential is inversely proportional to the distance. Because the 
amountt of remote tissue is much larger than the amount of local tissue, 
remotee tissue contributes notably to the local unipolar electrogram 4>(t, x). 
Thee expression for <J)(x) in case of a nonhomogeneous cre(r) is much more 
complicatedd [84]. 

Duee to the contribution of activation in tissue remote from the record-
ingg electrode, detection of local activation in unipolar electrograms can be 
difficult .. In healthy tissue and for normal propagation, local activation gen-
eratess a negative deflection that is steeper than any other part of the lead. 
Butt under less ideal circumstances, for example in (partially) infarcted tis-
suee or when the electrode has poor contact with the tissue, a large distant 
sourcee may generate a steeper deflection than a small local source [5]. A 
thresholdd for the slope can be helpful to disqualify remote activations, but 
itt wil ll  also reject small local activations. Noise presents an additional prob-
lem:: it can increase or decrease the slope of a lead and thus enhance or 
maskk a small deflection. 

Severall  methods to discriminate between local and remote activations 
weree studied by different researchers. These are discussed in section 3.5. 
Onee of them uses the estimated transmembrane current; this wil l be dis-
cussedd in section 3.4.2. 

3.4.11 Unipolar  versus bipolar  electrograms 

Thee potential difference between an electrode in the heart and an 'indif-
ferent'' electrode placed far away is called a unipolar potential; a signal 
recordedd in this way is called a unipolar electrogram. A bipolar electrogram 
iss a signal consisting of the difference of potentials measured at two closely 
separatedd electrodes. Since the position of these electrodes is almost the 
same,, the contributions of activation in remote tissue on their potentials 
wil ll  be similar and therefore cancel each other in the subtraction. In con-
trast,, unipolar signals may contain large remote components, which may 
maskk deflections resulting from local activation if these are relatively small, 
suchh as in surviving strands of myocardial tissue in infarcted areas. There-
foree it is often easier to infer local activation from bipolar signals than from 
unipolarr signals. 
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AA disadvantage of bipolar leads is that the amplitude of the deflection 
resultingg from local activation depends on the orientation of the electrode 
pairr with respect to the activation front. If the orientation is exactly par-
allell  to the front, activation affects the potential on both electrodes in the 
samee way and no deflection is measured in the bipolar electrogram. Such 
problemss do not occur with unipolar electrograms. Another disadvantage 
off  the bipolar electrogram is that in the presence of complicated activation 
patternss (fractionated signals) it may be difficult to analyze. Furthermore, 
thee cancellation of remote effects obtained by bipolar recording is not al-
wayss an advantage. For example, remote components in the unipolar elec-
trogramm may help to identify the exit site of arrhythmia during endocardial 
catheterr mapping. An overview of the advantages and disadvantages of 
unipolarr and bipolar recording was given by De Bakker et al. [13]. 

34.22 The coaxial lead, the transmembrane current , and the 
surfacee Laplacian 

Ann alternative way to reduce the influence of remote activity on electro-
gramss is to subtract the potential of several neighbouring electrodes, in-
steadd of just one. De Bakker et al. used the term "coaxial lead." A sample 
fromm a coaxial lead consists of the value at the lead minus the mean of 
thee values at its neighbours [14]. Let 4>0 0 denote the potential at a central 
electrodee in a square grid, cj)_1 0 the potential at its left neighbour, etc. An 
implementationn of the coaxial signal, using four neighbours, is 

4 4 

Onn a square grid, the coaxial signal is proportional to a second-order ap-
proximationn of the surface Laplacian (further referred to as "Laplacian"): the 
secondd spatial derivative. The Laplacian (denoted with the squared nabla 
operatorr V2) of a scalar field F, is defined as 

Ö2FF 32F 
ox22 oy2 

AA second-order approximation of the Laplacian of a vector field 4» in a point 
(0,, o) on a square grid is 

V24>o,oo - ^ ( * - i . o + * i . o + < V 1 + 4>o., - 44>0,0) (3-6) 

wheree d is the interelectrode distance. Combining (3.4) and (3.6) results in 

Y ^ - ^ V 2 4 >> (3-7) 
4 4 



3.43.4 Extracellular Potentials and Activation Detection 53 

Generalizing,, the coaxial-lead signal can be defined as the difference be-
tweenn the actual signal and the signal that would be measured if the esti-
matedd Laplacian at its site were zero: 

yy =- — V2cbA (3.8) 
' 0 , 00 . ^ 0 , 0 ^  ' 

4 4 

Thee term "coaxial lead" wil l be used here with this interpretation. The coax-
iall  lead is always defined for a particular interelectrode distance d. The 
advantagee of the coaxial lead over the Laplacian itself is that it provides a 
potentiall  difference, of the same order of magnitude as the original lead, 
ratherr than a combination of spatial derivatives (expressed in V/m2). In 
addition,, it has the same sign as the original lead. It can therefore be inter-
pretedd as a purified local lead. 

Itt should be noted that this application of coaxial leads is rather dif-
ferentt from the application of coaxial electrodes for Laplacian mapping at 
thee body surface, which is advocated by some researchers as superior over 
potentiall  mapping, while others demonstrated that it is technically impos-
siblee [74,188]. 

Anotherr reason for using (approximations of) the surface Laplacian is 
thatt it can be shown that it is linearly related to the local transmembrane 
currentt Im [84,165]: 

IMM = - ^ <3.9> 
P P 

wheree p is the extracellular resistivity. The transmembrane current in turn 
iss a good indicator for local activation [165]. However, for correct estima-
tionn of the Laplacian, the interelectrode distance must be smaller than the 
typicall  dimensions of the variations in the potential field, which is a frac-
tionn of a millimeter. Most grids have larger interelectrode distances. This 
resultss in erroneous values for the Laplacian. Coronel et al. showed that the 
Laplaciann decreases with interelectrode distance 0.3,0.6,... 1.8 mm, but the 
instantt of zero crossing, which is used as an estimate for the activation time, 
doess not change [37]. 

InIn conclusion, an estimate of the surface Laplacian can be used to detect 
locall  activation. In case of large interelectrode distances, however, the term 
"coaxiall  lead" is more appropriate. Using the coaxial lead as defined in 
equationn (3.8), a signal is obtained that can be interpreted in the same way 
ass unipolar electrograms, but with a reduced influence of remote activation. 
Severall  authors investigated the application of the surface Laplacian for ac-
tivationn detection in unipolar electrograms [165,277,278]; this is discussed 
inn section 3.5.2. 
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I I 

(0,0) ) 

Figuree 3.4: Grid points involved in surface Laplacian computation. The cen-
traltral  electrode is labelled (0,0). The other electrodes used in S+ (equation 3.11) 
areare indicated with open circles. These electrodes are known as the "^-connected 
neigbours"neigbours" of the central electrode. The electrodes used in Sx (equation 3.12) are 
indicatedindicated with solid dots. Together with the ̂ -connected neigbours these electrodes 
constituteconstitute the "8-connected neigbours" of the central electrode. 

3.4.33 Computation of the surface Laplacian 

Forr a plane regular grid, relatively simple expressions for the surface Lapla-
ciann can be derived by making a two-dimensional Taylor's expansion. The 
second-orderr expansion leads to the well-known approximation given in 
equationn (3.6) above. Bickley [21] published the expansion up to fourth 
order,, resulting in the expression 

V2*o,oo = ^ l ( 4 S+ + Sx - 2 o 4 )0 0 ) (3.10) 

withh interelectrode distance d and 

S++ *-i, o + *i, o + K-i + *o,i <3-") 
SXX * - , , - ! + <i>-I.l + * , , - ! + *!, , (3-12) 

wheree $>i -}  denotes the potential at an electrode in row i and column j , 
countedd with respect to the central electrode labelled (o, o) (figure 3.4). The 
approximationn (3.10) is more accurate than (3.6), but since it involves more 
electrodess it is a somewhat less "local" estimate. A method involving even 
moree electrodes, suitable for relatively dense grids, is presented by Bick-
leyy [21]. The surface Laplacian can also be computed on an irregular grid; 
methodss for this purpose were discussed by Huiskamp [109]. 
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3.4.44 Measurements of the transmembrane current 

Severall  methods have been proposed to estimate the transmembrane cur-
rentt using multiple closely separated electrodes [116,165,277]. The trans-
membranee current is used to study the electrical behaviour of the tissue, 
suchh as the occurrence of "injury currents" [116], in which case the value 
off  the transmembrane current is of interest. In addition, a signal that is 
proportionall  to the transmembrane current can be used as an indicator for 
locall  activation (section 3.5). 

Jansee et al. [116] used the Laplacian to compute transmembrane cur-
rentss of ischaemic cells. They applied equation (3.9) with an experimentally 
derivedd value of 4 0m for the tissue resistance pe. For the Laplacian, they 
usedd equation (3.10). The study suggested that the DC "injury current" gen-
eratedd by ischaemic cells at the border zone of an area of acute infarction 
couldd be responsible for focal arrhythmias. 

3.4.55 The surface ECG 

Thee surface ECG can be considered as an extracellular electrogram recorded 
att a relatively large distance. The large distance between the current sources 
inn the heart and the surface electrodes has two consequences: first, the max-
imumm potential difference between electrodes is much smaller (typically a 
feww mV on the body surface and about 20 mV in the heart) and second, 
theree is no electrode available that may be considered "infinitely far away" 
withh respect to surface electrodes. Therefore, the average signal of three 
electrodess attached to the arms and the left leg, known as "Wilson's cen-
trall  terminal" (WCT), is commonly used as a reference. The surface ECG is 
discussedd in chapters 5-8. 

3.55 Activation Mapping 

Inn section 3.4.1, the two major types of electrograms, the unipolar and the 
bipolar,, were introduced. A disadvantage of bipolar electrograms is that 
theyy need two electrodes and thus two wires for each measuring position. 
Thiss can be especially important if electrograms are recorded simultane-
ouslyy from many positions. Such simultaneous multilead recordings are 
commonlyy used for activation mapping: the assessment of cardiac activa-
tionn patterns. This section discusses methods of activation detection that 
cann be used with unipolar electrograms, especially those from large, dense 
electrodee arrays as used in activation-mapping procedures. 

AA moving activation front in the heart results in a deflection in an ex-
tracellularr electrogram [246]. When the front moves towards the recording 
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electrodee it records a positive potential, and when the front moves away 
aa negative potential ensues. This results in a biphasic deflection. When a 
frontt passes at a distance, roughly the same waveform is recorded, but the 
deflectionn is less steep. Since the steepness also depends on the front's size, 
onn the depth below the surface, and on tissue properties, it can not always 
bee decided from the steepness of a single electrogram whether local acti-
vationn occurs. A deflection can only be known to be local in one place if it 
iss known that it is not local in a different place. This can be established by 
recordingg simultaneously from many sites. The activation front at a certain 
instantt is determined by the recording sites where electrograms show the 
steepestt negative deflection at that instant. This is the classical method of 
activationn mapping. 

3.5.11 Single-lead criteria 

Additionall  criteria that may be used to identify local activation are that 
thee deflection should be steeper than a limit value, that the peak-peak am-
plitudee of a local bipolar lead should exceed a limit value, and that they 
shouldd fit in a propagating activation front [4,6,14]. 

Ass pointed out by Anderson et al. [4], these methods can bias the results 
becausee they use preconceptions such as the idea that a single propagating 
activationn front should be present. These authors combine three such cri-
teriaa to assign a rank to deflections in order to obtain a performance test 
forr activation-detection algorithms. This test is applied to several candi-
datee algorithms, using epicardial recordings obtained from humans ( 8 x8 
electrodee array, 2 mm interelectrode distance, 500 Hz sampling frequency). 
Thee first derivative turned out to perform very well, if an appropriate limit 
valuee was chosen. The best separation between high-ranking and low-
rankingg deflections was provided by the function 

^ = r -- + ctt>4o (3-13) 

wheree c was a constant (depending on the units employed), (J) 0 (t = t,) was 
thee potential difference between the peak and nadir voltages within a time 
windoww (t, - 40ms, t1 + 40ms), and 4^ was the peak-to-peak voltage in a 

33 ms window of the second derivative, computed with a 5-point formula. 
AA drawback of locally operating functions like these is that a limit value 

mustt be chosen, and the optimal limit value depends on the recording cir-
cumstances:: there are differences between the intact and the open chest, 
betweenn atrial and ventricular tissue, species, subjects, etc. Probably the 
constantt c in (3.13) also depends on the recording circumstances. 
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Nott only the constants, but even the selection of functions for a linear 
combinationn such as (3.13), like cj) arid cf> , may depend on the recording 
circumstances.. This became clear in another study by the same group [5] 
wheree epkardial recordings from human atria and ventricles were obtained 
simultaneously;; it turned out that of) provides the best separation between 
locall  ventricular and remote ventricular deflections, but the function 

yy = ^ i a (3.14) 

performedd best for local atrial and remote ventricular deflections. The au-
thorss explained the relatively poor performance of -v for ventricular loca-
tionss with the relatively large contribution of remote activity to the ampli-
tudee of ventricular deflections, compared to atrial deflections, due to the 
thickerr ventricular wall. This results in a large <P for ventricular deflec-
tions,, and thus a smaller "v . 

3.5.22 The Laplacian and the transmembrane current 

Inn two studies, Witkowski et al. established the transmembrane current 
ass a measure of local activation [277,278]. Both were based on electrode 
gridss with interelectrode spacing of about 200 pm, which approximates the 
lengthh of cardiac cells. 

Thee first study aimed at estimating the transmembrane current itself. 
Five-elementt electrode arrays on the in situ epicardium in dogs were used, 
andd sampled at a frequency of 16 kHz. Because the electrodes were con-
tainedd in an insulating plaque, and the heart was exposed, no current could 
floww perpendicular to the epicardium. The peak negative d(}>/dt was used 
too find local activations; for sinus rhythm, the limit for local activation was 
sett at - I O V / S . The transmembrane current Im was computed as propor-
tionall  to the time derivative of the surface electric field magnitude E = 
(Ex

22 + E 2)1/ /2, which was in turn computed from the potential differences 
betweenn the electrodes; Ex = —dty/dx and E — — dfy/dy. 

Severall  schemes to compute E can be used, differing in the number of 
electrodess required, and the position where E is computed. Three methods 
aree illustrated in figure 3.5. The third method combines the advantages of 
symmetryy and a small neighbourhood, and may therefore be considered 
optimal.. A disadvantage of this method is that values of E are defined at 
positionss between the positions where 4> is defined, i.e. on a different grid. 
Thiss can be inconvenient for software implementations. 

Althoughh theoretically the activation time derived from Im is best pre-
dictedd by the negative zero crossing of the signal, Witkowski et al. used the 
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Figuree 3.5: Three schemes to compute the electric field E in a square rectangular 
electrodeelectrode array. Dots indicate electrodes, arrows indicate which electrodes are used 
toto compute a component of E. (a) Using two neighbours; this is highly local, but 
thethe formula is asymmetric, i.e., it is not clear for which position E is computed. 
(b)) Using four neighbours; it is now clear that E ;'s computed at the central elec-
trode,trode, but the neighbourhood is much larger. This means that the data are more 
smoothed,smoothed, and that the area where the electric field can be computed is smaller, 
sincesince neighbours on all four sides are required, (c) The electric field is computed at 
aa position between the electrodes; four neighbours are used, but the neighbourhood 
isis as small as in panel a. 

peakk negative dlm/dt. It is likely that these instants differ but little, espe-
ciallyy in normal propagation. There was good agreement between activa-
tionn detection by max(—dlm/dt) and by max(—d4>/dt). It was noted that 
thee areas of Im above and below zero are approximately equal for normal 
propagatingg activations. 

Thee second study by Witkowski et al. [278] explored the possibilities of 
usingg the transmembrane current thus estimated for activation detection 
duringg ventricular fibrillation (VF). In particular the authors tested the hy-
pothesiss that the presence of a balanced inward and outward transmem-
branee charge could differentiate between deflections originating at sites 
withh normal propagation, sites of origin, sites of activation block, and sites 
withoutt local activity. The presence of propagating activation was tested 
optically,, using a voltage-sensitive dye. 

Maglaverass et al. used the transmembrane current Im, which is propor-
tionall  to the surface Laplacian by equation (3.9), in a model study [165]. A 
relativelyy small, two-dimensional sheet of tissue was simulated using cells 
withh Beeler-Reuter kinetics. The purpose of the study was to investigate 
methodss for measuring activation times at discontinuities during propaga-
tionn delay in bifurcating bundles. Activation times were estimated using 
severall  methods; among these, the instant of maximum negative slope of 
thee ion-current signal served as a gold standard. It was shown that activa-
tionn times computed from the zero crossing of Im were more accurate than 
thosee generated with the maximum negative d<t>/dt. More specifically, the 
activationn times estimated using Im indicated an extended zone of slow 
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Figuree 3.6: Upper panel: two electrograms recorded during pacing at the same 
positionposition in an isolated porcine heart; the black electrogram was recorded while the 
cavitycavity was filled with perfusion fluid, the grey electrogram while the cavity was 
empty.empty. It is hypothesized that the increased influence of remote activation caused 
byby the high conductivity of the perfusion fluid causes the different morphologies in 
thesethese leads. The Laplacian signal should be able to reduce this influence. Lower 
panel:panel: the corresponding Laplacian signals. Their amplitudes are different, but the 
shapeshape of the two signals and the instant of downward zero crossing, which is used 
toto estimate the activation time, are similar. 

conduction,, rather than an abrupt conduction block. In addition, at some 
sitess the activation time estimated from min d(j)/dt was clearly wrong be-
causee a large remote component resulted in a steeper deflection than a small 
locall  component. This problem did not occur with the Im-based method. 

Influencee of remote activity is a major problem in the analysis of unipo-
larr electrograms from endocardial basket catheters, as discussed in chap-
terr 4. Although not firmly established for the relatively large interelectrode 
distancess in basket catheters, the surface Laplacian appears to be useful 
forr the recognition of local activation in these signals [46]. An example is 
shownn in figure 3.6. 

3.66 Isochrones 

Activationn isochrones, commonly referred to as "isochrones," are lines that 
connectt points of equal activation time. These maps are the common means 
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Figuree 3.7: Example of a hand-crafted isochronal map (left), reproduced from 
VanVan Capelle et al. [31], and the electrode configuration with which the activation 
timestimes were measured. The line with 'T symbols attached to it indicates a line of 
conductionconduction block. 

off  depicting an activation pattern. Because an isochronal map can depict 
onlyy one activation time for each location, a time interval must be chosen 
too which the map wil l apply. In this interval, each signal should contain at 
mostt one local activation. Isochronal maps are sometimes annotated with 
arrowss to indicate the major propagation paths. An example of an isochro-
nall  map is shown in figure 3.7. Isochrone mapping is a complicated process, 
andd isochronal maps must be created with care [114]. Spatial and temporal 
undersamplingg can easily lead to incorrect conclusions. Investigators there-
foree sometimes decided to draw isochrones by hand, based on computer-
generatedd tables of activation times [14]. An investigator who manually 
drawss an isochronal map may use the drawn isochrones to change activa-
tionn times that were used to create the map. This can be an advantage; for 
example,, it may help in deciding which deflection corresponds to a local 
activationn front. On the other hand, it allows for complicated methodology 
thatt is hard to reproduce, and allows preconceptions to have an influence 
onn the results. 

Iff  large quantities of data have to be analyzed, and the activation pattern 
itselff  is not a subject of investigation, alternative methods can be applied. 
Forr example, to compute statistics on wave duration, a computer program 
mayy decide which activations in neighbouring electrodes correspond to the 
samee wave and automatically identify independent waves [23]. If statistics 
onn conduction velocity are desired, conduction vectors can be used; this 
methodd is discussed in section 3.8. 

Colourr maps can also be used to display the activation pattern. They 
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havee the advantage that early and late activated sites are visible at a glance, 
butt as it is hard to see small colour differences, only the major features of 
thee activation pattern can be perceived. Also, colour printing is relatively 
expensivee and cannot always be used. Therefore this method is primar-
ilyy useful on computer screens and to complement isochrones, for example 
duringg interactive creation of an isochronal map. Colours alone do not al-
loww sufficiently accurate perception of activation times. 

3.77 Automatic Isochrone Drawing 

Whenn it is necessary to display an activation pattern accurately, isochrones 
aree preferred. For efficiency and objectivity it may be desirable to have a 
computerr program draw isochrones. In a series of three papers, Barr et 
al.. [15-17] described a system for contour drawing of potential maps on an 
irregular,, triangulated mesh. Contour drawing on a square grid for body 
surfacee maps was discussed by Linnenbank [154]. Contour drawing rou-
tiness are a standard part of most data analysis and visualization software, 
suchh as MATLAB . 

However,, isochrone drawing is more difficult than ordinary contour 
drawingg of, e.g., potential maps because zones of conduction block have 
too be treated in a special way. Two situations that need special care are: 

 Activation times in adjacent electrodes differ to the extent that the ap-
parentt conduction velocity is lower than considered possible [10,126], 
whichh implies that they cannot be part of the same activation front. 
Thiss can happen if conduction block is present and if a reentrant acti-
vationn returns at the point where it started. In both cases, a standard 
contourr algorithm would draw a set of crowding isochrones. This 
wouldd inadvertently suggest the presence of very slow conduction. 
Instead,, a line with a special style should be plotted; either a block 
linee to indicate a total stop (the line with 'T' marks in figure 3.7), or 
aa line that indicates the beginning and end of an interval of reentrant 
activation.. This cannot be accomplished with standard contouring 
programs. . 

 In some electrodes, no activation occurs within the given interval. 
Whenn a standard contouring program is used, such situations can 
bee handled by treating the region of this electrode as if it was not 
includedd in the grid, i.e. making a "hole" in the grid before feeding 
itt to the contouring algorithm. No contours wil l then be drawn in 
thiss region. In case of an isochronal map, such regions would look 
similarr to regions of very high conduction velocity, where isochrones 
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aree also at large distances from each other; the observer would have 
too discriminate these phenomena from the context of the entire map. 
Ideally,, a block line or a patch with a different shade should be drawn 
forr regions of conduction block. 

Additionall  problems with isochrone drawing are: 

 When the data from a measuring point cannot be used, for example 
duee to broken wiring, standard contouring methods either insert a 
valuee interpolated from the neighbours (for a regular grid) or remove 
thee point from the grid (for irregular, triangulated grids). However, 
inn isochrone mapping, when a bad signal occurs adjacent to a zone 
off  conduction block, it is not clear which neighbours can be used to 
interpolatee the activation time. A choice must be made whether to 
interpolatee from values on one side of the zone of block, or from the 
otherr side, or to consider the point as part of the zone of block. 

 A conduction path may be only a single electrode wide; in this case, 
standardd contouring programs may create contours of zero length. 

 More than one activation detected at the same electrode in the prede-
terminedd time interval cannot be displayed using isochrones. 

AA specialized program is thus necessary; however, to a large extent it can 
usee existing algorithms. An experimental program for this purpose, called 
"isomap,""  was developed as part of the MA^AB software [207,208] (chap-
terr 10). This program can handle lines of conduction block (figures 3.8 
andd 3.9) and reentrant activation (figure 3.10) correctly. It can work on sur-
facess in 3-D as well as in 2-D, and with both triangulated and rectangular 
grids.. In its current implementation it decomposes rectangles into trian-
gles,, so that only an algorithm for contour drawing on a triangulated grid 
iss needed. Output of this program is shown in figures 3.8, 3.9, and 3.10. 

Ann important feature of the isomap program is that it can automati-
callyy indicate lines of conduction block: if the activation-time difference 
betweenn neigbouring electrodes is so large that the apparent conduction 
velocityy is below a user-specified limit, the program assumes conduction 
blockk between these electrodes, and wil l indicate this with a special line 
style.. Ordinary isochrones are not drawn in such regions. Since isomap 
cann handle a typical activation map in a few milliseconds, the software op-
eratess fast enough to allow experimentation with limit values (figure 3.8) in 
ann interactive way. 

Providedd with adequate software, computers are highly useful for the 
creationn and inspection of large numbers of activation maps. It should be 
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Matlabb isomap, limi t = 10 cm/s 

isomap,, limit = 5 cm/s isomap, limi t = 2.5 cm/s 

Figuree 3.8: Activation maps featuring a line of block [80] drawn with isochrones 
usingusing the general contour function from Matlab (top left), and using the special-
izedized isomap program. The latter can automatically indicate conduction block based 
onon a minimal conduction velocity as discussed in the text, and will  not draw nor-
malmal isochrones between electrodes where conduction block is thus detected. In this 
figure,figure, block lines are rendered thick and grey. By varying the limit value, an op-
eratorerator can easily see the effect of different assumptions on the isochronal map. In 
mostmost circumstances, conduction cannot be slower than 10 cm/s [10,126]. Using 
thisthis as a limit value, the map in the upper right panel results. If so-called "very 
slowslow conduction" is expected, conduction can be as slow as 5 cm/s [126]. The map 
basedbased on this assumption is shown in the lower left panel. If even slower conduc-
tiontion would be deemed possible, for example 2.5 cm/s, the map in the lower right 
panelpanel would result. In all maps, activation times are indicated in milliseconds and 
isochronesisochrones are drawn at 5 ms intervals. Timings are relative to a pacing spike that 
occursoccurs earlier in the recording. Inter-electrode spacing was 0.1 cm [80]. 
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Figuree 3.9: Three subsequent beats from the same recording; the middle one is 
alsoalso shown in figure 3.8. The activation patterns of these beats are different due to 
lineslines of functional block or "extremely slow conduction." The conduction-velocity 
limitlimit  was set at 5 cm/s, which is equivalent to 20 ms delay between electrodes (in-
terelectrodeterelectrode distance 1 mm) [80]. Isochrones are drawn at 2 ms intervals. In the 
lowerlower panel, electrograms are shown that were recorded at two electrode positions, 
whichwhich are indicated in the maps (an open circle and a dot, respectively). The de-
flectionsflections corresponding to the three maps are labelled 1, 2, and 3. The instants of 
peakpeak negative dV/dt which were used for the maps are indicated with arrows in the 
electrograms.electrograms. The second deflection is very slow in the upper trace; it corresponds 
toto transient block (additional block line between the two indicated recording sites 
inin the second map) or to extremely slow conduction. 

noted,, however, that the clarity of hand-crafted maps (figure 3.7) is unsur-
passedd by computer programs—at least by the programs presented here. 
Onn the other hand, the process by which this clarity is obtained involves 
assumptionss on the activation process that are not made explicit. It is there-
foree subjective, and the resulting maps are sometimes debatable. 

AA good compromise between efficiency and reliability is presented by 
computerr programs that incorporate all possible clarifications that are not 
debatable.. Isomap was created for this purpose. By letting the user specify 
isochronee levels, it allows the right number of isochrones for a given situ-
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Figuree 3.10: Handling of reentry by the isomap program. These maps represent 
aa circulating activation pattern [82]. The operator has chosen the time window 
wherewhere activations are detected such that all electrodes shoio one activation. If an 
ordinaryordinary contour algorithm is used, isochrone crowding occurs in the area where 
thethe activation front is at the begin and end of this window. This looks very similar 
toto activation block, as in figure 3.8. Using the isomap program it is possible to 
drawdraw a single contour in a special style instead, such as the dashed line used here. 
TheThe grey area indicates a zone of activation block. Isochrones are drawn at 5 ms 
intervals. intervals. 

ationn to be drawn. By letting the user state explicitly which delay signifies 
conductionn block, it allows the creation of block lines in an objective and 
reproduciblee way. 

Onee reason for the poorer esthetic quality of computer-generated maps, 
withh respect to hand-crafted maps, are the limitations of software packages 
used.. Limitations in MATLAB , for example, make it desirable to edit graph-
icall  output from the MA^AB package (which is implemented in MATLAB ; see 
chapterr 10) with specialized graphics software when it is to be used for pub-
lication.. The isochronal maps presented here (figures 3.8, 3.9,3.10, and 3.11) 
weree rendered by a script written in the MetaPost graphics language [91], 
usingg data generated by MA^AB routines. 

Anotherr reason for the poorer esthetic quality of computer-generated 
mapss is that hand-drawn isochrones are often drawn smoothly, which gives 
aa clear impression, while programmers of contour algorithms are reluc-
tantt to implement smoothing, for several reasons: First, smoothing implies 
interpolation,, which is not always valid in activation maps, and requires 
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Matlabb isomap, limit = 120 ms 

Figuree 3.11: Illustration of problems due to smooth contour drawing with splines. 
AA magnified part of the activation map shown in figure 3.10, with isochrones drawn 
asas B-splines [91]. Results are shown here for the Matlab contour algorithm, and 
forfor the isomap program. For the 122 ms isochrone in this region, both algorithms 
returnreturn control points that, when rendered with splines, yield curves that intersect 
otherother isochrones. The Matlab routine returns two contours, drawn (left panel) 
withwith a thick black and a thick grey line. Control points are shown with small 
circles.circles. In order to show isomap's solution (right panel), the block-limit value was 
setset at a very high value; otherwise the problematic region would have been crossed 
byby a block line, as in figure 3.10. Isomap returns one contour for the 122 ms level 
insteadinstead of two, and more control points. 

thee choice of an interpolation method, which in turn implies assumptions 
aboutt the data. Second, smooth lines suggest a higher resolution than is 
actuallyy available. Third, it is difficult if not impossible to guarantee that 
noo artifacts like crossing isochrones occur. Control points generated by 
standardd contour algorithms are usually intended for straight-line draw-
ing;; rendering them with splines instead may give reasonable results in 
manyy cases, but errors may result if the splines are not tense enough, as 
shownn in figure 3.11. 

3.88 Conduction Vectors 

Isochronall  maps give a good indication of the pattern of activation, but it is 
difficul tt to determine the conduction velocity from them. As an alternative, 
conductionn vectors may be computed. If the activation time is considered 
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ass a scalar field T, the conduction vector (cv) v can be defined as the vector 
withh the direction of the gradient of T, and as magnitude the estimated local 
velocityy of the activation front: 

.. ( (öT/dx)/s2 \ / dx/dT \ 
VV = V - n = l o T / a y V s »J = Uy/dTj  (3-15) 

withh s the inverse velocity, or slowness, 

s22 = (ÖT/dx)2 + (ÖT/Du)2 (3.16) 

Thee partial derivatives of T may be estimated using finite differences [227], 
orr by fitting a first-order or second-order polynomial surface [18,177,267]. 
Thee choice for either method, and the order of the surface, depends on the 
numberr of neighbouring electrodes that are sufficiently close and take part 
inn the same activation wave. 

Ann example of a conduction-vector map and the corresponding isochro-
nall  map are shown in figure 3.12. 

Thee conduction velocities in this map were computed at positions in the 
middlee of four grid points, as in figure 3.5, panel c (page 58). A problem 
withh conduction vectors is that they are sensitive to temporal undersam-
pling:: discretization of activation-time differences may then lead to very 
longg conduction vectors in areas of fast conduction. This problem occurs at 
severall  positions in figure 3.12. A solution would be to average over sev-
erall  beats with the same pattern or to compute velocities using more grid 
points. . 

Providedd that the temporal resolution is high enough, a conduction-
vectorr map can be used to depict the local conduction velocities for a spe-
cificc activation pattern. Also, velocities can be averaged over an area to 
obtainn an indication of overall conduction velocity, which is useful for as-
sessmentt of the effects of drugs or genetic disorders [177,220]. 

3.99 Conclusion 

Computerr programs are useful for the analysis of activation maps, primar-
ilyy for three reasons. First, they can perform tasks that are dull and/or time 
consumingg for human investigators, such as the detection of the steepest 
deflectionn in an electrogram and the creation of large series of activation 
maps.. Second, they can perform mathematically defined signal process-
ingg tasks, such as the computation of Laplacian signals, in order to assist 
investigatorss in the analysis of electrograms. Finally, implementation in a 
computerr program of analysis tasks that can also be performed by humans 
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Figuree 3.12: Conduction-vector map, superposed on the isochronal map of the 
samesame activation-time data (the same as in figure 3.10; in this case drawn with 
splines).splines). The spatial derivatives of the T field were computed at each point in 
thethe middle of four electrode positions using symmetric first-order derivatives (fig-
ureure 3.5c). The vector was not drawn if the time difference between two electrodes in 
aa set of four exceeded 40 ms. Artifacts, i.e. very long arrows, occur in regions where 
thethe measured activation times are the same at several electrodes; this may happen 
inin regions with very high conduction velocity, at colliding wave fronts, near lines 
ofof block, and if activation moves in the vertical direction, i.e. perpendicular to the 
electrodeelectrode plane. 

cann help to make assumptions, which are necessary in the analysis of ac-
tivationn maps, more explicit. The isomap program fulfill s the latter goal, 
ass it can show quickly what the results of different values of the minimal 
conductionn velocity are for the interpretation of an activation map. 


