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The genesis of the T wave of the electrocardiogram is discussed on the basis of a biophysical model, derived from the underlying 
electrophysiology. This model is used to scrutinize the commonly-assumed significance of the individual features of this waveform. As 
is shown, the last word is yet to be said about this topic. 
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1. INTRODUCTION 

       HE  T  WAVE  is  one  of  the  prominent  features  of  the    
         electrocardiogram (ECG). An example is presented in 
Fig.1, where it is shown next to the other wavelets commonly 
used in describing the major features of the ECG: P, Q, R, S 
and U. This nomenclature was introduced by Einthoven in 
1900 [1]. The labels PQRST were chosen by Einthoven for no 
other reason than that a labeling starting with A, B, etc. was 
already in use at the time for other types of components of 
signals related to the heart, significantly those of heart sounds. 
After some initial try-outs, the significance of most of the 
individual wavelets soon became recognized. 

The QRS wavelets, elements of the QRS complex during 
the so-called QRS interval, are attributed to the depolarization 
phase of the heart’s ventricles, initiating and accompanying 
their mechanical activity. The subsequent T wave signals are 
associated with the subsequent return of the transmembrane 
potentials (TMPs) of the ventricular myocytes to their resting 
state. 

The P wave, preceding the QRS complex, is generated by 
the electric activity of the atria that supports the filling of the 
ventricular cavities prior to the contraction of the ventricular 
walls. Curiously, the significance of the U wave is currently, 
more than a century after Einthoven’s work, still the subject of 
debate [2, 3]. 

During the twentieth century, the ECG developed into one 
of the most important non-invasive tools of electrocardiology 
[4]. Contributions came from fields such as basic 
electrophysiology, clinical cardiology, biophysical modelling, 
improved recording technology and, during the final decades, 
the field of signal processing supported by computer science.   

The widespread application of the ECG has brought about 
an ever-growing demand on the diagnostic accuracy of the 
technique. Again, curiously enough, more than a century later, 
its full potential has not yet been reached, and several basic 
problems still remain to be resolved.  

In the diagnostic application of the ECG, two different 
categories can be distinguished: the analysis of heart rhythm 
and that of the waveforms observed in the ECG. This invited, 
didactic paper relates to the latter problem, and in particular to 
the significance of the features observed in T wave 
morphology.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1   Nomenclature of wavelets of the ECG as recorded on a 
healthy subject (lead V4) 

2.  MEASURING THE T WAVE;  HOW? 
     These days, the technology for measuring bio-electric 
signals has attained a high quality [5, 6]. The basic principle 
involved is straightforward. All it amounts to is the placing of 
two electrodes at different locations on the thorax, which 
sense the potential difference between these two locations; in 
the case of the ECG resulting in a signal generated by electric 
current sources inside the myocardium. 

The potential differences on the body surface are 
transferred to the amplifier by placing electrodes on the skin. 
At the interface between the skin and the –commonly used- 
metal electrodes an exchange of charge takes place between 
the electrons inside the metal and ions inside the body tissues.   
As a consequence, voltage differences build up at both 
interfaces, having magnitudes that may be much greater than 
those of the ECG itself. Moreover, the polarity and magnitude 
may change slowly over time in response to changes in skin 
temperature and moisture, as well as any pressure exerted. 
Significantly, these changes are unequal at the two interfaces, 
with the differences in the so-called half-cell potentials 
feeding directly into the amplifier. To reduce the effect of such 
artefacts, the DC type of components in the ECG, components 
having frequencies below 0.1 Hz, are invariably suppressed by 
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analogue or digital filtering in the first stages of the recording 
system. A direct consequence of this is that in the signals 
available for diagnostic purposes, the DC component, being 
the mean value of the signal over a single beat, is irreparably 
lost. This is highly relevant, in particular for the interpretation 
of the ECG during the QT interval, as is evident later on in 
this paper. 
 

 

 

 

 

 

 

 

Fig.2  Basic principle used for recording a single ECG, sensing the 
potential difference generated by the heart’s electric activity between 
the left and the right arm. The third electrode shown, the one on the 
right leg, serves the very important purpose of minimizing the 
contribution of electromagnetic fields external to the body on the 
observed signal [7]. 

3.  MEASURING THE T WAVE;  BUT WHICH ONE? 
  Measuring bioelectric potentials requires the use of at least 
two electrodes since the physics involved indicates that 
electric potential as such is specified uniquely up to a constant 
only, and only potential differences between different 
locations are those that signify.  

In ECG terminology, the signal observed between two 
terminals of any electrode configuration is referred to as a 
“lead”. The configuration shown in Fig.2 relates to the 
recording of a single lead. The third electrode serves to 
suppress any interferences stemming from electromagnetic 
fields in the environment, in particular when using a mains-
powered amplifier. This third electrode does not, or at least 
should not, influence the waveform of the recorded signal. 
Due to this, such electrodes do not play a role in the 
subsequent discussion. 

A. Multilead signals 
     In most applications the ECG is recorded by placing more 
than two electrodes on the thorax. The most frequently used 
electrode montage is that of the standard 12-lead system, 
depicted in Fig.3. Note that this only involves 9 electrodes. 
The thorax is that of a 54-year-old healthy male (subject HM), 
a numerical model based on his magnetic resonance (MR) 
images. It includes ventricles, atria and lungs, as used in the 
computation of the effects of the shape and composition of the 
volume conductor (the body tissues) on the observed ECG 
waveforms. The lead signals for a single beat observed at 
these locations are shown in Fig.4. 

     As can be seen, the 12-lead system involves nine electrodes 
only. The signals observed over the time interval of a single 
beat are shown in Fig.4. The columns 2, 3 and 4 represent the 
signals observed at the electrode locations shown in Fig.3 
acting as one of the terminals of the lead signals –usually 
referred to as sensing terminals–, the other terminal being the 
mean of the potentials present at electrodes VR, VL and VL, 
the so-called Wilson Central Terminal (WCT), acting as the 
reference terminal. This distinction is relevant only in cases 
where multiple signals are recorded with reference to a single, 
common terminal.  
 

 

 

 

 

 

 

 

 

 

 

Fig.3  Electrode montage of the standard 12-lead system. Note that 
this only involves 9 electrodes. The geometry depicted is that of the 
subject’s thorax based on his magnetic resonance (MR) images. 

When referenced to WCT (but only then !) , the sum of the 
potentials of leads, VR, VL and VF, is zero and, hence, at 
most eight independent signal components are contained in the 
signals of the standard 12-lead system.  

 

 

 

 

 

 

 

 

 

 

 
Fig.4  ECG waveforms of subject HM recorded by means of the 
standard 12-lead system during one complete heart beat; electrode 
positions as shown in Fig.3. 
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     The signals in the first column of Fig.4 are the three linear 
combinations that can be formed on the basis of the potentials 
at VR, VL and VF, e.g. II=VF-VR. As such these so-called 
bipolar leads (a misnomer: all recorded signals involve two 
terminals, electrodes, or “poles”) do not carry extra 
information. The redundancy involved in the 12 lead signals 
has proved to be valuable for diagnostic applications of the 
ECG on the basis of visual inspection of its waveforms. 
Various other electrode montages are used in specific 
applications, involving either fewer or more electrode 
locations for sampling the spatial aspect of the electric field on 
the thorax [8-10]. 

B. Signal features 
     The ECGs of normal subjects, the ECG waveforms of 
individual leads exhibit clear inter-individual differences. In a 
hybrid type of convention, the nomenclature of the Q, R and S 
wavelets of the QRS complex are strictly coupled to their 
polarity; early negativity: negative S, subsequent positivity: R 
and subsequent negativity: S. In contrast, the polarity of the 
other wavelets: P, T and U may be either positive or negative 
and biphasic variants can also be observed. In the example 
shown (Fig.4), it can be seen that in an individual lead, not all 
of these wavelets may be present.   

Waveform features used in diagnostic applications of the 
ECG are timing, magnitude and duration of the individual 
wavelets. For each of these, in all of the leads of the standard 
12-lead system, extensive sets of normal values have been 
collected [11]. Unfortunately, all these normal values were 
found to have a large standard deviation, which hampers the 
classification of distinct types of cardiac disease on the basis 
of such features. Even when using multivariate types of 
analysis and applying stratifications on the basis of gender, 
age or other constitutional variables, there remains a clear 
need to improve the diagnostic performance. In particular, for 
the T wave, no indication is given about the lead on which the 
T wave should preferably be analyzed.  

4.  MEASURING THE T WAVE; WHY? 
     The statistical analysis of large ECG data bases, in 
combination with clinical observations, has revealed that the T 
wave, and in particular the signals during the interval leading 
up to its apex, the ST segment, contains useful diagnostic 
information, in particular with respect to the episodes of acute 
ischemia that might lead to myocardial infarction (MI). In 
extreme cases, when effecting particular regions of the 
ventricles, the departures from the normal range are indicative. 
Other interest in T wave morphology stems from the more 
recently identified hazards arising from repolarization 
abnormalities, expressed in the more extreme departures of the 
waveform normality in the variants of the Long-QT syndrome 
[12], the Brugada syndrome [13] and the Short-QT syndrome 
[14]. All of these syndromes are associated with life-
threatening heart rhythm disturbances. 

In all of the above-mentioned cases, strict diagnostic 
criteria that can be applied to the ECG are either lacking or of 
insufficient quality. Widely differing opinions about the 
optimal features of the T wave to be used, and their 
significance in terms of the underlying electrophysiology can 
be seen in the literature. Improvement will probably be slow if 
derived from statistical analysis only; however, the incidence 
of these syndromes is, fortunately, low. Another approach is to 
try to understand the involved basic mechanisms, research that 
is currently being carried out in many research centres. This 
concerns in particular work at the cellular and membrane 
level, at which an impressive collection of distinct, genetically 
related defects have been identified.  

On a larger scale, the link between cellular activity during 
repolarization and the resulting ECG waveforms, much less 
research activity is seen to be carried out. It is here that the 
biophysical modelling of the genesis of the T wave comes into 
play, an approach that may lead to the improved use of T wave 
features and the understanding of their limitations. 

Without being always aware of the underlying model-based 
assumptions, invariably all measurements taken, and in 
particular the interpretations of their numerical values, are 
linked to a model [15]. This applies equally to the measuring 
of the T wave and its diagnostic interpretation.  

5.   MODELING THE T WAVE; HOW? 

A.    Theory 
     The electrocardiogram arises from the electric activity at 
the membranes of the cardio-myocytes, the contractile 
elements of the heart muscle. In the following, the 
myocardium is modelled as an ensemble of myocytes, with 
their intracellular domains coupled by sets of intercalated 
discs. On a macroscopic scale, the membrane processes at a 
location rr  at time instant t feed an electric current into the 
extracellular domain, with source surface density i ( , )J r t

r r
 

(unit: A/m2). As implied in the work of Wilson [16], and later 
derived explicitly by Plonsey [17], the impressed density is 
related to the local transmembrane potential by 
                           m i m( , ) ( ( , ))J r t V r tσ= ∇

r r r
                         (1) 

in which∇ denotes the gradient operator (unit:1/m), iσ  the 
electric conductivity of the intracellular domain (unit: S/m), 
and Vm is the local transmembrane potential (unit: V).  

In the passive extracellular domain, based on the 
conservation of charge, the impressed current density 

i ( , )J r t
r r

 sets up an electric field ( , )E r t
r r

 (unit: V/m) (a vector 
field) that should satisfy the differential equation  
                      e m( , ) ( , )E r t J r tσ• •∇ = −∇

r rr r
                      (2) 

in which •∇  denotes the divergence operator, (unit:1/m), and 

eσ  the electric conductivity of the external medium. As one 
of the basic results of potential theory, we find that, in an 
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external medium of infinite extent, the electric field ( , )E r t
r r

 
is the negative gradient of an “auxiliary”, scalar function 

( ', )r tΦ
r ,   called   the  electric   potential  at   field   point  'rr . 

The potential reference involved is conveniently placed at 
infinity, where the potential is defined as zero. The potential is 
found by integration over all of space, justified by the 
superposition principle that applies to a linear medium: 

                     m

e

( , )1( ', ) d
4

J r tr t V
Rπσ

•∇
Φ = − ∫

r r
r                 (3) 

in which R  denotes the length of the vector 'R r r= −
r r r

 
pointing from source location rr  to observation point (field 
location) 'rr . 
Next, by combining (1) and (3) we have  

                i m

e V

( ( , ))1( ', ) d
4

V r tr t V
R

σ
πσ

•∇ ∇
Φ = − ∫

r
r               (4) 

In the final step we recall that we are dealing with cardiac 
sources located within a volume V (the myocardium), 
bounded by a closed surface S (bounded by the endocardium 
and epicardium) and then apply Green’s second theorem from 
potential theory [18] (dating from 1828) to the integral in (4), 
for field points outside the myocardium. Moreover, we take 

iσ  to be a uniform scalar function within the source region. 
This permits iσ  to be moved to the front of the integral. 
Green’s second theorem applied to the scalar fields Vm and 1/R  
reads: 

   2 2
m m m m

V V S S

1 1 1 1d d d dV V V V V S V S
R R R R

• •∇ − ∇ = ∇ − ∇∫ ∫ ∫ ∫
r r   (5) 

with dS
r

denoting a small element of the surface S, a vector 
directed along the outward normal of S. The integral to the left 

of the equality sign is zero, since 2 1 0
R

∇ =  for field points 

outside S [19]. The integral to the right of the equality sign is 
clearly zero since we take S to be as close as possible to the 
myocardium while keeping free of it. In the remaining integral 
on the right, the term  

2 1 d S
R

•∇
r

is, d d ( ', )r rω ω=
r r

, a scalar function 

signifying the solid angle subtended by an infinitesimally 
small element of S as viewed from the observation point. After 
combining these results with (4), we have 

                     i
m

e

( ', ) ( , ) d
4 S

r t V r tσ ω
πσ

Φ = − ∫
r r

               (6) 

This expression shows that, under the assumed condition of a 
homogeneous intracellular conductivity, the potential in the 
region exterior to the active sources, i.e. outside the 
myocardium, depends exclusively on the transmembrane 
potentials at the surface bounding it. The term i mVσ  expresses 

the strength of an equivalent current dipole layer surface 
density (unit: Am/m2). Multiplied by the surface element dS

r
, 

a vector directed along the outward normal of S,  i mVσ takes 
on the nature of a current dipole (unit: Am). It represents a 
double layer of electric current sources and sinks, and is, 
accordingly, referred to as an equivalent double layer (EDL), 
the instantaneous strength of which is proportional to Vm. 

This highly significant result was first described by 
Geselowitz in 1989 [20]. As shown, it follows directly from 
the classic potential theory. In Chapter 7 of the second edition 
of Comprehensive Electrocardiology [21], it is shown that it 
forms a direct extension of the application of the solid angle 
theory, originally used for the modelling of the depolarization 
phase of the myocytes (QRS complex), to that of the 
subsequent repolarization phase. In addition, it discusses 
various implications of the situations in which the assumed 
uniformity and isotropy of the electric conductivity of the 
myocardium cannot be taken to be realistic (see also [22]) as 
well as its relationship with the more general bi-domain 
theory.  

B.  Numerical Implementation 

     The use of (6) for simulating body surface potentials 
requires the specification of the surface S and of the 
distribution of the transmembrane voltage 

m ( , )V r tr . A 
numerical variant of (6) reads  
                                         m=Φ ΩV                                    (7) 
expressing the multiplication of a matrix Vm of 
transmembrane potentials at T discrete time instants on a 
dense grid of N nodes on the ventricular surface S (matrix size 
N×T) by matrix Ω  (matrix size K×N), the elements of which 
are (scaled) variants of the solid angles subtended by the 
sources around the N nodes and K observation points in the 
infinite homogeneous medium. This yields matrix Φ  (matrix 
size K×T) expressing the potentials at the corresponding time 
instants.  

In the period preceding the onset of ventricular electric 
activity the observed potential (differences) at the thorax 
surface is minimal, and generally assumed to be zero. During 
this period the transmembrane potential of all myocytes is 
taken to be at their resting potential level (about -80 mV). 
Because of this, matrix Ω  must have a unit eigenvalue, with 
corresponding unit vector e: 
                                          =Ωe o                                        (8) 
This agrees with the well-known property of a closed surface: 
it subtends a zero solid angle at an exterior observation point. 
This, in turn, corresponds to the well-known fact that a 
completely uniformly polarized cell does not generate an 
external electric field [16]. 

In practical implementations of this source description, the 
cardiac sources are obviously not situated in an infinite 
medium, but rather in a bounded medium: no electric current 
passes normally through the skin into the non-conductive 



MEASUREMENT SCIENCE REVIEW, Volume 9, No. 3, 2009 
 

 57

0 50 100 150 200 250 300 350 400 450 500
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

time   [ms]

 V
m

   
[a

.u
.]

α=372

α=242

external medium: air. The effect of this major inhomogeneity 
can be accounted for by the application of the boundary 
element method (BEM) [23]. This method generates a linear 
transfer function between the potentials at all interfaces while 
assuming the medium to be infinite and homogeneous, and the 
potentials in an inhomogeneous, bounded state at the same 
locations [24]. In this way, major inhomogeneities, like the 
one at the thorax surface and those resulting from the low 
electric conductivity of lung tissue and the high conductivity 
of blood inside the ventricles, can be taken into account. These 
are the compartments of the numerical thorax model 
illustrated in Fig.3.  Its numerical expression is that of a matrix 
transfer matrix B (matrix size L×K), with L the number of 
electrode locations on the thorax.  

 

 

 

 

 

 

 

 

 

 

Fig.5   Examples of two waveforms modelling the trans - membrane 
potential Vm(t) as a product of three logistic functions. The intervals 
between the arrows denote the activation recovery intervals. 

The final, general expression for finding the simulated 
potentials bV  in the bounded, inhomogeneous medium then 
reads [25] 
                              b m m= =V BΩV AV                            (9) 

with matrix A expressing the general transfer between the 
transmembrane potentials on S and the potentials on the body 
surface. Note that =Ae o , a property “inherited” from (8). 
Moreover, since the conductive medium involved (the 
bounded thorax) no longer permits defining the reference for 
the potential at infinity, a reference now has to be defined. The 
WCT reference is the one used by convention.  

The effectiveness of the EDL source model has been 
demonstrated in several publications, some related to the 
forward problem as such: the simulation of the potentials 
based on assumed EDL source parameters [26, 27], others to 
inverse application: the computation of its parameters on the 
basis of observed body surface potentials [28-30]. This source 
model is the one used in ECGSIM [31], an interactive 
computer program for simulating QRST waveforms, 
downloadable,   free   of   charge,   from   www.ecgsim.org.  

6.  EDL-BASED MODELING OF THE T WAVE. 
We now look at some examples of T waves, modeled on the 
basis of the EDL source model. As indicated above this 
demands the specification of individual transmembrane 
potentials Vm at all of a dense set of N nodes evenly distributed 
over the ventricular surface S. In the examples shown these in 
turn are specified by products of a number of logistic 
functions (hyperbolic tangents), functions of the type  

                                       ( )

1
1 te β τ− −+

                                 (10) 

These sigmoid functions having a maximum slope β/4 at 
1nt n Nτ= = L , (note: individual timing values nτ for 

each node) [32]. As is seen in the examples of this function 
shown in Fig.5, three such functions are involved, one for 
modeling the upstroke of the transmembrane potential Vm, the 
other two for modeling its down slope: an initial slow phase, 
phase 2 of the transmembrane potential, followed by its much 
faster phase 3. For each individual Vm, just two parameters are 
used, τ δ=  setting the timing of local depolarization, and 
τ ρ=  specifying the timing of the inflection point of the 
downslope, taken as a marker for local repolarization. The 
shape parameters β are taken to be identical for all. The 
parameter shown in Fig.5 is the activation recovery interval: 
α ρ δ= − , an indicator of the local absolute refractory 
period of the local myocytes [33]. Note that, for uniform 
values of β , the shape of the TMP wave forms are a function 
of α  only. The transmembrane potential is specified in 
arbitrary units. Its zero level is irrelevant because of (8), its 
magnitude is incorporated in the transfer matrix A. 

B.  The normal T wave 

     The ECG waveforms of a healthy subject were simulated 
on the basis of the EDL source model. The values of local 
depolarization nδ and repolarization nρ at each of 317 nodes 
on S were derived from a dedicated inverse procedure, 
involving the thorax model shown in Fig.3 and ECG signals of 
a 64-lead system involving 65 electrodes “strategically” 
placed on the thorax. This procedure is similar to the one used 
for activation imaging published in [28], now extended in 
order to include the repolarization phase. The nδ and 

nρ values, mapped on the ventricular surface S are shown in 
Fig.6a. The waveforms of the transmembrane potential Vm 
were of the type specified in the previous sub-section. The 
validation of these kinds of results is impossible. The only 
way to estimate its realism is by comparing the sequences with 
what is known from invasive electrophysiology. For the 
depolarization sequence, the left part of Fig.6a, the outcome is 
in full qualitative agreement with the unique data set published 
by Durrer and his colleagues in Amsterdam [34]. For the 
repolarization sequence, shown in Fig.6b, no such data are 
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available, which is in fact the reason for the ongoing 
discussion on this topic mentioned in the introduction. 
However, the results were in agreement with those from the 
sparse invasive studies available  [35, 36].  Moreover, the 
results are in full qualitative agreement with those observed, 
by means of essentially the same method, when applied to 
several healthy individuals. The ECGs simulated on the basis 
of the activation and recovery sequences depicted in Figs. 6a,b 
are represented in Fig.7, superimposed on the corresponding 
measured data. 
 

 

 

 

 

 

 

 

 

Fig.6a   Posterior view of the ventricles in their natural orientation. 
Isochrones, drawn at 10 ms intervals, specify the timing of 
depolarization δ. The arrow shown indicates the earliest activated 
region at the septum separating left and right ventricle. The white 
contours mark the transition between the endocardial and epicardial 
aspect of the ventricles. 

 

 

 

 

 

 

 

 
 

Fig.6b   Posterior view of the ventricles in their natural orientation. 
Isochrones, drawn at 10 ms intervals, specify the timing of 
repolarization ρ. Note the small range of repolarization values 
relative to those of depolarization and its overall shift in time. The 
sequence of repolarization is largely, but never entirely, the reverse of 
that of depolarization. 

7.  EDL-BASED ANALYSIS OF  NORMAL T WAVE MORPHOLOGY 
     The EDL source model is now discussed in its application 
to ascertaining the significance of major T wave morphology 
and  of  ST segment changes during periods of acute ischemia. 

A.  Timing of the T wave 

    The single parameter model for the timing of repolarization, 
ρ  permits a study of its effect on basic T wave morphology. 
While ρ  is a single parameter, in the EDL model it is 
specified for all of the N small elements of the surface 
carrying the source, nρ . Even if the distribution of nρ , like 
the one shown in the Fig.6b, does not represent the full reality, 
its subsequent, global variation provides an interesting insight 
into the involved mechanisms, as is illustrated in the 
subsequent examples. 

 

 

 

 

 

 

 

 

 

 

Fig.7 Superposition of the standard 12-lead signals of subject HM 
and those simulated on the basis of the EDL source model. 

The non-uniformity of the timing of repolarization is 
commonly referred to as its dispersion, both for the entire 
myocardium as well as for transmural (endo-epicardial) 
differences. Based on an available set of nρ values it can be 
quantified more precisely. Its full significance can only be 
appreciated by mapping it over the entire ventricular surface. 
A more crude documentation of dispersion is to state its basic 
parameters of descriptive statistics, such as the mean value 
ρ , standard deviation ρ% and range ρ

t
. 

For the distribution of ρ  shown in the left panel of Fig.6, 
these values were: ρ = 355 ms; ρ% =7.82 ms; ρ

t
=338—377 

ms (width: 39ms).  
The most commonly-used T wave features are the extreme 

absolute value of the T wave (its apex_T value) and the 
markers taken to be signalling the completion of ventricular 
repolarization. The timing markers commonly used are 
illustrated Fig.8, on the recorded signals of leads V1 and V4, 
also shown in Fig.4. The marker a is the timing of the apex, b 
the timing of the inflection point of the segment following 
apex_T and c is the timing of the intersection of the tangent at 
time t=b with the baseline.  

The statistics of the timing markers a, b, and c observed on 
leads V1 and V4 of subject HM are listed in Table 1. All such 
markers are commonly taken as indicating the end of the 
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repolarization, frequently referred to as “the end” of the T 
wave. In addition, Table 1 shows the minimum, mean and 
maximum values observed on the 64-leads, as well as those 
observed on STD(t), the signal that expresses the time course 
of the standard deviation of the lead potentials. This signal 
provides a robust, accurate view on the global timing of both 
depolarization and repolarization as recorded from any 
arbitrary lead system. It is a signal that is similar, but superior 
to, the better-known RMS(t) curve [37]. The superiority stems 
from the fact that the STD(t) signal does not depend on the 
potential reference involved. 

 

Table 1.   Statistics of the markers of the timing of end-
repolarization a, b, and c (specified on Figs.8a,b) as observed on 
leads V1, V4; the 64-lead system and STD(t) function. For the 64-
leads minimum, mean and maximum values are shown.  The  time 
t =0 is taken at the onset of the QRS complex. 

 a    (ms) b   (ms) c   (ms) 

V1 374 396 46 

V4 359 394 423 

64-leads 316 356 385 351 391 420 367 417 467 

STD(t) 358 393 419 

The values observed on the individual signals of the 64-
lead system were strongly correlated, the highest value of the 
linear correlation coefficient being 0.96 (b and c), the lowest 
0.88 (a and c). This suggests that, apart from a shift in their 
mean value in a direction that is obvious from their definition 
(Fig.8), these markers b and c provide the same estimate of 
end-repolarization as is observable in individual signals.  

In clinical data, the signal quality and that of the 
subsequently applied signal processing (baseline correction) is 
not always sufficient to make a robust estimation of markers b 
and c. Frequently, their values in individual leads are ignored 
in reports about their potential diagnostic value. Moreover, the 
presence of the U wave (V1, Fig.8) tends to be ignored also, or 
heavily masked by assigning the end of the baseline correction 
to the early stage of the U wave. The end of the T wave, 
estimated by either of the markers b and c, does not signal the 
end of repolarization (Calcium dynamics not having returned 
to any stable state) whatever their effectiveness may seemed to 
have been on the basis of statistical studies. Moreover, normal 
values like the length of the QT interval are lead-specific: any 
report on QT interval data should specify the lead(s) involved, 
the type of the baseline correction applied and the definition of 
“end of T” used. Without such data the documented values 
cannot be interpreted. 

The mean timing of the apex of the T wave, marker a, has 
a special significance. A comparison with the mean value of 
the repolarization parameter found in the inverse procedure 
( ρ = 355 ms) shows that both are equal. For the normal ECG, 
the mean timing of the T waves is the mean value of the 
timing of the inflection point of the down slope of the 

transmembrane potentials. The correspondence is in particular 
close if the range of the ρ values is small. Moreover, in that 
situation the shape of a “typical” T wave, such as the one 
shown for lead V4 (Fig.7), resembles the derivatives of any of 
the transmembrane potential waveforms, which under these 
conditions have very similar shapes. They are almost replicas 
of one another, each approximately just being shifted and 
slightly stretched in time according to the values of nδ and 

nρ . A mathematical analysis of this property, essentially 
based directly on (9), can be found in [38]. 
 

 

 

 

 

 

 

 

 

 

 

Fig.8a   Markers of timing indicated on measured leads V1. From left 
to right: onset of QRS, mid QT interval; a: the timing of the apex, b: 
that of the subsequent inflection point, c: the intersection of the 
tangent at t=b and the baseline. Linear baseline correction was 
applied from data at the onset QRS to the end of the signal segment 
show: the beginning of the subsequent P wave (not shown). 

 

 

 

 

 

 

 

 

 

 

Fig.8b   As in Fig.8a, now for lead V4. 
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B  Timing of  Apex_T  

The significance of the amplitude of the T wave can also 
be interpreted on the basis of the EDL source model. An 
example of this is illustrated in Fig.9. It demonstrates the 
effect of the dispersion of the timing of repolarization on T 
wave magnitude as observed in simulations based on the EDL 
source model: Fig.9a: lead V1, Fig.9b: lead V4.  
 

 

 

 

 

 

 

 

 

 

 

Fig.9a   The effect of the dispersion of the timing of repolarization on 
T wave magnitude as observed in simulations based on the EDL 
source model; lead V1. With reference to the dispersion involved in 
the simulation most closely resembling the measured data (heavy 
trace), the other traces result from scaling the dispersion by factors 
ranging from 0.5 to 2, in 12 steps of 0.25, while keeping the spatial 
distribution (its pattern) of the ρ  values the same. Note that the 
major effect of this is a proportional scaling of T wave magnitude. 

 

 

 

 

 

 

 

 

 

 

Fig.9b   As in Fig.9a, now for lead V4. 

With reference to the dispersion involved in the simulation 
most closely resembling the measured data, the other traces 
result from scaling the dispersion by factors ranging from 0.5 
to 2, in 12 steps of 0.25, while keeping the spatial distribution 
(pattern) of the ρ values the same. The effect of scaling the 
dispersion resulted in the proportional scaling of the T wave 
magnitudes of all leads by a uniform (but different) factor. 
Significantly, when using a scaling factor of zero (not shown), 
associated with a hypothetical uniform (non-dispersed) timing 
of repolarization throughout the myocardium, the resulting 
magnitude of the T wave is zero in all leads. 

Over the wide range of scaling factors shown, the effect on 
T wave magnitude is linear in all leads, with a uniform factor 
of proportionality. The effect on the timing of apex_T can be 
seen to be minimal. Although there is an increase in the width 
of the T wave for higher scaling values. However, its half-
width increases only in a minor fashion unless extreme 
increases of the dispersion are involved, for which the actual 
shape of the TMP potentials involved begins to play a role.  

C  The ST segment 
     As is mentioned in the Introduction, the signals during the 
interval leading up to its apex, the ST segments, have been 
found to contain useful diagnostic information, in particular 
with respect to episodes of acute ischemia that might lead to 
myocardial infarction (MI). In healthy subjects the majority of 
the 12-lead signals show relatively small values (Figs 4 and 8). 
During the various stages of acute ischemia, extreme changes 
in the ST level may be observed. The ST level is used to 
monitor the ongoing process. A direct interpretation of the ST 
level on the basis of the underlying electrophysiology is not 
always straightforward. A part of this problem relates to basic 
factors involved in the recording of bioelectric signals as 
discussed in Sect. 2. Below, ST changes as observed on the 
ECG are discussed, while incorporating these factors and 
analyzing their effect on the basis of the EDL source model. 

As is discussed in Sect.2, bioelectric potentials observed 
by means of electrodes are contaminated by contact potentials 
at the electrode-tissue interface. The magnitudes of these 
potentials are much larger than those of the ECG, unknown, 
and may change slowly in time: the so-called baseline 
‘wander’ or ‘drift’. This problem is treated by including a 
highpass filter in the first stage of the amplifier. The resulting 
signal is referred to as an AC-recording (AC=alternating 
current). This produces an output signal, which, when 
computed over a long time, has a zero mean value: the DC 
component of the signal is zero. If rapid perturbations of the 
contact potential occur, the baseline of the signal, i.e. the 
values in the observed signal that should be assigned a zero 
value, must be specified on a beat-to-beat basis. Even if the 
dynamic range of the input stage were wide enough to 
encompass the full range of sensor potentials (allowing a DC 
recording in spite of the presence of the contact potentials) the 
subseqent  shift to a zero level remains to be defined. 

The treatment of the problem is generally referred to as 
baseline correction. However, this is a somewhat misleading 
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term since it assumes that the signal level that should be 
specified as zero is self-evident, which is in fact not the case. 
The problem involved is illustrated by the following example. 

The ECG records express differences in the potential field 
generated at different locations on the thorax. This potential 
field is uniform over the thorax if all myocytes have the same 
transmembrane potential (1). This results in zero values in all 
ECG leads. In healthy myocardial tissue, the time instant at 
which this situation is most closely approximated is just before 
the beginning of atrial depolarization: the onset of the P wave. 
The signal of lead V3 shown on the upper trace of the left 
panel of Fig.10 is the (unprocessed) output of an AC-coupled 
amplifier. For this healthy subject and this particular beat, the 
onsets of the P waves were close to zero, and so only a minor 
shift was required to refer this signal to zero at the onset of the 
subsequent P waves.  

The problem of baseline definition is more pressing for 
recordings taken during periods of acute ischemia. During 
ischemia, the TMPs of the myocytes within the ischemic 
region change: the resting potential decreases (tends to zero),  
the upstroke is reduced. The size of these changes varies 
during the various stages of ischemia [39].  

The intercellular intra-cellular coupling between myocytes 
(I) in the ischemic region and myocytes (H) in the healthy 
region and the differences in the TMPs of the myocytes within 
these regions result in an electric current flow. During the time 
interval between the end of the T wave and the onset of the 
QRS complex the differences in the resting potentials in these 
regions result in a current flow in the intracellular myocardium 
directed from region I to region H. In the extracellular domain 
the direction of the current flow is in the opposite direction, 
since charge is conserved. This can be expressed by an 
equivalent current sink in the ischemic region, which lowers 
the nearby extracellular potentials [39]. During the activation 
of the tissue surrounding the ischemic zone the potential 
difference between the regions is smaller and the loading 
effect is smaller.  

In the lower traces of Fig.10 the effect of the current sink 
on the potential of lead V3 during the resting state is simulated 
by a downward DC shift of 0.2 mV. In this simulation, the 
contribution from the ischemic zone to the potential of lead 
V3 during the depolariazation phase was set to -0.05 mV. 
Subsequently, during repolarization, the contribution of the 
sink slowly returns to the -0.2 mV level. The time course of 
the contribution of the current sink is shown by the dash-dot 
line. The addition of this contribution to the signal of the non-
ischemic situation (the upper trace) results in the type of 
waveform for the V3 signal that can be expected during the 
ischemic period (the lower solid trace on the left panel of 
Fig.10.). Note that between the end of the T wave and the 
moment of depolarization reaches the ischemic-zone (R-S 
segment) the signal is lowered by 0.2 mV and the remaining 
part by 0.05 m V, then followed by a slow return to the 
(depressed) value of -0.2 mV at the end of the repolarizing 
phase. 

Standard ECG recordings do not reveal the baseline 
depression shown in the lower solid trace in the right panel of 
Fig.10. The presence of the highpass filter results in a signal 
that has a zero mean value. A (subsequent) baseline 
“correction” to the onset of the P wave then results in the 
upper trace of the same figure. As a result of the current sink 
within the ischemic zone, the actual baseline depression shows 
up as an elevation of the ST-segment, merely as the 
consequence of the defining the zero baseline at the onset of 
either the P wave or the QRS complex. This phenomenon 
hinders a direct interpretation of the ECG features in terms of 
the underlying source-sink configurations associated with 
electrophysiology. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10a  Lead V3 signals. Upper trace: healthy myocardium; lower 
trace: true, i.e. DC variant, of lead V3 during ischemia; dashed line: 
the difference.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10b  Lead V3 signals. Lower trace: once more the healthy 
situation, upper trace: the waveform as observed in the ECG after 
baseline “correction”. Note that the true ST depression that takes 
place (left panel) is observed as an elevation in the ECG. 
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8.  DISCUSSION 
     As shown in this paper, the measurement of the T wave as 
such is a straightforward procedure. The major concern in the 
correct interpretation of the observed waveform features 
originates from the nature of the currents generating the T 
wave. During the depolarization phase, the dominant source 
distribution is restricted to the depolarizing wave front only. In 
contrast, the strength of the sources during repolarization is 
much weaker and their distribution is present throughout the 
myocardium. The lack of a complete set of invasive data on 
the repolarization of the entire myocardium clearly hampers 
the development of a validated source model. The EDL source 
model used in the analysis of this paper seems to be a 
workable model, which, like all models, may need to be 
replaced by an alternative should more complete data become 
available. The following “conclusions” are inspired by the 
analysis based on this model.  

The analysis shows that the major significance of the 
timing of apex_T is that of the mean value of the timing of the 
downstroke of the (mean) transmembrane potential of the 
myocytes. This is in fact a property that follows directly from 
the general expression (4), a property related to the 
fundamentals of volume conduction theory, and applies 
independently of the limiting assumptions involved in the 
derivation leading up to the EDL source model. This statement 
may seem to be in contrast to those based on measured data 
that state that the timing of apex-T indicates the recovery time 
of the epicardial surface. However, the latter statements are 
usually based on in vitro observations of small tissue 
segments. These do not take into account the full complexity 
of the diffuse nature of repolarization currents, which are 
present continuously within the entire 3D ventricular 
myocardium. 

The results shown in Fig.9 indicated that the magnitude of 
the T wave is an indicator of the magnitude of the dispersion 
of the timing of repolarization. The width of the observed T 
wave is a secondary factor, related to magnitude. In clinical 
situations the factor scaling the dispersion of repolarization is 
unknown. However, note that while monitoring ST changes in 
individual patients, a corresponding proportionality factor is 
involved, scaling all lead magnitudes in a uniform fashion. As 
in all other ECG wavelets, the magnitude of apex_T in the 
individual leads of a subject depends on heart position relative 
to the electrode positions involved as well as on the 
orientation of the heart. This causes all voltage-related ECG 
parameters to be less robust than desirable.  

The use of the EDL model in the analysis of ST changes 
during acute ischemia offers a solution for the current 
confusion about the interpretation of such observed data. It 
yields an explanation for the effects on body surface potentials 
that is consistent with observations and interpretations of 
results from electrophysiological studies that have been known 
for a long time [39]. The remaining fundamental problem is 
the impossibility of establishing the level of the baseline,  due 
to the polarization effects at the electrode-tissue interfaces, 

which prohibits the observation of the DC shifts in the body 
surface potentials resulting from ischemia. 

The examples shown in this paper relate to a single subject 
(HM) only. However, the same analysis of T wave data has 
been performed on the ECGs in a data base comprising the 
data of 125 subjects, leading to the same qualitative 
conclusions as presented here. Details of the method for 
finding the timing of depolarization and repolarization can be 
found in [29]. All examples shown can easily be replicated 
and studied in greater detail by using ECGSIM [31]. 

In conclusion, the measurement of the T wave and the 
subsequent proper interpretation of repolarization processes on 
the basis of observed T wave morphology needs to be 
supported by adequate modeling of the electrophysiological 
properties of the tissue, while also taking into account the 
physics involved.  
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